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ABSTRACT The formation and maturation of the outer epithelial layer is essential for maximal 
alphafetoprotein (AFP) production during differentiation of F9 embryoid bodies in the presence 
of 5 x 10 -a M retinoic acid (Grover et al., 1983. J. Cell Biol. 96:1690-1696). The critical phase 
is between the third and the fourth day when the components of the extracellular matrix 
organize into a basement membrane. The role of some of these components in the process 
of epithelium formation and maturation is analyzed in this paper. 

The role of laminin was investigated by testing the effect of exogenous laminin and 
antilaminin in cultures of differentiating F9 aggregates. Tests included growth rates, morpho- 
logical changes, AFP production, determination of AFP mRNA levels, and fluorescent staining 
for basement membrane components and for epithelial markers. At concentrations > 5/~g/ 
ml, exogenous laminin inhibited the production of ALP and prevented AFP gene transcription. 
On the basis of immunofluorescence tests, exogenous laminin appeared to act by preventing 
the accumulation of a basement membrane and by disrupting the organization of the outer 
layer into an epithelium. No such effects were produced by fibronectin or collagens type I or 
IV. 

Aggregates cultured in the presence of antilaminin also failed to organize an epithelium and 
did not produce AFP, whereas those in normal rabbit serum differentiated normally. Therefore, 
endogenous laminin plays a key role not only as a basement membrane structural component 
but also in organizing the epithelial layer of endoderm cells and hence (indirectly) in gene 
expression. 

F9 embryonal carcinoma (EC) cells, when induced with 5 x 
l0 -8 M retinoic acid in suspension cultures, differentiate into 
embryoid bodies consisting of an outer layer of epithelial cells 
surrounding a central core of undifferentiated or partially 
differentiated cells (1). The cells of the outer layer synthesize 
and secrete alphafetoprotein (AFP) and resemble the ceils of 
visceral endoderm in the mouse embryo (1). In our previous 
paper, we studied the process of differentiation of embryoid 
bodies (2). We showed that epithelial layer formation and 
basement membrane organization are essential for the full 
expression of visceral endoderm function (characterized by 
AFP production). AFP is produced at high levels only after 
the outer layer is properly aligned on a basement membrane. 
We have also shown that the appearance of AFP in the 
medium is affected by the density of the starting EC cells in 
the culture, indicating that the early appearance of AFP in 
the medium might be related to the conditioning of the 
medium by high densities of cells, although other explanations 

are possible. We hypothesized that laminin (3, 4), fibronectin 
(5), or type IV collagen (6), components of extracellular 
matrices, might be involved at several stages in the differen- 
tiation process in addition to their accumulation as a base- 
ment membrane. 

The involvement of laminin has been examined in detail 
by adding purified laminin or rabbit antilaminin serum to the 
culture medium in various doses and at various times during 
the 8<1 process of embryoid body formation. Evidence is 
presented in this paper that low concentrations of exogenous 
or endogenous laminin are stimulatory or necessary, respec- 
tively, for embryoid body formation. However, high concen- 
trations of exogenous laminin inhibit the process. Several 
roles of laminin are discussed. 

MATERIALS AND METHODS 
Cell Culture: A subclone or  F9 EC cells, Bl (2), was used in all 

experiments. It is referred to as F9. The maintenance of  the cells and  the 
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conditions affecting the formation of F9 embryoid bodies have previously been 
described (2). 

Differentiation of a ~ t e s  ofF9 cells was induced by adding 5 x 10 -8 M 
retinoic acid to the culture medium at the time of seeding (l). Cultures for 
testing AFP production were grown in 96-well untreated plastic plates as 
described (2). For detection of mRNA the aggregates were grown in 100-ram 
untreated plastic dishes starting with 5 × l06 F9 cells/10 ml for l-d cultures, 3 
x l06 cells/10 ml for 2- and 3-d cultures, 1 x 108 cells/10 ml for 4-d cultures, 
or more. For immunofluorescence tests, aggregates obtained from one 60-ram 
dish seeded with 5 x 105 F9 cells/5 ml were used. 

