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This study represents a first step in investigating the possible involvement of transforming growth factor-p (TGF-P) 
in the regulation of embryonic chick limb cartilage differentiation. TGF-P 1 and 2 (l-10 rig/ml) elicit a striking increase 
in the accumulation of Alcian blue, pH l-positive cartilage matrix, and a corresponding twofold to threefold increase in 

the accumulation of %-sulfate- or 3H-glucosamine-labeled sulfated glycosaminoglycans (GAG) by high density micro- 
mass cultures prepared from the cells of whole stage 23/24 limb buds or the homogeneous population of chondrogenic 
precursor cells comprising the distal subridge mesenchyme of stage 25 wing buds. Moreover, TGF-0 causes a striking 
(threefold to sixfold) increase in the steady-state cytoplasmic levels of mRNAs for cartilage-characteristic type II 
collagen and the core protein of cartilage-specific proteoglycan. Only a brief (2 hr) exposure to TGF-fi at the initiation of 
culture is sufficient to stimulate chondrogenesis, indicating that the growth factor is acting at an early step in the 
process. Furthermore, TGF-@ promotes the formation of cartilage matrix and cartilage-specific gene expression in low 
density subconfluent spot cultures of limb mesenchymal cells, which are situations in which little, or no chondrogenic 
differentiation normally occurs. These results provide strong incentive for considering and further investigating the 
role of TGF-P in the control of limb cartilage differentiation. (c: 1989 Academic PRSS, 1”~. 

INTRODUCTION 

Certain polypeptide growth factors may play impor- 
tant roles in development, not simply by influencing cell 
proliferation, but by acting as morphogenetic factors 
that directly regulate cytodifferentiation and choice of 
developmental pathways (Gospodarowicz et al., 1986; 
Slack et al., 198’7; Heine et al., 1987). A growth factor 
that appears to have a particularly significant involve- 
ment in embryogenesis is transforming growth factor-p 
(TGF-P). TGF-P is a 25-kDa disulfide-linked dimer that 
has numerous regulatory actions in a wide variety of 
normal and transformed cells (see Sporn et al., 1987; 
Massague, 198’7 for recent reviews). There are several 
known forms of TGF-/3 including TGF-pi, TGF-fi8, 
TGF-&, 2, and the more recently characterized TGF-&, 
which represent homodimeric and heterodimeric com- 
binations of &, p2, and p3 polypeptide subunits (Chei- 
fetz et al., 1987; Massague, 1987; Jakowlew et al., 1988). 
The differential functions of the various forms of 
TGF-P are unknown, but TGF-/3, and TGF-& often have 
similar or identical biological activities (Cheifetz et al., 
1987; Massague, 1987). 

TGF-0 is widely distributed throughout the develop- 
ing mouse embryo, and its temporal and spatial distri- 
bution correlates with a number of critical morphoge- 
netic and histogenetic events (Heine et al, 1987). TGF-0 
induces the formation of mesodermal structures by ec- 
toderm explants from the animal pole of Xenopus blas- 
tulae (Kimelman and Kirschner, 1987; Rosa et ah, 1988), 

and a variety of studies suggest that a TGF-P-like mole- 
cule, perhaps in conjunction with fibroblast growth 
factor, may be a natural inducer of mesoderm during 
vertebrate development (Slack et al., 1987; Weeks and 
Melton, 1987; Kimelman and Kirschner, 1987; Rosa et 
al., 1988). 

It has recently been demonstrated that TGF-& is 
present in embryonic mesenchyme at several sites of 
incipient cartilage formation in the cranial and axial 
regions of the developing mouse embryo (Heine et al., 
1987). Furthermore, TGF-P, and pZ (originally termed 
cartilage-inducing factors A and B) stimulate fibroblas- 
tic, mesenchymal-like cells isolated from fetal rat mus- 
cle explants to synthesize cartilage matrix proteins 
(Seyedin et al., 1985, 1986, 1987). These observations 
have prompted us to investigate the possibility that 
TGF-P might be involved in the regulation of cartilage 
differentiation during embryogenesis. In the present 
study, we demonstrate that TGF-/3 is indeed a potent 
promoter of the chondrogenic differentiation of embry- 
onic chick limb mesenchymal cells in vitro. 

