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Summary

Growth factors are likely to be of major significance in
developmental biology. Here, the distribution of insulin-
like growth factor (IGF) peptides is described during
development of the chick embryo. IGF was immunoloca-
lised using a polyclonal antibody to human IGF I
detected with a modified Vectastain ABC procedure.
Under the conditions used, the antibody binds strongly
to IGF I and weakly to IGF II; thus the distribution of
IGF peptide, rather than the individual factors, is
described.

Muscle, peripheral nerve and the notochord were
labelled whenever present. Muscle label was associated
with the myotubes and neural labelling with neurons;
Schwann cells were unlabelled. IGF distribution
changed during differentiation of connective tissues.
Regions of mesenchyme destined to form cartilage
labelled weakly or not at all, and cartilage condensations
were unlabelled. In the limb, chondrocytes became

labelled once cartilage rudiments had formed; however,
in later development, label was absent in zones of
rounded and flattened chondrocytes and appeared
strongly at the onset of hypertrophy. Early osteogenic
mesenchyme was also unlabelled, although later bone
cells were strongly stained. In the neural tube, label was
associated with differentiating neuroblasts and cell
bodies and with axons, especially in the developing
dorsolateral tracts.

These results show a possible correlation between IGF
label and cell division in early mesenchyme; cartilage
condensations, which have reduced mitotic indices, do
not label. In other tissues, notably muscle and nerve but
also later connective tissues, label is associated with
differentiating, rather than dividing, cells.

Key words: IGF peptides, immunocytochemistry, chick
embryo, development.

Introduction

The functions of growth factors in embryos are of major
interest in developmental biology. Whilst there is a
considerable body of information dealing with the
effects of growth factors on cultured cells, relatively
little is known of their actual roles in embryos. Some
factors have been shown to have novel roles in ver-
tebrate development, for example transforming growth
factor-/3 (TGF-/3) and fibroblast growth factor (FGF)
appear to act as signals to specify mesoderm in early
amphibian embryos (Kimelman and Kirschner, 1987;
Slack et al. 1987; Weeks and Melton, 1987); however, in
most cases the precise function of growth factors
remains obscure. An important step in elucidating the
functions of growth factors in embryos is the identifi-
cation of factors present and the investigation of their
distribution and relationship with developmental pro-
cesses. This approach has recently been taken, with

descriptions of distributions of TGF-/9 in mouse em-
bryos (Heine et al. 1987), insulin-like growth factor
(IGF) I and II in human foetuses (Han et al. 1987a) and
the identification of FGF-like activity in the limb buds
of chick embryos (Seed and Hauschka, 1988). Here, we
describe the distribution of IGF peptides in the chick
embryo, as revealed by immunocytochemistry.

IGFs have significant effects on proliferation and
differentiation of embryonic cells in vitro (Zapf et al.
1984; Froesch et al. 1985). Important roles for these
factors in embryos are suggested by the presence of
specific receptors from early in development (Bassas et
al. 1985, 1987, 1988; Bhaumic and Bala, 1987; Smith et
al. 1987), and by the ability of explants of embryonic
tissues to synthesise IGF in vitro (D'Ercole et al. 1980).
Recently, mRNAs coding for IGF II have been
detected by in situ hybridisation in rat embryos over a
wide developmental period (Beck et al. 1987; Styliano-
poulou et al. 1988). In addition, Engstrom et al. (1987)
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detected IGF mRNA in chick limb buds, a result
confirmed in our laboratory in a preliminary investi-
gation of chick limb mRNA for messages coding for
growth factors (Taylor pers. comm.). The distributions
of IGF peptides has been mapped in human foetuses
(Han et al. 19876); however, at these stages all major
organ systems are already established. There are no
studies of IGF peptide distribution prior to or during
patterning and differentiation.

As a first step in analysing roles of IGFs in developing
chick embryos, we have mapped the distribution of IGF
peptides using a polyclonal antibody raised to human
IGF I (Morrel et al. 1989). We find that at early stages
IGFs can be detected in the mesenchyme of the limb,
face and body. The distribution is not even; in regions
where cartilage will differentiate, cells are unlabelled.
IGF peptides appear in chondrocytes as they mature,
and in the late cartilage rudiment of the limb are
distributed according to the stage of differentiation of
the chondrocytes. IGF is also present in developing
bone, muscle and nervous tissues. The results are
discussed in the light of recent reports describing the
distribution of mRNA coding for IGF peptides in rat
and human embryos (Beck et al. 1987; Han et al. 1987b;
Stylianopoulou et al. 1988).

