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Using a serum-free culture system, we have investigated
morphogenetic differences hetween fore and hind limb pre-
cartilage mesenchymal cells derived from stages 21-26
chicken emhbryos. Across all stages, wing and leg cultures
were intrinsically different in the amount and spatial orga-
nization of cartilage that they produced. By stage 24, leg
cells began to produce a nodular pattern of cartilage while
wing cells continued to produce sheets of cartilage. This
pattern difference persisted throughout the later stages
and was not due to differences in cell survival as judged by
DNA content or to the presence of distinetive cell subpopu-
lations in either tissue, as determined by flow cytometry.
Chondrogenesis in wing and leg precartilage cell cultures
was affected differently by 10% fetal bevine serum, TGF-§1
(1 ng/ml for 5 hr on the day after plating), and retinoic acid
{5 ng/ml). In wing cultures, the extent of chondrogenesis
was significantly enhanced by serum or by a combination of
TGF-£1 and retinoic acid, but the cartilage pattern was not
altered with any treatment. In leg cultures, the extent of
chondrogenesis was enhanced by TGF-g1 alone, inhibited
by retinoic acid alone, and the cartilage pattern was
changed from nodular to sheet-like by treatment with
TGF-81. Wing and leg cultures also differed from each
other in relative cohesivity and in condensation morphol-
ogy and organization of fibronectin during the early phase
of differentiation. Wing cells produced broad, flat conden-
sations containing diffusely organized fibronectin, whereas
leg cells elaborated an extensive network of long fibronec-
tin-rich fibrils connecting very compact, fibronectin-rich
condensations. These intrinsic and induced differences in
fore and hind limb mesenchyme provide insight into the
mechanisms that are common to the formation of all limb
skeletal elements and those that distinguish skeletal ele-
ments from different limb regions and limbh types.
Academic Press, Ine.
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INTRODUCTION

During the development of tetrapod vertebrates, mes-
enchymal cellg of the fore and hind limbs differentiate
into cartilage in homologous, but distinct patterns.

Limb type differences in morphogenetic capability are
thought to be present when the limb field is first estab-
lished and to reside in the mesenchymal component of
the limb bud (Saunders, 1948; Saunders et al, 1959; Zwil-
ling, 1968; MacCabe et al, 1973; Stephens et al, 1989).
Grafting experiments on early stage chicken embryos,
for example, have shown that the capacity to form ei-
ther wing or leg structures is established before limb
outgrowth begins and cannot be altered by heterotopic
transplantation of either the mesenchymal or ectoder-
mal components of the developing limb (Saunders ef al.,
1959; Zwilling, 1968; MacCabe ef al., 1973; Stephens et al.,
1989).

The skeletons of all vertebrate limbs are initially es-
tablished by the apportionment of preecartilage mesen-
chyme into chondrogenic and nonchondrogenic domaing
{(Newman, 1977, Newman, 1988)., Position-dependent
chondrogenesis is regulated by processes which are
common to all limb types and limb skeletal elements as
well as by processes that differ between limb types and
individual limb skeletal elements. Common processes
incinde those, such as local accumulation of fibronectin
{Desgau et al,, 1980; Tomasek et al., 1982; Kosher et al,,
1982; Glant et ¢l., 1985), that promote precartilage mes-
enchymal condensation (Frenz et al, 1989a, b; Hall and
Miyake, 1992). Distinguishing processes include the ef-
fects of growth and differentiation factors, such as reti-
noids and their receptors (Ide and Aono, 1988; Richele,
1989; Maden et af, 1989), and Hoxr gene products
{Mackem and Mahon, 1991; Duboule, 1992; Coelho et al,,
1992; Morgan et al, 1992), which vary in concentration
across individual imb buds and between fore and hind
limbs. Common and distinguishing processes presum-
ably account, respectively, for why limb skeletal ele-
ments resemble one another and why they are distine-
tive.

Both the common and distinguishing processes of
chondrogenesis can be studied in high-density cultures
of precartilage mesenchyme. But while there is an ex-
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tensive literature on common mechanisms of limb chon-
drogenesis th vitro {(Newman, 1977; Solursh et al., 1978;
Paulsen et al, 1988; Frenz ef al, 1989a, b; Kulyk et al,
1989; Leonard ef al, 1989, 1991; Chen et al, 1991; Tuan,
199%; Jiang et al, 1993), there has been little attention to
the basis of variation in morphogenetic activities in
limb precartilage mesenchyme from different sources
(however, see Aono and Ide, 1988). Here we report that
chicken fore and hind limb precartilage mesenchyme,
over a range of embryonic stages, exhibit distinetive
patterns of chondrogenesis in vitro. The two cell popula-
tions also differ from each other in accurnulation of car-
tilage-specific proteoglycan, responses to serum, TGF-
§1, and all-trans-retinoic acid and, prior to overt
chondrogenesis, in the extracellular organization of fi-
bronectin.

