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Summary-Fibronectin, visualized in premolar pulps by indirect immunofluorescence, was abundant in 
the odontoblast layer, around blood vessels and in the core of the pulp. Similarity of alignment of 
fibronectin with the argyrophilic fibres and von Korff fibres was evident. Fibronectin was extracted from 
pulps after first removing blood by washing with water, confirmed by eventual negative reaction on 
a,-macroglobulin. Extraction of fibronectin from this remaining tissue was most effectively achieved by 
treatment with collagenase or hyaluronidase, though in all cases some fibronectin remained, indicating 
that fibronectin in pulp is not exclusively associated with collagen and/or proteoglycans. The fibronectin 
quantified by electro-immunoassay and expressed as percentage of dry weight was 0.030 per cent in the 
water extract, 0.094 per cent in the collagenase extract and 0.109 per cent in the hyaluronidase extract. 
Twice as much fibronectin was extracted from the apical pulp as from the coronal and middle parts, in 
accord with earlier findings of a higher collagen content in the radicular part. It is suggested that with 
the loss of collagen type III during odontoblast differentiation and its reappearance with advancing 
vascularization of the dental papilla, the amount of fibronectin is similarly altered. 

INTRODUCTION 

Previous biochemical studies on the extracellular 
matrix of human dental pulp revealed the concen- 
tration of collagen, its degree of cross-linking, as well 
as the types and amounts which are present (van 
Amerongen, Lemmens and Tonino, 1983). Pulp tis- 
sue is a loose connective tissue containing, next to 
collagen as main organic components, proteoglycans 
and glycoproteins (Seltzer and Bender, 1975). An 
interesting substance belonging to the glycoproteins 
is fibronectin, which is an important ingredient of 
connective tissue matrix and basement membranes 
(Linder et al., 1975; Stenman and Vaheri, 1978). Two 
types of fibronectin are distinguished, plasma and 
cellular fibronectin which are similar in structure and 
properties. The molecule consists of two similar or 
identical subunits of molecular weight 220,000, held 
together by disulphide-bonding (Hynes and Yamada, 
1982). Interactions with a wide variety of other 
macromolecules are ascribed to it. Fibronectin binds 
to collagens, especially to type III collagen (Engvall, 
Ruoslahti and Miller, 1978) and to glycosamino- 
glycans and proteoglycans (Perkins, Ji and Hynes, 
1979; Yamada et t2Z., 1980). According to Stenman 
and Vaheri (1978) fibronectin is a component of 
reticulin, the descriptive name for fibres staining 
black by silver impregnation. Fibronectin interacts 
with many cells (Pierschbacher, Hayman and Ru- 
oslahti, 1981) and appears to be involved in a variety 
of activities. A basic function suggested is that it 
promotes the adhesion or spreading of cells on mate- 
rials like collagen #and fibrin (Kleinman, Klebe and 
Martin, 1981; Cull), 1978). Plasma fibronectin may 
play an important role in the removal of collagenous 
debris from blood after injury (Saba and Jaffe, 1980). 
Fibronectin is a.lso implicated in embryonic 
differentiations and would thus play a role during 
development of, e.g. the tooth germ (Thesleff et al., 

1979). Because of its extracellular location and bio- 
logical activities, it has been considered to mediate 
cell-matrix interactions and thus play an important 
role in the maintenance of normal tissue order (Baum 
and Wright, 1980). As Thesleff et al. (1979) and Lesot, 
Osman and Ruth (1981) showed that the dental 
mesenchyme lost fibronectin staining when 
differentiating into odontoblasts, we wanted to find 
out if fibronectin was present at all in human pulps 
and if so, where it could be localized. Until now little 
is known about the quantities of fibronectin in con- 
nective tissues. Bray (1978) and Bray, Mandl and 
Turin0 (198 1) extracted fibronectin from human lung 
and placental villi with collagenase and heparin, 
demonstrating its presence and association with col- 
lagen and proteoglycans. Our purpose was to extract 
and quantify fibronectin from human pulps and to 
determine its nature of association in the extracellular 
matrix. 

