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healing, the mechanism by which wound fibroblasts exert
force on the surrounding extracellular matrix is only beginning to be understood. Moreover, although it has become
evident that gene expression and proliferation of these cells
is regulated by mechanical force, the mechanotransducers
and signaling mechanisms involved remain highly speculative.

Fibroblasts, Myofibroblasts, and Wound Contraction
Research carried out in the mid-1950's implicated connective
tissue cells in the generation of the tensile force responsible
for contraction (Abercrombie et al., 1956). The newly formed
granulation tissue was suggested as the "organ of contracture" (Billingham and Russell, 1956). Other studies showed
that the force-generating cells were localized at the wound
margins rather than in the center of the granulation tissue
(Watts et al., 1958). Subsequently, Gabbiani et al. (1972) directly demonstrated that isolated strips of granulation tissue
were able to undergo a smooth muscle-like contraction in vitro and found that cells within the granulation tissue exhibit
some features of smooth muscle cells such as actin filament
bundles (stress fibers). These "myo-fibroblasts" were proposed to be responsible for force generation, and their presence has turned out to be a general feature of tissues undergoing contraction (Skalli and Gabbiani, 1987; Rudolph et al.,
1992).
Analysis of cytoskeletal markers showed that although
myofibroblasts express c~-smooth muscle actin, these cells
are derived from fibroblasts not smooth muscle cells (Eddy
et al., 1988; Darby et al., 1990). During granulation tissue
formation, migrating fibroblasts differentiate into myofibroblasts (Darby et al., 1990; Welch et al., 1990). Judging from
the presence of fibronexus junctions, myofibroblasts form
very tight adhesions to the surrounding fibronectin-rich granulation tissue (Singer et al., 1984; Tomasek and Haaksma,
1991). The timing of the switch from fibroblast to myofibroblast phenotype appears to depend at least in part on the extent to which the wound resists contraction (Darby et al.,
1990; Welch et al., 1990). It now seems likely that migrating
fibroblasts at the wound margins generate sufficient force to
initiate wound contraction. As contraction proceeds and resistance increases, migrating fibroblasts differentiate into
myofibroblasts and the actin cytoskeleton becomes organized
along the lines of greatest resistance (Petroll et al., 1993).

In Vitro Models of Wound Contraction
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Several in vitro models of wound contraction have been developed using fibroblasts cultured in collagen or fibrin ma-
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clinical case reconstructed by Guido Majno (1975)
from the Hippocratic records describes a wrestler
who visits the iatreion (out-patient clinic) to be
treated for a shoulder dislocation. With less invasive procedures no longer working to tighten the dislocation, the clinic
adopts the drastic measure of inducing wound contraction by
poking a hot needle through the skin of the armpit, and "in
this way the cavity, into which the humerous is mostly displaced, is best scarred over and cut off" In Greek medicine
circa 400 B.C.E., familiarity with wound contraction after
burn injury already was commonplace.
Closure of cutaneous wounds involves three processes:
epithelization, connective tissue deposition, and contraction. The contribution of each process varies according to
the type of wound. In general, epithelization results in resurfacing of the wound; connective tissue deposition results in
replacement of damaged dermis; and contraction brings the
margins of open wounds together (Peacock, 1984; Clark,
1988; Mast, 1992). In mammals with loose skin (meaning
loosely attached to the underlying tissue layer), wound contraction leads to wound closure with little scarring or loss
of function. In humans, whose skin is more firmly attached
to underlying tissues, the consequences of contraction are
less beneficial, ranging from minimal cosmetic scar in some
cases to loss of joint motion or major body deformation in
others. Consequently, a distinction has been made between
contraction as a normal process of wound closure, and contracture as the abnormal result of the contraction process
where signifcant scarring or loss of function occurs (Hunt
and Dunphy, 1979). The pathologic consequences of tissue
contraction include a variety of conditions ranging from contracture of the fibrous capsule surrounding breast implants
to constricture of hollow organs (e.g., the esophagus) after
injury (Skalli and Gabbiani, 1988; Rudolph et al., 1992).
In contemporary cell biology, research on wound contraction focuses on the wound fibroblast. Skin fibroblasts normally are sessile and quiescent, but shortly after cutaneous
wounding, they become activated. Activated fibroblasts migrate to the fibronectin-fibrin wound interface, proliferate,
and synthesize a new collagen-containing matrix called granulation tissue. Around the same time, wound contraction begins. Once the wound defect is replaced, the expanded fibroblast population stops dividing and regresses and extracellular
matrix remodeling commences (Peacock, 1984; Clark, 1993).
Despite the importance of wound contraction for wound