Materials and methods

Fertilised eggs from Ross white chickens were incubated at
38°C in a humidified incubator. Eggs were windowed on the
second day of incubation and the embryos staged according to
Hamburger and Hamilton (1951). They were then reincu-
bated until they reached the desired stages. Embryos were
used from stage 20 to stage 36 (approx. 3.5-10 days).

Preparation of tissue
Embryos were removed from the egg and washed in phos-
phate-buffered saline (PBS). Embryos were dissected into
pieces. At stages 20-28 both the head and the trunk region at
the level of the wing bud were cut away and fixed; at later
stages, limbs and specific facial regions were dissected from
the embryos. The fixation procedure used was that of Han
et al. (1987o). In addition, mouse embryos of age 13 days post
coitum were dissected from the uterus and treated in the same
way as stage 20-28 chick embryos. Specimens were fixed for
16-24 h at 4°C in 2% paraformaldehyde/2 % glutaraldehyde
in PBS. After washing in several changes of PBS over a 48 h
period, they were dehydrated in a methanol series, cleared in
histoclear and embedded in paraffin. Sections were cut at
10 ;/m, mounted on 'Histostik'-coated slides (Histolab, Hemel
Hempstead, UK) and baked at 45 °C for 48 h. Some chick
embryos were prepared for cryosectioning. These were im-
mersed in OCT compound (BDH, Poole, UK) and frozen in
liquid nitrogen. Cryosections were cut at 10 f.im and stored at
—20°C until use. Sections of the head were cut in the frontal
plane, whereas those of the body were cut transversely at wing
level.

Immunohistochemistry
Three antibodies were tested for immunohistochemical reac-
tivity with chick tissues. These were (1) polyclonal rabbit anti-
human IGF 1 (kindly provided by Dr D. Morrell, Institute of
Child Health, London, UK); (2) monoclonal anti-human IGF

1 (kindly provided by Drs A. J. D'Ercole and J. J. Van Wyk,
University of North Carolina, USA); and (3) rabbit anti-rat
IGF II (kindly provided by Dr S. P. Nissley, NIH, Bethesda,
USA). In each case, the labelling procedure was the same,
and used a modified Vectastain ABC technique (Vector
Laboratories) with appropriate biotinylated second antibody.
Sections were dewaxed, rehydrated and stored in PBS. They
were then treated with 0.012% trypsin (Gibco, Paisley,
Scotland) in PBS for 5 min at room temperature and washed
in three changes of PBS. The sections were then incubated in
antibody (1), (2) or (3) at 4°C for 48 h. Various dilutions of the
antibodies were used, from 1:500 to 1:2000 in PBS containing
0.1 % bovine serum albumin and 0.05 % sodium azide. After
thorough washing, sections were incubated in 1:500 dilution
of biotinylated second antibody for 2h at room temperature.
After further washes, the sections were incubated in Vecta-
stain avidin/peroxidase complex for 2h. The localisation was
completed by incubation in 0.05 % diaminobenzidine
hydrochloride/0.05 % hydrogen peroxide in Tris buffer,
pH7.4 for 5-7 min. Sections were counterstained with
Meyer's haemalum, dehydrated, cleared and mounted in
DPX.

A sequence of control incubations were performed using
antibody (1). The controls were as follows: omission of
primary antibody, omission of second antibody and substi-
tution of non-immune rabbit serum for primary antibody. The
primary antibody was in addition preincubated overnight at
4°C with IGF peptide preparations prior to use in a series of
blocking experiments. Preincubations were: 2-400 ng ml"1

human IGF I, 2-400 ng ml"' rat IGF 11 and 1 /ig ml"' partially
pure chick IGF (kindly provided by C. Goddard, Poultry
Research Centre, Roslyn, Edinburgh; fraction from gel
chromatography likely to contain both putative chick IGF 1
and 2).

