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Abstract. We studied the effects of extracellular ma- 
trix components on fibroblast contraction of hydrated 
collagen gels. After 4-h incubations, heparin- 
containing collagen gels contracted only 10% com- 
pared with 50% contraction of control gels. Contrac- 
tion was not affected by hyaluronic acid, dermatan sul- 
fate, or fibronectin, implying that the activity of 
heparin was specific. The possibility that heparin in- 
hibited attachment of the cells to the gels was ruled 
out. Also, addition of heparin to the incubation 
medium had no effect on contraction. Microscopic ex- 
amination showed that control collagen gels were com- 

posed of a uniform network of interlocking fibrils of 
similar sizes. Heparin-containing gels, on the other 
hand, were highly variable with some collagen bundles 
containing 5-6 collagen fibrils and other regions con- 
mining amorphous material. Unlike the control gels, 
the fibrils of heparin-containing gels were not continu- 
ously interconnected. Based on the results, we propose 
that fibroblasts attach normally to the collagen fibrils 
of heparin-containing gels and attempt to contract the 
gels, but the mechanical forces exerted by fibroblasts 
on individual collagen fibrils cannot be propagated 
throughout the gels. 

F 
IBROBLASTS cultured in hydrated collagen gels were 

shown to acquire a bipolar morphology and cytoskel- 
etal organization typical of fibroblasts in vivo, but 

quite distinct from fibroblasts cultured on glass or plastic 
surfaces (8, 25). During culture, the cells contracted the col- 
lagen gels (1, 23) and reorganized the collagen fibrils into a 
dermal-like tissue (2) or into structures resembling liga- 
ments and tendons (3, 24). Artificial dermis produced by this 
method has been combined with epidermal cells into a skin 
equivalent and used for skin grafting (16). 

Because fibroblast reorganization of hydrated collagen 
gels is an in vitro process that leads to the development of 
in vivo-like tissue, there has been considerable interest in 
this system as a model in which to study fibrosis, connective 
tissue organization, and wound repair. Consequently, we 
started to investigate the mechanism by which the collagen 
gels are contracted by fibroblasts. We found that gel contrac- 
tion did not involve collagen synthesis, degradation, or cova- 
lent cross-linking (14). At first, collagen fibrils were bound 
individually and in clusters at the cell surface and were sur- 
rounded by cellular microvilli and blebs (12). Subsequently, 
rearrangement of the fibrils occurred in two steps. There was 
an actin cytoskeleton-dependent, mechanical rearrangement 
of the fibrils, and the rearranged fibrils were stabilized in 
place by the cells. Later, changes in the intermolecular bond- 
ing between collagen fibrils led to fibril stabilization by non- 
covalent collagen-collagen interactions, and the cells no 
longer were necessary for maintenance of this state (14, 15). 

One conclusion of our previous studies was that compo- 
nents secreted by cells, e.g., fibronectin, proteoglycans, 

were unnecessary for contraction of the collagen gels (15). 
It was possible, however, that these noncollagenous connec- 
tive tissue components might modulate gel contraction. Such 
modulation could play an important role during dermal 
remodeling when there are major changes in the matrix com- 
ponents present. For instance, during cutaneous wound re- 
pair, high levels of hyaluronate can be found in the matrix 
initially, but later on proteoglycans containing sulfated gly- 
cosaminoglycans, such as dermatan sulfate, become pre- 
dominant (4). High levels of fibronectin can be found in the 
wound region associated at first with the plasma clot and 
later on with type III collagen in granulation tissue (10). 
Heparin, on the other hand, has been reported to be elevated 
in fibrotic and scar tissues (5). Consequently, it was of in- 
terest to determine if these noncollagenous matrix compo- 
nents affected collagen gel contraction by fibroblasts. To 
make this determination, gels were prepared by polymeriz- 
ing collagen in the presence of hyaluronic acid, dermatan 
sulfate, heparin, or fibronectin, and the ability of fibroblasts 
to contract the gels was measured. The results of these 
studies are reported herein. 

