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Abstract

Bone morphogenetic proteins are members of the transforming growth factor 8 (TGFB) superfamily which are involved in a range
of developmental processes including modelling of the skeleton. We show here that Bmp-2 is expressed in mesenchyme surrounding
early cartilage condensations in the developing chick limb, and that Bmp-4 is expressed in the perichondrium of developing cartilage
elements. To investigate their roles during cartilage development, BMP-2 and BMP-4 were expressed ectopically in developing chick
limbs using retroviral vectors. Over-expression of BMP-2 or BMP-4 led to a dramatic increase in the volume of cartilage elements,
altered their shapes and led to joint fusions. This increase in volume appeared to result from an increase in the amount of matrix and in
the number of chondrocytes. The latter did not appear to be due to increased proliferation of chondrocytes, suggesting that it may result
from increased recruitment of precursors. BMP-2 and BMP-4 also delayed hypertrophy of chondrocytes and formation of the os-
teogenic periosteum. These data provide insights into how BMP-2 and BMP-4 may model and control the growth of skeletal elements
during normal embryonic development, suggesting roles for both molecules in recruiting non-chondrogenic precursors to chondrogenic

fate.
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1. Introduction

The formation of skeletal elements with the correct
shape during embryonic development is a fundamental
problem and precise morphogenesis is a pre-requisite for a
functional skeleton. However, the signals involved in de-
termining the size and shape of cartilage elements are rela-
tively unknown (Thorogood, 1983; Wolpert and Tickle,
1993). Several members of the transforming growth factor
B (TGFB) superfamily affect cartilage differentiation and
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morphogenesis, including members of the Bone Morpho-
genetic Protein (BMP) and Growth/ Differentiation Factor
(GDF) families. For example, in mice, mutation in Bmp-5
affects development of the ears, sternum and certain ribs
(Kingsley et al., 1992), whilst mutation in Gdf-5 results in
shortened appendicular elements and irregularly shaped
tarsals but has no effect on the axial skeleton (Storm et al.,
1994). Consequently, it has been proposed that each skele-
tal element requires a specific repertoire of TGES super-
family members for normal morphogenesis (Kingsley,
1994; Storm et al., 1994).

The characteristic pattern of cartilage elements in the
limb arises from an outgrowth of undifferentiated mesen-
chyme. The cartilage elements initially appear as dense
condensations of cells which differentiate into chondrocytes
(reviewed by Thorogood, 1983; Rooney et al., 1984). The
chondrocytes then secrete matrix and subsequently undergo
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hypertrophy, becoming organised into distinct zones of
hypertrophic, flattened and rounded chondrocytes. Cells at
the periphery of the condensation become orientated longi-
tudinally to form a perichondrium which is thought to act
as a constraining sheath facilitating the expansion of the
cartilage along the long axis (Rooney and Archer, 1992).
The perichondrium may also contribute to appositional
growth of the cartilage (Fell and Canti, 1934). At later
stages of development, the perichondrium gives rise to the
periosteum, which is the source of osteogenic precursors
(Rooney and Archer, 1992). The signals that determine
growth, cell orientation and differentiation of chondrocytes
are unknown.

In situ hybridisation studies have suggested that expres-
sion of different Bmp genes is associated with distinct dif-
ferentiative and morphogenetic events. For example, in
mice, Bmp-2 and Bmp-5 are expressed in the initial carti-
lage condensation (Lyons et al., 1989; Wozney et al,
1993), Bmp-3 and Bmp-6 (also known as Vgr-1) are ex-
pressed in hypertrophic chondrocytes, and Bmp-4 is ex-
pressed in the perichondrium (Wozney et al, 1993). In
addition, Gdf-5 expression has been localised to chondro-
cytes, the perichondrium and the joint interzone of the ap-
pendicular skeleton (Chang et al., 1994; Storm et al., 1994).
These different expression patterns suggest that different
family members play distinct roles during cartilage differ-
entiation and morphogenesis. Consistent with this idea, in
vitro studies have suggested that members of the TGFS
family may act sequentially during cartilage differentiation
(Chen et al., 1991; Roark and Greer, 1994).

To investigate the roles of BMP-2 and BMP-4 during
skeletal growth and morphogenesis, we over-expressed
BMP-2 and BMP-4 during chick limb development using
avian retroviral vectors. The results suggest that BMP-2
and/or BMP-4 may be involved in determining the size and
shape of skeletal elements during limb development.

