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Neural cell adhesion molecules (NCAM) was expressed transiently by mesenchy- 
ma1 cells in precartilaginous condensations of the embryonic chicken limb but 
was lost upon differentiation into cartilage. Consequently, NCAM was present in 
the periphery of the limb anlagen but was absent in the cartilaginous center of the 
growing limb. To determine NCAM function in limb bud chondrogenesis we 
incubated dissociated stage 22/23 distal mesenchymal limb bud cells with Fab’ 
fragments of antibodies to NCAM. Cell aggregation was inhibited by incubating 
the cells with anti-NCAM Fab’. These results suggest that NCAM may mediate the 
formation of precartilaginous condensations. This hypothesis was further tested 
using micromass cultures. NCAM expression in micromass cultures in vitro reca- 
pitulated that in vivo. NCAM was enriched in condensations of 2 day cultures, but 
was diminished and concentrically distributed around cartilage nodules in 4 day 
cultures. Anti-NCAM Fab’ fragments reduced the area occupied by precartilagi- 
nous condensations and the degree of chondrogenic differentiation. Control anti- 
body against chicken embryo fibroblasts had no effect. The effect of overexpress- 
ing NCAM was analyzed by electroporating expression vectors directing the 
synthesis of chicken NCAM. Limb bud cells cultured after electroporation with an 
NCAM expression vector displayed larger cartilage nodules and greater chondro- 
genic differentiation than cells electroporated with vector alone. The expression of 
NCAM in electroporated cells also increased. Control experiments using plasmids 
encoding P-galactosidase indicated that approximately 10% of the limb bud cells 
were transfected under these conditions. The results suggest that NCAM i s  in- 
volved in the  chondrogenesis pathway by mediating the formation of precartilagi- 
nous condensations. c d ~  1993 WiIey-Liss, tnc. 

During the formation of the limb, the initial limb 
rudiment appears as  the result of the interaction be- 
tween mesoderm and ectoderm. Subsequent growth 
leads to the formation of the limb bud which itself di- 
versifies into different mesenchymal tissues as well as 
receiving immigrating somatopleural cells and nerves. 
The result is a functional appendage with skeleton, 
muscle, tendon, ligament, and nerves organized in spe- 
cific patterns (summarized in Hinchliffe and Johnson, 
1980). The skeleton constitutes the structural frame 
work of the limb. The location and pattern of the future 
limb skeleton is thought to be determined by the meso- 
derm. Initially, the limb mesenchyme is composed of 
uniformly and loosely packed cells. As the limb bud 
grows, the apical ectodermal ridge (AER) forms on the 
tip of the limb bud. Cells beneath the AER (100-200 
Fm) form the progress zone where cartilage patterns 
are believed to be determined (Summerbell, 1974). Be- 
ginning at Hamburger and Hamilton’s (1951) stage 23, 
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the cell density increases in the center of the limb buds 
to form the precartilage condensations (Thorogood and 
Hinchliffe, 1975). Gradually, the precartilaginous con- 
densations are laid down from the proximal to distal 
limb. These precartilaginous condensations form the 
anlage of limb cartilages. Later endochondral ossifica- 
tion will replace most of these cartilage anlage into 
bone. 

Two major processes are involved in the above limb 
chondrogenesis process: chondrogenic differentiation 
and pattern formation. The progression of chondrogenic 
differentiation can be followed by measuring the ex- 
pression of markers of cytodifferentiation. Early mes- 
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enchyme and precartilaginous condensations express 
type I collagen. The next phase of cartilage differentia- 
tion involves the enhanced expression of type I1 colla- 
gen, proteoglycans, link proteins, cartilage matrix pro- 
teins, etc. which form the cartilage matrix (Nah et al., 
1988; Kosher et al., 1986). During this process, many 
molecules functioning as growth factors, growth factor 
receptors, extracellular matrix molecules, adhesion 
molecules, etc. are expressed in specific temporal and 
spatial distributions that are required for the transfor- 
mation of a mesenchymal cell into a chondrocyte (re- 
viewed in Tabin, 1991). 

Recently, a group of molecules, the homeobox (Hox) 
genes, have been characterized (reviewed in McGinnis 
and Krumlauf, 1992) which appear to determine the 
pattern of the skeleton. The ordered expression pattern 
of Hox genes has been shown along the anterior-poste- 
rior axis (Hox 4 complex) (Nohno et al., 1991; Izpisua- 
Belmonte et al., 1991) and proximal-distal axis (Hox 1 
complex) (Yokouchi et al., 1991) of the limb bud. Alter- 
ation of Hox genes by ectopic gene expression (Kessel et 
al., 1990), retinoic acid gradient, or null mutation (Le 
Mouellic et al., 1992) led to homeotic transformation of 
vertebrae and limb digits. If Hox genes are indeed reg- 
ulators of cartilage pattern, they must be able to modu- 
late the location, shape, and size of cartilage anlages. 
This will mean that the influence on skeletal pattern 
has to be exerted on precartilaginous condensations. 

It has been shown that fibronectin is one of the mole- 
cules that mediate the formation of precartilaginous 
condensations (Frenz et al., 1989a,b). It also has been 
suggested that hyaluronidase may enhance mesenchy- 
ma1 condensation by digesting hyaluronic acid and re- 
ducing the intercellular matrix (Kulyk and Kosher, 
1987; Knudson and Toole, 1985; Singley and Solursh, 
1981). However, the molecular basis of this process is 
still far from completely understood. We do not know 
how the condensation process is initiated, how the 
boundary is set, and how the shape is regulated. To 
study this process, it is critical to first characterize key 
molecules involved, particularly those involved in cell- 
cell interactions. 