MATERIALS AND METHODS 

PuriJication of jbronectin 

Fresh or frozen (- 20°C) human plasma was used. 
Fibronectin was purified as described by Engvall et 
al. (1978) and Dessau et al. (1978). In brief, the 
plasma (50 ml) was passed through a column 
(2 x 30cm) of Sepharose 4B (Pharmacia, Uppsala, 
Sweden) and then applied to a gelatin-CNBr Sephar- 
ose 4B column (1 x 10cm). The column was washed 
with 0.9 per cent sodium chloride in 0.02M phos- 
phate buffer, pH 7.4 (PBS) and 1 M urea in 0.05 M 
tris-HCl, pH 7.5. Fibronectin was eluted with 4M 
urea in 0.05 M tris, pH 7.5, dialysed against 0.039 M 
tris-phosphate buffer, pH 8.6, and subsequently ap- 
plied to a DEAE-cellulose column (1 x 10 cm). The 
column was washed successively with 0.039 M tris- 
phosphate buffer, pH 8.6, 0.127 M tris-phosphate, 

93 



94 J. P. VAN AMERONGEN et al. 

pH 6.2, 0.220 M tris-phosphate, pH 5.3 and 0.5 M graphs were taken on Kodak Technical Pan film 
tris-phosphate, pH 4.2. Fibronectin was eluted at (100 ASA). For comparison, some premolar sections 
pH 5.3 and dialysed against 0.05 M tris-HCI, pH 7.5 were prepared with conventional histological tech- 
and used for initiation of antisera or stored at 4°C niques and stained following the silver impregnation 
with 0.02 per cent sodium azide. technique of Gomori (1938). 

Extraction of tissue jibronectin 
The purity of the fibronectin was determined by 5 

per cent (wt/vol) polyacrylamide gel electrophoresis 
in the presence of sodium dodecyl sulphate (SDS) 
(Sykes and Bailey, 1971). After staining with Co- 
omassie Blue, only one band was present, corre- 
sponding with a molecular weight of about 440,000 
(cf. Dessau et al., 1978). After reduction with 0.01 M 
dithiothreitol (DTT) and subsequent electrophoresis, 
only two bands were visible with molecular weights 
of about 200,00~220,000. 

Double diffusion (Ouchterlony, 1958) of several 
fibronectin concentrations against rabbit antiserum 
to human albumin showed no detectable precip- 
itation lines. 

Preparation of anti$bronectin serum 

Anti-fibronectin was raised in rabbits by subcuta- 
neous injection of 0.4 mg fibronectin in 1 ml PBS and 
1 ml Freund’s complete adjuvant. After 4 weeks, a 
booster was given with 0.2 mg fibronectin in 1 ml 
PBS. The animals were bled two weeks later. On 
immuno-electrophoresis, rabbit serum showed a high 
titre of anti-fibronectin. Antiserum was purified fur- 
ther by absorption with fibronectin-free human 
plasma immobilized on glutaraldehyde gel (Avra- 
meas and Ternynck, 1969). The IgG fraction of the 
absorbed serum was isolated by affinity chro- 
matography with protein A-Sepharose CL4B (Phar- 
macia, Uppsala, Sweden) by the method of Ey, 
Prowse and Jenkin (1978). This fraction contained 
5 mg IgG/ml. 

Immunqfiuorescence microscopy 

Dental pulps were obtained from human premolars 
immediately after extraction for orthodontic reasons 
from children aged 9-l 5 yr as described by van 
Amerongen et al. (1983), embedded in 10 per cent 
gelatin in 0.9 per cent sodium chloride and stored in 
liquid nitrogen. Sections 6pm thick were cut in a 
cryostat (at - 2OC) and fixed for 30 min in 2 per cent 
p-formaldehyde in PBS at 4°C. 