MATERIALS AND METHODS 

Preparation of cultures. Wing buds were removed 
from stage 23, 24, and 25 (Hamburger and Hamilton, 
1951) embryos of White Leghorn chicks. Distal wing 
bud tips (subridge regions) were cut away from the 
stage 25 limb buds as previously described, the size of 
the excised subridge regions being 0.3-0.4 mm from the 
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distal apex of the tissue to the proximal cut edge 
(Kosher et ab, 1979). Ectoderm was removed from the 
tissues, and micromass cultures were prepared from the 
distal subridge mesenchymal cells of the stage 25 wing 
buds and from the mesodermal cells of whole stage 
23/24 wing buds as previously described in detail (Gay 
and Kosher, 1984). Standard high density micromass 
cultures were initiated by spotting 2 X lo5 cells in 10 ~1 
of medium onto the surface of tissue culture dishes 
(Ahrens et al., 1977; Gay and Kosher, 1984). Low density 
(subconfluent) spot cultures were established with 
2.5-5.0 X lo4 cells in 10 ~1 of medium. For the biochemi- 
cal studies described below, the medium was supplied 
with 5-10 &i/ml of HZ35S04 (carrier free; New England 
Nuclear) or 3H-glucosamine (19 Ci/mmol; New England 
Nuclear). The medium was supplemented with l-10 
rig/ml of TGF-& (Collaborative Research) or TGF-/3, (R 
& D Systems, Inc.) by adding small aliquots (5-10 
pi/ml) of concentrated stock solutions in 5 mM HCl 
(TGF-0,) or 4 mM HCl containing 1 mg/ml bovine 
serum albumin (TGF-0,). Equivalent amounts of vehi- 
cle solutions were added to control media. 

Histoch,em,ical procedures. At various times following 
the initiation of culture, the medium was removed and 
the cultures fixed with 4% formalin containing 0.5% 
cetylpyridinium chloride (CPC). In order to histochemi- 
tally examine the accumulation of extracellular carti- 
lage matrix, the cultures were stained as described by 
Yamada (1970) with 0.5% Alcian blue, pH 1.0. 

Biochemical analysis of su(jated glycosaminoglycan 
accumulation. Sulfated glycosaminoglycans (GAG) 
were extracted separately from the cell layers and me- 
dium of cultures that had been exposed to 3”S-sulfate or 
“H-glucosamine by the CPC precipitation procedure 
previously described (Kosher and Walker, 1983; Gay 
and Kosher, 1984). 

Hybridization probes. The cloned chick type II colla- 
gen cDNA plasmid used was pCAR2, a 680-bp cDNA 
insert into pBR322 (Vuorio et al., 1982) which was pro- 
vided by Dr. William Upholt (University of Connecticut 
Health Center). The cloned chick cartilage proteoglycan 
core protein cDNA plasmid utilized was ST-l, a 1200-bp 
insert into pUC9 (Sai et al., 1986). Probes were labeled 
with ““P-dCTP (3000 Ci/mM; Amersham) by the stan- 
dard nick-translation procedure of Maniatis et al. (1982) 
to a specific activity of l-2 X 10’ cpm/pg. The nick- 
translated probes were separated from unincorporated 
nucleotide by Sephadex G-50 spun-column chromatog- 
raphy (Maniatis et al., 1982). The oligo(dT)Zo (Pharma- 
cia) used in determination of total polyadenylated 
mRNA was 5’ end-labeled with y-“‘P-ATP and T4 poly- 
nucleotide kinase (BRL) as described by Harley (1987). 