Additions to Cultures: Rat laminin purified from tumors of a rat 
yolk sac tumor cell line (L2) (7) and human and bovine fibronectin purified 
from plasma (8) were kindly provided by Drs. E. Engvall and E. Ruoslahti of 
this Institute. Laminin (freshly prepared) at 1-2 mg/ml in 0.5 M NaCl, l0 mM 
Tris-HCl, pH 7.4, was stored at -20"C and thawed only once before use. 
Fibronectin (2 mg/ml in 4 M urea) was brought into phosphate-buffered saline 
(PBS) by gel filtration through a column of Sephadex G-25. It was stored at 
4"C and used within a week. Collagen type l was purified from rat tail tendon 
(9) and collagen type IV from bovine anterior lens capsules atter limited pepsin 
digestion (10). These materials were taken up in Dutbecco's modified Eagle's 
medium containing 10% fetal bovine serum, and sterile filtered (pore size, 0.45 
gin) to give stock solutions with concentrations between 20 and 100 ~g/ml. In 
one experiment, laminin was labeled with 12~I by the ehloramine T method 
(11) and added at 106 cpm/ml to cultures over 8 d together with excess of cold 
laminin to a final concentration of 7 ug/ml. The aggregates were collected, 
washed with PBS, fixed in a mixture of ethanol and acetic acid, embedded in 
1% agar (2), and processed for autoradingraphy (12). 

Rabbit antisera to rat laminin (13) and to mouse fibronectin (14) were 
provided by Dr. E. Engvall. The antilaminin cross-reacts with laminin from 
mouse and other species. The antifibronectin cross-reacts with bovine serum 
fibronectin. These antisera and normal rabbit serum were heat-inactivated at 
56"C for 30 rain, dialyzed against PBS, sterile-filtered, and added at the start of 
F9 aggregate cultures at concentrations up to 5% (vol/vol). In all the above- 
described cultures, the medium was replaced on days 2, 4, 6, and 7, and, at day 
8, AFP in the medium was assayed. 

Measurement of AFP and Growth Rates: AFP was determined 
by sandwich enzyme-linked immunosorbent assay (ELISA), as described (15, 
16). The growth of the embryoid bodies was measured by disrupting them in l 
M glycine, 2 mM EDTA for 3 h at 37"C, and determining the cell numbers as 
described (2). 

Immunofluorescence: The embryoid bodies were washed, fixed in 
a mixture of ethanol and acetic acid, embedded in 1% agar, sectioned, and 
stained for detection of extracellular matrix components (laminin, fibronectin, 
and type IV collagen), cytoskeletal intermediate filament proteins, Endo A and 
B (17), and blood group antigens, I and i ( 18, 19). The antisera used were rabbit 
antibodies: antilaminin, antifibronectin, antitype IV collagen, anti-Endo A, 
and anti-Endo B; and human antibodies: anti-I and anti-i. The controls were 
normal rabbit serum and normal human serum. Details are described by Grover 
et al. (2). 

Light Microscopy: The embryoid bodies were fixed in 2.5% glutaral- 
dehyde buffered with 0.06 M sodium cacodylate at pH 7.3 for 4 h, rinsed in 
three changes of cacodylate buffer, and postfixed in 1% osmium tetroxide 
buffered with veronal acetate at pH 7.3. Dehydration was carried out in a series 
of graded ethanols at pH 7.3 before embedding in Araldite medium. Thick 
sections (1 ~m) were mounted on glass slides and stained with 1% Toluidine 
Blue in 1% borax solution (20). 

Dot Blots to Detect and Quantitate mRNA for AFP: To 
quantitate AFP mRNA production during the time course, F9 aggregates and 
monolayers were collected from large-scale cultures after 1-21 d. In another 
series, cultures contained various concentrations of extracellular matrix com- 
ponents, and these were cultured for 4 d (with one medium replacement at 2 
d) before harvesting. 

