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Abstract. The cell substratum attachment (CSAT) an- 
tibody recognizes a 140-kD cell surface receptor com- 
plex involved in adhesion to fibronectin (FN) and 
laminin (LM) (Horwitz, A., K. Duggan, R. Greggs, 
C. Decker, and C. Buck, 1985, J. Cell BioL, 
101:2134-2144). Here, we describe the distribution of 
the CSAT antigen along with FN and LM in the early 
avian embryo. At the light microscopic level, the 
staining patterns for the CSAT receptor and the ex- 
tracellular matrix molecules to which it binds were 
largely codistributed. The CSAT antigen was observed 
on numerous tissues during gastrulation, neurulation, 
and neural crest migration: for example, the surface of 
neural crest cells and the basal surface of epithelial 
tissues such as the ectoderm, neural tube, notochord, 

and dermomyotome. FN and LM immunoreactivity 
was observed in the basement membranes surround- 
ing many of these epithelial tissues, as well as around 
the otic and optic vesicles. In addition, the pathways 
followed by cranial neural crest cells were lined with 
FN and LM. In the trunk region, FN and LM were 
observed surrounding a subpopulation of neural crest 
cells. However, neither molecule exhibited the selec- 
tive distribution pattern necessary for a guiding role in 
trunk neural crest migration. The levels of CSAT, FN, 
and LM are dynamic in the embryo, perhaps reflecting 
that the balance of surface-substratum adhesions con- 
tributes to initiation, migration, and localization of 
some neural crest cell populations. 

I 
NTERACTIONS between the cell surface and the extra- 
cellular matrix (ECM) t have been proposed to be im- 
portant for many aspects of embryonic development 

including cell growth, cell migration, and cell differentiation 
(cf. 20). Many ECM components have been identified in 
regions undergoing morphogenesis and have been suggested 
to promote cell migration. For example, fibronectin (FN) has 
been implicated in guiding cell movement during gastrula- 
tion and neural crest migration (5, 41), laminin (LM) has 
been suggested to promote neurite outgrowth (29, 46, 47), 
and hyaluronate may facilitate cell migration (55, 57). 

FN and LM are two ECM components that appear to have 
a wide variety of functions in cell adhesion and motility (for 
reviews see references 24, 25, 50, and 54). Both molecules 
are glycoproteins but are distinct with respect to structure, 
function, and mechanisms of adhesion (49, 51). FN promotes 
attachment and spreading of some cell types, influences 
cytoskeletal organization and cell migration, is involved in 
hemostasis, and is altered in oncogenic transformation (24). 
In the embryo, FN appears to line some of the pathways fol- 
lowed by migrating ceils during gastrulation (2, 30), primor- 
dial germ cell migration (21), and neural crest cell migration 

1. Abbreviations used in this paper: CSAT, cell substratum attachment; 
DRG, dorsal root ganglia; ECM, extracellular matrix; FN, fibronectin; 
LM, laminin. 

(14, 27, 34, 41). LM also influences attachment and spreading 
of some cell types. In vitro, LM influences the growth (52), 
morphology (42, 51), and migration (35) of corneal epi- 
thelia, epidermal, and nerve cells, among other cell types. 
Neurons readily attach to and send out axons on LM sub- 
strates in vitro; therefore it has been proposed that LM is im- 
portant for neurite outgrowth and extension in both the pe- 
ripheral and central nervous system (29, 33, 46). Neural crest 
cells in vitro also migrate avidly on LM with no apparent 
preference for FN over LM (17, 39). 

Until recently little has been known about the cellular sites 
to which ECM molecules bind. The isolation of monoclonal 
antibodies and peptides that inhibit the binding of cells to tis- 
sue culture substrates has resulted in the identification of 
putative cellular receptors for FN (8, 18, 38, 44) and LM (22, 
31, 32, 37, 52). The monoclonal antibodies cell substratum 
attachment (CSAT) (38) and JG22 (14) both recognize a cell 
surface complex in the molecular mass range of 140 kD (11, 
26). The cell surface localization of CSAT and JG22 corre- 
lates with that of FN in cultured cells, codistributing around 
adhesion plaques and in areas of cell-cell contact in migrat- 
ing fibroblasts (9, 12). The CSAT receptor codistributes with 
actin along stress fibers (10). On migratory cells such as neu- 
ral crest cells and somite cells, the distribution of the recep- 
tor complex appears to be diffuse and uniform (13). Antibod- 
ies to the receptor complex can themselves mediate cell 
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adhesion and spreading when adsorbed to substrata (10, 13). 
Recent evidence suggests that the CSAT receptor is an inte- 
gral membrane protein that binds to talin on the cytoplasmic 
side of the membrane (23). These observations suggest a 
possible cellular role for the CSAT receptor as a part of a cell 
surface linkage between FN and the cytoskeleton. In addition 
to having the ability to bind FN, CSAT is thought to bind 
LM (22). Furthermore, antibodies to the 140-kD complex 
affect adhesion of neural crest cells to both FN (3, 13) and 
LM substrates (4). These results indicate that CSAT may be 
a multifunctional receptor. 