Determination qf steady-state mRNA levels. Cyto- 
plasmic type II collagen and cartilage proteoglycan core 

protein mRNA levels were measured as previously de- 
scribed (Kosher et al, 1986a,b) by the cytoplasmic dot 
hybridization procedure of White and Bancroft (1982), 
except that 10 mM vanadylribonucleoside complex was 
included during preparation of cytoplasmic extracts, 
and the nuclear pellets were used for determination of 
total DNA content (Brunk et al., 1979). The stringent 
hybridization and washing protocols previously de- 
scribed were utilized (Kosher et al., 1986a,b), and levels 
of hybridizable RNA sequences were quantified by den- 
sitometry as described (Kosher et ak, 1986a,b) using a 
Bio-Rad Model 620 video densitometer. The total 
poly(A)+ mRNA content of samples was determined by 
hybridizing aliquots of the same cytoplasmic extracts 
used for determination of specific mRNAs with “‘P-la- 
beled ohgo(d as described by Harley (1987), except 
that posthybridization washes were done with 5~ SSC 
at 25°C. 

RESULTS 

In our initial studies on the possible involvement of 
TGF-/3 in the regulation of limb chondrogenic differen- 
tiation, we examined the effect of exogenous TGF-/3, on 
the accumulation of cartilage matrix by high density 
micromass cultures prepared from the cells comprising 
whole stage 23/24 limb buds. As shown in Fig. 1, TGF-fi, 
(10 rig/ml) elicits a striking increase in the accumula- 
tion of Alcian blue, pH l.O-positive matrix by the cul- 
tures. Whereas control cultures by Day 4 contain nu- 
merous discrete Alcian blue-positive cartilage nodules 
separated by a considerable quantity of nonchondro- 
genie tissue (Fig. lA), TGF-&-treated cultures consist 
of a virtually uniform mass of intensely staining matrix 
(Fig. 1B). TGF-/3, also stimulates cartilage matrix ac- 
cumulation in high density micromass cultures pre- 
pared from the homogeneous population of chondro- 
genie precursor cells that comprise the distal subridge 
region of stage 25 wing buds (Gay and Kosher, 1984). 
Stage 25 distal subridge mesenchymal cells constitute a 
virtually uniform population of chondrogenic progeni- 
tor cells that have not yet initiated overt differentiative 
changes (Newman et al., 1981; Gay and Kosher, 1984). 
Although control cultures of this type form a virtually 
uniform sheet of Alcian blue-positive matrix by Day 4 
(Fig. lC), there is an obvious and striking increase in 
the quantity of Alcian blue-positive extracellular ma- 
trix in cultures treated with TGF-P, (Fig. 1D). 

To confirm and quantify the increase in the extent of 
chondrogenic differentiation detectable histochemi- 
tally in TGF-&-treated cultures, we examined biochem- 
ically the accumulation of sulfated GAG, one of the 
major constituents of cartilage matrix, by the cultures 
in the presence and absence of TGF-bl. The results of 
the typical experiments shown in Table 1 demonstrate 
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FIG. 1. (A and B) Alcian blue, pH LO-stained 4-day control (A) and TGF-8 l-treated (B) micromass cultures prepared from the cells 
comprising whole stage 23124 limb buds. Whereas control cultures contain numerous Alcian blue-positive cartilage nodules separated by 
nonchondrogenic tissue (A), the TGF-P-treated cultures consist of a virtually uniform mass of intensely staining matrix (B). (C and D) Alcian 
blue, pH l.O-stained I-day control (C) and TGF-fl l-treated (D) micromass cultures prepared from the distal subridge mesenchymal cells of 
stage 25 wing buds. Although control cultures have formed a virtually uniform sheet of Alcian blue-positive matrix (C), there is an obvious 
increase in the quantity of Alcian blue-positive extracellular matrix in the TGF-B-treated cultures (D). Bars, 1 mm. 