Total RNA was extracted from each sample of F9 aggregates and, for a 
positive control, from mouse embryo visceral yolk sacs, as described (21). Total 
RNA (5 ug in 15 ul of 3x standard saline citrate: 0.15 M sodium chloride, 
0.015 M trisodium citrate, pH 7.4 [SSC], 5 mM methyl mercury hydroxide) 
was dotted onto nitrocellulose membranes according to the method of Thomas 
(22). 10-fold serial dilutions of RNA were prepared in a solution of 1 mg/ml 
tRNA, 5 mM methyl mercury hydroxide, and 3x SSC, and 5-~1 aliquots were 
dotted. 

Nitrocellulose filters were processed as described (23) and RNA was hybrid- 
ized for 15 h at 65°C with 10-20 ng/ml heat-denatured probe (1-3 × 106 cpm 
~2P/ml). The probe consisted of the plasmid pBR322 with a 1,700-base-pair 
cDNA insert containing the AFP-encoding sequence (24). Autoradiographs of 
the blots were exposed for 1--6 d and were densitometrically scanned and 
integrated to quantitate the data. 
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RESULTS 

Morphological Effects of Exogenous Laminin 
We have previously shown (2) that F9 aggregates cultured 

in the presence of 5 x l0 -s M retinoic acid develop a distinct 
outer layer of cells and that, subsequently, internal cysts 
appear as embryoid bodies form. Control aggregates (in the 
absence of retinoic acid) did not develop an outer layer of 
cells; the aggregates were dark in the center and did not 
become cystic. 

When laminin was added to F9 aggregate cultures, the 
following observations were made. In the presence of low 
concentrations of laminin (<5 #g/ml) for 8 d, the cultures 
morphologically resembled the embryoid bodies produced in 
the absence of added laminin, that is, an epithelial layer 
appeared. However, at concentrations of exogenous laminin 
>5 ~g/ml, the aggregates did not develop an outer layer of 
cells at any time. They appeared slightly smaller compared 
with those cultured without laminin, but the cell numbers 
were similar (Table I), indicating that laminin was not toxic 
to cell metabolism or growth. Furthermore, aggregates that 
formed in the presence of high laminin concentrations (>5 
#g/ml) remained solid and spherical, did not become cystic, 
and, unlike the control aggregates, they were not dark in the 
center. The morphological effect was specific for laminin and 
was not observed with human or bovine fibronectin, bovine 
collagen type IV, and rat collagen type I at similar concentra- 
tions. The addition of these materials did not alter the pro- 
duction or time of appearance of an outer layer of epithelium. 

Microscopic Appearance of  Aggregates Cultured 

with Laminin 
Sections of F9 cell aggregates cultured in the presence of 

retinoic acid for 8 d showed a well-defined endoderm cell 
layer forming an epithelium resting on a basement membrane 
and with several layers of less differentiated cells within (Fig. 
1 a). The other obvious feature was the cystic center contain- 
ing some cellular debris. Most of the cells of outer layer 
resembled visceral endoderm of the postimplantation mouse 
embryo (20) and had numerous microviUi and pinocytotic 
and lysosomal vacuoles. The presence of numerous fat drop- 
lets gave a lacy appearance to the outer cell layer. In the 
presence of exogenous laminin (>5 #g/ml), the ceils resembled 
the cells of aggregates cultured without retinoic acid in that 
no central cyst formed and there was no epithelial layer and 
no basement membrane. The outer layer of cells did not 
develop into visceral endoderm-type ceils. The cells did not 

TABLE I 

Effect of Laminin on Differentiation of F9 Embryoid Bodies 

Days of  t reatment AFP Cell number 
% control % control 

0-8  3--+2 117-+24 
0-3 54-+ 15 116-+9 
3-8  18 -- 6 109 -+ 32 
6-8  73-+ 17 117-+20  

Rat laminin (10 ~g/ml) was added to the medium for the indicated lime 
periods during the 8-day culture. Laminin was included for all 8 d (line 1), or 
was added from the start of the culture for only 3 d (line 2), or was added on 
day 3 of the culture for the last 5 d (line 3}, or added for the last 2 d (line 4). 
AFP was measured as nanograms per milliliter on day 8 when the total cell 
numbers were counted (see Materials and Methods). There were three 
determinations. 