We have been studying the roles of neural cell adhe- 
sion molecules (NCAM) (reviewed in Edelman, 1992; 
Rutishauser et al., 1988) and became interested in pre- 
cartilaginous condensations because we observed the 
transient expression of NCAM in limb precartilaginous 
condensations as well as in feather dermal condensa- 
tions (Chuong and Edelman, 19851, muscle (Soler and 
Knudsen, 1991), and kidney tubule mesenchymal con- 
densations (Crossin et al., 1985). Subsequent work has 
shown that NCAM is a mesenchymal cell adhesion mol- 
ecule used in a variety of mesenchymal morphogenesis 
processes (reviewed in Chuong, 1990). Besides those 
mentioned, NCAM is also involved in myoblast adhe- 
sion (Dickson et al., 1990) and most recently, found to 
be transiently expressed in osteoblasts during both en- 
dochondral and intramembranous ossification (Lee and 
Chuong, 1992). During wound healing in the adult, 
NCAM is re-expressed transiently in the granulation 
tissue of wounded skin and in the blastema after bone 
fracture (Chuong and Chen, 1991). 

In this study, we evaluated the physiological roles of 
NCAM in precartilaginous condensations. We showed 

that NCAM is involved in limb bud cell aggregation. 
We altered NCAM activity in complementary ways to 
ascertain its function in limb chondrogenesis in vitro: 
first we suppressed NCAM activity by antibodies, then 
we increased NCAM expression by electroporating ex- 
pression vectors encoding NCAM. The results showed 
that NCAM mediates the formation of precartilaginous 
condensation and enhances chondrogenic differentia- 
tion. Together with our recent finding that activin A 
enhances precartilaginous condensations and chondro- 
genic differentiation concomitant with the increase of 
NCAM (Jiang et al., 19931, the possible roles of NCAM 
in the molecular cascade of limb chondrogenesis are 
discussed. 

MATERIALS AND METHODS 
Materials 

Fertilized white Leghorn chicken eggs were obtained 
from K and R Farms (Westminster, CAI. Chicken em- 
bryos were staged according to Hamburger and Hamil- 
ton (1951). Antibody to NCAM was prepared as de- 
scribed in Chuong and Edelman (1985). Antibody to 
tenascin M1B4 was kindly provided by Chiquet and 
Fambrough (1984) through the Developmental Studies 
Hybridoma Bank (John Hopkins University, Balti- 
more, MD). Biotinylated peanut agglutinin and Texas 
red avidin were from Vector Laboratories (Burlington, 
CAI. HNK is from the American Type Culture Collec- 
tion. The monoclonal antibody t o  chicken type I1 colla- 
gen (2B1) was supplied by Dr. Richard Mayne, Hybri- 
doma Core Facility of the Multipurpose Arthritis 
Center, University of Alabama at Birmingham. 

Immunochemistry 
Immunostaining was prepared as described (Jiang 

and Chuong, 1992). Briefly, the micromass cultures 
were fixed in 2.5% paraformaldehyde in phosphate- 
buffered saline (PBS) for 30 min and washed with PBS 
five times. Cultures were then incubated with 5% nor- 
mal goat serum (NGS) in PBS for 1 hr, followed by 
primary antibodies dissolved in 5% NGS-PBS over- 
night. After washing five times, cultures were blocked 
by NGS and incubated with secondary antibodies 
which may be fluorescein-conjugated goat anti-rabbit 
(150) or biotinylated horse anti-mouse IgG followed by 
Texas red avidin D (1:lOO). Nonimmune rabbit IgG and 
P3U monoclonal ascites have been used as negative 
controls. 

Limb bud cell aggregation assay 
Hamburger and Hamilton stage 22-23 chicken em- 

bryos were used. The distal one third of the limb bud 
was dissected and the epithelium was removed. Limb 
bud mesoderm was pooled and digested with 0.1% 
trypsin and 0.1% collagenase (Worthington Corp., 
Freehold, NJ) in calcium and magnesium free media at 
37°C for 10 min. The digestion was stopped by the addi- 
tion of fetal calf serum (FCS) and the tissues were gen- 
tly triturated. The resulting cell suspension was 
washed with ice cold Dulbecco’s modified Eagle’s media 
(DMEM) and centrifuged at  224g for 3 min at 4°C. The 
number of limb bud cells was counted with a hemocy- 
tometer. 3 x lo5 cells in 0.6 ml were then shaken in a 
24 well dish precoated with elastomere to prevent cell 



40 1 NCAM IN PRECARTILAGINOUS CONDENSATIONS 

TABLE 1. Anti-NCAM inhibits precartilaginous condensations and chondrogenesis 

Incidence (9%) of the size of Incidence (%) of the size of 
chondrogenic regions2 

~ .~ 
Experiment precartilaginous condensations' 

(no.) -~ <30 3 0 4 0  60-90 >90 <30 30-60 60-90 >90 

Media (>lo) 0 0 0 100 0 0 0 100 
Nommmune (> lo )  0 0 0 100 0 0 0 100 
R 500 (2) 0 0 0 100 0 0 0 100 
RuNCAM-I 