Cryosections were labelled with an affinity-purified rabbit
polyclonal antibody to chick type II collagen (kindly provided
by Dr C. Archer, Institute of Orthopaedics, London, UK)
using standard procedures for indirect immunofluorescence
after preincubation of sections with a mixture of hyaluroni-
dase {Streptomyces hyalurolyticus: 1.45 units ml"1; Sigma,
Poole, UK) and chondroitinase ABC (Proteus vulgaris:
0.25unitsmr'; Sigma, Poole, UK) for 30min at 37CC.
Specimens were examined under epifluorescent illumination
using a Zeiss Photomicroscope III microscope.

Results

Antibody specificity
No positive staining was obtained with antibody (2).
Slight positive staining was obtained with antibody (3)
at 1:500 dilution, but not at 1:1000 or 1:2000. Strong
positive staining was obtained with antibody (1) at
1:1000 and 1:2000 dilutions. The specificity of antibody
1, a polyclonal rabbit anti-human IGF I, was investi-
gated using a series of controls and by preincubating
antibody (1) solutions with various concentrations of
purified IGF I and II in label blocking studies. Control
incubations, involving either omission of primary anti-
body, omission of secondary antibody or substitution of
primary antibody with equivalent dilutions of non-
immune rabbit serum, were negative. In blocking
studies, preincubation of antibody with 2-20 ng ml
human IGF I did not block IGF staining but 100 ng ml"1

blocked completely. Preincubation with 2-200 ng ml"1



rat IGF II did not block whereas 400ngml 1 blocked
slightly. Staining was completely blocked with partially
pure chick IGF (a fraction containing both putative
chick IGF I and II) at a concentration of l^gml"1.
Previous work using radioimmunoassay has demon-
strated that antibody (1) has negligible binding to
insulin (0.1% of binding to IGF I; Morrell pers.
comm). In addition, Armstrong et al. (1989) have
shown that in adult chicken serum the antibody binds
only to IGF I and does not bind to IGF binding
proteins. Our competition controls demonstrate strong
binding to chicken IGF I, and weak binding to IGF II.
These results indicate that whilst the antibody binds
more strongly to IGF I than to IGF II, we cannot use it
to distinguish between the two peptides (see also Han
etal. 1987a). Therefore we describe below the distri-
bution of IGF peptides, rather than the individual
growth factors. Attempts were made to immunoblot the
antiserum against chick embryo preparations run on
15 % SDS-polyacrylamide gels under reducing and
non-reducing conditions; however, no bands were
detected. This does at least demonstrate the absence of
non-specific binding of the antiserum to chick proteins.
In addition, the distributions of label were similar in
mouse embryos (see later), which indicates similarity of
binding of the antiserum to mammalian and avian IGF
peptides under conditions of immunocytochemistry.

Distribution of IGF peptide during development of the
limb, face and body
The distribution of immunocytochemical label was
investigated in the limb buds and facial primordia of
embryos of stages 20-28. The laying down of the
vertebral column occurs in a cranio-caudal sequence
and so labelling in the body region was investigated in
sections taken consistently at the level of the wing at
stages 20, 24 and 28. Some specimens of stage 36 were
also studied, as was a mouse embryo of 13 days
gestation. Sample test and control specimens are shown
in Fig. 1; the distribution of IGF peptides is described in
detail below, in developmental sequence.

Stage 20-24
At stages 20 and 24 immunolabel was present in
connective, myogenic and neural tissues. In limb mes-
enchyme at stage 20, label was strongest at the periph-
ery, with the core region being weakly labelled (Fig. 2).
This pattern was more pronounced at stage 24 (Fig. 3)
where the proximal core region, corresponding to the
position of the cartilage condensation, was unlabelled
(Fig. 4A). Labelling intensity increased peripherally
and distally away from the condensation and was denser
than that seen at stage 20. A region of high labelling
intensity extended from the limb mesenchyme into the
ventral body wall, beneath the ectoderm. Immunolabel
in the peripheral mesenchyme was clearly associated
both with cells and extracellular matrix (Fig. 4B). The
overlying ectoderm contained labelled and unlabelled
cells. In the body, there was little or no labelling of
sclerotomally derived mesenchyme surrounding the
notochord and extending dorsally between the neural
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tube and myotome; mesenchyme lateral to the myo-
tome was labelled, however (Fig. 5). Cells of the
notochord itself were labelled (Fig. 6). Craniofacial
mesenchyme also contained immunolabel, at moderate
density (not shown).