FIGURE 1 Photomicrographs of sections of F9 aggregates. (a) Control cultures of embryoid bodies at 8 d. (b) Aggregates cultured 
for 8 d in the presence of 10/~g/ml rat laminin, a and b are 1-/zm sections stained with Toluidine Blue. (c) Autoradiograph of 
sections of F9 aggregates cultured with 7 #g/ml laminin and tracer levels of 12Sl-laminin. Bar, 20 u,m. Original magnification, x 
400. 

appear pinocytotic, had no microvilli, and no distinct vacu- 
oles: All cells appeared similar (Fig. 1 b). In contrast, the outer 
endoderm layer of normal embryoid bodies stained more 
intensely with Toluidine Blue, and this together with the 
basement membrane served to make the epithelial layer dis- 
tinct from the rest of the more rounded, paler-staining cells. 

We also cultured aggregates with 7 ug/ml laminin together 
with radio-iodinated laminin at tracer level. These aggregates 
were fixed and processed for autoradiography as described in 
Materials and Methods. The resulting sections of the cell 
aggregates showed that exogenous laminin had indeed pene- 
trated and was found around most cells (Fig. I c). The greatest 
label intensity was found adhering to the outer edge of the 
aggregates, and this fact was taken into account when consid- 
ering the possible modes of action of laminin. 

Immunofluorescence Tests for 
Epithelium Formation 

The results of immunofluorescence staining of sections of 
embryoid bodies cultured for 8 d in the presence of 10 ~g/ml 
bovine fibronectin (Fig. 2, column C) were similar to those 
of bodies cultured in its absence (Fig. 2, column A). There 
was an outer layer of cells underlaid by a distinct basement 
membrane that stained for laminin, fibronectin, and type IV 
collagen. In contrast, sections of aggregates cultured with 
laminin (10 #g/ml) for 8 d did not show a basement mem- 
brane. Instead, laminin, fibronectin, and type IV collagen 
were uniformly distributed over nearly all the cells (Fig. 2, 
column B). 

In immunofluorescence staining for epithelial markers, an 
abnormal pattern was observed in cultures containing lami- 
nin. The cytoskeletal protein, Endo B, was present in low 
amounts and in a scattered pattern (Fig. 3, compare column 
A and B). Staining for i blood group antigen was positive on 
most cells in the aggregate instead of being restricted to the 
very outermost margin of the outer layer as it is in embryoid 
bodies formed in the absence of laminin. I antigen similarly 
showed a wider distribution on the outermost layers of cells 

(Fig. 3). The latter observations were important because they 
indicated that the markers were not correctly distributed as 
would be expected for an epithelium, and also that the cells 
of the aggregate were differentiated to some extent. This was 
confirmed by lack of stage-specific embryonic antigen (SSEA- 
1; [25]) staining (not shown), which was earlier shown to be 
expressed on the undifferentiated cells (2). 

Effect of Exogenous Laminin on AFP Production 

We have previously shown (2) that maximal production of 
AFP takes place when the epithelial layer is fully organized 
on a basement membrane, that is, at 8-10 d of culture. We 
analyzed the effect of laminin on endoderm expression by 
adding it at a range of concentrations and at various stages of 
the process. The AFP secreted into the medium was tested at 
8 d in all cases. Fig. 4 shows the effect of various concentra- 
tions of rat laminin on AFP production. At concentrations of 
laminin >5 vg/ml, AFP production was greatly inhibited at 
all starting cell densities of F9 EC cells. We observed total 
inhibition of AFP production at 10 #g/ml of laminin in the 
medium. 