2. Results

2.1. Expression of Bmp-2 and Bmp-4 in developing
skeletal elements

We have previously shown that during early limb devel-
opment and prior to the onset of overt chondrogenesis,
Bmp-2 is expressed in posterior mesenchyme and apical
ectodermal ridge, whilst Bmp-4 is expressed in mesen-
chyme at the margins of the limb bud and in apical ecto-

Fig. 1. (A) Longitudinal section through a stage 27 chick wing, hybrid-
ised with a 33S-labelled antisense RNA probe specific for chicken Bmp-
2 transcripts and photographed under dark-field illumination. (B,C)
Longitudinal section through a stage 30 chick wing, hybridised with a
355-l1abelled antisense RNA probe specific for chicken Bmp-4 tran-
scripts and photographed under bright-field (B) or dark-field (C) illu-
mination. Perichondrium is arrowed. (D) Section adjacent to (B,C),
hybridised with a negative control sense RNA probe and photographed
under dark-field illumination. Scale bars = [00 #m.

dermal ridge (Francis et al., 1994). During later develop-
ment, at stage 27, Bmp-2 is expressed in mesenchyme sur-
rounding early cartilage condensations, as well as in mes-
enchyme at the margins of the developing limb (Fig. 1A).
Bmp-4 is not expressed in regions of early cartilage con-
densations at this stage (data not shown), but by stage 30 is
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Fig. 2. Structures of the proviral forms of retroviral constructs. Viral
long terminal repeats are shown as black boxes. Arrows show the orien-
tation of BMP coding regions, with respect to the upstream promoter.
CMV, cytomegalovirus immediate early gene promoter.

expressed in the perichondrium of the cartilage elements, as
well as in mesenchyme at the margin of the developing
limb (Fig. 1B-D).

2.2. Construction and testing of retroviruses

To examine roles of BMP-2 and BMP-4 during skeletal
morphogenesis, cDNA sequences encoding human BMP-2
(hBMP-2) or mouse BMP-4 (nBMP-4) were inserted into
replication-competent retrovirus RCASBP(A) in the sense
orientation (hBMP-2/RCAS and mBMP-4/RCAS) or, as
negative controls, in the antisense orientation (Control-2/
RCAS and Control-4/RCAS) (Fig. 2). The hBMP-2 coding
region was also inserted into replication-defective retroviral
vector pPCRNCM, yielding hBMP-2/pCRNCM (insert in the
sense orientation) and Control/pCRNCM (insert in the an-
tisense orientation) (Fig. 2). In pCRNCM-based viruses, the
insert is transcribed from an internal CMV immediate early
gene promoter (Fig. 2). In RCAS-based viruses, the insert is
transcribed as part of a full-length primary viral transcript
originating in the upstream LTR (Fig. 2), and efficient ex-
pression of inserted sequences requires efficient splicing of
this primary viral transcript. Northern hybridization showed
that chicken cells spliced primary viral transcripts effi-
ciently to produce BMP mRNA (data not shown).

We chose to use human Bmp-2 and mouse Bmp-4 se-
quences in the viruses as this would allow us to distinguish
viral transcripts from endogenous chicken Bmp-2 and Bmp-
4 transcripts in infected embryos, using species-specific
probes. Human BMP-2 shares 94% amino acid sequence
identity with chicken BMP-2 in the functional C-terminal
domain, while mouse BMP-4 shares 98% amino acid se-
quence identity with chicken BMP-4 in this region (Francis
et al., 1994). To test that the viruses directed expression of
functional human BMP-2 or mouse BMP-4 that was active
on chicken cells, we added supernatants from mBMP-
4/RCAS-infected CEF, hBMP-2/RCAS-infected CEF or

hBMP-2/pCRNCM-infected Q2bn cells to micromass cul-
tures of stage 21 chick limb bud mesenchyme cells. All
three viral supernatants stimulated cartilage formation (data
not shown). This is consistent with previous reports in
which recombinant BMP-2 and BMP-4 were shown to in-
crease chondrogenesis in such cultures (Chen et al., 1992;
Roark and Greer, 1994). Supernatants from cells infected
with the three negative control viruses had no effect on
micromass cultures.