For immunofluorescence, we used the indirect 
technique (Stenman and Vaheri. 1978; Chen et al., 
1977). Fixed sections were washed three times for 
IO min in PBS and incubated for 30 min at 37°C with 
20~1 rabbit anti-fibronectin IgG diluted in PBS 
(1:20, 1:40, 1:80, I : 160). Sections were then washed 
again with PBS and treated with fluorescein- 
isothiocyanate conjugated goat anti-rabbit IgG 
(GAR-FITC, Nordic, Immun. Lab., Tilburg, The 
Netherlands) diluted in PBS (1:80) for 30 min at 
37°C. After three IO-min washes, the sections were 
mounted under coverslips with a solution containing 
1OOmM sodium chloride in 50 mM Verona1 buffer, 
pH 8.6 and glycerol, 1: 1 (vol/vol). In control experi- 
ments, the rabbit anti-human fibronectin IgG was 
substituted either with normal rabbit IgG, with anti- 
libronectin pretreated with purified plasma 
fibronectin, or with PBS. The sections were observed 
in a Leitz Orthoplan microscope equipped with a 
fluorescence epi-illuminator Ploempak 2.1. Photo- 

Premolars extracted from children aged from 9 to 
15 yr were immediately frozen and stored at -20°C. 
After defrosting, pulps were removed and minced on 
ice. To obtain sufficient material, two pulps were 
pooled, yielding an average wet weight of 50mg. 
Minced tissue was washed twice in 5 ml deionized 
water for 30 min at 4°C. Unless otherwise stated, all 
extractions were conducted under constant stirring or 
shaking. Centrifugations took place at 50,OOOg for 
‘30 min at 4°C and the supernatants were dialysed 
against a large volume of deionized water. After 
lyophilization, fractions were redissolved in 50 ~1 
electrophoresis buffer, pH 8.6, which contained in 
1 I:tricine, 4.3 g; tris, 9.8 g; calcium lactate, 0.106 g 
and sodium azide, 0.3 g. The effectiveness of the 
extraction of fibronectin was tested by treating the 
washed pulp tissue with one of the following solu- 
tions: (1) One millilitre of 1 per cent Triton X-100 
(scintillation grade) and 4 M urea in electrophoresis 
buffer pH 8.6, for 16 h at 4°C. (2) Five millilitres of 1 
per cent Triton X-100 in sodium phosphate buffer 
pH I 1 .O, containing 1.5 mM phenylmethylsulphonyl 
fluoride (PMSF) and 5 mM benzamidine for 2 h at 
4°C (Olden and Yamada, 1977). Centrifugation took 
place at 100,OOOg for 60 min. (3) Five millilitres of 0.4 
per cent SDS and 4M urea in tris-tricine buffer 
pH 8.6 (see above), containing 2.4 per cent DTT (a 
20-fold excess in relation to dry weight) and 1 mM 
PMSF for 16 h at 4°C. This method was based on the 
solubilization of tissue fibronectin by reduction of the 
disulphide bonds with DTT in the presence of a 
proteolytic inhibitor. (4) Five millilitres of 2 per cent 
SDS in 0.05 M tris-HCI, pH 7.5, for 20 h at room 
temperature. (5) Two millilitres of chloroform- 
methanol (2: 1, vol/vol) for 60 min at 4°C (Folch, Lees 
and Sloane Stanley, 1957). (For removal and dis- 
ruption of lipid-like material in the tissue.) (6) One 
hundred microlitres of 0.05 M sodium phosphate 
buffer, pH 7.1, containing 2 mM PMSF and 1 mg 
heparin from porcine intestinal mucosa (169.9 anti- 
coagulant units per mg, Sigma, W. Germany) for 4 h 
at room temperature (Bray et al., 1981). The samples 
were centrifuged at 7700 g for 20 min. (7) Bacterial 
collagenase (0.3 mg) (395 U/mg, Millipore Cor- 
poration, Freehold, NY 07728) of which the non- 
collagenase proteolytic activity was suppressed 
(Benya et al., 1973) in 1 ml buffer (0.1 M sodium 
chloride, 0.05 M tris-HCl, pH 7.6, 10 mM calcium 
chloride) for 20 h at 37°C. (8) Bovine testicular 
hyaluronidase (1.25 mg) (348 U/mg, Serva, W. Ger- 
many) in 100 ~1 of 0.1 M sodium acetate buffer, 
pH 5.2 containing 0.15 M sodium chloride, for I2 h at 
37°C and three times with 1.25 mg hyaluronidase in 
5OpI of the same buffer at 12 h intervals (37°C). 
(9) Three 5 s-ultrasonic treatments of the tissue in 
0.05 M tris-HCI, pH 8.6, 4 M urea and 20 mM DTT 
with a sonifier D 12 (Branson Sonic Power Company, 
Danbury, Conn.), followed by extraction for 2 h at 
4°C in the same buffer. Finally, some experiments 
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Table 1. Extraction of fibronectin from human premolar pulps 