The effect of lower laminin concentrations differed accord- 
ing to the density of the cultures. Within a range of 0.1 to 1 
#g/ml, less inhibition of AFP production occurred in cultures 
of lower cell density (e.g., 600 cells) compared with the 
cultures of higher cell density (e.g., 2,400 cells). In fact, at the 
lowest cell density (300 cells), we observed a slight increase in 
AFP production (Fig. 4). Since we did not know the rate of 
cell proliferation in this study, increased AFP production 
could have been caused either by increased numbers of en- 
doderm cells or by increased AFP production per cell. We 
concluded that under specific conditions low concentrations 
of exogenous laminin may stimulate growth or differentiation, 
but that the predominant effect at average or high cell densities 
is that laminin disrupts or inhibits the formation of visceral 
endoderm, as measured by AFP production. 

When 10 ug/ml laminin was added to cultures for all 8 d, 
maximal inhibition of AFP production was observed (Table 
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FIGURE 2 Immunofluorescent staining of sections of F9 aggregates for basement membrane components. Column A, 8-d control 
cultures (embryoid bodies); column B, 8-d aggregates cultured with 10 ~g/ml rat laminin; column C, 8-d cultures with 10 #g/ml 
bovine fibronectin. LN, stained for laminin; FN, stained for fibronectin; IV, stained for type IV collagen. Bar, 50/~m. Original 
magnification, x 250. 

I). Very little inhibition was observed when laminin was 
included in the culture medium for the first 3 d only (17%), 
showing that the major deleterious effect of laminin was on 
the later phases of the process. In fact, laminin added from 
days 3 to 8 had almost as much effect as that added from 
days 0 to 8, whereas laminin present from days 6 to 8 had no 
effect and therefore the process of secretion itself was not 
affected. We concluded that laminin inhibits embryoid body 
formation by affecting a process that occurs between the third 
and the sixth day. We have shown previously that this period 
is important for the organization of the basement membrane 
and the appearance of the visceral endoderm phenotype (2). 

Other components associated with the basement membrane 
were tested similarly. Fibronectin and type IV collagen added 
at concentrations up to l0 #g/ml had little or no effect on 
AFP production. Fibronectin, type IV collagen, and bovine 
serum albumin at 20/zg/ml or higher slightly inhibited AFP 
levels produced by densely-seeded cultures, although the de- 
gree was variable and inconsistent. The effect of laminin 
therefore appears to be specific. 

AFP in the extract. The first visible increase in the amount of 
probe hybridized was on the third day (shown at highest 
sensitivity in Fig. 5b) but the largest increase of 20-fold 
occurred between days 3 and 4. Thereafter, a steady rise of 
mRNA occurred to a maximum between day 8 and 15 (Fig. 
5). 

In the next series of experiments, extracts of RNA were 
made from F9 aggregates cultured in the presence of a range 
of extracellular matrix components at various concentrations. 
To conserve our purified matrix components, we stopped the 
cultures after 4 d when the maximum increase ofAFP mRNA 
should have occurred. The results in Fig. 5 show that the 
culture containing laminin contained little or no mRNA for 
AFP since the dots reacted at background level. Some cultures 
containing matrix components contained somewhat less 
mRNA for AFP, but in general the levels were within the 
experimental variation of control. Therefore, we concluded 
that laminin specifically modulated differentiation of F9 em- 
bryoid bodies by inhibiting AFP production at the level of 
transcription. 