Materials and Methods  

Cells and Other Materials 

Human skin fibroblast cultures were established from foreskins obtained at 
circumcisions. Cells were cultured in 75 cm 2 tissue culture flasks (Falcon 
Labware, Oxnard, CA) using growth medium composed of DME (GIBCO, 
Grand Island, NY), 20 mM Hepes buffer, 1% penicillin/streptocyin/Fungi- 
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sone (GIBCO), 50 Ixg/ml gentamicin (GIBCO), and 20% FBS (GIBCO). 
The cultures were incubated in a humidified incubator containing an at- 
mosphere of 5 % CO2 and 95 % air. Fibroblast cultures were harvested 
using 0.025% trypsin/0.02% EDTA solution (GIBCO). Cultures were dis- 
carded before the 15th passage. 

Human plasma fibronectin was obtained from the New York Blood Cen- 
ter. 3H-Fibronectin was prepared by reductive alkylation as described pre- 
viously (11). The specific radioactivity was 11,000 cpm/Ixg. Heparin (por- 
cine, grade I, 170 U/ml), dermatan-sulfate (porcine, chondroitin-sulfate B), 
and hyaluronic acid (human, grade 1) were purchased from Sigma Chemical 
Co. (St. Louis, MO). 

Preparation of Hydrated Collagen Gels 
Hydrated collagen gels were prepared as before (12, 14). Briefly, Vitrogen 
100 collagen (Collagen Corp., Palo Alto, CA) was adjusted to physiological 
ionic strength and pH with 10x PBS (1.5 M NaCI, 0.1 M sodium phosphate, 
pH 7.2) and 0.1 M NaOH while maintained at 4°C. The final collagen con- 
centration, unless indicated otherwise, was 1.5 mg/ml. Noncollagenous ex- 
traceUular matrix components dissolved in Ix  PBS were added at the con- 
centrations indicated. Aliquots (0.2 ml) of the neutralized collagen and 
collagen/matrix component solutions were placed in 35-mm tissue culture 
dishes (Falcon Plastics, CockeysviUe, MD) and occupied an area outlined 
by a 12-mm diam. circular score. Gels were polymerized by raising the tem- 
perature to 37°C and incubating the samples for 60 min. 

Measurement of Matrix Component Incorporation 
into Collagen Gels 
Polymerized collagen gels containing extracellular matrix components were 
washed by incubating the gels with 3 ml of PBS for 24 h. The amounts of 
heparin, hyaluronic acid, and dermatan sulfate that remained associated 
with the washed gels were measured using the carbazole procedure (6). 
Briefly, the gels were dissolved in 1 ml concentrated sulfuric acid containing 
0.025 M Na tetraborate. The samples were boiled 10 min and cooled. Then 
0.2 ml of ethanol containing 0.125 % carbazole were added and the samples 
were boiled an additional 15 rain and cooled again. Adsorbancy of the sam- 
ples was determined at 530 nm and compared with standard curves obtained 
using known amounts of the same matrix components. Blank samples con- 
rained collagen gels but no added matrix components. 

The amount of fibronectin that remained associated with washed gels was 
measured directly using radiolabeled fibronectin. Samples were dissolved 
in 1% SDS, mixed with 10 ml Budget Solve (Research Products Interna- 
tional Corp., Elk Grove Village, IL), and counted in a Nuclear Chicago 
Mark II scintillation spectrophotometer. 