that TGF-P1 (10 rig/ml) elicits a twofold to threefold 
increase in the accumulation of “‘S-sulfate-labeled 
GAG by micromass cultures prepared from either 
whole stage 23/24 limb buds or stage 25 distal subridge 
mesenchymal cells. The increase in sulfated GAG accu- 
mulation by TGF-&-treated whole stage 23124 cultures 
averaged 2.69 (kO.32) times controls in four separate 
experiments, and the increase in stage 25 subridge cul- 
tures averaged 3.01 (kO.51) times controls in three sepa- 
rate experiments. TGF-& (10 rig/ml) is just as effective 
as TGF-& in stimulating the accumulation of Alcian 
blue-positive cartilage matrix and the accumulation of 
3”S-labeled sulfated GAG by the high density micro- 
mass cultures. In five separate experiments, the in- 
crease in sulfated GAG accumulation in TGF-&- 
treated cultures averaged 2.61 (k0.26) times controls. 
The increase in the accumulation of sulfated GAG de- 
tected in the presence of 35S-sulfate does not simply 
result from the enhanced sulfation of GAG chains, 

TABLE 1 
EFFECT OF TGF-& ON THE AUXJMULATION OF ““S-SULFATE-LA- 

BELED GLYCOSAMINOGLYCANS BY MICROMASS CIJLTIJRES PREPARED 

FROM THE CELLS COMPRISING WHOLE STAGE 23/24 LIMB BUDS AND 

THE CELLS COMPRISING THE DISTAL SUBRI~GE MESENCHYME OF 

STAGE 25 WING BUDS 

Control TGF-@ 
(dpm/az (dpm/wz TGF$/ 

Cultures DNA) DNA) control 

Stage 23/24 Cell layer 2,989 (k223) 10,159 (k638) 3.40 
limb buds Medium 2,683 (f133) 4,197 (k107) 1.56 

Total 5,672 (k128) 14,356 (f735) 2.53 

Stage 25 Cell layer 7,634 (+1193) 23,491 (f902) 3.08 
subridge Medium 11,486 (+316) 16,205 (-+875) 1.41 
mesenchyme Total 19,120 (k1496) 39,696 (k1758) 2.08 

Note. Cells were exposed continuously to TGF-PI (10 rig/ml) and 
““S-sulfate for the 4 day culture period. Each value is the mean of 
three replicate determinations (*SE). 
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since a comparable increase in incorporation of 3H-glu- 
cosamine into sulfated GAG occurs in the TGF-/3- 
treated cultures (Table 2). Furthermore, TGF-fi stimu- 
lates in vitro chondrogenesis at relatively low concen- 
trations. Five nanograms per milliliter of TGF-& is just 
as effective as 10 rig/ml in stimulating sulfated GAG 
accumulation in micromass cultures, and, in fact, a 
greater than twofold increase in sulfated GAG accu- 
mulation is detectable at a concentration as low as 1 
rig/ml. 

Only relatively short exposures to TGF-/3 are neces- 
sary to stimulate in vitro chondrogenesis. As shown in 
Table 3, sulfated GAG accumulation is increased about 
1.7-fold in micromass cultures in which the cells were 
exposed to TGF-/3, for just the first 16 hr of culture. In 
fact, only a 2 hr exposure to TGF-0 at the initiation of 
the culture period results in a substantial (about 50%) 
increase in sulfated GAG accumulation (Table 3). 

The increased accumulation of sulfated GAG during 
the 3-4 day culture period in the presence of TGF-fl 
could result from an increased rate of GAG synthesis, a 
decreased rate of GAG degradation, or both. As shown 
in Table 4, during a 20 min pulse labeling period on Day 
3 (at 65 hr of culture), TGF-P-treated micromass cul- 
tures synthesized 1.6-fold to 2.4-fold more 35S-sulfate- 
labeled GAG than controls, indicating that TGF-/3 in- 
creases the rate of sulfated GAG synthesis. 

To determine the effect of TGF-6 on the rate of sul- 
fated GAG degradation, control and TGF-P-treated 
micromass cultures were labeled with 35S-sulfate from 
24 to 36 hr, after which the radioactive medium was 
transferred to culture dishes (without cells), and the 
cell layers washed extensively and supplied with 
nonradioactive control or TGF-P-containing medium. 
At time 0, and at approximately 12 hr intervals thereaf- 
ter for the next 2 days, the amount of 3”S-sulfate-labeled 
GAG remaining in the original radioactive medium, 
which had been transferred to new culture dishes, was 