Effect of  Exogenous Laminin on AFP 
mRNA Production 

Since AFP was not found in cultures of F9 aggregates 
containing laminin, we examined the cultures for AFP mRNA 
production. Fig. 5 a shows that extracts of total RNA from 
normal cultures hybridized to labeled cDNA for AFP in a 
pattern and in amounts reflecting the amount of mRNA for 

F9 Aggregates Cultured in Antilaminin 

We observed earlier that low concentrations of laminin 
were stimulatory to AFP production when added to cultures 
containing very few cells (75-300 cells, Fig. 4). We have 
observed that laminin is synthesized by F9 cells throughout 
the time course of embryoid body formation, with a sharp 
increase on day 2 (2). Therefore, we attempted to remove this 
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FIGURE 3 Immunofluorescent staining of sections of F9 aggregates for cytoskeletal and cell surface antigens. Column A, 8-d 
control cultures (embryoid bodies); column B, 8-d aggregates cultured with 10 ~g/ml rat laminin; column C, sections stained with 
preimmune normal rabbit or human sera (NRS, NHS). E, stained for Endo B, bar = 20 ~m; i, stained for i antigen; bar = 50 ~.m; I, 
stained for I antigen, Bar = 50 ~.m. Original magnifications, x 400 (E); x 250 (i and I). 

laminin or to neutralize its effectiveness in any stimulatory 
process by adding rabbit antilaminin antiserum to cultures. 
The result was a dose-dependent inhibition of AFP production 
measured on the eighth day (Table II). For example, AFP 
production was inhibited 66% in cultures containing antilam- 
inin antiserum (1:40 dilution) compared with those contain- 
ing an unrelated antiserum (not shown) or normal rabbit 
serum. Interestingly, rabbit antibovine fibronectin also inhib- 
ited AFP production at similar dilutions. 

Since both antilaminin and antifibronectin inhibited AFP 
production by F9 aggregates (Table II), it was of interest to 
see whether they interfered with the formation of the epithelial 
layer. This was tested by studying the distribution of basement 
membrane components (laminin, fibronectin, and type IV 
collagen) and cell surface markers (blood group antigens I and 
i) in 8-d cultures. Figs. 6 and 7 show the immunofluorescence 
staining of sections of F9 aggregates cultured in antilaminin 
and antifibronectin. Aggregates cultured in antilaminin (1:20) 
and stained for laminin, fibronectin, and type IV collagen 
lacked a basement membrane. Instead, laminin, fibronectin, 
and type IV collagen were uniformly distributed (Fig. 6). 
Similarly, there was uniform distribution of I antigen on outer 
layers of sections, whereas i antigen failed to appear at all 
(Fig. 7). 

On the other hand, sections of aggregates cultured in anti- 
fibronectin (1:20) and stained for laminin, fibronectin, and 
type IV collagen showed a normal distribution of these mark- 
ers in the basement membrane (Fig. 6). In addition, both I 
and i antigens were expressed normally on the outer cell 
surface (Fig. 7). Similar staining patterns were observed with 

4 0 0  "!'i 

--~" ~ 600 ~ 200 

0 0.1 1 1=0 
Rat Laminin (IJg/ml) 

FIGURE 4 Effect of exogenous laminin on AFP production. Differ- 
entiating F9 aggregates were cultured for 8 d in the absence or 
presence of rat laminin at various concentrations. The numbers 
indicate the number of F9 cells seeded per well in a 96-well 
microtiter plate. A, 600; O, 300; I-I, 1,200; I ,  2,400. AFP was assayed 
on day 8. The AFP measurements of cultures without added laminin 
are connected to those with laminin by dotted lines. 

bodies cultured in normal rabbit serum (1:20, not shown). 
In summary, we found that endogenous laminin was nec- 

essary for forming a basement membrane as well as for 
organizing the outer epithelial layer of visceral endoderm 
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FIGURE 5 Detection of AFP mRNA by dot hybridization. (a) Du- 
plicate dots of 5, 0.5, and 0.05/~g total RNA extracted from cultures 
over a t ime course were dried onto nitrocellulose membranes. 
Radioactive cDNA for AFP was applied and the filters were proc- 
essed as described in Materials and Methods. RNA extracted from 
mid-gestation mouse embryo visceral yolk sacs (VYS) was added 
for a comparison. The largest proport ion of AFP mRNA was found 
between day 8 and 14 of F9 embryoid body cultures. The largest 
single day increase was between days 3 and 4 (RNA was inadvert- 
ently lost from the third day sample and different extracts are shown 
again at a more sensitive level in the upper port ion of b. ECC, F9 
embryonal carcinoma cell monolayers; agg, F9 aggregates cultured 
for 2 and 3 d in the absence of retinoic acid; DI through 21, day 
of culture of embryoid bodies from I to 21. (b) RNA extracted from 
F9 aggregates cultured with extracellular matrix components for 4 
d was dotted and hybridized as described in a. LN, laminin; FN, 
f ibronectin; I, type I collagen; IV, type IV collagen. The number in 
parentheses indicates the concentration in #g/ml.  