Fibronectin 
(percentage of dry weight)* 

Extraction medium mean SDt nt 

Water 0.030 0.007 9 
Collagenase in buffer, pH 7.6 0.094 0.032 26 
Hvaluronidase in buffer, DH 5.2 0.109 0.019 10 

*Ratio of wet weight/dry weight in pulps was 8.33 (van Amerongen et 
al., 1983). tSD = standard deviation. $n = number of separate 
determinations. 

were carried out in which some of the above pro- 
cedures were combined in a random order of selec- 
tion. 

All sediments r’emaining were washed with de- 
ionized water, embedded in 10 per cent gelatin in 0.9 
per cent sodium chloride and stored in liquid nitro- 
gen. To judge thl: effectiveness of the extraction 
procedures, the stored sediments were sectioned 
(6 pm) and prepared for immunofluorescence (see 
above). The effectiveness of the collagenase treatment 
was checked by a hydroxyproline assay (Guis, Sloo- 
tweg and Tonino, 1973). 

For quantification of fibronectin, all supernatants 
were analysed follo,wing the slightly modified electro- 
immunoassay technique of Laurel1 (1972). A solution 
with 0.9 per cent agarose (Sea Kern, F.M.C. Cor- 
poration, Rockland, U.S.A.) in tris-tricine buffer (see 
above) was mixed with the anti-fibronectin IgG frac- 
tion (0.4 per cent, vol/vol). Electrophoresis was car- 
ried out for 16 h al: 10°C (10 mA/gel, 150 V). Pooled 
human serum of known fibronectin content was used 
as a standard. The percentage fibronectin was calcu- 
lated on the basis of the dry weights of human 
premolar pulps (van Amerongen et al., 1983). A 
check for non-specific precipitation was carried out 
by exchanging the anti-fibronectin IgG for normal 
rabbit IgG. The amount of blood present in extracts 
was estimated bq a determination of a,-macro- 
globulin based on single radial immunodiffusion as 
described by Mancini, Carbonara and Heremans 
(1965). To check possible differences in fibronectin 
content between the coronal and the radicular part, 
some pulps were divided into three equal sections: a 
coronal, a middle and an apical part, these being 
extracted as described under 7 and 8. 

RESULTS 

The indirect immunofluorescence technique 
showed that fibronectin was ubiquitously present in 
the pulp (Figs 1 and 2). Fibronectin was observed 
between the odontoblasts as well as in the core of the 
pulp. Its distribution was homogeneous except for a 
marked fluorescence around the blood vessels 
(Fig. 2). When compared to pulp sections, stained by 
the silver impregnation technique (Fig. 3), the simi- 
larity of alignment of the predominant argyrophilic 
fibres and von Korff fibres with fibronectin was 
evident. The anti-fibronectin used for 
immunofluorescence was found to be specific, as 
controls were all negative. When 
immunofluorescence slides were kept longer than 
three days at 4”C, a few controls showed slight 

autofluorescence. The use of different dilutions of 
anti-fibronectin for incubation procedures had no 
influence on the results with the exception of the 
largest dilution (1: 160) with which fluorescence was 
weak and faded away soon. 