Measurement of Gel Contraction 
Cells (5 × 1@) in 0.1 ml growth medium supplemented with 10% FBS 
were placed on top of the polymerized gels and incubated for 30 rain at 
37°C. During this time the cells attached to the gels. Then, an additional 
3 ml of medium was added, which completely covered the gels. Since the 
gels were attached to the underlying culture dishes, their contraction by 
fibroblasts resulted in a decrease in gel thickness with no change in gel di- 
ameter (12). Gel thickness was measured on a Zeiss Invertoscope D 
equipped with a Mitutoyo dial test indicator (0.01-100 mm) as described pre- 
viously (14). The plane of focus was adjusted from the bottom to the top 
of the gels, and the distance of stage movement recorded from the dial test 
indicator. This method was found to be reproducible to 0.02 mm. A 50% 
decrease in gel thickness measured microscopically corresponds to a 50% 
decrease in gel volume measured by retention of 3HzO. Numerical data 
presented are the averages of duplicate experiments, and the variation be- 
tween duplicates was <4%. 

Microscopy 
Transmission and scanning electron microscopy were performed as before 
(12). Briefly, samples for transmission electron microscopy were fixed for 
2 h at 22°C with 2% glutaraldehyde, 1% paraformaldehyde, and 1% tannic 
acid in 0.1 M Na cacodylate (pH 7.4), postfixed for 30 rain at 22°C with 
1% aqueous OsO4, and stained en bloc with 1% aqueous uranyl acetate for 
30 rain at 4°C. After dehydration, specimens were embedded in Epon 812. 
Thick sections were stained with 1% toluidine blue and examined and pho- 
tographed using a Zeiss Photomicroscope III. Thin sections were observed 
and photographed with a Philips 300 electron microscope. Samples for 

Table L Retention of Extracellular Matrix Components 
Copolymerized with Collagen in Hydrated Gels* 

Extracellular matrix component Amount added Amount retained 

m g /ml m g /ral 

Hyaluronic acid 1.0 0.52 
0.1 0.065 

Dermatan sulfate 1.0 0.19 
0.1 0.022 

Heparin 0.1 0.055 
0.05 0.034 

Fibronectin 0.1 0.057 
0.05 0.026 

* Collagen solutions at 4°C were brought to physiological ionic strength and 
pH and mixed with noncollagenous matrix components dissolved in PBS. The 
mixtures, which contained 1.5 mg/ml collagen and matrix components as indi- 
cated, were polymerized by raising the temperature to 37"C and incubating the 
samples for 60 rain. Subsequently, the gels were washed with a 15-fold excess 
of PBS for 24 h after which the amount of noncollagenous matrix components 
remaining in the gels was measured. Other details are described in Materials 
and Methods. 

scanning electron microscopy were fixed and postfixed as above except tan- 
nic acid was omitted. Dehydration was accomplished with ethanol and criti- 
cal point drying was performed with liquid CO2. Specimens were coated 
with "~20 nm of gold/palladium using a sputter coater and examined and 
photographed with a JEOL JSM-840 I scanning electron microscope. 

Results 

Effects of ExtraceUular Matrix Components 
on Collagen Gel Contraction 
Preliminary experiments were performed to determine the 
concentration range of extracellular matrix components that 
could be used to prepare modified gels. Collagen solutions 
(1.5 mg/ml) at physiological ionic strength and pH and at 
37°C polymerized rapidly in the presence of 1 mg/ml 
hyaluronic acid or dermatan sulfate. Similar concentrations 
of heparin or fibronectin, however, inhibited gel polymeriza- 
tion, an observation that is consistent with previous studies 
(19, 22, 27). In the presence of 0.1 mg/ml heparin or fibronec- 
tin, gels were able to form. Therefore, experiments with 
heparin and fibronectin were carried out with lower concen- 
trations of matrix components than experiments with hyal- 
uronic acid and dermatan sulfate. 

Quantitative measurements showed that at the concentra- 
tions tested, the amounts of matrix components incorporated 
into the gels were proportional to the amounts added (Table 
I). Since the 0.2-ml gels were washed with 3 ml of medium, 
we expected that only 6 % of the added components would 
have been found in the gels if the added components were 
free to diffuse into the medium. Significantly, however, more 
than half of the added hyaluronic acid, heparin, and fibronec- 
tin, and '~20 % of the added dermatan sulfate remained with 
the gels after washing. 