Contraction of Floating vs. Anchored
Collagen Matrices
Current evidence suggests that contraction of floating vs. anchored collagen matrices is similar with regard to tractional
remodeling, integrins, and extracellular factors (see below).
The major difference is in the end result. Contraction of a
floating collagen matrix results in a mechanically relaxed tissue, while contraction of an anchored collagen matrix results
in a stressed tissue.
Harris et al. (1981) showed that contraction occurs as a
consequence of motile activity by cells trying to migrate
through the matrix. This process was called "tractional
remodeling" to distinguish it from a smooth muscle-like contraction. That is, contraction occurs as fibroblasts spread and
elongate, not as already elongated cells retract their extensions (Grinnell and Lamke, 1984). Cells reorganize proximally located collagen fibrils first and subsequently the rest
of the matrix as tractional forces are propagated throughout
the continuous, intertwined collagen fibril network (Guidry
and Grinnell, 1987).
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Adhesive interactions between cells and collagen required
for contraction are mediated by a2/31 integrins (Schiro et al.,
1991; Klein et al., 1991). Tensile force was found to depend
on an intact actin cytoskeleton (Bell et al., 1979; Bellows et
al., 1982; Guidry and Griunell, 1985) and myosin light
chain kinase (MLCK) activity (Ehrlich and Griswold, 1984;
Van Bockxmeer et al., 1984; Ehrlich et al., 1991).
Collagen matrix contraction requires serum (Steinberg et
al., 1980; Guidry and Grinnell, 1985), which indicates that
cell contractility can be regulated by extracellular factors.
The activity of serum can be replaced or enhanced by purified growth factors. For instance, transforming growth factor
(TGF-/~) stimulates contraction of both floating and anchored collagen matrices (Montesano and Orci, 1988; Finesmith et al., 1990; Fukamizu and Grinnell, 1990). TGF-/~
also has been reported to promote fibroblast differentiation
into myofibroblasts (Ronnov-Jessen and Petersen, 1993; Desmouli et al., 1993). Platelet derived growth factor (PDGF)
stimulates matrix contraction (Clark et al., 1989; Gullberg
et al., 1990), but by a mechanism independent of TGF-/3
(Tingstrom et al., 1992). Factors that inhibit matrix contraction include fibroblast growth factor (Finesmith et al., 1990;
Dubertret et al., 1991) and interferon 3' (Gillery et al.,
1992). In general, the downstream signaling mechanisms by
which growth factors regulate matrix contraction are unknown, but protein kinase C probably is involved (Danowski
and Harris, 1988; Guidry, 1992),

Collagen Matrix Contraction and the Cell Phenotype
The fibroblast phenotype that develops as a consequence of
collagen matrix contraction differs dramatically depending
on whether the matrices are floating or anchored. Contraction of floating collagen matrices gives rise to a mechanically
relaxed tissue whose cells have morphological and proliferative features resembling dermis, whereas anchored matrices
develop into a stressed tissue resembling granulation tissue.
Strain gauge measurements have shown that the force exerted
by fibroblasts in anchored collagen matrices is comparable
with that generated in contracting skin wounds or during
tooth eruption (Kasugai et al., 1990; Delvoye et al., 1991;
Kolodney and Wysolmerski, 1992).
In floating collagen matrices, fibroblasts develop stellate
morphology with long processes and a cytoskeletal meshwork (Bell et al., 1979; Bellows et al., 1981). In marked contrast, cells in anchored matrices become bipolar and orient
along lines of tension (Stopak and Harris, 1982; Bellows et
al., 1982). Cells develop prominent stress fibers and fibronexus junctions and resemble myofibroblasts (Farsi and
Aubin, 1984; Mochitate et al., 1991; Tomasek et al., 1992).
Therefore, fibroblasts can contract a tissue matrix in vitro
without differentiating into myofibroblasts, and the appearance of myofibroblasts correlates with development of stress
in the matrix.
Fibroblasts in floating vs. anchored collagen matrices
show profound differences in cell proliferation. After contraction of floating collagen matrices, there is a marked decline
in cellular DNA synthesis (Sarber et al., 1981; Nishiyama
et al., 1989; Nakagawa et al., 1989a). The cells become arrested in Go (Kono et al., 1990), and cell regression begins
(Nakagawa et al., 1989b). Cells in anchored matrices, on the
other hand, continue to synthesize DNA and increase in cell
number (Nishiyama et al., 1989; Nakagawa et al., 1989a,b).
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trices. Elsdale and Bard (1972) ~howed that fibroblasts cultured in collagen matrices acquire tissue-like phenotypic
characteristics not typically observed in cells in monolayer
culture. They reported that with matrices floating in the culture medium, cell motility resulted in collapse of the matrix
into a "dense, opaque body less than one-tenth of the original
size" A similar reorganization process was observed when
fibroblasts were cultured in fibrin (Niewiarowski and Goldstein, 1973). Subsequently, Bell et al. (1979) began studying
collagen-matrix reorganization as an in vitro model of wound
contraction.
Fig. 1 illustrates three common variations of the in vitro
collagen matrix contraction model. These are: (I) floating
matrix contraction (reduction in diameter); (II) anchored
matrix contraction (reduction in height); and (III) stress
relaxation. These models differ markedly in their mechanical features. I n / , tension is distributed isotropically. In II,
tension is distributed anisotropically. In III, mechanical
stress develops during the period when the matrix is anchored and then stress dissipates after the matrix is released.
(In engineering jargon this process would be called strain
recovery rather than stress relaxation.) The next two sections
will focus on contraction of floating vs. anchored matrices.
Subsequently, stress relaxation will be discussed.