Recent experiments have used CSAT or J022 antibod- 
ies in vivo to test the possible role of the receptor for FN and 
LM during morphogenesis. Injection of either J022 (4) or 
CSAT (6) antibodies caused profound alterations in cranial 
neural crest migration, including inhibition of migration and 
ectopic accumulations of neural crest cells. These results 
suggest that the CSAT antigen may play an important func- 
tional role during the migration of cranial neural crest cells. 
Therefore, a detailed analysis of CSAT localization is neces- 
sary to clarify the possible role of this receptor in normal 
neural crest development. 

Here, we have analyzed the distribution of the CSAT anti- 
gen in early avian embryos. We have compared the CSAT 
distribution with that of FN and LM to determine possible 
correlations between this cell surface molecule and the ECM 
components to which it is thought to bind. The results 
confirm and extend previous studies from this (4) and other 
(13) laboratories to indicate that the CSAT antigen is present 
on the surface of neural crest cells and many epithelial tis- 
sues. Furthermore, CSAT often codistributes with FN and 
LM, although no obligate correlation between these three 
molecules could be discerned. 

Materials and Methods 

Experimental Animals 
White Leghorn chick embryos, incubated at 38°C for 1.5-3.5 d and harvested 
at Hamburger and Hamilton stages 8-25 (19), were used throughout this ex- 
periment. The embryos were fixed at the following stages: stages 8-10 for 
gastrulation and neurniation, stage 10-16 for the cranial neural crest migra- 
tion and optic and otic vesicle development, stages 11-18 for trunk neural 
crest migration, and stages 20-25 for formation of neural crest-derived 
ganglia. 

Hybridoma Cells 
CSAT hybridoma cells were a generous gift from Dr. Alan E Horwitz 
(University of Pennsylvania, Philadelphia, PA). I(322 hybridoma cells were 
kindly provided by Dr. David Gottlieb (Washington University, St. LoUIs, 
MO). The cells were maintained in 75- or 250-ml tissue culture flasks in 
Dulbecco's modified Eagle's medium containing 15 % fetal bovine serum in 
a 5 % CO2 atmosphere. 

Histological Procedures 
Cryostat Sections. Embryos were fixed in absolute ethanol or methanol for 
48 h at 4°C. They were rehydrated in cold PBS, placed into PBS containing 
5% sucrose, 0.01% azide for 2-4 b, and then into 15% sucrose in PBS over- 
night at 4°C. They were infiltrated with 7.5% gelatin/15% sucrose in PBS 
at 37°C for 3 h, oriented and frozen in OCT (Miles Laboratories Inc., 
Naperville, IL) in liquid nitrogen. These fixation and embedding methods 
were used because they gave optimal antigen preservation and morphology 
of the embryonic specimens. 15-ttm frozen sections were cut on a Histostat 
Cryostat (Reichardt Scientific Instruments, Buffalo, NY). 

Para#ln Sections. To confirm that the observed distribution patterns of 
FN and LM were not an artifact resulting from the histological techniques 

used in this study, we used various fixation and embedding procedures, in 
addition to frozen sections. Embryos were fixed for 2 h in Zenker's fixative 
or 10% phosphate-buffered formalin. They were then dehydrated through 
serial alcohols and embedded in paraplast. Serial 10-~tm sections were cut 
on a microtome (E. Leitz, Inc., Rockleigh, NJ). Though the levels of im- 
munnfiuorescence were lower in paraffin than in cryostat sections, similar 
distributions were noted for both FN and LM. CSAT and J022 antigens 
were not preserved by these procedures. 

lmmunofluorescence 
Adjacent sections were individually incubated with antibodies against the 
140-kD receptor complex (CSAT or J022), or with antibodies to chicken 
FN or LM (gifts of Dr. D. Fambrough, Johns Hopkins University, Balti- 
more, MD). CSAT and J022 antibodies yielded similar staining patterns. 
Because CSAT antibodies gave more intense staining, most immunofluores- 
cence was performed with this antibody. For some experiments, sections 
were double-labeled with either CSAT or JG22 antibodies together with the 
HNK-1 antibody, which distinguishes migrating neural crest cells (56). 

Sections were collected on gelatin-coated slides and air-dried. They were 
then incubated with culture medium from hybridoma cells (CSAT or JG22) 
or with purified antibodies (anti-flbronectin, anti-laminin, or anti-CSAT) 
diluted in PBS containing 0.5% BSA (PBS/BSA) for 2 h at room tempera- 
ture. For some sections in each series, goat serum (diluted 1:30) was added 
as a nonirnmune control. After washing with PBS/BSA, the slides were in- 
cubated with a solution of fluorescein isothiocyanate-conjugated goat 
anti-mouse IgG (Antibodies, Inc., Davis, CA) diluted 1:300 in PBS/BSA 
for 45 min at room temperature. HNK-1 staining was performed as de- 
scribed previously (4, 5). Sections were incubated with culture medium su- 
pernatant from HNK-1 hybrodima cells for 3 h, rinsed, incubated with rab- 
bit antibodies against mouse IgMs for I h, followed by a 1-h incubation with 
rhodamine isothiocyanate-conjugated goat antibodies against rabbit IgGs. 
After washing in PBS the slides were mounted in carbonate-buffered 
glycerol and examined with a Zeiss microscope equipped with epifluores- 
cence optics. Data were recorded photographically and on videotape using 
a silicon intensifying target image-intensifying video camera (RCA, RCA 
New Products Div., Lancaster, PA) and a video recorder. 