16 pgiml (5) 0 0 66 33 0 20 80 0 

200 pg/ml (4) 50 25 25 0 15 0 25 0 

200 pgiml (5) 20 80 0 0 20 80 0 0 

200 pgiml(2) 0 0 0 100 0 0 0 100 

80 pgiml (7) 0 0 75 25 0 51 28 14 

ExrNCAM-2 

HNK3 

'Compared to that of control, which is set as 100 
%ompared to that ofcontrol, which is set as 100 
'HNK recognizes a carbohydrate epitope on NCAM 

binding to the plastic dish. Shaking was at 70 rpm in a 
37°C humidified incubator. Aliquots (100 pl) were re- 
moved a t  0, 20, 40, or 60 mins and fixed in 900 p1 of 
fixative (2.5% paraformaldehyde in PBS). The number 
of particles was then measured on a Coulter Counter 
(Coulter Electronics, Hialeah, FL). The settings were 
Attenuation = 2, Aperture = 8, Threshold = 20. Du- 
plicate experiments were carried out for each sample. 

Micromass cultures 
Micromass cultures were prepared according to Ah- 

rens et al. (1977), with some modification. Cells were 
prepared as  for the limb aggregation assay described 
above. 3 x lo5 cells in 15 p1 were then plated on a 35 
mm tissue culture dish (Falcon, Becton Dickinson, Lin- 
coln Park, NJ) and the drop was left for cellular attach- 
ment for 2 hr  in a 37°C humidified incubator. Following 
that, the dish was gently flooded with 1.5 ml culture 
medium and cultured a t  37°C and 5% C0,/95% air. 
Cells were cultured in either serum free defined me- 
dium composed of 60% Ham's F12 nutrient mixture/ 
40% DMEM, 5 pg/ml insulin, 5 pg/ml transferrin, 50 
yglml L-ascorbic acid, 100 nM hydrocortisone (Paulsen 
et al., 1988), or DMEM containing 2% fetal bovine se- 
rum. Duplicate samples were always used for each ex- 
periment. 

Quantitation of area of precartilaginous 
condensations and degree of chondrogenesis 
Micromass cultures were first observed under phase 

contrast inverted microscopy and photographs were 
taken at the indicated times for image analyses. Cul- 
tures were fixed with 2.5% paraformaldehyde and 
washed by PBS. Alcian blue staining was done by using 
1 mg/ml alcian blue dye (Sigma, St. Louis, MO) in 0.1 N 
HCl (pH 1). After overnight staining, the cultures were 
destained with 70% ethanol (Lev and Spicer, 1964). The 
area occupied by precartilaginous condensations and 
the area stained by alcian blue were quantitated sepa- 
rately with Sigma Scan measurement software (Jandel 
Scientific, Sausalito, CA) with a Summagraphics digi- 
tizer pad (Fairfield, CT). These measurements were di- 
vided by the total area occupied by the micromass cul- 
tures and shown as the percentage of control cultures 
(Table 1). Chondrogenesis was also quantified by ex- 
tracting the alcian blue dye from each micromass cul- 

ture with 0.5 ml 4 M guanidine HC1, pH 5.8. The ex- 
tract was read at OD 600 nm (Hassell and Horigan, 
1982). Large aggregates are defined as cell groups 
larger than 350 pm in diameter. 

Antibody perturbation 
Rabbit IgG were purified by DEAE column chroma- 

tography and Fab' fragments were generated according 
to Brackenbury et al. (1977). For mouse monoclonal 
antibodies, mouse IgG were purified from protein G 
affinity membrane disk (Gibco/BRL, Grand Island, NY ) 
and digested with papain (10 pg papain/mg IgG) follow- 
ing the method of Harlow and Lane (1988). 

Electroporation of plasmids into primary limb 
bud cells 

The cells were pelleted and resuspended in culture 
medium and plated for micromass cultures. Alterna- 
tively, cells for electroporation studies were suspended 
on ice in 400 p1 of DMEM containing 5 pg plasmid DNA 
and 250 yg/ml salmon sperm DNA and electroporated 
on a Gene Pulser (BioRad, Richmond, CA) at 0.7 V, 960 
pFd. The cells used for the electroporation studies had a 
survival of 50-60% after electroporation as judged by 
the exclusion of trypan blue. The cells were then pel- 
leted and resuspended in culture medium to a density of 
2 x lo7 cells/ml. Fifteen microliters of this cell suspen- 
sion was plated on 12 mm Millicell-CM culture plate 
inserts with 0.4 pm pore size (PICM01250, Millipore, 
Bedford, MA). 

The expression vector pCH110, encoding P-galactosi- 
dase is under the transcriptional regulation of the SV40 
promoter and transcribed mRNAs are stabilized by the 
SV40 polyadenylation signal (Pharmacia LKB Biotech- 
nology, Inc., Piscataway, NJ). The 140 KD form of 
NCAM (pEC1402) was subcloned after the SV40 pro- 
moter of pCH110 and is under similar transcriptional 
and polyadenylation control (Edelman et  al., 1987). 
While pEC1402 contains the 3' end of pCH110, it no 
longer expresses P-galactosidase. 