The extractability of fibronectin as determined by 
electro-immunoassay is shown in Table 1. Hyaluron- 
idase and collagenase were most effective compared 
to the other treatments which failed to extract de- 
tectable amounts of fibronectin. Only treatment with 
heparin yielded a minute amount of fibronectin 
(0.002 per cent) which was at the limit of the de- 
tection method. Comparison of the extracted 
amounts of fibronectin after hyaluronidase or col- 
lagenase treatment gave no statistically significant 
difference. When different extraction procedures were 
carried out consecutively, only treatment with col- 
lagenase, following an extraction with hyaluronidase, 
always delivered an additional amount of 0.007 per 
cent fibronectin (SD + 0.002). The amounts of 
fibronectin which could be extracted by treatment 
with collagenase or hyaluronidase were twice as high 
in the apical part than in the coronal and middle 
parts of the pulps. Hydroxyproline assay revealed 
that 96 per cent of the collagen present was degraded 
and removed from the tissue by collagenase treat- 
ment. 

In blood, the concentrations of fibronectin (Hynes 
and Yamada, 1982) and cc,-macroglobulin (Schultze 
and Heremans. 1966) are known. The ratio of these 
concentrations’ was ‘used for the control of the 
effectiveness of the removal of blood from the sam- 
ples by the preceding water-washings. These washings 
removed an amount of fibronectin (Table 1) which 
corresponded precisely with the amount expected on 
the basis of the observed content of cc,-macroglobulin 
in the washings. After the washing with water, none 
of the other extracts contained a,-macroglobulin, indi- 
cating that all fibronectin isolated after water- 
washings was extracted from the tissue and not from 
the plasma. 

Immunofluorescence studies on sediments remain- 
ing after extraction showed that some fibronectin was 
still present, although the tissues were completely 
degraded and in disorder, especially after collagenase 
treatment. Controls were negative. 

DISCUSSION 

Pulps from young human premolars contained 
fibronectin both in the core of the pulp and in the 
odontoblast layer. Immunofluorescence showed a 
strong resemblance in the alignment of fibronectin 
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and argyrophilic and von Korff fibres, suggesting that 
these fibres do contain or are accompanied by 
fibronectin, in agreement with the findings of Bor- 
nstein and Ash (1977) Stenman and Vaheri (1978) 
and Unsworth et al. (1982) all of whom suggest that 
the co-distribution of fibronectin and collagen is due 
to an affinity of one for the other. We previously 
found that the collagen content of the radicular part 
of the pulp was substantially higher than that of the 
coronal part (van Amerongen et al., 1983). In view of 
the affinity of fibronectin for collagen it is therefore 
interesting that our present findings also reveal that 
the apical part contains a substantially higher 
amount of fibronectin than other parts of the pulp. 