2.3. Gross morphology of limbs infected with replication-
competent RCAS-based viruses

Pellets of CEF infected with hBMP-2/RCAS, mBMP-
4/RCAS, Control-2/RCAS or Control-4/RCAS virus were
grafted to chick limb buds at various stages of develop-
ment. Since the viruses were replication-competent, they
spread through infected tissue. The extent of viral spread
was determined by in situ hybridisation to whole embryos
using species-specific probes for hBmp-2 or mBmp-4 tran-
scripts. This allowed us to correlate limb phenotype with
virus spread. It should be noted that the probes do not dis-
tinguish between spliced and unspliced viral transcripts
when used for in situ hybridization.

Grafting of hBMP-2/RCAS-infected CEF (n=18) or
hBMP-4/RCAS-infected CEF (n=27) to the wing bud
between stages 17 and 26, resulted in formation of thick-
ened, abnormally shaped cartilage elements which were
often fused at the joint region (Figs. 3 and 4). The volume
of affected elements was up to five-fold greater than that of
normal elements. The most severe effects were observed by
grafting virus-infected CEF into early limb buds at stages
17-22 (BMP-2, n=13; BMP-4, n=18). In all of these
cases, the majority of the skeletal elements were affected,
with some skeletal elements exhibiting marked dysplasia
and joint fusion. In some of these cases (BMP-2, n=35;
BMP-4, n =3), every skeletal element of the limb, includ-
ing the scapula, was thickened and deformed (Figs. 3B and
4C). In contrast, grafting into older limb buds at stages 23—
26 (BMP-2, n=5; BMP-4, n=9), resulted in marked
thickening of one or two elements, particularly in the epi-
physeal regions, but joints were not fused and the diaphy-
seal regions appeared normal (Figs. 3C,D and 4E). Grafting
of infected CEF into the proximal part of the limb bud at
stages 27-29, after cartilage elements had been established,
did not affect cartilage development, but in these limbs
virus spread was limited (BMP-2, n = 5; BMP-4, n = 6).

Control grafts of CEF infected with Control-2/RCAS vi-
rus (n=15) or Control-4/RCAS virus (n = 13) resulted in
development of normal limbs, with no thickening of carti-
lage elements. Control viruses spread through infected wing
buds to the same extent as hBMP-2/RCAS and mBMP-4/
RCAS (data not shown).

To correlate viral spread with skeletal phenotype in
more detail, severely malformed limbs (n = 2) and partially
affected limbs (n=2) were sectioned and probed for
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Fig. 3. Comparison of skeletal elements in control wings (A) and mBMP-4/RCAS-infected wings (B-D). CEF infected with mBMP-4/RCAS were
grafted mid-proximally into the right wing bud of stage 19 (B), stage 21 (C), and stage 23 (D) chick embryos. In (B), all cartilage elements, including
the scapula, are thickened. The elements are fused. In (C), the ulna is affected and is mis-shapen. The humerus is enlarged at its distal end. In (D), the
humerus is thickened at the epiphyses. H, humerus; Ha, hand; R, radius; S, scapula , U, ulna, Scale bar = 1 mm.

mBmp-4 transcripts. In severely affected limbs, virus was
present in all tissues including chondrocytes, and was pres-
ent throughout the limb bud (Fig. 4C,D). However, in par-
tially affected limbs, virus spread was not as extensive (Fig.
4EF). Viral transcripts were again present in all tissues
including muscle, loose connective tissue and cartilage
elements (Fig. 4F).

2.4. Gross morphology of limbs infected with replication-
defective pCRNCM-based viruses

To further examine the relationship between presence of
virus and malformation of cartilage elements, we grafted
Q2bn cells infected with replication-defective hBMP-2/
pCRNCM virus to different parts of the developing limb, at
stages just before the appearance of pre-cartilage condensa-
tions. In situ hybridization to hBmp-2 transcripts in whole
mount preparations showed that virus remained localized to
the region of grafted cells, 10 h and 48 h after grafting (Fig.
S).