TABLE 2 
COMPARISONOFTHEEFFECTOF TGF-PP ONTHEACCUMULATIONOF 

“H-GLIJCOSAMINE- AND %-SULFATE-LABELED GLYCOSAMINOGLYCANS 
BY MICROMASS CULT~JRES PREPARED FROM THE DISTAL SUBRIDGE 
MESENCHYMAL CEI,LS OF STAGE 25 WING BUDS 

TABLE 3 
ACCUMULATION OF %-SULFATE-LABELED GLYCOSAMINOGLYCANS 

BY MICROMASS CULTURES OF DISTAL SUBRIDGE MESENCHYMAL CELLS 
EXPOSED TO TGF-P2 FOR VARIOUS LENGTHS OF TIME 

Time of 
treatment” dpm/Kg DNAb Treated/control 

none 6,711 (,138) - 
O-2 hr 9,839 (-e408) 1.47 
O-16 hr 11,124 (%X2) 1.66 
O-96 hr 17,979 (-+598) 2.68 

’ Cells were exposed continuously to a%sulfate for the 4-day cul- 
ture period, and to TGF-P at the times indicated. 

b Each value is the mean of three replicate determinations (-t-SE). 

determined. At similar intervals, the amount of labeled 
GAG remaining associated with the prelabeled cell 
layers (after the addition of nonradioactive control and 
TGF-6 medium) was also determined. The rate of disap- 
pearance of prelabeled GAG from the medium and pre- 
labeled cell layers during the two day chase period 
would reflect the rate of degradation of the molecules. 
During the chase period, there was virtually no decline 
in the amount of 35S-labeled GAG present in the radio- 
active medium that had been removed from either con- 
trol or TGF-P-treated cultures. Similarly, there was 
minimal disappearance (less than 5%) of 35S-GAG in 
prelabeled cell layers of either control or TGF-P-treated 
micromass cultures during the 2 day chase period. 
These results indicate that TGF-/3 has little, or no effect 
on the rate of sulfated GAG degradation. 

To substantiate the ability of TGF-/3 to stimulate 
limb cartilage differentiation in high density micro- 
mass culture, we have examined the effect of the growth 
factor on the steady-state cytoplasmic levels of mRNAs 
for cartilage-characteristic type II collagen and the core 
protein of cartilage-specific sulfated proteoglycan. 
TGF-0 elicits a threefold to sixfold increase in cyto- 
plasmic type II collagen and cartilage proteoglycan core 

TABLE 4 
INCORPORATION OF %-SULFATE INTO SULFATED GLYCOSAMINOGLY- 

CANS BY MICROMASS CULTURES OF STAGE 23/24 LIMB BUD CELLS DIJR- 
ING A 20 MIN PULSE LABELING PERIOD ON DAY 3 OF CULTURE 

Isotope Treatment” dpm/pg DNA* 
Treated/ 
control Treatment” dpm/Fg DNA” Treated/control 

“H-glucosamine none 
TGF-fl 

4,166 (2321) 
10,265 (+651) 

2.46 none 
TGF-fll 
TGF-6, 

5,471(-+224) 
8,742 (-+701) 

12,934 (k1707) 
1.60 
2.36 

““S-sulfate none 6,980 (f812) 2.87 
TGF-6 20,050(+1379) ‘I Cells were exposed continuously to TGF-8, or /& (5 rig/ml) from 

the initiation of culture, and to %+sulfate for 20 min at 65 hr of 
” Cells were exposed continuously to TGF-I32 (10 rig/ml) and the culture. The incorporation of 35S-sulfate into GAG was determined 

isotopes for the 4-day culture period. immediately after the pulse. 
‘Each value is the mean of four replicate determinations (?SE). *Each value is the mean of two determinations (irange). 
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TABLE 5 
EFFECT OF TGF-P2 ON STEADY-STATE LEVELS OF CYTOPLASMIC 

TYPE II COLLAGEN AND CARTILAGE PROTEOCLYCAN CORE PROTEIN 
mRNAs IN MICROMASS CULTURES PREPARED FROM THE CELLS OF 
STAGE 23/24 LIMB BUDS 