Strong labelling was present in skeletal muscle of the
myotomes in association with the myotubes (see
Fig. 5), the heart muscle (Fig. 7) and, at stage 24, the
developing smooth muscle of the wall of the aorta
(Fig. 8). Labelling in the myotome was far stronger
than the occasional non-specific label observed in con-
trols of stage 20 embryos. In the heart, the developing
endocardial cushions were unlabelled, in clear contrast
to the muscle. In spinal nerves, strong immunolabel was
associated with axons, Schwann cells being unlabelled
(Fig. 9). The neural tube was largely unlabelled, with
the exception of a very thin layer at its periphery at
stage 24.

Stage 28
At stage 28, the cartilages of the limb are clearly defined
with dense matrices containing type II collagen (see
Von der Mark et al. 1976a,b; Dessau et al. 1980; results
confirmed here). Chondrocytes within the rudiments
contained IGF peptide; however, the cartilage rudi-
ments were enclosed by a region of unlabelled mesen-
chyme (Fig. 10), which included the perichondrium.
Mesenchyme surrounding this was strongly labelled. In
the developing vertebral column, unlabelled cells were
present in a region concentric to the heavily labelled
notochord (Fig. 11). This region contained abundant
type II collagen (not shown; see also von der Mark etal.
1976b). Most cells within this region did not label for
IGF peptide; however, some strongly labelled cells
were encountered immediately adjacent to the noto-
chord sheath. The surrounding mesenchymal cells were
moderately labelled, with the exception of those
extending dorsolaterally around the neural tube to form
the vertebral arch, which were unlabelled. Mesen-
chyme of the developing face was moderately labelled,
with unlabelled regions corresponding to early phases
of development of Meckel's cartilage and the prenasal
cartilage (Fig. 12); in the latter case, a region of low
labelling intensity occupied a large proportion of the
frontonasal mass. This region corresponded to a region
containing diffuse label for type II collagen which forms
part of the early chondrocranium and prenasal cartilage
(not shown).

Developing skeletal, heart and smooth muscle was
strongly labelled. As at stage 24, the endocardial
cushions, now with developing valves, were unlabelled
(Fig. 13). In the neural tube, sections taken at wing
level (Fig. 14) showed the neuroepithelial region to be
weakly labelled, the mantle zone to contain more label
and the marginal zone also to be labelled. Within the
mantle zone, densely labelled cells were present ventro-
laterally where the ventral lateral motor columns will
form. In the marginal zone, labelling was particularly
strong in the dorsolateral tracts. The dorsal root ganglia
also contained foci of immunolabel. Peripheral nerves
were densely labelled wherever observed.
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Distribution in late development of cartilage and bone
At stage 36, the rudiments of the humerus, radius and
ulna are well developed with regions of rounded,
flattened and hypertrophic chondrocytes. Occasional
cells were labelled in the rounded and flattened cell
zones, but label appeared abruptly in all cells at the
onset of hypertrophy (Fig. 15). Labelling was not seen
in cartilage matrix. Osteocytes and osteoblasts were
strongly labelled, in subperiosteal bone of the limb
rudiments and in membrane bones of the upper jaw
(Fig. 16A,B). Bone matrix was unlabelled.

Distribution in the mouse embryo
The distribution of IGF peptide in the 13 day mouse
embryo was essentially the same as that observed in
chick embryos. Label was present in non-chondrogenic
connective tissues, skeletal heart and smooth muscle
and peripheral and central nervous system. Label was
absent in most chondrocytes and in the endocardial
cushions.

Discussion

Patterns of IGF peptide distribution during early
connective tissue differentiation
Insulin-like growth factor peptides can be detected in
mesenchyme of the developing limb, the early primor-
dia of the face and the spinal column. Prechondrogenic
cells contain little or no IGF peptide, whereas undiffer-
entiated and non-chondrogenic cells do label. For
example, in the proximal part of the limb, unlabelled
areas are present that correlate with regions of mesen-
chyme undergoing chondrogenesis, as shown by the
onset of type II collagen synthesis (Von der Mark et al.
1976a,b; Dessau etal. 1980). In contrast at the tip of the
limb, where cells are still undifferentiated, IGFs are
present. In the spine and face, regions of reduced
labelling with IGF peptide also develop. In both sites, it
is striking that equivalent sections show a similar
correlation of absence of IGF peptides and appearance
of type II collagen.