Control collagen gels and collagen gels copolymerized 
with matrix components were incubated with fibroblasts. Af- 
ter 4 h, the control gels contracted by 50% (Fig. 1). Gels pre- 
pared in the presence of dermatan sulfate, hyaluronic acid, 
or fibronectin contracted at the same rate as control gels. 
There was, however, a marked inhibition of contraction with 
heparin-containing gels. Gels polymerized in the presence of 
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Figure L Contraction of gels containing collagen copolymerized 
with other extracellular matrix components. Gels containing colla- 
gen and extracellular matrix components as indicated were in- 
cubated with fibroblasts. The gel thickness was measured at the 
times specified. Other details are in Materials and Methods. 

0.025 mg/ml heparin contracted '~20% in 4 h, and gels poly- 
merized in the presence of 0.05 mg/ml heparin contracted 
only '~10% in 4 h. 

One possible explanation for the inhibition of gel contrac- 
tion by heparin was decreased cell attachment to the heparin- 
containing collagen gels, but control experiments with radio- 
labeled cells showed that by 30 min, 95 % of the cells had 
attached to the gels with or without heparin (data not shown). 
Also, cells attached to the heparin-containing gels were able 
to spread (see below). Moreover, we found that the effect of 
heparin required that it be polymerized in the gels. For in- 
stance, there was no inhibition of gel contraction by fibro- 
blasts when 0.1 mg/ml heparin was added to the incubation 
medium instead of polymerized in the gels (Fig. 2). In fact, 
addition of heparin to the incubation medium at 0.01 or 0.05 
mg/ml promoted gel contraction slightly. 

Morphological Features of  Control and 
Heparin-containing Collagen Gels Contracted 
by Fibroblasts 

During the above experiments we observed marked differ- 
ences between the arrangement of cells on the control and 
heparin-containing gels. Control gels that had been con- 
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Figure 2. Contraction of colla- 
gen gels with heparin added to 
the incubation medium. Col- 
lagen gels prepared in the 
absence of heparin were in- 
cubated with fibroblasts. Hepa- 
nn was added to the incubation 
medium at the concentrations 
indicated. The gel thickness 
was measured at the times 
specified. Other details are in 
Materials and Methods. 

Figure 3. Distribution of cells on the surfaces of control and hep- 
arin-containing collagen gels. Phase contrast photomicrographs 
were taken of samples from the experiment described in Fig. 1. (A) 
Cells incubated for 24 h on control collagen gels were uniformly 
distributed on the surfaces of the gels. (B) Cells incubated for 24 h 
on gels of collagen copolymerized with heparin (0.05 mg/ml) were 
in clusters on the surfaces of the gels. Spreading of individual cells 
was similar on both substrata. Other details are in Materials and 
Methods. Bar, 50 pm. 

tracted for 24 h showed a uniform distribution of cells on the 
gel surface (Fig. 3 A). With heparin-containing gels, bow- 
ever, the cells were mostly in large clusters (Fig. 3 B). Usu- 
ally, when cells form clusters rather than remain as individu- 
als on a substratum, it is because the cell-cell interactions 
are stronger than the cell-substratum interactions (9). But 
the morphological appearance of individual cells on control 
and heparin-containing gels was similar, i.e., well-spread 
and often bipolar (Fig. 3), which indicated that cell adhesion 
was strong to both types of substrata. 