Our findings are unexpected in view of the work of 
Thesleff et al. (1979) and Lesot et al. (1981). They 
studied the changes in fibronectin and collagen during 
differentiation of mouse tooth germ and found that 
the dental mesenchyme lost fibronectin staining when 
differentiating into odontoblasts. Based on this 
finding, it is unexpected that in human teeth, which 
are still active in dentine formation, fibronectin oc- 
curs in the odontoblast layer. For comparison, we 
investigated incisors of mature Wistar rats (300 g) in 
a similar way as the human teeth and found that 
fibronectin had the same distribution. Similar results 
were obtained by Linde et al. (1982). These findings 
can only be explained when it is supposed that, after 
the disappearance of fibronectin during the period of 
differentiation of the mesenchyme into odontoblasts, 
fibronectin re-appears later. As suggested by Ru- 
oslahti, Engvall and Hayman (1981), such changes in 
fibronectin may be secondary to the cellular 
differentiation but the changes in attachment and 
motility of cells that must accompany the appearance 
and disappearance of fibronectin may provide im- 
portant signals directing differentiation. The interest 
is increased by the finding, by Thesleff et al. (1979) 
that procollagen type III is lost from the dental 
mesenchyme during odontoblast differentiation but 
re-appears with advancing vascularization of the 
dental papilla, and that it is present in the dental 
basement membrane during the bud and cap stages 
and then disappears from the cusp area as odon- 
toblast differentiation occurs. These findings of 
Thesleff et al., combined with the fact that type III 
collagen has strong affinity for fibronectin (Engvall et 
al., 1978) suggest that the re-appearance of type III 
collagen after an initial disappearance is accom- 
panied by the re-appearance of fibronectin. Thus the 
conclusion of Shuttleworth, Berry and Wilson (1982) 
that it is the decrease in fibronectin and not type III 
collagen which histologically results in decreased 
reticular fibres should be regarded with caution. The 
studies of Thesleff et a/. (1979) and Shuttleworth et 
al. (1982) were not carried out on teeth as mature as 
those we studied. 

Except from the water-soluble fraction, fibronectin 
was difficult to extract from dental pulp tissue. Most 
methods, including those described for the isolation 
of fibronectin from cell cultures (e.g. Olden and 
Yamada, 1977) were ineffective for the isolation of 
fibronectin from pulp. In the few successful instances 
of extraction of fibronectin from other tissues the 
treatment is with collagenase (Bray, 1978) or heparin 
(Bray et al., 1981). These workers suggested that the 

application of heparin provided a simple and effective 
method for the extraction of tissue-fibronectin and 
for routine quantitative studies but we found that 
extraction of fibronectin from human dental pulp 
with heparin yielded only insignificant amounts of 
fibronectin. The treatment of the tissue with col- 
lagenase was the first method by which substantial 
amounts of fibronectin could be isolated from pulp 
(Table 1). Only one other method was equally 
effective, namely treatment of the tissue with hyal- 
uronidase. When, after extraction, the residues were 
examined by immunofluorescence for the presence of 
residual fibronectin, the sections were consistently 
positive. No mention of such a residual fibronectin 
appears to have been made previously. Thus it must 
be concluded that even the most exhaustive extrac- 
tion procedures were still not entirely effective. On 
the basis of immunofluorescence, it is not possible to 
make an estimation of the amount of fibronectin that 
remains captured in the residue. We can only specu- 
late on the possible cause of some fibronectin remain- 
ing after extraction. That fibronectin may remain 
captured by cells or cell fragments in the residue 
seems unlikely because treatment of the sample with 
cell-disrupting media like SDS, Triton or chloroform 
and methanol yielded no detectable fibronectin. That 
fibronectin is withheld within a matrix of pro- 
teoglycans and/or collagens can also be excluded as 
most, if not all, of these would be degraded by the 
enzyme pretreatments. It seems therefore most likely 
that fibronectin is strongly associated with some 
other glycoproteins in the residue that are still intact. 
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Plate 1. 

Sections of young human premolar pulps. 0 = odontoblast layer and von Korff fibres; A = argyrophihc 
fibres; B = blood vessel; D = dentine. 

Fig. 1. Section showing indirect immunofluorescence with rabbit anti-human fibronectin IgG of surface 
of human pulp. Note the abundant fibronectin in the odontoblast layer. x 360 

Fig. 2. As Fig. 1 but showing central part of the pulp. x 360 

Fig. 3. Silver impregnation technique of Gomori on human pulp section. Note the large amount of 
argyrophilic fibres in the pulp and the presence of von Korff fibres among the odontoblasts. x 360 
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