Our results suggest that intrinsic differences in fore
and hind limb bud precartilage mesenchyme can modu-
late the activities of pattern-forming processes commaon
to both tissues. These properties may contribute to dif-
ferences in size and shape of corresponding fore and
hind limb skeletal elements ¢n vivo and may account for
the well-known differences in susceptibility to terato-
gens of fore and hind limbs in a variety of species.

MATERIALS AND METHODS

Cell culture. Fertile eggs were obtained from Avian
Services, Inc. (Frenchtown, NJ). Primary cultures were
prepared by separately pooling mesenchyme from the
distal 0.3 mm of stages 21-26 (Hamburger and Hamil-
ton, 1951) wing and leg buds. Cells were dissociated in
trypsin, washed, and resuspended for plating at 2.5 X 10°
cells per 10-ul spot, unless otherwise noted. Cell spots
were deposited in Costar 24-well tissue culture piates
and allowed to attach for 45 min before wells were
flooded with 1 ml of serum-free medium (DM (Paulsen
and Solursh, 1988): 60% Ham's F12, 40% DMEM, 5 ug/
ml insulin, 100 nM hydrocortisone, 50 pg/ml L-ascorbic
acid, 5 ug/ml chicken transferrin (Sigma)). Media were
changed daily. For some experiments, ectoderm was re-
moved from isclated distal tips. Tips were incubated for
20t min in cold ealcium- and magnesium-free Earle’s bal-
anced salt solution (CMF EBSS, Gibeco) containing 2%
trypsin (Sigma). The trypsin solution was removed and
the tips were incubated at 37°C for 20 min in CMF EBSS
containing 1% EDTA (Sigma). Tips were then trans-
ferred to cold CMF EBSS containing 10% fetal bovine
serum {FBS, Cellect Silver; GIBCO) and the ectoderm
was dissected free with fine needles. The mesodermal
cells were dissociated and resuspended for plating as
described above. Some cultures received the following
treatment. Serum: cultures were maintained in medium
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containing 10% fetal bovine serum. Transforming
growth factor-g (TGF-3): cultures were treated with 1
ng/ml TGF-31 (R & D Systems, Minneapolis, MN) for 5
hr on Day 1 after plating (Leonard et al., 1991) and oth-
erwise maintained in DM. Retinolc acid: cultures were
maintained with 5 ng/ml all-trans-retinoic acid (RA;
Sigma) in DM. RA/TGF-8: cultures were maintained
with 5 ng/ml RA in DM and received 1 ng/ml TGF-81
for 5 hr on Day 1 after plating. Cultures were main-
tained for 6 days except where noted.

Alcian blue staining of cultures. Cultures were fixed in
10% formalin, 0.5% cetylpyridinium chloride for 5 min,
washed with 3% acetic acid, pH 1.0, for 1 min, and then
stained overnight with Alcian blue 8GS (Electron Mi-
croscopy Sciences; 0.5% in 3% acetic acid) at pH 1.0 (Lev
and Spicer, 1964). Cartilage patterns were visualized
after washing culture spots with 3% acetic acid, pH 1.0,
to remove unbound Aleian blue. Content of highly sul-
fated proteoglycan was determined by extraction of the
bound dye with guanidinium chloride (8 M) and spectro-
photometric quantitation using an EIA reader with a
6060-nm filter {(Hassell and Horrigan, 1982; Leonard et
al., 1989).

Flow cytometry. The forward and right angle light
geatter of unstained freshly prepared stage 24 wing and
leg mesenchymal cells were measured in a FACScan
flow cytometer (Becton-Dickinson, San Jose, CA). More
than 3 million cells from each tissue were analyzed.
Data were acquired and proecessed using Consort 32 soft-
ware (Becton-Dickinson).

DNA determination. The DNA content of cell cultures
was determined by the Hoechst dye binding method
{Labarca and Paigen, 1980) using a Hoefer TKO 100
spectrofluorometer. Cultures were harvested in 50 ul/
welil Labarca-Paigen buffer (0.05 M NaPQ,, 2.0 M NadCli,
pH 7.4) and sonicated using a Branson Model 250 soni-
fier with a eup horn attachment (Heat Systems, Far-
mingdale, NY) until no cell debris was visible (15 sec).
The DNA content of prepared samples was determined
in Labarca-Paigen buffer containing 1 pg/ml of
Hoechst 33258 reagent.