P-galactosidase activity was detected by fixing the 
micromass cultures in 2.5% paraformaldehyde, pH 7.0, 
and incubating the cultures in 0.5 mg/ml X-gal in 50 
mM phosphate buffer containing 5 mM potassium ferri- 
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Fig. 1. Expression of NCAM in precartilaginous condensations of 
developing limb bud. Longitudinal sections of stage 27 (A, B) and 
stage 30 (C, D) chicken hindlimb buds and cross sections of stage 30 
distal limb buds (E, F) were stained with antibodies to NCAM (A,  C, 
E) and peanut agglutinin (B). NCAM is present in the condensing 
mesenchyma of the developing limb anlage. The presence of NCAM in 
the round and well packed cells inside the condensation and the ab- 
sence of NCAM in the loosely arranged and elongated cells can be 
appreciated in panels E and F. In regions with overt chondrogenic 

differentiation, NCAM staining disappeared (A, C). Double staining of 
the cartilage blastema with peanut agglutinin showed that the ex- 
pression of NCAM is distal to that  of peanut agglutinin binding mole- 
cules. The two bars in panels A and B marked the same positions. ct, 
differentiated cartilage; jo, joint; mu, muscle; N, NCAM; pc, precarti- 
laginous condensation; Ph, phase; PN, peanut agglutinin. Paired mi- 
crographs (A  + B; C + D; E + F) were taken at  the same magnifica- 
tion. Bars: (B) 500 pm; (D) 200 pm; (F) 200 pm. 
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Fig. 2. Expression of NCAM in precartilaginous condensations in 
micromass cultures in vitro. Stage 23 distal limb bud cells were pre- 
pared for micromass cultures and grown in culture for 1.5 (A, B) or 4 
days (C, D) before fixation and staining with anti-NCAM antibodies. 
Photomicrographs showing phase contrast (A, C) and fluorescent (B, 
D) images ofthe same fields are presented. A, B: At day 1.5 in culture, 
the small cell aggregates were enriched with NCAM (small arrows). 

Cells adjacent to these aggregates were moderately positive for 
NCAM (regions with asterisk). Cells outside the aggregate zone were 
negative for NCAM. C, D: At day 4, the precartilaginous condensa- 
tions have become cartilage nodules (big arrows). As cartilage nodules 
mature, the centers became NCAM negative. NCAM staining re- 
mained on the periphery of the nodules but was diminished in inten- 
sity. Bar: (D) 200 pm. 

cyanate and 5 mM potassium ferrocyanate (Sanes et al., 
1986). A blue color indicated the presence of P-galac- 
tosidase. 

tion (Fig. 1E,F). Peanut agglutinin has been reported to 
bind to the cartilage blastema (Aulthouse and Solursh, 
1987; Zimmerman and Thies, 1984). In comparison us- 

RESULTS 
NCAM is present in precartilaginous 

condensations in vivo and in micromass cultures 
To determine the role of NCAM in cartilage develop- 

ment, stage 27 and 30 limb buds were sectioned and 
immunologically stained. NCAM was present in the 
condensing mesenchyme of the cartilage anlage inaud- 
ing those at the distal end, which are involved in carti- 
lage elongation, and those in the periphery, which are 
involved in increasing cartilage diameter (Fig. lA,C). 
As cartilage became more differentiated in the more 
proximal locations, NCAM disappeared from chondro- 
blasts but remained present in the perichondrium (Fig. 
lA,C). The distal end where the digit anlage continues 
to grow in length remained NCAM positive. The en- 
richment of NCAM in the condensing mesenchyme vs. 
the surrounding mesenchymal cells can be seen clearly 
in the cross sections of the precartilaginous condensa- 

ing double staining, the presence of NCAM-was distal 
to the region stained by peanut agglutinin, and hence 
NCAM expression in precartilaginous condensations 
appears to precede the molecules recognized by peanut 
agglutinin. 

To explore the roles of NCAM in micromass cultures 
(Ahrens et al., 1977), we examined the expression of 
NCAM in these cultures. Within 1.5 days, the homoge- 
neously distributed limb bud cells formed aggregates 
which represent precartilaginous condensations. In 
Figure 2A and B, these condensations can be seen to be 
enriched for NCAM (arrows). Surrounding the conden- 
sations are a zone of moderately NCAM positive cells 
(asterisks) which are cells which will probably be re- 
cruited into the precartilaginous condensations. At day 
4 in culture, the precartilaginous condensations have 
differentiated to cartilage nodules. NCAM staining dis- 
appeared from the center of these cartilage nodules but 
remained in the periphery (Fig. 2C,D). The expression 
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Fig. 3. Inhibition of limb bud cell aggregation by anti-NCAM anti- 
bodies. Stage 23 distal limb bud cells were prepared as a single cell 
suspension and shaken for 60 min at 37°C. A Time 0. B 60 min in the 
presence of 400 pgiml nonimmune Fab'. C: 60 min in the presence of 
400 pgiml anti-NCAM Fab'. Note in B, many cell aggregates of 10-50 
cells formed. With anti-NCAM, some cell aggregates formed, but few 
were larger than ten cells. For quantitative measurement, see Figure 

4. D: Immunofluorescent staining of limb bud cells 90 min after shak- 
ing. Note the intensified NCAM staining at the cellular interface 
(arrow) within the aggregate. The three single cells had weak and 
diffuse NCAM immunoreactivity within the cytoplasm. Micrographs 
shown in panels A-C were taken a t  the same magnification. Bars: (C) 
200 pm; (D) 50 pm. 

pattern of NCAM in the chondrogenic process in vitro 
parallels that found in vivo (compare Fig. 2B,D and Fig. 
lA,E). 

We then tested the functional roles of NCAM in pre- 
cartilaginous condensations using limb bud cell aggre- 
gation assays and micromass cultures. 