Stress Relaxation
If floating collagen matrices resemble dermis and anchored
matrices resemble granulation tissue, then stress relaxation
represents the transition from granulation tissue to dermis
(or scar), albeit on a time scale that is markedly sped up. Unlike the slow (hours to days) contraction of floating or anchored collagen matrices, contraction of stressed collagen
matrices occurs in minutes. The fibroblasts themselves contract as indicated by the retraction of cell pseudopodia and
collapse of actin filament bundles (Mochitate et al., 1991;
Tomasek et al., 1992). In this case, the mechanism appears
to involve a smooth muscle-like contraction rather than tractional remodeling. Intact stress fibers are required and the
process is regulated by serum factors (Tomasek et al., 1992).
Recently, thrombin has been found to substitute for serum
and shown to stimulate myosin light chain phosphorylation
(Kolodny and Elson, 1993) through a G-protein regulated
pathway (Pilcher, B. K., and J. J. Tomasek. 1993. Mol. Biol.
Cell. 4:300a).
Accompanying stress relaxation, fibroblasts show transient ectocytosis of annexin-containing vesicles (Lee et al.,
1993), release of cell surface fibronectin (Mochitate et al.,
1991), and inactivation of PDGF receptors (Lin and Grinnell, 1993). Cell proliferation and collagen synthesis decline rapidly as the cells switch from an activated to resting
phenotype (Iwig et al., 1981; Mochitate et al., 1991). The
signaling mechanisms controlling these different events have
yet to be determined, but one of the earliest fibroblast responses to stress relaxation (5-10 min) is activation of a cyclic AMP/protein kinase A signaling pathway (He, J., and E
Grinnell. 1993. Mol. Biol. Cell. 4:364a).
Changes in cell proliferation and biosynthetic activity after stress relaxation provide insight into the possible mechanism of myofibroblast disappearance at the end of wound
healing. As long as the tissue is under mechanical stress, cell
proliferation and biosynthetic activity will persist. Once mechanical stress is relieved, usually by a combination of
wound contraction and biosynthetic activity, cells will switch
to a non-proliferative phenotype and begin to regress even
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in the continued presence of growth factors. This view is
consistent with commonplace surgical experience that increased skin tension contributes to increased scarring (Arem
et al., 1976; Burgess et al., 1990). Moreover, it helps explain
the role of external pressure in reducing wound contracture
(Larson et al., 1971; Rockwell et al., 1989).
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Also, subjecting fibroblasts in floating collagen matrices to
external stress results in increased cell growth (Jain et al.,
1990).
The low proliferative capacity of fibroblasts in floating collagen matrices appears to reflect decreased responsiveness of
the cells to growth factors (Nakagawa et al., 1989a; Nishiyama et al., 1990, 1991). Recent studies have shown that
PDGF receptors on fibroblasts in floating collagen matrices
lose their capacity to autophosphorylate in response to
PDGF (Lin and Grinnell, 1993).
In addition to changes in cell proliferation, fibroblasts in
floating collagen matrices also show decreased collagen biosynthesis and increased release of collagenase compared
with cells in anchored matrices (Nusgens et al., 1984;
Unemori and Werb, 1986; Paye et al., 1987; Fukamizu and
Grinnell, 1990). Changes in collagen and coUagenase biosynthesis by fibroblasts in floating matrices depend on transcriptional as well as posttranscriptional mechanisms (Mauch
et al., 1988; Lambert et al., 1992; Eckes et al., 1993). These
findings suggest that mechanical organization of the tissue
can regulate extracellular matrix biosynthesis and remodeling as well as cell proliferation.