Indirect immunofluorescence. Limb mesenchymal cul-
tures were maintained for 2-3 days and then fixed for 20
min with 2% paraformaldehyde, washed with phos-
phate-buffered saline (PBS: 130 mM NacCl, 2.5 miM KCl,
10 mM Na,HPO,, 1.5 mM KH,PO,), and incubated at
room temperature for 10 min with 1% Tergitol Type
NP-40 (Sigma) in PBS. After a 5-min wash in PBS, cul-
tures were incubated for 20 min at room temperature
with 2% casgein in PBS and then overnight at 4°°C with a
rabbit polyclonal antibody to fibronectin (A101, Telios,
San Diego, CA) in PBS containing 2% casein. Unbound
primary antibody was removed by rinsing cultures with



DOWNIE AND NEWMAN

PBS. Fibronectin was visualized by incubating cultures
for 1 hr with FITC-conjugated goat anti-rabbit IgG
(Zymed, San Francisco, CA) and viewing through a Bio-
Rad Model MRC 600 confocal microscope using the
krypton-argon laser and the K1K2 filter set. Controls
were incubated without primary antibodies or with
unrelated antibodies of the same isotype.

Photography of cell eultures. Macroscopic images were
obtained with a Nikon binacular dissecting microscope.
Bright-field, phase-contrast, and Hoffman Modulation-
contrast microphotographs were obtained with a Zeiss
IM 35 inverted microscope.

Statistical analysis. All experiments were conducted
with companion wells of wing and leg cell eultures and
results were analyzed by Student’s matched-pair # test,
Each single experimental or control sample represents
the mean Aleian blue or DNA measurement for three to
six wells.

RESULTS

Patterns of Chondrogenesis and Accumaulation of
Proteoglycan n Wing and Leg Precartilage
Mesenchymal Cultures

Precartilage mesenchyme was isolated from the dis-
tal tips of chick embryo fore and hind limb buds and
grown in serum-free micromass culture. Six-day cul-
tures stained with Alecian blue exhibited stage-depen-
dent and limb-type-dependent patterns of cartilage.
Precartilage cells isolated from both fore and hind
limbs of eariy stage embryos (H.H. 21-23) differentiated
into relatively uniform sheets of cartilage by Day 6 in
culture (Fig. 1). In contrast, fore and hind limb cells
isolated from later stage embryos (H.H. 24-26) pro-
duced chondrogenic cultures that could readily be distin-
guished from one another (Fig. 1). Wing cells from these
later stages, like those of the earlier stages, differen-
tiated into a diffusely staining, uniform sheet of carti-
lage, whereas leg cells differentiated into several dozen
darkly staining cartilage nodules separated hy flatter
regions of tissue that failed to stain with Aleian blue
(Fig. 1). High magnification views of characteristic re-
gions of stage 24 wing and leg cell cultures (Fig. 2) con-
firmed that the internodular regions of the leg cultures
were fully populated with cells. These limb-type differ-
ences in pattern were identical whether or not the ecto-
derm was removed from the limb tips prior to culturing
the mesenchyme and were unchanged over a range of
plating densities (1.7-3.0 X 10° cells per 10-ul spot). Sub-
sequent experiments were therefore performed with
limb tips from which the ectoderm had not been re-
moved, at a standard cell density of 2.5 X 10° cells per
spot. When cultures derived from stages 24-26 limbs
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were grown for up to an additional week there was no
change in cartilage morphology: wing and leg cultures
were as distinet from one another as they had been at 6
days (data not shown),

These results were not due to differences in cell sur-
vival over the 6-day culture period nor to heterogeneity
of the initial populations. First, the DNA content of cul-
tures derived from all of the embryoniec stages studied
indicated that there was a gradual inerease in cell num-
ber of both the fore and hind limb cultures to an average
of twice as many cells at Day b as at Day 1 (Figs. 34, 3B,
and 3C). Second, flow ecytometry analysis of the cell pop-
ulations derived from stage 24 wing and leg bud distal
tips indicated that the two mesenchymal populations
did not contain different proportions of distinet cell
types (Fig. 4). Finally, no myoblasts were detectable in
cultures prepared from stages 24-26 wing or leg distal
tips, in agreement with fate mapping studies (Newman
el al., 1981; Brand et al, 1935).

The amount of Alcian biue stainable matrix extracted
with guanidinium chloride changed somewhat accord-
1ng to the embryonic stage of the donor, but leg cultures
always accumulated more stainable matrix than wing
cultures (Table 1), even after stage 23 when the leg cul-
tures exhibited a nodular morphology (Fig. 1).