cells. This is consistent with the inability of aggregates to 
produce AFP when cultured in antilaminin. F9 aggregates 
cultured in antifibronectin, on the other hand, were not 
affected in their ability to form an epithelium. However, this 
layer of cells was unable to produce AFP, and therefore 
fibronectin appears to play a distinctly different role in em- 
bryoid body formation. 

DISCUSSION 

We showed earlier (2) that the organization of an epithelium 
of visceral endoderm cells as an outer layer on aggregates of 
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differentiated F9 cells involves many overlapping steps: aggre- 
gation, proliferation, differentiation, basement membrane for- 
mation and organization, and maturation and secretion. The 
secretion of large amounts of AFP (up to 4 t~g/10 6 ceUs/day) 
occurs at a late stage (day 8- l  0) and seems to correlate with 
the formation of a mature, polarized epithelial layer, properly 
aligned on a thin basement membrane. The organization of 
the epithelium starts at a critical stage during the differentia- 
tive process, that is, the fourth day. Before this time, there is 
no indication of asymmetric accumulations of extraceUular 
matrix materials, although new gene activity is seen prior to 
the fourth day. Increased synthesis of laminin occurs on the 
second day. Radiolabeled Endo A and B and AFP polypep- 
tides are first detected intraceUularly on day 3. It is only on 
the fourth day that basement membrane components, lami- 
nin, fibronectin, and type IV collagen, start to accumulate in 
the outer layer of cells. These deposits change to a thin layer 
under the newly-forming epithelium. On the sixth day AFP 
can be detected in the medium, and this rises extremely 
rapidly up to the tenth day. The evidence presented in this 
paper shows that the increased production of mRNA for AFP 
(Fig. 5) starts on the third day and, since small amounts of 
AFP are detected on day 3 by immunoprecipitation (2), it 
appears that the message is translated immediately. However, 
the AFP is either retained within the cell or is diluted so much 
in the medium that it is not detectable by ELISA (lower limit 
2 ng AFP/ml) until day 6. 

When laminin (above 5 ug/ml) was added to cultures of 
differentiating F9 aggregates, the events leading to the for- 
mation of an epithelium did not occur. No outer differentiated 
layer of visceral endoderm cells was seen (Fig. I b), no base- 
ment membrane was formed (Fig. 2), no AFP was produced 
(Fig. 4), and no AFP mRNA was detected (Fig. 5). However, 
laminin did not prevent differentiation in general since SSEA- 
l disappeared (not shown), and I and i antigens were ex- 
pressed, although abnormally (Fig. 3). The normal embryoid 
body displays I antigen throughout the outer epithelial layer 
and i is normally on the outermost margin of that layer. In 
cultures containing laminin, the cell-surface antigens and also 
Endo B cytoskeletal protein were found throughout the 3-5 
outer cell layers of the aggregates. The overall appearance was 
lack of the normal asymmetry and therefore, we concluded 
that laminin disrupted the "organization" required for epithe- 
lium formation. Since exogenous laminin was seen predomi- 

TABLE II 

Effect of Antilaminin and Antifibronectin on AFP Production by 
F9 Embryoid Bodies 

Antiserum Dilut ion AFP 

Anti laminin 

Antif ibronectin 

% control 
1:40 34 
1:80 50 
1:160 57 
1:320 80 
1:640 112 
1:40 42 
1:80 37 
1:160 42 
1:320 78 
1:640 1 18 

Antilaminin, antifibronectin, or normal rabbit serum (control) was included 
for all 8 d of culture. AFP was measured on day 8 and the cells were counted. 
Percentages were calculated as micrograms AFP produced per 106 cells per 
day. Results shown are from one of two similar experiments. 