Identification of Antigens 
Immunoprecipitation of Labeled Antigens. The molecular specificity of 
the monoclonal antibodies against FN and LM was determined in whole 
chicken embryos. The specificity of CSAT in chicken embryos has been 
reported previously by Knudsen et ai. (26). 

The specificity of the antibody against chicken LM was determined by 
immunoprecipitation, according to the method of Brower et ai. (7). 2.5-d- 
old chicken embryos were labeled for 24 h with [35S]methionine (>800 
Ci/mmol; New England Nuclear, Boston, MA). The vitelline membrane 
was removed with a fine needle and 40 ttl of labeled methinnine was pipet- 
ted directly onto the embryo. The eggs were sealed with adhesive tape and 
incubated for 24 h. They were then dissected from the surrounding mem- 
branes and homogenized in lysis buffer (20 mM Tris [pH 8.1], 150 mM 
NaCI, 1 mM MgCI2, 1 told CaCI2, 0.5% Nonidet P-40, 0.5% BSA, 1 mM 
phenylmethylsulfonyl fluoride, 0.5 gg/ml antipapain, 0.5 ttg/ml leupeptin, 
0.5 ~tg/mi pepstatin, and 0.1% NAN3). Embr~ homogenate was preab- 
sorbed with protein A sepharose (Sigma Chemical Co., St. Louis, MO) and 
then incubated with antibodies against chick laminin (20 gg/ml). Protein 
A sepharose was added to the antibody-antigen mixture overnight and the 
beads were pelleted in a microfuge. The protein A sepharose beads were 
washed with "IYis saline and ehited with ehition buffer (0.1 M citrate [pH 
3.0], 1(30 mM NaCI, 1 mM MgC12, 1 mM CaCl2, 0.2% Nonidet P-40, and 
0.1% NAN3). 

The molecular specificity of the antibody against FN was determined by 
immunoblotting (16). 2.5-d chicken embryos were homogenized in solubili- 
zation buffer (150 mM Tris, 1.5 mM EDTA, and 22% sucrose-containing 
protease inhibitors). Aliquots of ,~50 gg were used for each lane. 

Analysis of Antigens by SDS PAGE. SDS PAGE was carried out on 1.5- 
ram-thick 5-15 % gradient running gels with 4 9[ stacking gels using the 
buffer system of Laemmli (28). Whole chick homogenates (for,Western 
blots) or immunoprecipitates were prepared for electrophoresis by addition 
of concentrated sample buffer, to yield a final concentration of 4% SDS, 
10% glycerol, 0.125 M Tris-HC1 (pH 6.8), and 5% 13-mercaptoethanoi. 
Samples were boiled for 5 min. 

Visualization of Gel Bands. After electrophoresis, gels were fixed and 
stained with Coomassie Brilliant Blue. Bands labeled with LM were de- 
tected by impregnating the gels with Enhance (DuPont Co., Wilmington, 
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DE), then exposing the dried gels to Kodak XAR film at -80°C. For immu- 
noblots, the proteins were electroeluted onto nitrocellulose and the filters 
were incubated with the monoelonal antibody against FN (10 Ixg/ml). Bands 
were visualized with an alkaline phosphatase second antibody (Promega 
Biotec, Madison, WI). Apparent molecular mass was estimated by compari- 
son with heavy molecular mass standards (Bethesda Research Laboratories, 
Gaithersburg, MD). 

Results 

The localization of the CSAT antigen, together with FN and 
LM, in early chick embryos is presented below. First, we de- 
scribe the distribution pattern of CSAT, FN, and LM in gas- 
trulating and neurulating embryos. Then, the distribution of 
these antigens are described in the cranial and trunk regions 
both during and after neural crest migration. 

CSAT, FN, and LM during Primitive Streak Formation 

CSAT. In regions undergoing gastrulation, faint CSAT im- 
munoreactivity was observed outlining the circumference of 
most cells in the embryo. The CSAT immunofluorescence 
was more intense on the basal surface of the epiblast (Fig. 
1 A), except at the level of Hensen's node, where CSAT im- 
munoreactivity was comparable with that surrounding other 
cells within the embryo. In addition, many extraembryonic 
membranes exhibited bright immunofluorescence of con- 
stant intensity throughout the developmental stages ex- 
amined. 

FN. In gastrnlating embryos, FN immunofluorescence 
was observed both under the hypoblast and along the base- 
ment membrane of the epiblast (Fig. 1 B). This is distinct 
from the distribution of CSAT, which was observed primar- 
ily under the epiblast. At the level of Hensen's node, FN 
staining was not seen in the basal lamina surrounding the 
node, though fibrillar FN was observed within the node it- 
self. With the exception of the nodal region which had fibril- 
lar staining, FN was only detected in organized basement 
membranes. 

LM. LM in the gastrulating embryo was observed in the 
basement membranes surrounding tissues whose cells were 
outlined by CSAT. LM staining was seen on the basal surface 
of the epiblast, but was absent from the hypoblast (Fig. 1 C). 
At the level of Hensen's node, LM was observed within the 
node itself. LM was only seen in an organized basement 
membrane except in the nodal region, where the staining ap- 
peared fibrillar. 