Effects of Serum, TGF-8, and Retinoic Acid

In preliminary experiments using serum-containing
medium, we had been unable to establish chondrogenic
cultures using leg bud mesenchyme. We therefore inves-
tigated the effects of added serum in the defined me-
dium used in the present study. Fetal bovine serum
(10%) enhanced the amount of Aleian blue staining of
wing cell cultures by 5-fold (Table 2) without changing
the uniform pattern of staining observed in the serum-
free cultures (compare the wing serum panel of Fig. 5 to
the stage 24 wing panel of Fig. 1). Although serum
treatment did not lead to significant changes in leg cell
cultures with regard to the amount of Alcian blue stain-
ing (Table 2), the nodular pattern was eliminated and
the diameter of the chondrogenic area was reduced
{compare the leg serum panel of Fig. 5 to the stage 24 leg
panel of Fig. 1). In addition, serum had different effects
on the growth and/or survival of wing and leg mesen-
chyme as monitored by DNA content after 5 days of
continuous exposure (Table 3). Whereas the DNA con-
tent of wing cell cultures increased an average of 2.5-
fold in the presence of serum, there was no significant
increase in DNA content in leg cell eultures (Table 3).

The effects of serum led us to ask whether wing and
leg mesenchyme would also respond differently to TGF-
# and retinoids, two classes of molecules that are pres-
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Stage 21 Stage 23

Stage 24 Stage 26

FI1G. 1. Morphology of representative Aleian blue stained, 6-day, serum-free micromass cultures prepared from mesenchyme isolated from the
distal tips of stages 21, 23, 24, and 26 wing and leg buds. Macroscopic image; cell spot diameter approx. 5 mm.

ent endogenously in limb mesenchyme (Heine et al,
1987; Leonard et al, 1991; Thaller and Eichele, 1987) and
have been proposed to be involved in pattern formation.
Serum-free wing mesenchymal cultures exposed tran-
siently to TGF-g81 contained about the same amount of
protecglycan (Table 2) and retained the diffuse, uniform

pattern of staining seen in controls {compare the wing
TGF-3 panel of Fig. 5 to the stage 24 wing panel of Fig.
1). In contrast, leg mesenchymal cultures exposed to
TGF-51 contained an average of 55% more proteoglycan
than eontrols (Table 2) and produced a sheet-like pat-
tern of cartilage similar to that seen in wing cultures

Fic. 2. Wing- and leg-derived cell cultures are continuous sheets of cells that produce different patterns of cartilage. High magnification
photomicrographs of Alcian blue stained, 6-day, serum-free cultures of stage 24 wing (W) and leg (L) mesenchyme. The distribution of Alcian
blte stainable matrix in wing cell cultures is diffuse and the intensity of staining is moderate across the sheet of cells. The distribution of Alcian
blue stainable matrix in the leg cell cultures is nodular and staining is intense. Nonstaining internodular cells are visible. Phase-contrast image;

objective magnification 32X,
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F1G. 3. DNA content of differentiating wing and leg precartilage cells from stages 23, 24, and 26 limb buds in serum-free culture. Values are

mean = SEM. N = 4 in each case.

but not in leg control cultures. The internodular regions
which failed to stain in untreated leg cultures (Fig. 1)
accumulated Alcian blue staining matrix after tran-
sient exposure of the cultures to TGF-31 (Fig. 5, leg
TGF-8 panel).

Retinoic acid also had differential effects on wing and
leg cell cultures. These effects varied with the concen-
tration of retinoid (data not shown), but were always
more pronounced in leg cell cultures than in wing cell
cultures, and usually deleterious to the former. For ex-
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ampie, the proteoglvean content of wing cultures grown
with continuous exposure to 5 ng/ml of all-trans-reti-
neoic acid (RA) was not significantly altered from con-
trols, while leg cultures contained 80% less proteogly-
can than controls {(Table 2). The patterns of Alcian blue
staining in both wing and leg cultures remained the
same as those in controls except that the intensity of
ataining of the peripheral nodules in the RA-treated leg
cultures was greatly reduced (compare the RA panels of
Fig. 5 to the stage 24 panels of Fig. 1). Also, while there

LEGS

.. ..

. 598,

LA S S Sy sao Saec s

e AN L oo s e e
&ae Bog

922

SSC-HAGSC-Height ——->
IR L. )

268 88
FEC-HFEC-Height ——>

Fi1G. 4. Flow cytometry analysis of stage 24 wing and leg precartilage mesenchymal eells. The x axis represents forward light scatter (FSC)
which is proportional to cell diameter. The y axis represents right angle light scatter (S8C) which reflects subeellular structure or granularity.
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TABLE 1
LEG CELL CULTURES ACCUMULATE MORE PROTEOGLYCAN
THAN WING CELL CULTURES

Alcian

blue stain® LW
W 0.095 + 0.013°

Stage 23 L 0427 + 0.057 4
W 0.189 + 0.020°

Stage 24 L 0273 + 0.021 4
W 0.243 + 0.043

Stage 26 L 0.352 + 0.049 -

Note. W, wing; L, leg.

“ Data represent mean + SEM of the ODgy, of extracted Alcian blue
stain (see Materials and Methods). N = 7 for each data set.

b Significantly different from leg (P < 0.0005).

was no signifieant change in DNA content in wing cul-
tures exposed to retinoic acid, the DNA content in RA-
treated leg cultures was significantly decreased (Table 3).