FIGURE 6. lmmunofluorescent stain- 
ing of sections of F9 aggregates cul- 
tured with antisera for 8 d; staining 
for basement membrane compo- 
nents. Column A, cultured in 1:20 
dilution of antilaminin; column B, in 
1:20 dilution of antifibronectin; LN, 
stained for laminin; FN, stained for 
fibronectin; IV, stained for type IV 
collagen. Bar, 50 #m. Original mag- 
nification, x 250. 

FIGURE 7 Immunofluorescent staining of sections of F9 aggregates cultured with antisera for 8 d; staining for cell surface markers. 
Column A, cultured with antilaminin (1:20); column B, cultured with antifibronectin (I :20); I, stained for I antigen; i, stained for i 
antigen. Bar, 50 ~m. Original magnification, x 250. 
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nantly on the outside of aggregates (Fig. 1 c), we hypothesize 
that the disruption was caused by laminin being on the wrong 
side of the outer cell layer such that asymmetric arrangements 
could never form. This hypothesis is supported by the results 
obtained when laminin is added at different stages of the 
process (Table 1). If the basement membrane does not form, 
it appears that an epithelial layer cannot align properly and 
"mature" with correctly organized cytoskeletal elements, mi- 
crovilli, and desmosomes, etc. 

We observed that mRNA for AFP was extremely low in 4- 
d cultures in the presence oflaminin (Fig. 5), although it was 
detected readily in control cultures at 3 d. Since other differ- 
entiated products were observed (Figs. 2 and 3), it must be 
concluded that the expression of new genes is modulated 
differentially by laminin. It is possible that AFP mRNA 
appears in older cultures but this is unlikely because no AFP 
is detected as late as the 8-d stage. We can speculate that the 
AFP gene is expressed only when all the other visceral endo- 
derm characteristics are present and functioning correctly: for 
example, when a cytoskeleton of intermediate filaments is 
organized, possibly to maintain the asymmetry and alignment 
on the basement membrane, or to maintain the functional 
integrity of the tight apical junctions and desmosomes that 
characterize the epithelium. 

Another significant finding relevant to the role of laminin 
is that dense cultures differentiate earlier and synthesize 
greater amounts of AFP per cell (2). Since we know that 
laminin is a product whose synthesis increases early (2 d), we 
hypothesize that endogenous laminin in the medium may 
form a part of the stimulatory mechanism. This is supported 
by the finding that low concentrations of exogenous laminin 
stimulate AFP production in low density cultures but not 
high density cultures (Fig. 4). Likewise, it has been reported 
that laminin supports the growth and differentiation of F9 
monolayers (26). Further evidence is the reduction in AFP 
production when aggregates are cultured in antiserum to 
laminin (Table II). Of course, there is an obvious need for 
both laminin and fibronectin, since they appear to form part 
of the basement membrane (Fig. 2A). Cultures in either 
antilaminin or antifibronectin fail to produce AFP, but the 
effect ofantilaminin is clearly different and more fundamental 
since it causes the failure of epithelium formation. The effect 
of antifibronectin appears to occur at a later stage, and this is 
being examined further. 

In summary, endogenous laminin is essential for forming 
and organizing the epithelial layer on F9 embryoid bodies. 
Exogenous laminin supplied in low amounts stimulates AFP 
production, possibly by stimulating the formation and orga- 
nization of the epithelial layer. Excess exogenous laminin, 
however, is deleterious to epithelium formation, possibly be- 
cause asymmetry cannot be established and therefore a co- 
herent basement membrane cannot partition off the outer 
layer and form the basis of its polarity. 
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