Anti-NCAM Fab' inhibited limb bud cell 
aggregation 

We first determined whether NCAM is involved in 
the initial aggregation of dissociated limb bud cells. 
Single cells were prepared from stage 23 distal limb 
buds (Fig. 3A). After 60 min of shaking at  70 rpm at  
37"C, many aggregates of about 10-50 cells formed 

even in the presence of nonimmune Fab' fragments, or 
Fab' fragments from antibodies raised against chicken 
embryonic fibroblasts (Fig. 3B). In the presence of anti- 
NCAM Fab' (400 pg/ml), both the number and size of 
the aggregates were drastically reduced, and the aggre- 
gates appeared to be composed of fewer cells, in the 
range of five to ten cells (Fig. 3C). Quantitative mea- 
surement of the particle numbers with a Coulter 
counter allowed us to monitor the progress of aggrega- 
tion. Shown in Figure 4 is one example of the five inde- 
pendent cell aggregation assays we performed. In every 
experiment, anti-NCAM inhibited aggregation by 
about 50-60%. In the experiment shown in Figure 4, 
anti-chicken embryonic fibroblasts Fab' (R 500) had no 
significant effect on aggregation in comparison with 
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70t Control 

Time (rnin) 

Fig. 4. Time course of the inhibition of limb bud cell aggregation by 
anti-NCAM antibodies. Single cell suspensions of limb bud cells pre- 
pared as in Figure 3 were shaken at  37°C in the presence of 400 pgiml 
Fab’ from nonimmune serum (open circles, Control), antifibroblast 
antiserum (closed circles, R 5001, or anti-NCAM antiserum (open tri- 
angles). The number of particles was counted at 0,20,40, and 60 min. 
m e  percent aggregation was calculated for each group using the fol- 
lowing formula: percent aggregation = 100 x ( I  - PJ’,J, where Po is 
the number of particles at time 0, and P, is the number of particles at  
the indicated times. In the presence of anti-NCAM, the aggregation 
was reduced. 

media alone at the 40 and 60 min time points. Nonim- 
niune IgG (Control) also did not inhibit aggregation. 

The presence of NCAM in these limb bud cells was 
also examined. At time 0, some cells did not have 
NCAM immunoreactivity, while some cells had NCAM 
diffusely distributed in their cytoplasm, and some cells 
had NCAM all over the cell surface. As cell aggregates 
formed, NCAM became intensified on the cell surface, 
and particularly enriched at  cel1:cell boundaries within 
the aggregates (Fig. 3D, 90 min after shaking). These 
data suggest that NCAM is involved in limb bud cell 
aggregation, although cell aggregation is not exclu- 
sively dependent on NCAM since aggregates ulti- 
mately formed after an extended shaking time period. 

The roles of NCAM in chondrogenesis were then 
tested by varying the level of NCAM activity in micro- 
mass cultures. Cultures were incubated with anti- 
NCAM Fab’ to study the effect of suppressed NCAM 
activity. We also electroporated additional copies of 
NCAM genes into the micromass cultures for overex- 
pression studies. 

Anti-NCAM Fab‘ decreased the area of 
precartilaginous condensations and the degree 

of chondrogenesis 
Micromass cells were cultured for 4 days in media 

containing nonimmune Fab’, antifibroblast Fab’ (R 
5001, or anti-NCAM Fab‘ in serum free defined media 
(Fig. 5) .  Both the area occupied by condensations and 
the degree of cartilage differentiation were reduced in 
the presence of anti-NCAM Fab’ (Fig. 5 ) .  Similar re- 
sults have been obtained when media contained 2% 
FCS. The transformation of condensations into carti- 
lage nodules began from the center of the condensations 

and can be judged by positive alcian blue staining. In 
controls, the cells that compose the cartilage nodules 
were tightly packed and the whole nodules were 
stained positive for alcian blue (Fig. 5A,B). With anti- 
NCAM, although cellular clusters did form, they ap- 
pear to be less condensed and only cells in the center of 
the cluster exhibited alcian blue staining (Fig. 5C,D, 
black arrows pointed to chondrogenic regions, blank 
arrows pointed to nonchondrogenic regions). In 2 more 
days, these nonchondrogenic regions will chondrify. 
Therefore we termed these clusters at day 4 cultures 
precartilaginous condensations. 

The results of micromass experiments are summa- 
rized in Table 1. The percent of the area occupied by 
precartilaginous condensations was determined by im- 
age analyses and expressed as the percent of the con- 
trol. The degree of chondrogenic differentiation was 
quantified by extracting the alcian blue dye bound to 
the micromass cultures as well as the area occupied by 
alcian blue staining. Cartilage nodules formed in the 
presence of control nonimmune Fab’ and antifibroblast 
Fab’ fragments. With anti-NCAM Fab‘ fragments, the 
areas occupied by precartilaginous condensations and 
cartilage nodules were both reduced. The reducing ef- 
fect of anti-NCAM Fab’ fragments was dose dependent 
(Table 1). In addition, with the same dose of anti- 
NCAM Fab‘ fragments, there was a greater inhibitory 
effect on chondrogenesis than on precartilaginous con- 
densations (Table 1, Fig. 6). Anti-NCAM Fab‘ frag- 
ments reduced the area occupied by precartilaginous 
condensations by about 50% and the area occupied by 
differentiated cartilage by about 68% (Fig. 6). Two in- 
dependently raised rabbit anti-affinity purified 
chicken NCAM Fab‘s RaNCAM-1 and RaNCAM-2 had 
similar effects. The HNK monoclonal antibody, recog- 
nizing a carbohydrate epitope shared by NCAM, did not 
inhibit precartilaginous condensation formation nor 
chondrogenesis. The results implied that NCAM is in- 
volved in the formation of precartilaginous condensa- 
tions, and the inhibition of NCAM leads to suppression 
of cytodifferentiation. 