Wing cell cultures exposed to both TGF-51 and RA
aceumulated a level of proteoglycan that was signifi-
cantly greater than those in controls or cultures exposed
to RA alone (Table 2), while the pattern of Alcian blue
staining remained uniform (Fig. 5, wing RA/TGF-8
panel). With leg cell cultures the quantity of Alcian biue
staining in the presence of both TGF-81 and RA was
intermediate between the values obtained with either
treatment alone, placing it nearly at the level of controls
(Table 2) and the staining intensity of the peripheral
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nodules was increased over that resulting from treat-
ment with RA alone (compare the leg RA/TGF-3 panel
of Fig. 2 to the leg stage 24 panel of Fig. 1).

Stability of Chondrogenic Phenotypes and Evidence for
Cohestvity Differences in Wing and Leg
Mesenchymal Cultures

The results described above raised the guestion of
whether the pattern differences in wing and leg cultures
could have been determined in part by any component
which was released by wing or leg cells and affected
their neighbors. We therefore cocultured stage 24 wing
and leg bud mesenchyme in the same 85-mm culture
dish at decreasing distances from one another. Growth
in a common medium led to no convergence in the mor-
phology of the spot cultures. When cultures were depos-
ited on the dish in a contiguous fashion an unambiguous
interface was always formed (Fig. 6). The interface ap-
peared as soon as the wing and leg morphologies were
distinguishable (at about 2 days of growth)} and it re-
mained distinet even after 6 days of culture (Fig. 6).
Interestingly, the curve of the interface was always con-
vex in relation to the leg culture (Fig. 6, top), suggesting
that this cell spot was more internally cohesive than the
wing spot. This is consistent with a previous report,
based on fusions of intact limb tissues with other tissue
types, in which leg mesenchyme was indirectly inferred
to be more cohesive than wing mesenchyme (Heintzel-
man et al,, 1978).

TABLE 2
ACCUMULATION OF HIGHLY SULFATED PROTEOGLYCAN IN TREATED WING AND LEG CULTURES

Wings® Treated:control {R/T:R) Legs® Treated:control (R/T:R)
Serum 1.272 + 0.161° 5.0 0.564 + 0.134 13
Control 0.222 + 0.031 ’ 0.443 + 0.066 )
(N =20) (N = 20}
TGF-6 0.230 = 0.038 11 0.636 + 0.092° 16
Control 0.212 = 0.034 ' 0.409 + 0,072 :
(N = 20) (N = 20}
RA (.325 + 0.088 12 0.089 + 0,029 0.2
Control 0.268 = 0,073 ’ 0.441 + 0.167 !
(N=86) (N =6)
RA/TGF-# 0.387 + 0.094°¢ 0.394 = 0.116°
Control 0.268 = 0.073 14(12) 0.441  0.167 0.9 (49
(N = 6) (N=6)

Note. R/T:R = RA/TGF-3:RA.

2 Data represent ODgy GuHCl-extracted Aleian blue stain from stage 24 cultures.

b Significantly different from control (P < 0.0001).
¢ Bignificantly different from control (P < 0.04).

4 Significantly different from RA alone (P < 0.002).
¢ Significantly different from RA alone (P < (.03).
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RA RA / TGF-B

F1G. 5. Wing and leg precartilage cells respond differently to morphogenetic factors, Stage 24 wing and leg cell cultures, from left; grown in
DM containing 10% FBS; grown in DM and treated on Day 1 with 1 ng/ml TGF-§1; grown in DM containing 5 ng/ml all-frans-retinoic acid,;
grown in DM containing 5 ng/ml all-irans-retinoic acid and treated on Day 1 with 1 ng/m] TGF-31. Stage 24 wing and leg controls grown in DM
alone are shown in Fig. 1. Macroscopic image; cell spot diameter approx. 5 mm.

Condensation Morphology and Fibronectin Organization
in Wing and Leg Mesenchyme

At 2 days of development in culture, cartilage has not
yet formed, but wing and leg precartilage condensations
have assumed morphologies that anticipate the mor-
phology of the corresponding differentiated tissue.
Wing mesenchymal condensations are broad and flat
{Fig. TW) and will eventually coalesce, leading to a con-
tinuous sheet of cartilage, In contrast, leg mesenchymal
condensations are compact and nodular (Fig. 7L) and
remain discrete like the cartilage that will eventually
arise from them.