Later connective tissue differentiation is associated with
changes in cellular labelling for IGF peptides
Although at the initial stages of chondrogenesis (stage
24 in the limb) the differentiated cartilage cells are
unlabelled, by stage 28 (approx. 1 day later) the limb
chondrocytes contain IGF peptide. Since IGFs promote
synthesis of cartilage matrix (see reviews, Froesch et al.
1985., Zapf et al. 1984) it may be that the peptides are
involved in early growth and morphogenesis of the
cartilage rudiments. The long bone of the limb at stage
36 provides a suitable structure for determining how
IGF peptide distribution is correlated with later stages
of chondrocyte differentiation. In the established rudi-
ment, the rounded cells proliferate. This generates cells
that then undergo a series of differentiative steps
involving becoming flattened and then hypertrophic. At
this late stage, IGF peptide distribution does not
correlate quantitatively with matrix synthesis, as the

Fig. 1. Distribution of IGF peptide in stage 20 embryos,
transverse sections at level of wing buds.
(A) Immunolabelled with 1:2000 dilution anti-IGF serum
and (B) with same dilution of non-immune rabbit serum.
Faint endogenous peroxidase activity is present in the
myotome; otherwise, no labelling is observed in controls.
Arrow on (A) indicates myotome; see Fig. 5. Bar
represents 100/an.
Fig. 2. Distribution of IGF peptide in wing bud of stage 20
embryo; vertical longitudinal section. Mesenchyme in the
proximal core region is weakly labelled; label increases
distally and peripherally. Bar represents 50 /«n.
Fig. 3. Distribution of IGF peptide in wing bud of stage 24
embryo. Distribution is similar to that at stage 20. The
cartilage condensation (c) does not label; label increases
peripherally and distally (see Fig. 4). Peripheral label
extends into the ventral body wall (arrow). Bar represents
300/on.
Fig. 4. High-power view of mesenchyme from limb of stage
24 embryo. (A) mesenchyme of the cartilage condensation;
(B) peripheral mesenchyme. Cells of the cartilage
condensation do not label, whereas those of peripheral
mesenchyme are labelled. Extracellular matrix is also
labelled in the peripheral region. Most cells of the ectoderm
appear unlabelled. Bars represent 20/<m.
Fig. 5. (A) Transverse section through brachial somite of
stage 24 embryo. The myotome (m) is strongly labelled.
Sclerotomally derived mesenchyme (s) central to myotome
is weakly labelled; mesenchyme lateral to the myotome is
more strongly labelled. A similar area is indicated on
Fig. 1A. Bar represents 20/tm. (B) High power view of
myotome; strong label is associated with myotubes (m). Bar
represents 10 /on.
Fig. 6. High-power view of part of the notochord of stage
24 embryo. Labelled cells are present within the notochord
(arrow). The sclerotomal cells surrounding the notochord
are unlabelled. See Fig. 11 for lower power view of
notochord. Bar represents 5/on.
Fig. 7. (A) Heart of stage 20 embryo. The heart muscle is
strongly labelled; cells of the developing endocardial
cushions are unlabelled. Bar represents 200/tm. (B) Higher
power view of developing endocardial cushions: cells are
unlabelled. Bar represents 20/zm.
Fig. 8. Transverse section of part of dorsal aorta of stage 24
embryo. The developing smooth muscle layer surrounding
the aorta (a) is labelled; there is no label around the
posterior cardinal vein (v). Bar represents 20 fitn.
Fig. 9. Spinal nerve of stage 24 embryo in section taken at
brachial level. Strong labelling is present in neurons;
Schwann cells (arrows) are unlabelled. The figure also
shows strongly labelled myotome (m) and unlabelled
sclerotomally derived mesenchyme of the vertebral arch (s).
Bar represents 20 /«n.

region of maximum synthesis of cartilage matrix is the
flattened cell zone (Stocum et al. 1977), which does not
contain IGF peptide. However, there is a correlation
with qualitative changes. At the onset of hypertrophy
when cells regain IGF label, an entirely new gene
product, type X collagen, is synthesised (Schmidt and
Linsenmeyer 1985a, b).