Overexpression of NCAM enhanced the 
formation of precartilaginous condensations and  

chondrogenesis 
We then tested the role of NCAM in chondrogenesis 

by electroporating expression vectors directing the syn- 
thesis of the 140 KD form of NCAM (pEC1402) or P-ga- 
lactosidase (pCH110) into limb bud cells. Both expres- 
sion vectors used the SV40 promoter and the SV40 
polyadenylation signal (Edelman et al., 1987). When 
X-gal staining was used to determine electroporation 
efficiency, approximately 10% of the limb bud cells 
electroporated with pCHl10 expressed P-galactosidase. 
p-galactosidase was expressed only by cells electropo- 
rated with pCHllO and its distribution suggests that 
expression was not dependent on cartilage differentia- 
tion (Table 2). Incorporation of plasmid pEC1402 had 
profound effects on cell behavior resulting in big cell 
aggregates (>350 pm in diameter, with at  least 1,000 
cells in one aggregate) protruding out of the substrate 
(Fig. 7A,B). The effect was seen more clearly when Mil- 
lipore filters were used as the substrate rather than 
tissue culture plastic. We have noted an increase in cell 
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Fig. 5. Antibodies to NCAM inhibit chondrogenesis in micromass 
cultures. Micromass cultures grown for 4 days with 400 pg/ml Fab' 
fragment antibodies from nonimmune serum (A, B) or antibodies 
against NCAM (C, D) were fixed and stained with alcian blue to detect 
the highly sulfated proteoglycan associated with cartilage differentia- 

tion. The number and size of condensations as well as the degree of 
chondrogenetic differentiation were reduced. Black arrows point to- 
ward regions of chondrogenesis, while blank arrows indicate nonchon- 
drogenic regions (C, D). B and D are higher magnification views of A 
and C, respectively. Bars: (A, Ci  1 mm; (B, D) 100 pm. 

motility on these Millipore filter inserts which may 
facilitate the formation of these big aggregates. The big 
aggregates were observed in nine out of 12 experiments 
(75%) using pEC1402 (Table 2).  

These big aggregates formed cartilage nodules. 
When stained with antibody to collagen 11, the whole 
nodules were brightly stained (Fig. 7D,H). The total 
amount of collagen I1 is higher than that of control. 
Tenascin, an extracellular matrix adhesion molecule 
present in chondroblasts (Mackie et al., 1987), is also 
increased in the pEC1402 cultures (Fig. 7C,G). The 
amount of NCAM in the aggregates is also greatly in- 
creased (Fig. 7B,F). Most interestingly, the weakly 

NCAM positive cells observed in control micromass cul- 
tures (Fig. 2D, 7B) have disappeared (Fig. 7F), suggest- 
ing that they have been recruited to the larger aggre- 
gates. 

DISCUSSION 
We have been investigating the role of the cell adhe- 

sion molecules in embryonic skeletogenesis. Previously 
we have examined the function of cell adhesion mole- 
cules in osteogenesis (Lee and Chuong, 1992). In the 
present study we have examined the expression of 
NCAM during limb chondrogenesis and tested its func- 
tion by modulating NCAM activity. The results showed 
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Fig. 6. Antibodies to NCAM decrease the size of precartilaginous 
condensations and cartilage nodules. Micromass cultures grown for 4 
days in the presence of nonimmune rabbit serum or in the presence of 
two rabbit anti-NCAM Fab' fragments at 400 pgiml were fixed and 
stained for cartilage differentiation with alcian blue. A The percent of 
the culture area occupied by precartilaginous condensations was de- 
creased by 50% in the presence of anti-NCAM Fab'. B: The percent of 
the culture area occupied by cartilage nodules was reduced 6570% by 
anti-NCAM Fab'. 

that NCAM is present in precartilaginous condensa- 
tions both in vivo and in micromass cultures in vitro, 
that NCAM is involved in the formation of precartilag- 
inous condensations, and that NCAM can regulate the 
degree of chondrogenesis. 

NCAM is an adhesion molecule that mediates 
precartilaginous condensations 

During cartilage development, NCAM is present in 
the precartilaginous condensations either at the distal 
tip where cartilage increases in length or in the peri- 
chondral region where cartilage increases in diameter. 
The expression, however, is transient and highly dy- 
namic. NCAM has also been implicated in the precarti- 
laginous condensations of the talpid chicken. Talpid 
chickens form syndactylous and polydactylous limbs 
and have abnormally large precartilaginous condensa- 
tions and increased limb bud cell adhesivity (Ede and 
Flint, 1975). We have shown that the expression of 
NCAM is increased in these talpid precartilaginous 
condensations and that anti-NCAM antisera can re- 
duce chondrogenesis of micromass cultures derived 
from talpid limb buds (Chuong et al., 1992b and manu- 
script in preparation). 

Inhibiting NCAM expression with anti-NCAM Fab' 
fragments reduces limb bud cell adhesion (Fig. 4) and 

decreases the size of precartilaginous condensations in 
the micromass cultures in a dose dependent manner 
(Table 1). Although NCAM appears to be involved in 
the process of precartilaginous condensations, the par- 
tial response to  anti-NCAM suggests that other adhe- 
sion molecules are also involved. Antifibronectin has 
been reported to  reduce the size of precartilaginous con- 
densations (Frenz et al., 1989b; Chuong et al., 1992b). 
Tenascin promotes chondrogenesis while antitenascin 
inhibits chondrogenesis. Antilaminin had no effect 
(Mackie et al., 1987; Chuong et al., 1992b). The role of 
integrins, receptors for fibronectin, has not been ex- 
plored. We have proposed that NCAM and fibronectin 
enhance the condensation process by increasing cell- 
cell adhesion, while tenascin facilitates the condensa- 
tion process by decreasing cell-substrate adhesion 
(Chuong et al., 1992b). 