CSAT, FN, and LM during Neurulation 

CSAT. After gastrulation and notochord formation, CSAT 
immunoreactivity was most intense along the basal surface 
of the neural folds and presumptive neural tube, ectoderm, 
and notochord. After neural tube closure in the mesencepha- 
lon, premigratory neural crest cells residing in the dorsal as- 
pect of the tube could be distinguished from other neural 
tube cells by their rounded morphology and their position in 
the neural tube. Both prernigratory cranial neural crest cells 
and other cells within the neural tube, were outlined by 
CSAT (Fig. 2 A). In the trunk region as well, all neural tube 
cells were outlined with CSAT, though no morphological 
distinctions were apparent between neural tube cells and 
premigratory neural crest cells. In addition to premigratory 
cells, migrating neural crest cells had CSAT immunoreac- 

Figure L Fluorescence photomicrographs of transverse sections 
showing CSAT, FN, and LM immunoreactivity in gastrulating 
regions of chick embryos (stages 8-10) at the level of the Hensen's 
node (HN). (A) CSAT immunoreactivity was observed outlining all 
cells of the embryo, but was particularly noticable on the basal sur- 
face of the epiblast (EP). (B) FN immunoreactivity was observed 
on the basal surface of the epiblast and the hypoblast (liP). In addi- 
tion, some punctate staining was seen in Hensen's node. (C) LM 
immunoreactivity was observed on the basal surface of the hypo- 
blast as well as within Hensen's node. Bar, 33 lxm. 

tivity. CSAT immunofluorescence was also observed around 
the dorsal aorta. 

FN. The FN immunoreactivity during and after neurula- 
tion paralleled that of CSAT and was similar to that described 
by previous investigators (14, 41). For example, fibriUar FN 
immunoreactivity was detectable in the region surrounding 
premigratory cranial neural crest cells (Fig. 2 B), which had 
CSAT immunoreactivity on their surfaces. 

LM. The distribution of LM at neurulation was virtually 
identical to that of FN, with intense staining around the basal 
surfaces of the neural folds, ectoderm, notochord, and endo- 
derm. In the mesencephalon, LM was detectable in the ma- 
trix surrounding the premigratory neural crest cells (Fig. 2 
C). In the trunk, LM was seen in the thin matrix between 
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Figure 2. Fluorescence photomicrographs of transverse sections 
showing CSAT, FN, and LM immBnoreactivity in the mesencepha- 
Ion just before cranial neural crest migration in stage 10 embryos 
(A) CSAT was observed surrounding most cells in the embryo. Im- 
munoreactivity was particularly noticable around cells of the neural 
tube (NT) including the premigratory neural crest cells (NC) that 
were in the dorsal portion of the neural tube. (B) FN was observed 
on the basal surface of the neural tube, ectoderm, notochord, and 
endoderm, as well as within the cranial mesenchyme (M). FN im- 
munoreactivity was also seen in the area surrounding the premigra- 
tow neural crest cells. (C) LM immunoreactivity was observed on 
the basal surface of the neural tube, ectoderm, endoderm, and 

the dorsal neural tube and ectoderm that will be invaded by 
early migrating neural crest cells. This distribution pattern 
parallels that of FN (14, 41). 

CSAT, FN, and LM in the Cranial Region 

CSAT. The CSAT staining pattern was similar in the mesen- 
cephalon, prosencephaIon, and rhombencephalon. CSAT 
immunofluorescence was observed on the basal surface of 
the neural tube and ectoderm, as well as surrounding in- 
dividual cells within the neural tube, notochord, and ecto- 
derm (Fig. 2 A). The antigen was also detected around the 
pharynx and the dorsal and ventral aortae. Before neural 
crest migration, the head mesenchyme had only low levels 
of CSAT staining, with the exception of cells lateral to the 
edges of the pharynx, where immunoreactivity was stronger. 
As noted in previous studies (4, 13), CSAT was observed on 
the surface of migrating neural crest cells in the mesencepha- 
Ion, prosencephalon, and rhombencephalon. In the prosen- 
cephalon, CSAT was observed at the basolateral surface of 
the developing optic vesicle and surrounding individual cells 
within the vesicle (Fig. 3 A). After lens differentiation, 
CSAT was observed surrounding individual cells in the lens, 
optic cup, and neural tube, though the intensity of staining 
was not as high as that observed in the head mesenchyme 
(Fig. 3 D). At the level of the otic vesicle in the rhomben- 
cephalon, CSAT immunoreactivity was observed around in- 
dividual cells of the otic vesicles. Immunoreactivity ap- 
peared to be particularly concentrated at the basolateral 
surface of the otic vesicle (Fig. 4 A). With further develop- 
ment, the CSAT immunoreactivity in the cranial region in- 
creased around the neural tube, notochord, ectoderm, and 
neural crest-derived ganglia. 