Type II collagen mRNA Core protein mRNA 

[mRNA]/ [mRNA]/ 

Irk? [mRNA]/unit fig [mRNA]/unit 
Treatment DNA poly(A)’ RNA DNA poly(A)+ RNA 

None 100 100 100 100 
TGF-6 530 531 637 639 

Note. Aliquots of cytoplasmic extracts from S-day cultures were 
hybridized with pCAR2 or ST-l. The levels of mRNA were quantified 
by densitometry. The amount of mRNA/pg DNA or /unit poly(A)+ 
RNA in the TGF-o-treated cultures is expressed as an amount rela- 
tive to that in control cultures, which was arbitrarily set to 100. The 
normalized type II collagen and core protein mRNA levels cannot be 
directly compared. 

protein mRNA levels in the micromass cultures pre- 
pared from either whole stage 23/24 limb buds (Table 5) 
or stage 25 distal subridge mesenchymal cells (Table 6). 
Even a 2 hr exposure to TGF-P at the initiation of the 
culture period results in a 2-4-fold increase in the cyto- 
plasmic levels of type II collagen and core protein 
mRNAs (Table 6). These results indicate that TGF-fl 
stimulates cartilage-specific gene expression. 

TGF-P appears to have little, or no effect on cell pro- 
liferation or viability during in vitro chondrogenesis, 
since there is virtually no difference in the total DNA 
content of TGF-P-treated or control micromass cul- 
tures. 

The results described thus far indicate that TGF-@ 
stimulates the extent of cartilage differentiation in 
high density micromass cultures. These are culture sit- 
uations in which a substantial amount of chondrogenic 
differentiation occurs spontaneously. We therefore in- 
vestigated the ability of TGF-fl to promote cartilage 
differentiation in culture situations in which chondro- 
genesis normally does not occur. When limb mesenchy- 
ma1 cells are cultured at subconfluent densities, they 
normally undergo little, or no chondrogenesis. As 
shown in Fig. 2A, little, or no Alcian blue-stainable 
cartilage matrix forms through Day 4 in control sub- 
confluent spot cultures established with 2.5 X lo4 stage 
25 distal subridge mesenchymal cells in 10 ~1 of me- 
dium. However, when these subconfluent spot cultures 
are treated with TGF-P, a substantial number of Alcian 
blue-positive cartilage nodules differentiate (Fig. 2B). 
Similarly, when control subconfluent spot cultures are 
established with 5 X lo4 cells in 10 ~1 of medium, only a 
few, small, faintly staining Alcian blue-positive nodules 
form (Fig. 2C). However, when such cultures are treated 

with TGF-fl, a substantial amount of Alcian blue-posi- 
tive matrix accumulates (Fig. 2D). The formation of 
Alcian blue-positive cartilage nodules in response to 
TGF-P in subconfluent spot cultures established with 5 
X lo4 cells in 10 ~1 is accompanied by a twofold to 
threefold increase in the accumulation of 3”S-sulfate- 
labeled GAG by the growth factor-treated cultures 
compared to controls, and a threefold to fourfold in- 
crease in the cytoplasmic levels of mRNAs for type II 
collagen and cartilage proteoglycan core protein. These 
results indicate that TGF-P promotes cartilage differ- 
entiation in culture situations in which little, or no 
chondrogenesis normally occurs. 

DISCUSSION 

Several recent studies have prompted us to begin to 
investigate the possible involvement of TGF-P in the 
regulation of cartilage differentiation during embry- 
onic development. TGF-/3 is present in cranial and axial 
mesenchyme at sites of subsequent cartilage formation 
in the mouse embryo (Heine et al., 1987). Furthermore, 
TGF-P stimulates fetal rat muscle mesenchymal cells 
suspended in agarose gels to synthesize matrix proteins 
characteristic of cartilage (Seyedin et al., 1985, 1986, 
1987). The present study demonstrates that TGF-P is a 
potent promoter of the chondrogenic differentiation of 
embryonic chick limb mesenchymal cells in vitro. Both 
TGF-& and & not only stimulate the accumulation of 
cartilage matrix and sulfated GAG by high density mi- 
cromass cultures of limb mesenchymal cells, but also 
elicit a striking increase in the steady-state cytoplasmic 
levels of mRNAs for cartilage-characteristic type II 
collagen and the core protein of cartilage-specific sul- 
fated proteoglycan. Furthermore, TGF-P promotes 
chondrogenic differentiation and cartilage-specific 