When Q2bn cells infected with hBMP-2/pCRNCM were
grafted to the proximal region of the limb bud at stage
21/22, in the position of presumptive humerus (Saunders,
1948; Bowen et al., 1989), the humerus was shortened and

thickened in 75% of cases, but radius/ulna and digits were
unaffected (Fig. 6A,B; n=28). In contrast, grafting to the
central region of the limb bud at stage 21/22, in the position
of presumptive radius/ulna (Saunders, 1948; Bowen et al.,
1989), resulted in shortening and thickening of the radius
and ulna in 76% of cases (Fig. 6C,D; n=25). In two of
these cases the humerus was also shortened and thickened,
an effect that correlated with the position of the graft. Digits
were not affected. Similar effects on the radius/ulna could
be obtained when virus-infected cells were grafted at stage
24 (n=4), but no effects were seen when virus-infected
cells were grafted at stage 26 or later (n = 10). When Q2bn
cells infected with Control/pCRNCM virus were grafted to
stage 21/22 limb buds, there was no effect on limb devel-
opment, wherever grafts were placed (n = 10).

2.5. Histological and immunocytochemical analysis of
affected limbs

To determine possible mechanisms by which ectopically
expressed hBMP-2 and mBMP-4 cause an increase in the
volume of cartilage elements, hBMP-2/RCAS- and mBMP-
4-infected limbs and normal contralateral limbs were exam-
ined histologically. In normal cartilage elements, chondro-
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Fig. 4. Longitudinal sections through control and mBMP-4/RCAS-infected 10 day chick embryo limbs to show the morphology of cartilage elements
and the extent of viral spread. (A,R) Control limbs, {C,D) Grncclv affected limbs, (EF) Paﬂ_mllv affected limbs in which the humerns was thickened
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Sections (A,C,E) were stained with Mallory’s triple stain. Secnons (B,D,F) were probed for mouse Bmp-4 transcripts. Autoradiographic signal is seen
as white staining under dark-field illumination. d, digits; h, humerus; r, radius; s, scapula; u, ulna. Scale bar = 1875 um.

cytes are arranged in distinct zones with hypertrophic
chondrocytes in the diaphyseal region, rounded cells at
the epiphyses and flattened chondrocytes situated be-
tween these two cell types in the metaphyseal region (Fig.
7A-C). In partially affected elements, there was a normal
arrangement of chondrocyte cell types, and normal sub-
periosteal osteogenesis, but the epiphyseal regions were
broader (Figs. 3D and 4E, and data not shown). By con-
trast, in severely affected elements, characteristic zones of
chondrocytes were not apparent and the size and shape of

the cells had changed. Most cells were rounded, and there
were occasional flattened cells (Fig. 7D-F). Chondrocytes
in the epiphyseal region of control elements were smaller
than those in comparable regions of severely affected
elements (compare Fig. 7A and Fig. 7D). In these se-
verely affected limbs, the diaphyseal chondrocytes did not
appear to have undergone hypertrophy and there was little
evidence of distinct lacunae (compare Fig. 7C and Fig.
7F). This impression was tested by performing immuno-
cytochemistry for type X collagen, which is a marker of
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Fig. 5. Distribution of replication-defective hBMP-2/pCRNCM virus in whole mount preparations of limbs grafted centrally at stage 21/22 with
hBMP-2/pCRNCM-infected Q2bn cells. Virus was detected 10 h (A) or 48 h (B) after grafting by in situ hybridization to human Bmp-2 transcripts, and
is stained purple. Scale bar = 375 um.

hypertrophic chondrocytes. Humeral diaphyseal regions We also examined the chondrial/periosteal structure in
of control limbs were immunopositive for type X collagen affected elements (Fig. 9). In some regions surrounding
(Fig. 8A), but the protein was undetectable in any region affected elements, a perichondrial structure was either not
of affected limbs (Fig. 8B). apparent or, if present, appeared to be undergoing chondro-

Fig. 6. Effects of grafting hBMP-2/pCRNCM-infected Q2bn cells to different regions of presumptive cartilage at stage 21/22. Whole mount prepara-
tions were stained with alcian green on embryonic day 10. When grafts were placed proximally (A), in the region of presumptive humerus, the wing
had a shortened, thickened humerus (B). When grafts were placed more distally (C), in the region of presumptive radius/ulna, the radius/ulna were
shortened and thickened (D). (E), unaffected contralateral wing of specimen in (D). Scale bar = 1875 um.
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Fig. 7. Morphology of chondrocytes in a control humerus (A-C) and a severely affected humerus from an mBMP-4/RCAS-infected limb (D-F). Nor-
mal rounded cell zone (A) and corresponding region at the end of the affected humerus (D). Normal flattened cell zone (B) and corresponding region
of the affected humerus (E). Normal hypertrophic zone (C) and corresponding region at the midpoint of the affected humerus (F). In (A), cells are
rounded and densely packed; in (B), cells are flattened and ordered; in (C), cells have distinct lacunae. In (D-F), cells show little organisation and do
not have the characteristic morphology of the corresponding zones. Scale bar = 50 m.