The cartilage model of the long bone serves as a
template for bone deposition. This starts as a thin shell
of bone, which is deposited in the mid-region beneath
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Fig. 10. Longitudinal section of the cartilage rudiment of
the humerus of stage 28 embryo. Most chondrocytes are
labelled; cells of the perichondrium are unlabelled (arrows).
Bar represents 20 ,um.
Fig. 11. (A,B) Notochord and developing vertebra of stage
28 embryo. Cells of the developing vertebra are unlabelled,
except for cells immediately adjacent to the notochord
sheath (arrows). (A) Bar represents 50^m. (B) Bar
represents 10 jxm.
Fig. 12. Frontal section of the face of a stage 28 embryo.
Regions of unlabelled mesenchyme are present in the
mandible, corresponding to the developing Meckel's
cartilages (m), and in the central portion of the frontonasal
mass (f). Bar represents 200 ftm.
Fig. 13. Heart of stage 28 embryo. The ventricular (v) and
atrial (a) muscle labels strongly; the endocardial cushions
(e) remain unlabelled. Bar represents 50/im.
Fig. 14. Neural tube of stage 28 embryo. Cells of the
neuroepithelium (ne) are unlabelled; label is present in the
mantle zone (m), particularly ventrolaterally in association
with cell bodies. The marginal zone is also labelled,
especially in the developing dorsolateral tract (arrow). Bar
represents 50/im.
Fig. 15. Longitudinal section of cartilage rudiment of the
humerus of stage 36 embryo. Most cells in the rounded (r)
and flattened (f) cell zones are unlabelled; All cells are
labelled in the hypertrophic cell zone (h). Bar represents
50 nm.
Fig. 16. Sections of bone from stage 36 embryo.
(A) Perichondrial bone from mid-diaphysis of the humerus;
osteoblasts and osteocytes are strongly labelled. The
periosteum (p) and bone matrix are unlabelled.
(B) Membrane bone from the upper beak; bone cells are
strongly labelled. Bars represents 20^m.

the periosteum. The bone cells arise from the perios-
teum. Like mature chondrocytes, osteoblasts in subper-
iosteal bone are strongly positive for IGF, although the
periosteum itself is unlabelled. It is interesting that the
region of mesenchyme from which these cells arise is
the region that encloses the cartilage rudiments and is
unlabelled for IGF peptides at stage 28; these regions
contain type I collagen (von der Mark 1976a,b) and
correspond to the position of the perichondrium. Later,
at stage 36, the periosteum remains unlabelled. These
observations could be analogous to early cartilage
differentiation. Regions that give rise to bone cells are
unlabelled for IGF; subsequent stages of differentiation
regain labelling ability. In contrast to long bones, bone
in the face arises in a different manner, being formed de
novo from mesenchyme as membrane bone without the
involvement of cartilage. Despite their different origin,
these bone cells are also strongly labelled.

IGF peptides are present in differentiating muscle and
nerve
Throughout the period studied, IGF peptides co-loca-
lise with differentiating muscle and nerve. According to
Holtzer et al. (1957), muscle-specific myosin is first
elaborated in the brachial somites at stage 15. Differen-
tiated muscle is therefore present in the body wall at all
stages investigated here, with IGF peptide being pres-
ent in the myotubes. Our recent studies of myogenesis

in the face (Ralphs et al. 1989) have shown that at stage
24 no muscle blocks are present in the facial primordia.
At this stage, no discernible pattern of IGF peptide
distribution is present; mesenchyme is diffusely stained
throughout. In the mandible at stage 28, muscle-specific
myosins and IGF peptide are present in differentiated
muscle blocks. In addition to skeletal muscle, smooth
and heart muscle contained IGF peptide. Using a
similar antibody recognising IGF peptides, Han et al.
(1987a) also observed peptide in skeletal and heart
muscle in human foetuses.