TABLE 6 
EFFECT OF TGF-/& ON STEADY-STATE LEVELS OF CYTOPLASMIC 

TYPE II COLLAGEN AND CARTILAGE PROTEOGLYCAN CORE PROTEIN 

mRNAs IN MICROMASS CULTURES PREPARED FROM THE DISTAI, S~J- 

BRIDGE MESENCHYMAL CELLS OF STAGE 25 WING BUDS 

[mRNA]/pg DNA 

Treatment Type II collagen Core protein 

None 100 100 
TGF-/J from O-2 hr 198 448 
TGF-8 from O-72 hr 270 530 

Note. Aliquots of cytoplasmic extracts from 3-day cultures were 
hybridized with pCAR2 or ST-l, and mRNA levels quantified by den- 
sitometry. The amount of mRNA/pg DNA in the TGF-p-treated cul- 
tures is expressed as an amount relative to that in control cultures, 
which was arbitrarily set to 100. The normalized type II collagen and 
core protein mRNA levels cannot be directly compared. 
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FIG. 2. (A and B) Alcian blue, pH 1.0~stained 4-day control (A) and TGF-/3 l-treated (B) subconfluent spot cultures established with 2.5 X 10’ 
stage 25 distal subridge mesenchymal cells in 10 ~1 of medium. Whereas little, or no Alcian blue stainable matrix forms in control cultures (A), 
a substantial number of Alcian blue-positive nodules differentiate in the TGF-o-treated cultures (B). (C and D) Alcian blue, pH 1.0~stained 
4-day control (C) and TGF-P l-treated (D) subconfluent spot cultures established with 5.0 X 10’ stage 25 distal subridge mesenchymal cells in 10 
~1 of medium. Only a few, small, faintly staining nodules form in control cultures, while a substantial amount of Alcian blue-positive matrix 
accumulates in TGF-p-treated cultures. Bars, 1 mm. 

gene expression in low density subconfluent spot cul- 
tures of limb mesenchymal cells, which are situations in 
which little, or no cartilage differentiation normally 
occurs. These observations provide strong incentive for 
considering and further investigating the role of TGF-0 
in the regulation of limb chondrogenesis. It also should 
be noted that two polypeptides isolated from bone that 
promote cartilage formation in extraskeletal ectopic 
sites in uivo appear to be new members of the TGF-/3 
family (Wozney et ab, 1988), and extracts from deminer- 
alized bone are capable of stimulating in vitro limb 
chondrogenesis (Syftestad and Caplan, 1984; Syftestad 

ing immunohistochemistry and in situ hybridization to 
study the distribution and synthesis of TGF-P during 
early embryonic chick limb development to determine if 
it is localized in a temporal and spatial fashion consis- 
tent with a potential role in chondrogenesis. 

The mechanism by which TGF-/3 promotes the chon- 
drogenic differentiation of limb mesenchymal cells is 
unknown. However, the fact that only a brief (2 hr) 
exposure to the growth factor at the initiation of cul- 
ture is sufficient to stimulate chondrogenesis suggests 
that it is acting at an early step in the process. 

et al., 1985). This work was supported by NIH Grants HD22896 and HD22610, 
Although TGF-P1 has been localized by immunohis- and NSF Grant DCB-86009’77 to R.A.K. 

tochemistry in prechondrogenic craniofacial and axial 
(sclerotomal) mesenchyme in the mouse embryo (Heine REFERENCES 
et ul., 1987), its presence and distribution during embry- 
onic limb development and cartilage differentiation has AHRENS, P. B., SOLURSH, M., and REITER, R. S. (1977). Stage-related 
not yet been examined. We are in the process of utiliz- capacity for limb chondrogenesis in cell culture. Des Biol. 60.69-82. 
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