genesis, and cells at the margins of the cartilage element
were aligned longitudinally and had a denser-staining ma-
trix, suggesting an appositional origin (Fig. 9C). Severely
affected limbs showed little osteogenic differentiation on
embryonic day 10 (compare Fig. 9A and Fig. 9B). When
present, this was often ectopic, being displaced towards the
peripheral ectoderm (Fig. 9D).

2.6. Cell density in affected skeletal elements

The density of chondrocytes in the rounded, flattened

and hypertrophic zones of unaffected control humeri, and
in corresponding regions of severely affected humeri was
measured. In hBMP-2/RCAS-infected limbs (n=2), cell
densities in these regions were 46%, 15% and 24% lower,
respectively, than in unaffected limbs. In BMP-4/RCAS-
infected limbs (n = 4), cell densities were 52%, 20% and
10% lower, respectively, than in unaffected limbs. How-
ever, since the volume of the affected elements was at least
five times greater than that of the control elements, there
were clearly increased numbers of chondrocytes in affected
elements.

Fig. 8. Expression of type X collagen in control (A) and mBMP-4/RCAS-infected (B) limbs. Type X collagen is visualised by indirect immunofluores-
cence. Perilacunar immunopositive staining is seen in (A), but not in (B). Scale bar = 50 zm.
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2.7. Mirotic activity of chondrocytes in affected skeletal
elements

To determine whether the increased number of chondro-
cytes in affected cartilage elements was due to increased
cell proliferation, S-phase chondrocytes were immunolocal-
ised with an antibody against proliferating cell nuclear anti-
gen The mitotic index in the proximal cpiphyseal round
cell zone of the humeri of normal stage 27/28 wings was
0.033 (n = 2), while in the corresponding region of affected
limbs it was 0.025 (n = 2). Therefore, BMP overexpression
did not appear to alter the mitotic index of affected cells
significantly.
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BMPs are well known to induce formation of ectopic
bone via an endochondral pathway when implanted into
adults. However, in situ hybridization studies and analyses
of mouse mutants have suggested that BMPs also have im-
portant roles in embryonic skeletal development. We have
shown here that Bmp-2 is expressed in mesenchyme sur-
rounding early cartilage condensations, and that Bmp-4 is
expressed in the perichondrium, a layer of fibroblastic cells
surrounding cartilage elements that may be involved in
appositional growth of the cartilage, particularly in the
epiphyseal regions. Overexpression of BMP-2 or BMP-4,
using retroviral vectors, resulted in a dramatic increase in
the volume of skeletal elements. In elements showing se-
vere dysplasia, the ordered arrangement of the chondro-
cytes was abolished, and there was a delay in the terminal
differentiation of chondrocytes and in the formation of pe-
riosteum, which gives rise to bone.

In normal development, after formation of the cartilage
rudiment, growth is achieved in four ways: by hypertrophy
of chondrocytes, by increased matrix secretion, by a divi-
sion of chondrocytes (Rooney et al., 1984), and by apposi-
tional growth from perichondrial precursors (Fell and Canti,
1934). In limbs affected by over-expression of hBMP-2 and
mBMP-4, hypertrophy was delayed but there was evidence
for a small increase in the amount of matrix and a large
increase in the number of chondrocytes present in affected
elements. This increase in cell number did not seem to re-
sult from increased proliferation of chondrocytes, raising
the possibility that hBMP-2 and mBMP-4 induced recruit-
ment of cells to form cartilage, either from the perichon-
drium or from surrounding mesenchyme. Histological sec-
tions of affected limbs showed that cells at the margins of
the cartilage element were aligned longitudinally and had a
denser-staining matrix, suggesting an appositional origin. In
addition, the orientation of the matrix partitions was parallel
to the long axis of the rudiment, again supporting the notion
of perichondrial recruitment (Fell and Canti, 1934). Since
the endogenous chicken Bmp-4 gene is normally expressed
in perichondrium, it is possible that BMP-4 is normally
involved in recruitment of perichondrial cells to chondro-

genic fate. Over-expression of hBMP-2 and mBMP-4 could
be stimulating this process. This would explain why hBMP-
2 and mBMP-4 over-expression increased the width but not
the length of skeletal elements,