Peripheral nerve is strongly labelled with the anti-
body, in association with axons; Schwann cells were
unlabelled. It may be significant that culture studies
have shown that IGF promotes neurite outgrowth
(Bothwell, 1982; Recio-Pinto and Ishii, 1984) and is
associated with nerve regeneration (Hansson et al.
1986). The neural tube of stage 28 embryos shows clear
demarkations in its labelling pattern. In the inner
neuroepithelium, where cells are dividing, there is little
IGF peptide. In contrast in the middle layer of the
neural tube, the mantle zone, where neuroblasts are
differentiating into nerve cells (Tapscott et al. 1981),
IGF peptide is present. The outer layer of the neural
tube, which consists mainly of axons, labels in similar
manner to peripheral nerves. Since at this stage glial
cells have not differentiated in the neural tube (Tap-
scott et al. 1981) the observed labelling is probably
associated with axons.

Cellular localisation of IGF peptide
Immunohistochemical localisation of IGF detects sites
of accumulation of the peptides. Our results show that
IGF peptides could be associated with extracellular
matrix as well as with cells. Fibroblast growth factor can
bind to heparan sulphate proteoglycan (Gospodarowicz
and Cheng, 1986; Vlodavsky et al. 1987). Such associ-
ations have not been reported for IGF peptides, but
could be significant here; changes in extracellular
matrix composition at the onset of chondrogenesis
could be an explanation for the absence of IGF peptides
at this stage. The observed distribution of IGF peptides
is likely to represent sites of action since specific IGF
receptors have been localised to numerous embryonic
tissues. IGF receptors have been identified in early
chick and mouse embryos (Bassas et al. 1987, 1988;
Smith et al. 1987) and have been detected in early limb
buds (Bhaumic and Bala, 1987; Bassas et al. 1988),
although precise localisations have not been performed.
Receptors have been identified on chondrocytes (Foley
et al. 1982; Sessions etal. 1987), muscle cells (Meuli and
Froesch, 1976; Poggi et al. 1979; Pfeifle et al. 1982) and
in neural tissue, including whole brain, (Bassas et al.
1985) and in cultures of neronal, glial and neuroblas-
toma cells (Balloti etal. 1987; Shemer etal. 1987; Ota et
al. 1988).

Han et al. (1987a,b) have demonstrated that in
human foetuses the distribution of IGF peptide does
not reflect the pattern of IGF synthesis. Whilst mRNA
cross-hybridising with a cDNA probe for human IGF II
was detected in undifferentiated mesenchyme of the
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chick embryo limb and head (Engstrom et al. 1987), no
study of cellular distribution of IGF mRNA has been
undertaken in chick. However, in situ hybridisation
patterns for IGF II mRNA have been described in the
rat embryo (Beck et al. 1987; Stylianopoulou et al.
1988). It is of interest to compare the peptide distri-
butions in chick embryos with mRNA distribution in
rodent embryos. There is some justification for this, as
we find similar distributions of IGF peptides in mouse
and chick embryos. Three relationships emerge be-
tween the distributions. Firstly some tissues, for
example, muscle and at some stages cartilage, both
synthesise and accumulate IGFs; secondly, there are
tissues that synthesise and do not accumulate IGFs, for
example early cartilage condensations and late rounded
and flattened cell cartilage zones; and finally some
tissues do not synthesise IGFs but accumulate them, for
example hypertrophic cartilage and neural tissues.
These relationships are consistent with the factors
having both autocrine and paracrine functions,
although it should be noted that discrepancies between
sites of IGF synthesis and localisation may also be
explained by the cellular distribution of IGF-binding
protein (Hill et al. 1989). It would be fascinating to
know the precise source of IGFs accumulated by
particular tissues of a given species, but whilst this
question has been addressed in relatively late human
foetal tissues (Han et al. 1987a,b) the juxtaposition of
synthesising and accumulating tissues has not been
studied in early embryos.