FN. FN immunofluorescence in the head essentially ap- 
peared as described elsewhere (13, 14). FN was detected 
around the entire neural tube, under the ectoderm, around 
the basal lamina of the foregut, and within the head mesen- 
chyme (Fig. 2 B). In addition, FN was observed outlining 
the optic vesicle shortly after evagination (Fig. 3 B). After 
lens differentiation, FN was seen surrounding the basal sur- 
face of the lens and in the head mesenchyme surrounding the 
optic cup (Fig. 3 E). In the rhombencephalon, low levels of 
FN immunottuorescence were observed surrounding the otic 
vesicles (Fig. 4 B). The distribution of FN in the head 
largely paralleled that of CSAT. 

LM. In the head mesenchyme, striking laminin immuno- 
fluorescence was detected around the entire neural tube, un- 
der the ectoderm, as well as around the basal lamina of the 
foregut (Fig. 2 C). LM was observed throughout the head 
mesenchyme, and was most noticeable along the lateral 
edges. LM immunoreactivity was particularly strong on the 
basal surface of the otic (Fig. 4 C) and optic vesicles (Fig. 
3 C) and around the optic cup and lens (Fig. 3 F).  The distri- 
bution of LM in the cranial region was similar to that of FN 
described above, except that LM immunofluorescence 
appeared continuous along the basal surface of epithelia, 
whereas FN staining appeared more patchy. In addition, LM 
immunoreactivity was strong around the basal portion of the 
optic cup, whereas FN immunoreactivity was weak or absent 

notochord. LM was also seen within the cranial mesenchyme and 
surrounding the premigratory neural crest cells. Bar, 33 ~tm. 
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Figure 3. Fluorescence photomicrographs of transverse sections through the prosencephalon of stage 10 (A-C) and stage 15 (D-F) chicken 
embryos showing the distribution of CSAT, FN, and LM. (,4) After the optic vesicle buds off from the neural tube, CSAT staining is observed 
on the basolateral surface of the neural tube (NT) and optic vesicle (OT) as well as surrounding individual cells in these structures and 
in the head mesenchyme. (B) FN immunoreactivity was observed on the basolateral surface of the neural tube, optic vesicle, and ectoderm 
as well as within the head mesenchyme. (C) LM immunoreactivity in stage 10 embryos was also observed on the basolateral surface of 
the neural tube, optic vesicle, and ectoderm as well as within the head mesenchyme. (D) In stage 15 embryos, CSAT was observed surround- 
ing cells of the lens, optic cup, and neural tube; marked CSAT immunoreactivity was also observed in the head mesenchyme. (E) FN 
immunoreactivity in stage 15 embryos was strong in the head mesenchyme and surrounding the lens. (F) LM immunoreactivity in stage 
15 embryos was observed on the basolateral surface of the optic cup, lens, and neural tube. Some LM was also noted in the head mesen- 
chyme. Bars, 100 gin. 

on the basolateral surface. The distribution of LM in the 
head largely paralleled that of CSAT. 

In contrast to the sections stained with antibodies against 
CSAT, FN, or LM, only low levels of background staining 
were observed in control sections (Fig. 4 D)  that were 
stained with nonlmmune serum. 

CSAT, FN, and LM during 
Trunk Neural Crest Migration 

In the trunk region of avian embryos, neurulation occurs as 
an anterior to posterior wave. Therefore, numerous stages of 
neural crest migration occur simultaneously within the same 
animal; migration is well advanced in anterior regions while 
just beginning in more posterior regions. Neural crest cells 
begin their migration shortly after formation of the somites. 
The somites are epithelial spheres surrounding a core of 
mesodermal cells, which form by separating from the unseg- 
mented mesenchyme. With increasing embryonic age, the 
somites dissociate to form the dermomyotome, derived from 
the dorsolateral somite, and sclerotome, derived from the 
ventromedial somite. 

CSAZ In the trunk, CSAT staining was seen around the 
neural tube and notochord. Before segmentation, CSAT out- 
lined the periphery of the unsegmented mesenchyme but was 
only present at low levels surrounding cells within the 

mesenchyme. After segmentation, the somites had a low de- 
gree of CSAT staining on their basal and apical surfaces and 
around a few mesenchymal cells within the lumen. After dis- 
sociation of the epithelial somites, high levels of CSAT im- 
munoreactivity were observed around the dermomyotome 
while lesser amounts were detectable around cells of the 
sclerotome (Figs. 5 A and 6 A). Subsequently, CSAT fluores- 
cence was visible surrounding individual cells, presumably 
neural crest cells, in the anterior half of the sclerotome (Figs. 
5 D and 6 D).  In contrast, only low levels of CSAT staining 
were detected in the posterior half of the sclerotome. Neural 
crest cells invade the anterior half of the somite, while the 
posterior half is devoid of neural crest cells (5, 45). In sec- 
tions that were double-labeled with CSAT and HNK-1 anti- 
bodies, all HNK-1 positive cells also possessed CSAT im- 
munofluorescence. Since HNK-1 recognizes migrating 
neural crest cells, this suggests that the cells within the an- 
terior half of the sclerotome with intense CSAT staining were 
neural crest cells. The CSAT immunoreactivity of the neural 
crest cell surface was more intense than that on sclerotomal 
cells. CSAT immunoreactivity was also observed on the in- 
termediate mesoderm along the entire length of the embryo, 
around the dorsal aorta, the mesonephros, the anterior cardi- 
nal vein, the intestines, and extraembryonic membranes. The 
intensity of CSAT immunoreactivity appeared to increase 
with age. Consequently, the intensity of CSAT immunostain- 
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Figure 4. Fluorescence pllotonucrograpns ot transverse sections 
through the rhombencephalon of Stage B chicken embryos show- 
ing the distribution of CSAT, FN, and LM at the level of the otic 

ing appeared somewhat graded along the anterioposterior 
axis such that more intense staining was observed in the more 
mature anterior regions. 