It has also been suggested that prior to formation of the
perichondrium, initial cartilage condensations may nor-
mally increase in size by recruitment of cells from sur-
rounding mesenchyme (Ede, 1977). In adult rats, BMPs
recruit cells from auuuuuuil‘lg i“uESt‘:i‘lCu_y'mE to a chondro-
genic fate during formation of BMP-induced ectopic bone
(Reddi and Huggins, 1972; Nathanson et al., 1978). The
expression of Bmp-2 in the mesenchyme surrounding early
cartilage condensations in normal developing chick limbs
would be consistent with a normal role for BMP-2 in con-
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tions. Over-expression of hBMP-2 or mBMP-4 could there-
fore result in increased recruitment of mesenchymal cells
into early cartilage condensations.

In our experiments, therefore, the effects of over-
expressing hBMP-2 and mBMP-4 could reflect a normal
role for BMP-4 in recruiting perichondrial cells and/or a
normal role for BMP-2 in recruiting mesenchymal cells. It
is not unexpected that mature BMP-2 and BMP-4, which
share approximately 92% amino acid sequence identity,
should be able to mimic each other’s activities.

Over-expression of hBMP-2 or mBMP-4 caused joint
fusion. The reasons for this are not clear. However, inter-
zone cells, which are distinct from cartilage chondrocytes,
have some of the properties of perichondrium (Craig et al.,
1987) and may give rise to established chondrocytes in the
presence of hBMP-2 or mBMP-4. Alternatively, over-
expression of hBMP-2 or mBMP-4 may prevent formation
of the initial joint which arises from the separation of a
single cartilage condensation.

Over-expression of hBMP-2 or mBMP-4 delayed for-
mation of the periosteum. Cells which give rise to the pe-
riosteum form from the perichondrium. At present it is un-
clear whether perichondrial and periosteal cells have the
same precursors, or whether they arise from different cell
lineages. In vitro studies with BMP-2 and TGEB have
shown these members of the TGFS family can act differen-
tially to induce formation of either chondrogenic or os-
teoblastic precursors from a mixture of periosteum/peri-
chondrium-derived precursors (Iwasaki et al. 1993, 1994).
In those studies, BMP-2 increased formation of bone while
TGEFf increased formation of chondrocytes. In our in vivo
study we have shown that hBMP-2 and mBMP-4 inhibit
periosteal formation but may promote perichondrial chon-
drogenesis.

Bmp-4 is expressed at a range of sites in the developing
embryo and has been shown to be involved in a number of
distinct processes, including Xenopus mesoderm induction
(Dale et al., 1992), mouse tooth induction (Vainio et al.,
1993), chick hindbrain patterning (Graham et al., 1994) and
chick neural tube patterning (Liem et al., 1995). Bmp-2 is
also expressed at diverse embryonic sites, and has been
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al., 1994; Laufer et al., 1994). Here we show additional
possible roles for BMP-2 and BMP-4 in the embryo, during

the formation of skeletal elements.
Mutation studies have cncopctm‘l that members of the
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TGFB family are critical to the formation of developing
skeletal elements and that these factors may play specific
roles during growth and morphogenesis of the skeleton.
However, how these factors control and influence skeletal
morphogenesis is not understood. Whilst in vitro studies
have shown that BMPs enhance chondrogenesis (Carring-
ton et al., 1991; Chen et al., 1991, 1992; Sampath et al.,
1992, 1993; Roark and Greer, 1994), they have not shown a
mechanism by which these factors might influence cartilage
growth and morphogenesis in vivo. Our study has sug-
gested that in developing cartilage elements, BMP-2 and
BMP-4 induce an increase in the volume of skeletal ele-
ments by recruiting non-chondrogenic precursors to form
cartilage. Thus, local variations in the concentration of
BMP-2 and/or BMP-4 may be crucial for determining the
shape and size of skeletal elements.

4. Experimental procedures
4.1. Chick embryos

Fertilised wild type chicken eggs (White Leghorn) were
obtained from Poyndon Farm, Waltham Cross, Hertford-
shire, UK and fertilised O line chicken eggs were obtain-
ed from the BBSRC Institute for Animal Health, Compton,
Berkshire, UK. Eggs were incubated at 38 + 1°C and em-
bryos staged according to Hamburger and Hamilton
(1951).