Cell adhesion molecules have also been implicated in 
the formation of other tissues arising from mesenchy- 
ma1 condensations. During skin morphogenesis, anti- 
NCAM Fab' fragments led to the uneven segregation 
and loss of dermal condensations, resulting in a distor- 
tion of the regular hexagonal feather pattern. Anti- 
integrin @ 1 disrupted the epithelial-mesenchymal in- 
teractions and dramatically inhibited further dermal 
condensation. Antifibronectin had a similar but 
weaker effect than anti-integrin. Antitenascin led to 
cessation of feather bud growth (Jiang and Chuong, 
1992). In muscle, NCAM transfected myoblasts have 
enhanced myogenesis (Dickson et al., 1990). These re- 
sults suggest that NCAM is indeed a mesenchymal ad- 
hesion molecule. Microinjection of anti-NCAM into 
wounded amphibian limb blastema can perturb limb 
regeneration (Maier et al., 1986). Although the authors 
attributed this finding to inhibition of a neural contri- 
bution, it cannot be ruled out that anti-NCAM acted 
directly upon mesenchymal tissue morphogenesis. 

Future research will be directed to elucidate the mo- 
lecular pathways of these mesenchymal condensations. 

NCAM and chondrogenic differentiation: Is 
NCAM a modulator o r  an essential component 

of the signal transduction pathway? 
In cultures treated with anti-NCAM, chondrogenic 

differentiation decreased, while in those treated with 
NCAM plasmids, chondrogenic differentiation in- 
creased. These results do not differentiate between the 
following two possible mechanisms. One is that in- 
creasing NCAM expression in a subpopulation of cells 
increases the adhesiveness of these limb bud cells, 

TABLE 2. Electroporation of plasmids containing NCAM genes increases the size of precartilaginous Condensations and 
chondrogenic differentiation' 

Nodule center Molecular expression Incidence 
of large regions nodule periphery region Internodule region __  Clone 

(110.) acerenates BG N TN C BG N TN C BG N TN C 

pCH110 (4) 710 (1114) +++ - ++ ++ +++ + ++ + +++ + - - 
pEC1402 (4) 759 (8112) - ++ +++ +++ - +++ +++ +++ - - + -  
'Micromass cultures were electroporated with the indicated vectors and cultured for 4 days. The formed aggregates were analyzed by image analyses. Molecular expression was 
determined by immunofluorescent staining for P-galactosidase (pG), NCAM (N), tenascin (TN), and collagen I1 (C) in the cartilage nodule regions, the nodule periphery regions, and 
the internodule regions. The intensity of immunofluorexence was determined semiquantitatively. Due to the heterogeneity ofthe micromass cultures, the scaring was done in three 
different regions: nodule center, nodule periphery, and internodule regions. The intensity shown is the average of four independent experiments. Alcian blue staining was not used 
due to the high background binding in these culture inserts. Large aggregates are defined as cell groups larger than 350 pm in diameter. The data shown are compiled from 14 
different experiments (n). -, no staining; +, weak staining; + +, moderate staining; + + +, strong staining. 
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hence increasing the opportunities that these cells will 
end up within the precartilaginous condensations. 
Once recruited into the aggregate, the shape and inter- 
cellular interactions of a cell will be influenced by the 
localized microenvironment which may have profound 
effects on its differentiation pathway. In this model, the 
enhanced chondrogenic differentiation would be the re- 
sult of normal maturation of larger condensations. A 
second mechanism is that NCAM is directly involved in 
the signal transduction of chondrogenic differentiation 
in  limb bud cells. 

Although we cannot completely rule out either of 
these possibilities at this time, several observations fa- 
vor the first possibility. With higher concentrations of 
anti-NCAM Fab‘, chondrogenic differentiation is re- 
duced, but not completely suppressed. This suggests 
that chondrogenesis can occur independent of the pres- 
ence of NCAM (Table 1). In contrast, in the center of 
cartilage nodules where differentiation occurs and 
NCAM normally disappears, overexpression of NCAM 
did not seem to suppress cartilage differentiation (Ta- 
ble 2). Furthermore, the alteration of NCAM level ap- 
peared to be disproportionate to the degree of alteration 
of chondrogenic differentiation. In antibody perturba- 
tion experiments, the reduction of chondrogenesis ap- 
pears to be more sensitive than the decrease of precarti- 
laginous condensations (Table 1) and several 
condensations can be seen without alcian blue staining, 
a sign of chondrogenic differentiation (Fig. 5). In exoge- 
nous NCAM expression experiments, the increase of 
chondrogenesis was also much higher than the esti- 
mated 10% of cells overexpressing NCAM. Thus, 
NCAM may play a modulatory role rather than a direct 
role in the chondrogenic differentiation pathway. Dur- 
ing neural morphogenesis similar regulatory roles 
played by NCAM have been proposed (Rutishauser et 
al., 1988). 