Another possible explanation for the cell clusters was that 
the heparin-containing gels were unstable and were pulled 
apart by the cells during contraction. Sections from control 
gels that were incubated with cells for 24 h showed evenly 
distributed collagen fibrils throughout the gel matrix (Fig. 4 
A). The collagen fibrils were densely packed and aligned 
parallel to the gel surface in marked contrast to the loose, 
random arrangement of fibrils in control gels that were in- 
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Figure 4. Distribution of collagen fibrils in control and heparin-containing collagen gels incubated in the presence and absence of cells. 
Control collagen gels (.4 and C) and 0.05 mg/ml heparin-containing collagen gels (B and D) were incubated for 24 h with (A and B) or 
without (C and D) cells. Fibroblasts covered the surfaces of the control gels, and the collagen fibrils were densely packed and well organized 
compared with gels incubated without cells (A vs. C). Fibroblasts were in clusters on the surfaces of the heparin-containing gels, and the 
collagen fibrils were densely packed but only in the immediate vicinity of the cells (B). There appeared to be larger spaces between fibrils 
in the heparin-containing gels than in the control gels (D vs. C). Other details are in Materials and Methods. Bar, 10 ktm. 

cubated for 24 h in the absence of cells (Fig. 4 C). In 
heparin-containing gels incubated with cells for 24 h, the 
collagen fibrils were densely packed only in the immediate 
vicinity of the cells, but the fibrils were not aligned (Fig. 4 
B). Distal to the cell clusters, the arrangement of collagen 
fibrils appeared similar to that observed when heparin- 
containing gels were incubated for 24 h in the absence of 
cells (Fig. 4 D). It seemed likely, therefore, that fibroblasts 
were able to reorganize proximally located collagen fibrils 
of heparin-containing gels, but reorganization was not propa- 
gated to the collagen fibrils throughout the remainder of the 
gel. 

Another difference between the control and heparin-con- 
taining gels was that the latter appeared to contain larger 
spaces between fibrils (Fig. 4 D compared with 4 C). The 
difference in packing of collagen fibrils in control gels and 
heparin-containing gels was confirmed by scanning electron 
microscopy. In control gels, the collagen fibrils tended to be 

uniformly distributed (Fig. 5 A) and were individual or in- 
tertwined in pairs (Fig. 5 C). All the fibrils were intercon- 
nected with each other and there were no loose ends. In 
marked contrast, the heparin-containing gels showed a wide 
range of structures, including amorphous material (Fig. 5 
B). Instead of intertwining pairs, the fibrils were combined 
in variable arrangements, sometimes with five or six fibrils 
bundled together (Fig. 5 D) and these bundles appeared to 
end in the amorphous material (Fig. 5 B, arrow). Moreover, 
the fibrils were not uniformly interconnected with each other 
since many loose ends were evident (Fig. 5 D, arrows). 

Finally, observations of the fibrils in control and heparin- 
containing gels were made by transmission electron micros- 
copy. The periodicity of banding was the same for fibrils in 
control gels (Fig. 6 A) as heparin-containing gels (Fig. 6 B). 
It is noteworthy that the intensity of fibril banding was more 
prominent in the heparin-containing gels, which may be a 
consequence of heparin binding to the fibrils. Consistent 
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Figure 5. Collagen fibril packing in control and heparin-containing collagen gels examined by scanning electron microscopy. (A) Control 
gels were composed of a regular network of uniformly packed collagen fibrils. (B) Gels containing collagen copolymerized with 0.05 mg/ml 
heparin were composed of an irregular network of fibrils that terminated in amorphous material (arrow). (C) Higher magnification of control 
gels showed that most collagen fibrils were present as individuals or intertwined in pairs and interconnected with each other so that no 
free ends of the fibrils could be seen. (D) Higher magnification of heparin-containing gels showed diverse packing with some bundles 
containing five or six collagen fibrils, and there were many fibrils with free ends not interconnected to other fibrils (arrows). Other details 
are in Materials and Methods. 

with the scanning electron microscopic observations, in- 
creased lateral associations between collagen fibrils were ob- 
served in the heparin-containing gels (Fig. 6 B). 