4.2. In situ hybridisation to whole mounts and tissue
sections

Embryos were fixed in 4% (w/v) paraformaldehyde and
processed as previously described for in situ hybridization
to whole mounts or tissue sections (Francis et al.,, 1994). In
situ hybridisation of digoxigenin-labelled RNA probes to
whole mounts, and of 35S-labelled RNA probes to tissue
sections was performed as described by Francis-West et al.
(1995). Probes for chicken Bmp-2 or Bmp-4 transcripts
were prepared as described by Francis et al. (1994). Probes
for human Bmp-2 or mouse Bmp-4 transcripts were pre-

Fig. 9. The chondrial/periosteal structure in the diaphyseal region of the
humerus of control (A) and mBMP-4/RCAS-infected (B-D) limbs. In
(A), a double layered periosteum has formed (outer fibrous, inner com-
bined), whereas in (B) there is no periosteum and the perichondrium
appears disorganised. (C) shows the margin of a cartilage element with
a perichondrial-like structure with darker staining matrix partitions
(arrowed). (D) shows the presence of ectopic bone, which appears to
have been displaced from the cartilage element. Cartilage elements
were stained with Mallory’s triple stain. B, bone; C, chondrocytes; Pc,
perichondrium; Pe, periosteum. Scale bar = 50 um.
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pared as described by Wozney et al. (1988) and Jones et al.
(1991), respectively.

4.3. Construction of recombinant retroviral plasmids
encoding human BMP-2 or mouse BMP-4

The human BMP-2 (hBMP-2) coding region, and 40
nucleotides of 3’ non-coding region were excised from
plasmid PSP65 (Wozney et al.,, 1988) by digestion with
Sall, and inserted into the Sall site of adaptor plasmid
Clal2 (Hughes et al., 1987). Inserted sequences were then
excised by digestion with Clal and inserted into the Clal
site of replication-defective retroviral vector pPCRNCM (de
la Pompa and Zeller, 1993) or of replication-competent
retroviral vector RCASBP(A) (Hughes et al., 1987). Clones
containing the hBMP-2 coding region in the sense orienta-
tion (hBMP-2/pCRNCM and hBMP-2/RCAS) or the
antisense orientation (Control/pCRNCM and Control-2/
RCAS) were selected, the latter for use as negative controls.

To construct a retrovirus encoding BMP-4, the mouse
BMP-4 (mBMP-4) coding region was amplified by PCR,
using mouse Bmp-4 cDNA clone mBMP-2b 1321 (Jones et
al., 1991) as a template, and using oligonucleotide primers
with the sequences CAA GAC ACC ATG GTT CCT GG
and CGG ATC CTG ATC TCA GCG GCA TC. This intro-
duced a Ncol site into the second codon of the BMP-4
coding region by changing the fourth nucleotide of the
open reading frame to G (in bold). A BamHI site was added
at the 3’ end of the open reading frame. The Ncol/BamHI
fragment was subcloned into adaptor plasmid Clal2 Nco
(Hughes et al., 1987), and the mBmp-4 insert was se-
quenced to ensure that no errors had been introduced dur-
ing PCR. The Clal fragment containing the mBmp-4 insert
was then cloned into the Clal site of RCASBP(A) and its
orientation determined by nucleotide sequencing and re-
striction analysis. Clones containing the mBMP-4 coding
region in the sense (mMBMP-4/RCAS) or antisense (Control-
4/RCAS) orientation were selected, the latter for use as a
negative control.

4.4. Production of infectious recombinant retrovirus
particles

Infectious hBMP-2/pCRNCM and Control/pCRNCM
viruses were produced in the quail packaging cell line Q2bn
(Stoker and Bissel, 1988). Q2bn cells were grown in 40%
{v/v) Dulbecco’s modified Eagle’s medium (DMEM), 40%
(v/v) Ham’s F12 medium, 8% (v/v) foetal calf serum,
2% (v/v) chicken serum and were transfected with 10 ug
of hBMP-2/pCRNCM or Control/pCRNCM DNA using
Transfectam (Promega), according to the manufacturer’s
instructions. Stable transfectants were selected in G418 and
cloned as described by de la Pompa and Zeller (1993). The
titre of virus particles produced by each clone was deter-
mined as described by de la Pompa and Zeller (1993). The
hBMP-2/pCRNCM and Control/pCRNCM clones that pro-

duced the highest titres of retrovirus particles (approxi-
mately 106 ml-!) were chosen for grafting into chick limb
buds.