Earlier studies indicated that precartilage mesenchy-
mal condensations in situ (Tomasek et al, 1982; Kosher
et al., 1982) and in vitro (Glant <t al., 1985, Frenz et al,,
1989a,b) are associated with, and are, in part, promoted
by, the accumulation of fibronectin at specific sites in
the mesenchyme., We were therefore interested in
whether the distribution of fibronectin differed in the
morphologically distinct wing and leg condensations.
Figure 8a (top) shows a stereo pair of confocal micro-
graphs of a 21-day culture of stage 24 wing mesenchyme
immunostained for fibronectin, A corresponding pair of

micrographs from leg mesenchyme is shown in Fig. 8a
(bottom). In the wing tissue fibronectin was diffusely
organized around the cells and was concentrated in the
central region of the forming condensation. In the leg
tissue fibronectin was even more abundant in the con-
densing regions, which radiated long fibronectin-rich
fibers not seen in the wing cultures, The large-scale or-
ganization of fibronectin in the wing and leg cultures
can be seen by low magnification conventional immuno-
fluorescence {Fig. 8b). Fibronectin-rich fibers, some as
long as 300 pm, connect adjacent condensations in the
leg cultures.

DISCUSSION

We have identified several properties which distin-
guigh the development of fore and hind limb precarti-
lage mesenchyme in serum-free culture. These include
(1) morphology and pattern of differentiated cartilage,
(ii) accumulation of Alcian blue stainable proteoglyean,
(iii) tissue cohesivity, and (iv) organization of fibronec-
tin during mesenchymal condensation. We have also
found that these tissues respond differently with re-
spect to growth and differentiation, to serum, retinoic
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TABLE 3
EFFECTS OF TREATMENTS ON PROLIFERATION OF STAGE 24 WING AND LEG MESENCHYME in Vitre

Wings® Treated:Control Legy® Treated:Contral
Serum 2797.6 + 338° 2 1313.7 + 169 11
Controi 1142 + 445 X 1254 + 141 '
(N=4) (N =4)
TGF-8 997.4 + 209 1.0 1180.4 + 163 11
Control 1050.7 £ 161 ' 1037.4 £ 151 :
(N=T) (N=T)
RA 1444 +115 13 6023 + 27.8° 05
Control 1118 + 15 . 1319 + 668 ’
(N =2) (N=2)
RA/TGF-8 1199 + 150 11 1310 + 209 10
Control 1118 + 15 . 1319 + 668 ’
C(N=2) N=2)

®Values are expressed as ng DNA per culture on Day 5.
b Significantly different from control (P < 0.04).

acid, and TGF-3, factors that contribute to the normal
microenvironment during development in wvivo. Our
studies therefore provide evidence that fore and hind
limb precartilage cells undergo chondrogenic processes
common to the formation of all limb skeletal elements
(e.g., condensation, differentiation), while exhibiting
both intrinsic and induced variations on these pro-
CESSES.

Two possible interpretations of the patterning differ-
ences in post-stage 23 wing and leg cell cultures can bhe
considered: a static one and a dynamic one. The static
explanation would hold that the post-stage 23 leg cul-
tures (but not the wing cultures} consist of two popula-
tions of cells, one more advanced and one less advanced
along the chondrogenic pathway. The nodular distribu-
tion of cartilage in 6-day leg cultures would thus repre-
sent foci of differentiated cells founded by the more ad-
vanced population. Against this interpretation was our
inability to detect any evidence of a bimodal distribu-
tion in the leg cell population by flow eytometry, or for
that matter any differences at all in the profile of wing
and leg cells (Fig. 4). Furthermore, the internodular
cells in the leg cultures fail to “catch up” with the nodu-
lar cells over prolonged periods in culture, despite the
fact that they are capable of undergoing chondrogenesis
in the presence of an appropriate activator (Fig. 5).

We are therefore led to consider a dynamic explana-
tion of our results. In post-stage 23 serum-free eultures,
wing bud distal mesenchyme forms expanding circular
condensations that eventually coalesce to form a sheet
of cartilage. In contrast, leg bud distal mesenchyme
forms circular condensations that remain gpatially con-
fined, resulting in discrete nodules of cartilage. It is rea-
sonable to view these processes as the result of the in-

teraction of factors that stimulate and factors that in-
hibit chondrogenesis. In purely chemical systems in
which there is a simple set of auto- and cross-regulatory
interactions among diffusible substances in a confined
region, stable or transient spots or stripes of chemical
coneentration can emerge (Castets et al, 1990; Ouyang
and Swinney, 1991; Lengyvel et al, 1993). These systems
are “tunable”—the final patterns depending on the ra-
tios of activators to inhibitors and the geometry and
boundaries of the system. Such a “reaction-diffusion”
framework ean provide a dynamic model for how a uni-
form population of precartilage cells can become orga-
nized into the rods and nodules of cartilage that make
up the typical limb skeleton in vivo (Newman and
Frisch, 1979; Newman ef al., 1988) as well as patterns of
cartilage in vitro (Leonard et al, 1991; Newman, 1993).