Whether NCAM plays a direct signal transduction 
role can be further tested by electroporation of expres- 
sion vectors containing NCAM with different cytoplas- 
mic domains. If vectors with deleted cytoplasmic do- 
mains still promote chondrogenesis, i t  will demonstrate 
that only adhesion itself is necessary. This, however, 
does not downplay the physiological importance of 
NCAM. By bringing cell surfaces close together, 
NCAM allows specific chondrogenic signals to be trans- 
mitted. A similar two tier adhesion-signalling hypothe- 
sis has been proposed in lymphocyte adhesion in which 
a general adhesion molecule works as a scanning mech- 
anism, while more specific interactions occur after- 

- 
F1.g. 7. Electroporation of pEC1402 increases the size of precartilag- 
inous condensations and chondrogenic differentiation. Micromass cul- 
tures were electroporated with pCH110, encoding p-galactosidase 
(A-D) or pEC1402, encoding NCAM (E-H) and grown for 4 days. 
Cultures were stained for the presence of NCAM (B, F), tenascin (C, 
G), and collagen type I1 (D, H). The texture ofthe Millipore filter led to 
the blurriness of the image. Phase contrast micrographs show that the 
electroporation of pEC1402 resulted in the formation of much larger 
precartilaginous aggregates. The electroporated cultures also ex- 
pressed more NCAM, tenascin, and collagen I1 than the control cul- 
tures. Shown is the same field from phase and fluorescent images of 
double labelled control (A, B, D) and NCAM electroporated cultures 
(El, F, G). Figures C and H are taken from parallel control and experi- 
mental cultures. Bar: (D) 200 pm. 

wards (Lawrence and Springer, 1991). We propose that 
NCAM forms the boundary of cell groups to define the 
size and shape of precartilaginous condensations. Addi- 
tional signals are required for chondrogenic differenti- 
ation to take place in all cells within the condensation. 
One example of such a molecular event may be gap 
junction communication. Gap junctions have been 
shown to be enriched in precartilaginous condensations 
(Coelho and Kosher, 1991) and dermal condensations 
(Serras et  al., in press), and anti-NCAM has been 
shown to inhibit subsequent gap junction formation 
and differentiation in neural plate formation (Keane et 
al., 1988). 

Peptide growth factors  and Hox genes can 
regulate, either directly or indirectly, the 

expression of NCAM in limb chondrogenesis 
Peptide growth factors of the transforming growth 

factor (TGF) fi superfamily and Hox containing tran- 
scription factors have recently been characterized and 
appear to have profound effects on the differentiation 
and pattern determination of skeletal formation. As 
NCAM mediates precartilaginous condensations, we 
wonder what factors could regulate NCAM gene ex- 
pression. It is possible that NCAM may be regulated by 
these two families of molecules and may mediate the 
downstream effects of these molecules. TGF p and sev- 
eral bone morphogenetic proteins can induce chondro- 
genesis (Wozney et al., 1988; Joyce et al., 19901, and 
TGF @ can stimulate precartilaginous condensations 
and fibronectin expression (Leonard et al., 1991). Re- 
cently, we found that activin can increase NCAM ex- 
pression while stimulating the growth of precartilagi- 
nous condensations (Jiang et al., 1993). Thus, some of 
these peptide growth factors may have their effects me- 
diated by adhesion molecules. 

Another connection comes from the recent progress 
in Hox genes. Hox proteins are a group of homologous 
DNA binding proteins which act as transcription fac- 
tors (reviewed in Goulding and Gruss, 1989). Trans- 
genic mice ectopically expressing Hox-1.1 have cranio- 
facial and vertebral abnormalities (Balling et al., 1989; 
Kessel e t  al., 1990). Also, transgenic mice with targeted 
gene disruption of Hox 1.5 have craniofacial abnormal- 
ities similar to those found in human DiGeorge’s syn- 
drome (Chisaka and Capecchi, 1991) while disruption 
of Hox 3.1 leads to alterations of the vertebral column 
(Le Mouellic et al., 1992). These studies have led to the 
hypothesis that certain combination of Hox genes (Hox 
code) determine the pattern of limb and axial skeleton. 
How can the pattern determining effect of Hox genes be 
exerted? It has to be through modulating the morphol- 
ogy of precartilaginous condensations. The current 
work showed that NCAM has a powerful effect in mod- 
ulating chondrogenesis and is one of the likely down- 
stream candidates of Hox genes. The discovery that 
Hox gene binding sites are present in the 5’ region of 
NCAM genes and that the expression of transfected 
Hox genes in cell lines alters the expression of NCAM 
genes (Jones et  al., 1992) are consistent with this hy- 
pothesis. 

In summary, we have documented the involvement of 
NCAM in limb cell aggregation and in the formation of 
prechondrogenic condensations. Over- and underex- 



WIDELITZ ET AL. 410 

pression of NCAM activity can modulate chondrogenic 
differentiation which appears to  be a secondary effect to 
the aggregate forming behavior of NCAM. Upstream to 
NCAM, activin, TGF p, retinoic acid, and Hox genes 
have been shown to be able to  regulate the expression of 
NCAM, either in the limb or nonlimb scenarios (Roubin 
et al., 1990; Chuong et al., 1992a; Jones et al., 1992; 
Jiang et al., 1993). Among other molecular events in 
chondrogenesis, it may be through the modulatory ef- 
fect of NCAM that these genes shape the morphology of 
precartilaginous condensations either directly or indi- 
rectly, and hence mold the future skeletal patterns. 
Further experiments will be directed to test the hypoth- 
esis that NCAM is a morphoregulatory molecule in 
limb chondrogenesis. 
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