FN. FN reactivity in the trunk was essentially similar to 
that described by previous investigators (41, 53) with the ex- 
ception of that surrounding the neural tube. We observed 
much lower FN immunofluorescence on the ventral surface 
of the neural tube than on the dorsal surface of the neural 
tube. In contrast, previous studies using polyclonal antibod- 
ies detected FN surrounding the entire neural tube (13, 41). 
However, in a recent study by Rogers et al. (47), FN im- 
munofluorescence similar to that observed by us was noted 
around the neural tube. 

In the sclerotome, the distribution of CSAT and FN did not 
entirely overlap. In contrast to CSAT, which was predomi- 
nantly observed in the anterior half of the sclerotome on the 
surface of migrating neural crest cells, the levels of fibronec- 
tin immunoreactivity were comparable within both anterior 
and posterior halves of the sclerotome (Figs. 5 B and 6 B). 
In double-labeling experiments using HNK-1 to recognize 
neural crest cells together with antibodies against FN, some 
but not all HNK-1 positive cells were surrounded by detect- 
able FN immunoreactivity. The sclerotomal FN appeared 
fibrillar and was of lower intensity than that observed sur- 
rounding epithelial tissues (Figs. 5 B and 6 B). The intensity 
of FN immunoreactivity in the sclerotome appeared to de- 
crease somewhat during the time that neural crest cells were 
observed within the somites compared with either earlier or 
later stages (5e, 6e). 

LM. The distribution of laminin in the trunk was similar 
to that of FN. LM was seen surrounding the notochord, ecto- 
derm, mesonephric tubules, and the neural tube (Figs. 5 C 
and 6 C). Before somite formation, no LM immunofluores- 
cence was detected within the unsegmented mesenchyme. 
After segmentation, LM staining surrounded the epithelial 
somites, but was not present within the somite. As the so- 
mites dissociated to form the dermomyotome and sclero- 
tome, LM immunofluorescence surrounded the dermomyo- 
tome (Figs. 5 F and 6 F).  Analogous to the FN distribution, 
LM immunofluorescence was uniform in the anterior and 
posterior halves of sclerotome (Figs. 5 F and 6 F). 

Two differences were noted between the staining patterns 
for FN and LM. First, uniform LM immunofluorescence 
was seen around the entire basal lamina of the neural tube, 
whereas FN primarily stained the dorsal half of the neural 
tube. Second, the LM staining observed within the sclero- 
tome appeared more punctate than the FN staining. 

CSAT, FN, and LM after Formation 
of  Neural Crest-derived Ganglia 

CSAT. The intensity of the detectable CSAT staining ap- 
peared to increase with embryonic age, although the pattern 

vesicles (OP). (A) CSAT was observed around cells within the neu- 
ral tube (NT), otic vesicles, and head mesenchyme. (B) Low levels 
ofFN immunoreactivity were observed around the neural tube, otic 
vesicles, and ectoderm, as well as within the head mesenchyme.(C) 
Strong LM immunoreactivity was observed on the basal surface of 
the otic vesicles, neural tube, notochord, and ectoderm; some LM 
was also seen in the head mesenchyme. (D) A control section 
stained with nonimmune (NI) serum showed no staining above 
background with the exception of blood cells within the dorsal aor- 
tae. Bars, 100 ttm. 
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Figure 5. Fluorescence photomicrographs of transverse sections through the trunk region showing CSAT, FN, and LM immunoreactivity 
in the trunk region at the onset of neural crest migration (A-C; stage 15 embryos) and during active neural crest migration (D--F; stage 
17 embryos). (A) As neural crest migration was beginning, CSAT was seen surrounding all neural tube (NT) cells, including the premigra- 
tory neural crest cells. CSAT was most prominent under the dermomyotomal portion of the somite (S) and around the dorsal aorta. Low 
levels of immunoreactivity were observed under the ectoderm and within the sclerotome (SCL); few neural crest ceils have entered the 
sclerotome at this stage. (B) FN was observed around the somite (S), the dorsal portion of the neural tube (NT), and the notochord (N). 
FN immunoreactivity was particularly strong in the intersomitic space (I), as shown on the fight side of this oblique section. Some fibrillar 
FN staining was noted within the sclerotome. (C) LM immunoreacfivity was observed around the basal surface of the neural robe, 
notochord, ectoderm, and somite. Punctate LM staining was also observed within the sclerotome. (D) During active neural crest migration, 
the CSAT staining was more intense than in younger embryos. CSAT was observed around the basal surface of the neural tube, notochord, 
dermomyotome (DM), ectoderm, and mesonephric tubules. Within the sclerotome, CSAT immunofluorescence was distinct surrounding 
individual neural crest cells (arrow). (E) FN immnnoreactivity was observed on the dorsal surface of the neural tube, around the dermomyo- 
tome, notochord, and dorsal aorta. Low levels of FN immunoreactivity were seen within the sclerotome through which neural crest cells 
migrate. (F) LM imrnunoreactivity was observed around the neural tube, notochord, ectoderm, dermomyotome, and mesonephric tubules. 
Low levels of FN immunoreactivity were observed within the sclerotome. Bars, 50 ~tm. 

of  staining remained relatively unchanged. As described by 
previous investigators (13), high levels of  CSAT immunore- 
activity were observed around cells within the neural crest- 
derived dorsal root ganglia and sympathetic ganglia. 