Although the full complement of activators and inhib-
itors of limb chondrogenesis has not been characterized,
members of the TGF-3 family of growth and differen-
tiation factors (Rizzino, 1988; Massagué, 1990) can pro-
mote chondrogenesis in limb mesenchyme (Kulyk et al,
1989; Leonard et al, 1991), which also produces one or
more such molecules (Heine et al, 1987; Leonard et al,
1991). The chondrogenesis-stimulatory (and autostimu-
latory (Van Obberghen-Schilling et aol., 1988)) effects of
TGF-3 could be modulated spatiotemporally by the ac-
tion of releasable inhibitors such as decorin, a small
proteoglyean which is both induced by TGF-8 and inhibi-
tory to its function (Yamaguchi et al, 1990; Border et al,,
1992). While decorin itself has not been identified in the
developing limb, the presence of inhibitors of chondro-
genesis has been inferred on the basis of in vitro and in
vivo studies {Solursh et al, 1981; Hurle and Gafian,
1986).
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Fi1¢. 6. Contiguous cocultures of stage 24 wing and leg cells retain their limb-type-specific morphologies and form a distinet interface. Top:
stained coeulture, after 6 days. Wing cell spot is on the left, leg cell spot is on the right. Note the nonstaining internodular cells in the leg cell
culture. Macroscopic image; cell spot diameter approx. 5 mm. Bottom: high tnagnification view of wing-leg cell interface in a 6-day, unstained,
living culture. Wing tissue on the left, leg tissue on the right. Bright-field image; objective magnification 4 bar, 0.5 mm.

Against this background we suggest that the differ-
ences in cartilage production and patterning that we
have observed in wing and leg bud precartilage mesen-
chymal cultures may be due to different balances in
their production of factors stimulatory and inhibitory
to chondrogenesis and to differences in their responses
to such factors. In vivo, wing and leg mesoblasts are
spatially differentiated by gradients of nuclear proteins
of the Hox A, C and D classes (Mackem and Mahon, 1991;
Coelho et ol, 1992; Duboule, 1992; Morgan et ol, 1992)
and by retinoic acid receptor proteins (Smith et al,, 1989,
Dollé et al, 1990), providing a possible basis upon which
the effects of symmetrically distributed activators and
inhibitors could be modulated in a regionally dependent

fashion, leading to asymmetries in the Hmb skeletons.
Gradients in “polarizing activity” (Hinchliffe and San-
som, 1985) and responsiveness to the apical ectodermal
ridge (Rowe and Fallon, 1981) probably reflect such mo-
lecular gradients.

The amounts and distributions of some of these
graded molecules and activities also differ between fore
and hind limbs (Mackem and Mahon, 1991; Rowe and
Fallon, 1981; Hinchliffe and Sansom, 1985). In cultures
of randomized wing or leg mesenchymal cells, any in-
tralimb regional differences in susceptibility to morpho-
genetic factors would be averaged out, but differences
between the limb types in intrinsic and induced pattern
formation #n vitro may be attributable to different
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FIG. 7. Wing and leg precartilage condensations prefigure respective patterns of eartilage. W and L: stage 24 wing and leg cells after 2 days of
culture in DM. Condensations are seen as dark patches with Hoeffman Modulation-contrast microseopy. Objective magnification 4%,

characteristic ratios of homeobox proteins, retinoid re-
ceptors, or other response-mediators.

Serum, a complex mixture of factors, had widely di-
vergent effects on the ability of wing and leg mesen-
chyme to differentiate and survive (Figs. 5 and 6). TGF-
B1 changed the pattern of chondrogenesis in leg cul-
tures, causing cells that failed to differentiate in the
serum-free micromass setting to become fully chondro-
genice (Figs. 2 and 6). This is consistent with the pro-
posed role of molecules of this class in determining the
sites at whieh cartilage will actually form in a field of
potentially chondrogenie cells (Newman, 1988; Kulyk et
al, 1989; Leonard et ol, 1991). Retinoic acid, in contrast,
had little effeet on the formation of cartilage in the uni-
formly chondrogenic wing cultures, but reduced the size
and number of Alcian blue staining nodules in the leg
cultures (an effect that could be avercome to some de-
gree by addition of TGF-81; Fig. 6). This is consistent
with a role for gradients of RA and its receptors in in-
fluencing the size and shape of individual cartilage ele-
ments and thus, the asymmetry of the developing limb
(Ide and Aono, 1988; Paulsen et al, 1988; Smith et al,
1989).