D i s c u s s i o n  

We studied the effects of hyaluronic acid, dermatan sulfate, 
fibronectin, and heparin on collagen gel contraction by fibro- 
blasts. These matrix components, which may be important 
in dermal synthesis and remodeling during wound repair, 
were added with collagen during polymerization. Significant 
amounts of each of the components were incorporated into 
the gels and could not be removed by washing in excess 
buffer for 24 h. Since heparin and fibronectin markedly de- 
creased the rate of polymerization, as has been reported by 
others (19, 22, 27), a lower concentration of these matrix 

components was used than of hyaluronic acid and dermatan 
sulfate. A marked inhibition of contraction occurred with 
collagen gels that were formed in the presence of 0.05 mg/ml 
heparin. In 4 h, fibroblasts contracted these gels only 10% 
compared with 50% contraction of control gels during the 
same time. Similar inhibition was not obtained with 10-fold 
higher concentrations of hyaluronic acid or dermatan sulfate, 
implying that the effect of heparin is very specific. 

Some investigators have found that soluble heparin inhibits 
fibroblast adhesion to fibronectin-coated substrata (18, 21, 
26). In addition, it has been reported that cell surface hepa- 
ran sulfate is required for formation of focal cell adhesions 
(17, 20, 28). Nevertheless, such results may not be applicable 
to fibroblast adhesion to collagen gels since this adhesion 
process is fibronectin independent (13). Indeed, we found 
that cells attached to heparin-containing gels as well as to 
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Figure 6. Periodicity of collagen fibrils in collagen and heparin- 
containing collagen gels examined by transmission electron micros- 
copy. (A) Fibrils in control collagen gels and (B) fibrils in gels of 
collagen copolymerized with 0.05 mg/ml heparin showed the same 
periodicity of banding (arrows), although the banding of fibrils in 
the heparin-containing gels was more pronounced. Also, the fibrils 
in the heparin-containing gels showed extensive lateral associa- 
tions. Other details are in Materials and Methods. Bar, 0.1 gin. 

control gels. Moreover, heparin did not inhibit contraction 
unless it was copolymerized with collagen. That is, addition 
of heparin to the incubation medium had no effect on con- 
traction. Even 20-fold higher concentrations of heparin (100 
U/ml, ,00.7 mg/ml) added to the incubation medium only 
partially inhibited the ability of cells to contract collagen gels 
(93 % gel contraction with control incubation medium com- 
pared with 67 % gel contraction with heparin added to the in- 
cubation medium) (7). It can be concluded, therefore, that 
inhibition of collagen gel contraction by heparin is not a con- 
sequence of inhibition of fibroblast adhesion to collagen 
fibrils. Rather, as will be discussed below, it seems likely that 
the fibroblasts attach normally to the collagen fibrils and at- 
tempt to contract the gels. 

In trying to understand the mechanism by which heparin 
inhibits collagen gel contraction, it is useful to consider that 
gels can be contracted not only by fibroblasts that are uni- 
formly distributed throughout the gel matrix (1, 23), but also 
by fibroblasts that are located asymmetrically on the upper 
or lower gel surface (12). With fibroblasts on the upper sur- 
faces of the gels, which was the arrangement used for the 
studies described in this paper, contraction begins prox- 
imally to the cells and spreads distally throughout the gel 
(12). That is, the mechanical effect of cells pulling on prox- 
imal collagen fibrils could be propagated to fibrils located 
distal to the cells. 

Based on the above considerations, we believe that the de- 
creased contraction of heparin-containing gels can be ex- 
plained by the changes in collagen fibril organiTation that oc- 
curred in the presence of heparin. That is, control collagen 
gels were composed of a uniform network of interlocking 
collagen fibrils, but this network was disrupted in heparin- 
containing gels. The latter showed variations in collagen 
packing from bundles that contained five to six fibrils to 
regions of amorphous material, and there were many fibrils 
that terminated freely and were not interconnected to other 
fibrils. 