FN. After formation of the dorsal root ganglia (DRG), the 

FN immunoreactivity appeared to increase in the sclerotome 
in comparison with levels during the time of  active neural 
crest migration. FN staining around epithelial structures 
such as the neural tube and myotome, however, appeared 
lower than that around epithelial structures in younger em- 
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Figure 6. Fluorescence photomicrographs of longitudinal sections through the trunk region showing CSAT, FN, and LM immunoreactivity 
at the onset of neural crest migration (A-C; stage 15 embryos) and during active neural crest migration (D--~ stage 17 embryos). (A) CSAT 
outlined the somite (S) and neural tube (NT). Uniform staining was also observed within the sclerotome (SCL). (B) FN immunoreactivity 
was present around the somite. In addition, some fibrillar FN staining was seen within the sclerotome. (C) LM was observed around the 
somites, as well as in fibrillar form within the somites. (D) During active neural crest migration, CSAT was observed around the dermomyo- 
tome (DM) and surrounding neural crest cells within the anterior (A) half of the sclerotome. In contrast, only low levels of CSAT reactivity 
were observed on sclerotomal cells themselves. Consequently, the posterior (P) half of the sclerotome had little CSAT immunoreactivity. 
(E) FN reactivity was observed around the dermomyotome. In addition, low levels of uniform FN were seen within both anterior and 
posterior halves of the sclerotome. (F) LM immunoreactivity was observed around the dermomyotome. Within the sclerotome, uniform 
LM immunottuorescence was seen in both anterior and posterior halves. Bars: (A-C) 30 lira; (D-F) 50 lam. 

bryos. Across from the anterior half of  the somite, DRG were 
surrounded by FN, though only low levels of  FN were de- 
tected within the ganglia. This FN distribution pattern was the 
reciprocal of  that observed for CSAT, where DRGs had high 
CSAT immunoreactivity while the sclerotome had only low 
levels of  staining. 

LM. Strong LM staining outlined the forming DRG and 
the epithelia around the neural tube and myotome. The gan- 
glia were relatively devoid of  LM fluorescence, with the ex- 
ception of a few individual cells within DRGs. The sclero- 
tome exhibited a uniform laminin staining, which was more 
intense than that present in the sclerotome of younger era- 
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bryos. These results are in agreement with those observed 
by previous investigators (47). 

Molecular Specificity of CSAT, FN, and LM Antibodies 
The antigens recognized by the monoclonal antibodies used 
in this study have previously been described on tissue culture 
cells (1, 15, 26). In addition, CSAT has been shown to im- 
munoprecipitate three bands from whole chicken embryos of 
apparent molecular masses 160, 135, and 110 kD (26). We 
have performed immunoblots and immunoprecipitations to 
ascertain if the antibodies to FN and LM recognize the same 
components in whole chick embryos as they do in cultures 
of chicken-derived cells. 

The monoclonal antibody against laminin precipitated a 
single band of •200 kD. This is the same molecular mass 
immunoprecipitated by this antibody in cultures of chick 
skeletal muscle and fibroblasts (1). Similarly, immunoblots 
using the antibody against fibronectin identified a single 220- 
kD band which appears identical to that reported for skeletal 
muscle FN (15). These data suggest that the antigens recog- 
nized by CSAT, LM, and FN antibodies are specific and 
show no cross-reactivity with other antigens in the whole 
embryo. 

Discussion 

The present study was designed to characterize the distribu- 
tion of the CSAT antigen during early avian development and 
to relate this pattern to the distributions of FN and LM. The 
CSAT antigen is a cell surface receptor that apparently medi- 
ates the binding of some cell types to FN or LM (22). Both 
the cell surface receptor and its ligands in the ECM are es- 
sential elements for the formation of adhesions between the 
cell and the substratum. Therefore, the spatial and temporal 
distribution of CSAT, FN, and LM within the embryo may 
be important during morphogenesis. In our analysis, empha- 
sis was placed on the stages of neural crest migration, since 
it has been demonstrated that normal migration of some neu- 
ral crest populations is perturbed by antibodies to the CSAT 
receptor (4, 6). In tissue culture, both FN (40, 48) and LM 
(39) can serve as substrates for neural crest cell adhesion. 
In addition, FN (14, 34, 41, 53) and LM (47) have been de- 
tected along some neural crest migratory pathways. 