Infectious hBMP-2/RCAS, mBMP-4/RCAS, Control-
2/RCAS and Control-4/RCAS viruses were produced in 0
line chick embryo fibroblasts (CEF). CEF were isolated
from 10 day O line embryos and grown in DMEM contain-
ing 10% (v/v) foetal calf serum. CEF were transfected with
10 ug of retroviral construct DNA by calcium phosphate
precipitation, as described by Morgan et al. (1992). The
extent of viral infection in cultures was determined by
staining with monoclonal anti-GAG antibody 3C2 (Potts et
al., 1987). When all cells stained positive, they were pre-
pared for grafting into limb buds.

4.5. Grafting of retrovirus-infected cells into chick limb
buds

Infected cells for grafting were prepared as described by
Riddle et al. (1993), except that cells were not stained with
Nile blue sulphate and were left to consolidate for 1 h at
37°C. Pellets of infected cells, approximately 200 um? in
size, were grafted into right wing buds of White Leghorn
embryos at various stages of development. Embryos were
harvested and processed for in situ hybridisation to whole
mounts or tissue sections. After whole mount in situ hy-
bridisation, some embryos were stained with alcian green
and cleared in methyl salicylate to determine cartilage mor-
phology and to correlate this with viral spread. For his-
tological examination, whole mounts were embedded in
wax, sectioned at 8 um and stained with Mallory’s triple
stain or haematoxylin and eosin.

4.6. Northern blotting and hybridization

Polyadenylated RNA was isolated from virus-infected
CEF, blotted and hybridised with a 32P-labelled RNA probe
for mouse Bmp-4 RNA (Jones et al., 1991) as previously
described (Francis et al., 1994).

4.7. Localisation of S-phase cells

Virus-infected cells were grafted to chick limb buds at
stage 18/19. Embryos were fixed 72 h later, at stage 27/28,
processed into wax and sectioned at 7 um. Sections were
de-waxed in xylene for 10 min, with two changes of xy-
lene, rehydrated through a descending series of alcohols
(5 min each step) to PBS, washed in three changes of PBS
(5 min each wash) and blocked by incubating in 6% (w/v)
BSA in PBS for 5 min. PC10 (anti-human proliferation cell
nuclear antigen, DAKO; 0.25 mg/ml IgG) was applied for
30 min. Sections were washed three times for a total of
15 min in PBS and then incubated in secondary antibody
(5 nM gold-conjugated goat anti-mouse IgG; Bioclin, Car-
diff) for 45 min. Sections were washed twice for S min
each with PBS, and the secondary antibody was cross-
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linked to sections with 1% (w/v) glutaraldehyde in PBS for
S min. Sections were washed three times with ‘Analar’
water (BDH) (5 min each wash) followed by three short
washes with 0.75 M Tris—acetate buffer (pH 7.5). Sections
were subjected to silver enhancement reagents according to
the manufacturer’s instructions (Bioclin, Cardiff) and the
reaction monitored under a microscope for 15-20 min.
Sections were washed in distilled water (two changes,
5 min each), and stained with Harris’ haematoxylin and
eosin. Control sections were treated with non-immune
mouse IgG (primary control) and the secondary antibody
was substituted with 1% (w/v) BSA (secondary silver con-
trol).

4.8. Immunolocalisation of type X collagen

To localise hypertrophic chondrocytes, a monoclonal
antibody (MA3) against chicken type X collagen (Kwan et
al., 1989) was used on sections from specimens fixed for in
situ hybridisation. Processing up to primary antibody appli-
cation was as described for proliferating cells above with
the exception that after rehydration, sections were subjected
to hyaluronidase/chondroitinase digestion (2.5 and 3 U
ml-!, respectively, in PBS, pH 7.4) for 45 min at 37°C.
Primary antibody application (45 min at room temperature)
was followed by routine secondary detection with a fluo-
rescently conjugated rabbit anti-mouse IgG (1:40 dilution;
45min at room temperature; Sigma). Sections were
mounted and photographed on a Zeiss photomicroscope III
with fluorescent attachment.
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