Considering the structural differences between control and 
heparin-containing gels, one can imagine much different 
results when cells apply mechanical forces to the gels. In 
control gels, the forces would be transmitted throughout the 
gels by the interlocking collagen network. The cells would 
maintain their spacing on the gel surfaces and there would 
be an increase in collagen density throughout the gels. In 
heparin-containing gels, the forces would be transmitted 
through the collagen network until reaching a weak spot, 
e.g., regions of amorphous material or loose ends. Then the 
gels would pull apart and the cells would collapse into local 
clusters. Collagen density would be increased only in the im- 
mediate vicinity of the cells. 

It is intriguing to speculate on the possible in vivo rele- 
vance of our observations. As mentioned in the Introduction, 
significant amounts of heparin can be found in tissues under- 
going fibrosis and in scars (5). The presence of heparin at 
these sites during collagen polymerization may result in local 
changes in the collagen matrices that affect the ability of 
fibroblasts to remodel the matrix. Therefore, the abnormal 
arrangement of collagen fibrils and decreased tensile strength 
of scar tissue may be, in part, a consequence of the discontin- 
uous packing of collagen fibrils promoted by heparin. 

We are grateful to Ms. Cheryl Lamke-Seymour for her assistance with 
the electron microscopic analyses and to Drs. William Snell and George 
Bloom for their helpful comments and suggestions. 

These studies were supported by a grant from the National Institutes of 
Health, GM31321, and a Samuel A. Roberts Noble Foundation predoctoral 
fellowship to Clyde Guidry. 

Received for publication 10 October 1986, and in revised form 9 December 
1986. 

References 

l. Bell, E., B. Ivarsson, and C. Merrill. 1979. Production of a tissue-like 
structure by contraction of collagen lattices by human fibroblasts of differ- 
ent proliferative potential in vitro. Proc. Natl. Acad. Sci. USA. 76:1274- 
1278. 

2. Bell, E., H. P. Ehrlich, D. J. Buttle, and T. Nakatsuji. 1981. Living tissue 
formed in vitro and accepted as skin-equivalent tissue of full thickness. 
Science (Wash. DC). 211:1052-1054. 

The Journal of Cell Biology, Volume 104, 1987 1102 



3. Bellows, C. G., A. H. Melcher, and J. E. Aubin. 1982. Association be- 
twcen tension and orientation of periodontal ligament fibroblasts and ex- 
ogenous collagen fibres in collagen gels in vitro. J. Cell Sci. 58:125-138. 

4. Bertolami, C. N. 1984. Glycosaminoglycan interactions in early wound re- 
pair. In Soft and Hard Tissue Repair. T. K. Hunt, R. B. Hepponstall, E. 
Pines, and D. Rovee, editors. Praeger Publishers, New York. 67-97. 

5. Bienenstock, J., A. D. Befus, and J. A. Denburg. 1986. Mast cell heteroge- 
neity: basic questions and clinical implications. In Mast Cell Differentia- 
tion and Heterogeneity. J. Bienenstock, A. D. Befus, and L A. Denburg, 
editors. Raven Press, New York. 391-402. 

6. Davidson, E. A. 1966. Analysis of sugars found in mucopolysaccharides. 
Methods Enzymol. 8:52-60. 

7. Ehrlich, H. P., T. R. Griswold, and J. B. M. Rajaratnam. 1986. Studies 
on vascular smooth muscle cells and dermal fibroblasts in collagen ma- 
trices. Effects of heparin. Exp. Cell Res. 164:154-162. 

8. Elsdale, T. R., and J. B. L. Bard. 1972. Collagen substrata for studies on 
celt behavior. J. Cell Biol. 41:298-311. 

9. Grinnell, F. 1978. Cellular adhesiveness and extracellular substrata. Int. 
Rev. Cytol. 53:65-144. 

10. Grinnell, F. 1984. Fibronectin and wound healing. J. Cell. Biochem. 26: 
107-116. 

11. Grinnell, F., and M. K. Feld. 1981. Adsorption characteristics of plasma 
fibronectin in relationship to biological activity. J. Biomed. Mater. Res. 
15:363-381. 