In a previous study (Leonard et al, 1991) we reported
that transient treatment of wing mesenchyme with
TGF-8 in serum-containing culture enhanced proteogly-
can accumulation by about 50%, a result not seen with
wing mesenchyme in serum-free culture (Table 2). It
was therefore of interest that the addition of RA to
these enltures restored the ability of wing mesenchyme
to respond to TGF-B in a fashion similar to that seen in
the serum-containing culture system. Not only were the
proteoglyecan levels of the RA/TGF-8 wing cultures ele-
vated by 40% over their matched DM controls (Table 2),
but the inereased proteoglycan aceumulation of RA/
TGF-3 wing cultures compared with that of matched
RA controls was highly significant (Table 2}. The reti-

noids present in serum (Napoli et af, 1985) may there-
fore modulate the responsiveness of limb tissues to
various treatments both in vitro and in vivo.

It is significant that wing and leg bud mesenchyme
differ from one another substantially in their responses
to all of the exogenous agents we have examined. Tera-
togens are known to differentially affect development of
the fore and hind limbs of many vertebrate speeies, in-
cluding humans (Bruyere et al, 1983; Perrot et al., 1987,
Collins et al, 1992; Sunil Kumar and Devi, 1992), We
suggest that intrinsic differences between fore and hind
limb mesenchymal populations may constitute a previ-
ously unrecognized basis for such susceptibilities.

The formation of an interface between confluent wing
and leg micromass cultures (Fig. 6) indicates that any
intrinsically produced activating or inhibiting mole-
cules that may be responsible for the different appear-
ances of the cartilage in these cultures are not freely
diffusible. In particular, the high magnification view
(Fig. 6, bottom) confirms that there is no zone of inter-
mediate morphology at the boundary between the tis-
sues. However, released molecules that reversibly bound
to the extracellular matrix (such as TGF-3) could dif-
fuse slowly enongh so that their patterning influence
was confined to domains comprising only a few cell di-
ameters.

But while molecular mixing across the interface could
be thus limited, the failure of cells to intermix across the
boundary presents a problem of a different physical na-
ture. Cells would normally be expected to mix across any
boundary as a result of their random motility, unless
they constituted adhesively distinet populations (Stein-
berg, 1970; Armstrong, 1989). But differential adhesion
is relevant only when direct cell-cell econtacts occur, as
in epithelioid tissues (Steinberg, 1970; Armstrong,
1989). Since wing and leg mesenchymal cells were in
neither direct homotypic nor heterotypic cetl-cell con-
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Fic. &. (2) Fibronectin is organized differently in condensations of stage 24 wing and leg precartilage mesenchyme. Confocal sterec photomi-
erographs of Day 2§ wing (top) and leg (bottom) precartilage condensations. Note the extensive network of fibroneetin-rich fibrils in the leg cell
condensations. The dark area at the center of the leg condensation represents a region of the optical section where the antibodies did not
penetrate. Objective magnification 40X, (b) Conventional immunofiucrescence image of field similar to 8a at lower magnification showing large
seale organization of fibroneetin-rich matrix of wing (left) and leg (right) cell cultures. Objective magnification 25X; bar, 50 um.
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tact after several hours of culture, the basis of their
failure to subsequently mix must reside in the extracel-
lular matrices of these tissues rather than the cell sur-
faces, It is therefore of interest that the lengths and
extracellular organization of fibroneetin fibrils differ
markedly between wing and leg cultures (Fig. 8). On the
basis of experimental studies with model extracellular
matrices {Newman et al., 1985; Forgacs et al., 1989) and
theoretical considerations (Forgacs et al., 1989, 1991), we
have suggested that the organization and densgity of ex-
tracellular fibers could provide the physical basis of
boundaries of immiscibility in mesenchymal tissues.

We believe that the differences between wing and leg
hud mesenchyme in cohesivity and fibronectin organiza-
tion indicated in Figs. 6 and 8 are intrinsic to these tis-
sue types and are not induced by the cell dissociation
and reaggregation required for preparation of the eul-
tures. In the first place, using a heterotypic tissue fusion
technigue with undissociated wing and leg mesenchy-
mal tissues, Heintzelman et ol (1978) ascertained that
leg mesenchyme was more cohesive than wing mesen-
chyme, a result also suggested by our experiments. Sec-
ond, unusually long fibronectin fibrils like the ones seen
in our cultures were identified in situ in sections of chick
leg buds by Hurle ef al. {1989). No such fibrils were seen
in any of several published studies of ¢n sifu fibronectin
distribution in wing buds {Dessau ¢f al, 1980; Kosher ef
al., 1982; Tomasek et al., 1982).

Our studies indicate that wing and leg precartilage
mesenchymal tissues in culture undergo common pro-
cesses of condensation-dependent chondrogenesis, but
are intrinsically different in their responsiveness to
certain microenvironmental factors and in the organiza-
tion of their extracellular matrices. These results sug-
gest, moreover, that the variations seen in differen-
tiated cultures are based on molecular differences be-
tween fore and hind limb mesenchymal cells that are
present prior to overt chondrogenesis. In work currently
in progress, we are addressing the nature of these molec-
ular determinants.
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