Our observations suggest that the CSAT antigen is present 
on numerous tissues during gastrulation, neurulation, and 
neural crest migration. In gastrulating embryos, CSAT, FN, 
and LM immunoreactivities were observed on the basal sur- 
face of the epiblast, while only FN was detected on the 
hypoblast. In the neurulating embryo, CSAT staining was ob- 
served on many epithelial tissues including the basal surfaces 
of the neural folds, notochord, and ectoderm. In the cranial 
region, CSAT was seen around the foregut, otic, and optic 
vesicles. FN and LM had similar localization patterns to 
those of CSAT and were found in the basement membranes 
surrounding these structures. In the cranial mesenchyme, 
FN and LM were detected along the regions through which 
neural crest cells migrate, while CSAT was observed on the 
surface of cranial neural crest cells. These results suggest 
that CSAT is present on the surface of many epithelial cells 
such as the neural tube, notochord, ectoderm, and der- 
momyotome, as well as on mesenchymal neural crest cells; 
FN and LM were found in matrices surrounding these cells. 

Our findings extend the recent observations of Duband et al. 
(13) who reported some codistribution between FN and the 
FN receptor during neural crest migration. At later develop- 
mental stages, other investigators have observed the CSAT/ 
JG22 antigen on the basal surface of intestinal epithelial cells 
and smooth muscle (9), in many locations where FN and/or 
LM were also found. These observations suggest that cells 
containing CSAT were often in proximity to matrices con- 
raining FN and/or LM. 

The parallel distributions of CSAT, FN, and LM were not, 
however, absolute. For example, in gastrulating tissue, the 
CSAT antigen was present only on the hypoblast, whereas 
FN was seen on both the hypoblast and epiblast. During neu- 
rulation, CSAT was found lining the basal surface of all neu- 
ral tube epithelial cells whereas FN was primarily seen in 
the basement membrane surrounding the dorsal half of the 
neural tube. In both gastrulating and neurnlating embryos, 
the CSAT distribution pattern paralleled that of LM more 
closely than that of FN. 

In the trunk, FN and LM immunoreaetivity appeared to 
be uniform in both anterior and posterior halves of the 
sclerotome. In contrast, trunk neural crest cells have previ- 
ously been shown to move preferentially through the anterior 
half of the sclerotome (5, 45). This suggests that neither FN 
or LM have the selective distribution necessary to serve as 
a sole guiding molecule for trunk neural crest cells. The FN 
and LM in the sclerotome appeared fibrillar and the im- 
munoreactivity was lower in intensity than that surrounding 
epithelial structures. Unlike FN or LM, the CSAT antigen 
was predominantly observed in the anterior half of the 
sclerotome. The present results together with previous ob- 
servations (4, 13) indicate that the CSAT staining within the 
anterior somite is on the surface of neural crest cells. How- 
ever, injection of JG22 (4) or CSAT antibodies (Brormer- 
Fraser, M., unpublished observation) into the trunk regions 
caused little or no perturbation in trunk neural crest migra- 
tion even at concentrations tenfold higher than those causing 
abnormalities in the mesencephalon. These results may indi- 
cate that the receptor for FN and LM is more important in 
cranial than in trunk neural crest migration. 

The levels of FN, LM, and CSAT immunoreactivity ap- 
peared to be dynamic at different developmental stages. In 
our analysis, the intensity of FN and LM immunofluores- 
cence in the sclerotome appeared to decrease somewhat dur- 
ing neural crest migration and returned to higher levels after 
ganglion formation. The FN present around the neural tube 
and dermomyotome appeared to remain constant during 
these same times, as originally observed by Thiery et al. (49, 
53). Because neural crest ceils migrate through the sclero- 
tome (5, 45) rather than between the neural tube and somites 
as proposed by Thiery et al. (53), our results indicate that 
neural crest cells may migrate at a time when FN and LM 
may be reduced on their migratory pathways in comparison 
to other developmental stages. In older embryos, LM im- 
munofluorescence was notable around the dermomyotome, 
notochord, ectoderm, sclerotome, and surrounding the 
DRG. Only a few cells that stained with either LM or FN 
were detected within the ganglia. Levels of CSAT im- 
munoreactivity were also dynamic on both epithelial and 
neural crest-derived tissues and appeared to increase 
markedly with embryonic age. In avians, development pro- 
ceeds in an anterior to posterior wave. The intensity of CSAT 
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staining appeared graded along the rostrocaudal axis, with 
more developed regions showing more intense levels of im- 
munofluorescence. 

Biochemical characterization of the CSAT antigen has 
demonstrated that this 140-kD receptor complex can interact 
with both FN and LM (23). Horwitz et al. (22) have shown 
that a small peptide containing the amino acid sequence arg- 
gly-asp, responsible for the binding of fibronectin to the 
cell surface (43), can prevent binding of CSAT to both FN 
and LM. This may indicate that LM also contains an arg-gly- 
asp sequence. Alternatively, binding of the peptide to the 
CSAT antigen may alter the binding of the receptor to LM 
by a secondary or tertiary event; e.g., by causing a confor- 
mational change in the receptor. In light of the similarities 
in the distribution pattern of FN and LM in the embryo, it 
is interesting that both ECM molecules can interact with the 
same receptor complex. Thus, perturbation experiments 
using JG22/CSAT antibodies (4, 6) and perhaps the FN syn- 
thetic peptides (3) cannot distinguish between the functional 
importance of FN, LM, or possibly other yet to be identified 
molecules which may interact with the same receptor. These 
observations highlight the possibility that a number of ECM 
and cell surface molecules may act in concert during com- 
plex developmental events. 
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