12. Grinnell, F., and C. Lamke. 1984. Reorganization of hydrated collagen lat- 
tices by human skin fibroblasts. J. Cell Sci. 66:51-63. 

13. Grinnell, F., and D. Minter. 1978. Attachment and spreading of baby ham- 
ster kidney cells to collagen substrata: effects of cold-insoluble globulin. 
Proc. Natl. Acad. Sci. USA. 75:4408-4412. 

14. Guidry, C., and F. Grinnell. 1985. Studies on the mechanism of hydrated 
collagen gel reorganization by human skin fibroblasts. J. Cell Sci. 79: 
67-81. 

15. Guidry, C., and F. Grinnell. 1986. Contraction of hydrated collagen gels 
by fibroblasts: evidence for two mechanisms by which collagen fibrils are 
stabilized. Collagen Relat. Res. In press. 

16. Hull, B. E., S. E. Sher, S. Rosen, D. Church, and E. Bell. 1983. Structural 
integration of skin equivalents grafted to Lewis and Sprague-Dawley rats. 
J. Invest. Dermatol. 81:429-436. 

17. Izzard, C. S., S. L. Izzard, and J. A. Depasquale. 1985. Molecular basis 
of cell-substrate adhesions. Exp. Biol. Med. 10:1-22. 

18. Klebe, R. J., and P. J. Mock. 1982. Effect of glycosaminoglycans on 
fibronectin-mediated cell attachment. J. Cell. Physiol. 112:5-9. 

19. Kleinman, H. K., C. M. Wilkes, and G. R. Martin. 1981. Interaction of 
fibronectin with collagen fbrils. Biochemistry. 20:2325-2330. 

20. Lark, M. W., J. Laterra, and L. A. Culp. 1985. Close and focal adhesions 
of fibroblasts to a fibronectin-containing matrix. Fed. Proc. 44:394-403. 

21. Laterra, J., J. E. Silbert, and L. A. Culp. 1983. Cell surface heparan sulfate 
mediates some adhesive responses to glycosaminoglycan-binding ma- 
trices, including fibronectin. J. Cell Biol. 96:112-123. 

22. Nemeth-Csoka, M., and A. Kovacsay. 1979. The effect of glycosaminogly- 
cans on the in vitro fibril formation of collagen type I and type m. Exp. 
Path. (Jena). 17:82-87. 

23. Steinberg, B. M., K. Smith, M. Colozzo, and R. Pollack. 1980. Establish- 
ment and transformation diminish the ability of fibroblasts to contract a 
native collagen gel. J. Cell Biol. 87:304-308. 

24. Stopak, D., and A. K. Harris. 1982. Connective tissue morphogenesis by 
fibroblast traction. I. Tissue culture observations. Dev. Biol. 90:383- 
398. 

25. Tomasek, J. J., E. D. Hay, and K. Fujiwara. 1982. Collagen modulates 
cell shape and cytoskeleton of embryonic corneal and fibroma fibroblasts: 
Distribution of actin, ¢t-actinin, and myosin. Dev. Biol. 92:107-122. 

26. Turley, E. A. 1984. Proteoglycans and cell adhesion. Their putative role 
during mmoriganesis. Cancer Metastasis Rev. 3:325-339. 

27. Wood, G. C. 1960. The formation of fibrils from collagen solutions. 3. 
Effect of chondroitin sulfate and some other naturally occurring polyan- 
ions on the rate of formation. Biochem. J. 75:605-612. 

28. Woods, A., J. R. Couchman, S. Johansson, and M. Hook. 1986. Adhesion 
and cytoskeletal organization of fibroblasts in response to fibronectin 
fragments. EMBO (Eur. Mol. Biol. Organ.) J. 5:665-670. 

Guidry and Grinnell Modulation of Collagen Gel Organization by Heparin 1103 