Role of IGF peptides in development
The precise role of IGF peptides in developing embryos
is unclear. Cell proliferation, differentiation and pat-
terning are key elements in the development of orga-
nised structures. Since IGF peptides have significant
effects on proliferation and differentiation of cells in
culture (Zapf et al. 1984; Froesch et al. 1985), they may
also be of importance in these processes during embry-
onic development. One possibility is that the role of the
IGFs is to promote cell proliferation. In the early limb,
there is some evidence for this; where cartilage conden-
sations form, cells do not stain for IGF peptides. In
these regions, the mitotic index is significantly reduced
when compared to the rest of the limb (see Ede, 1983).
In other tissues, and in later connective tissues, IGF
peptides are associated with differentiating rather than
dividing cells. Examples of this are in muscle and the
neural tube. In vitro evidence also suggests a role in cell
differentiation in these tissues, as IGF promotes differ-
entiation of myoblasts (Ewton and Florini, 1981;
Schmid et al. 1983) and neuronal and glial cells (Both-
well, 1982; McMorris et al. 1986; Recio-Pinto et al.
1984) in culture. In connective tissues, the position is
more complex. During cartilage differentiation, IGF is
undetectable at early stages of chondrogenesis, but
reappears and then becomes redistributed at later
stages of differentiation. In vitro, IGF has been shown
to enhance the production of differentiated cell prod-
ucts by chondrocytes, bone cells and fibroblasts
(Froesch et al. 1976; Kato et al. 1980; Canalis, 1985;

Schmid et al. 1985). However, their distribution in vivo
would suggest a more subtle role, possibly relating to
particular stages of differentiation.

There is some indication that IGFs could be involved
in signalling between tissues. It has been shown that the
notochord is a significant promoter of growth and
differentiation of neuroblasts in the neural tube and
may play a role in establishing neural pathways (Van
Straaten et al. 1985,1989). The presence of IGF peptide
in the notochord and its accumulation in the neural tube
as development proceeds suggests that IGFs could have
some role in the notochord-neural tube interaction.

Comparison of the distribution of IGF peptides with
other factors
In assessing the biological roles of IGFs during develop-
ment it is important to compare the peptide distribution
with that of other growth factors. Recently, Heine et al.
(1987) described the distribution of transforming
growth factor-p1 during the development of the mouse
embryo. The distribution overlaps to some extent with
that of IGF peptide in the chick embryo. TGF-/3, like
IGF, was associated with mesenchyme and its derived
tissues, connective tissue, cartilage and bone. The
factors were also present in the central nervous system.
The temporal aspects of the two distributions differ
during connective tissue differentiation; TGF-p1 is pres-
ent in early cartilage where IGF is absent. This was the
case in limb, vertebral and head development. Later,
the distributions are more similar, in that TGF-/3 is
present in hypertrophic cartilage. It is of interest that,
when comparing IGF mRNA distribution in this region
with TGF-/3 peptide distribution, Stylianopoulou et al.
(1987) suggested that the two factors are distributed
differently; however, when the two peptides are com-
pared, they are similar. There are differences in the
precise localisation within differentiated connective
tissues; TGF-p* appears to be associated with the matrix
of cartilage and bone, whereas IGF, when present,
always appears cellular. In some structures, the distri-
butions were completely opposite. This was well illus-
trated in developing muscle, where myotubes label for
IGF peptides, and the associated connective tissues
with TGF-/3. In the heart, TGF-/3 is localised solely to
the connective tissue of the developing valves, derived
from the endocardial cushions. We find that IGF
peptide is absent from the whole of the endocardial
cushions, but is present in the heart musculature. The
distribution of IGF has similarities with that of FGF,
which is also found in striated muscle fibres and is
absent from endocardial cushions (Joseph-Silverstein et
al. 1989). Clearly there must be a complex interrelation-
ship between growth factors in developing structures.

A further possibility is that IGFs could be involved in
the response of mesenchymal cells to the putative limb
bud morphogen retinoic acid. Whilst we obtained no
evidence of IGF distribution corresponding to the
retinoic acid gradient present in limb buds (Thaller and
Eichele, 1987) the distribution is strikingly similar to
that of cellular retinoic acid binding protein (Maden et
al. 1988), being present in peripheral limb mesenchyme
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and absent from the cartilage condensation of the
humerus. A connection between IGF and retinoid
actions is not without precedent; embryonal carcinoma
cells stimulated to differentiate in vitro produce IGF
(Heath and Shi, 1986). Further investigation of the
distribution of peptide growth factors in the context of
their known biological effects in vitro are required
before their roles in development can be elucidated.
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