The Journal of Cell Biology, Volume 124, 1994

activity. Z Invest. Dermatol. 93:792-798.
Niewiarowski, S., and S. Goldstein. 1973. Interaction of cultured human
fibroblasts with fibrin: modification by drugs and aging in vitro. J. Lab. Clin.
Med. 82:605-610.
Nishiyama, T., M. Tsunenaga, Y. Nakayama, E. Adachi, and T. Hayashi.
1989. Growth rate of human fibroblasts is repressed by the culture within
reconstituted collagen matrix but not by the culture on the matrix. Matrix.
9:193-199.
Nishiyama, T., I. Horii, Y. Nakayama, T. Ozawa, and T. Hayashi. 1990. A
distinct characteristic of the quiescent state of human dermal fibroblasts in
contracted collagen gel as revealed by no response to epidermal growth factor alone, but a positive growth response to a combination of the factor and
saikosaponin b. Matrix. 10:412-419.
Nishiyama, T., N. Almtsu, I. Horii, Y. Nakayama, T. Ozawa, and T. Hayashi.
1991. Response to growth factors of human dermal fibroblasts in a quiescent
state owing to cell-matrix contact inhibition. Matrix. 11:71-75.
Nusgens, B., C. Merrill, C. Lapiere, and E. Bell. 1984. Collagen biosynthesis
by cells in a tissue equivalent matrix in vitro. Collagen Relat. Res. 4:
351-363.
Paye, M., B. V. Nusgens, and C. M. Lapiere. 1987. Modulation of cellular
biosynthetic activity in the retracting collagen lattice. Fur. J. Cell Biol.
45:44-50.
Peacock, E. E. 1984. Wound Repair (3rd edition). W.B. Sannders Co.,
Philadelphia, PA.
Petroll, W. M., H. D. Cavanagh, P. Barry, P. Andrews, andJ. V. Jester. 1993.
Quantitative analysis of stress fiber orientation during corneal wound contraction. J. Cell Sci. 104:353-363.
Rockwell, W. B., I. K. Cohen, and H. P. Ehrlich. 1989. Keloids and hypertrophic scars: A comprehensive review. Plast. Recoastr. Surg. 84:827-837.
Ronnov-Jessen, L., and O. W. Petersen. 1993. Induction of a-smooth muscle
actin by transforming growth factor-E1 in quiescent human breast gland
fibroblasts. Lab. Invest. 68:696-707.
Rudolph, R., J. V. Berg, and H. P. Ehdich. 1992. Wound contraction and scar
contracture. In Wound Healing: Biochemical and Clinical Aspects. I. K. Cohen, R. F. Diegelmann, and W. J. Lindblad, editors. W.B. Saunders,
Philadelphia, PA. 96:114.
Sappino, A. P., W. Schureh, and G. Gabbiani. 1990. Differentiation repertoire
of fibroblastic cells: expression of cytoskeletal proteins as marker of phenotypic modulations. Lab. Invest. 63:144-161.
Sarber, R., B. Hull, C. Merrill, T. Soranno, and E. Bell. 1981. Regulation of
proliferation of fibroblasts of low and high population doubling levels grown
in collagen lattices. Mech. Ageing Dev. 17:107-117.
Schiro, J. A., B. M. C. Chan, W. T. Roswit, P. D. Kassner, A. P. Pentland,
M. E. Hemler, A, Z. Eisen, andT. S. Kupper. 1991. Integrin ct2/~l (VLA-2)
mediates reorganization and contraction of collagen matrices by human cells.
Cell, 67:403--410.
Singer, I. I., D. W. Kawka, D. M. Kazazis, and R. A. F. Clark. 1984. The
in vivo codistribution of fibronectin and actin fibers in granulation tissue: immunofluorescence and electron microscopic studies of the fibronexus at the
myofibroblast surface. J. Cell Biol. 98:2091-2106.
Skalli, O., and G. Gabbiani. 1988. The biology of the myofibroblast relationship to wound contraction and fibrocontractive disease. In The Molecular and
Cellular Biology of Wound Repair. R. A. F. Clark and P. M. Henson, editors. Plenum Press, New York. 373-402.
Steinberg, B. M., K. Smith, M. Colozzo, and R. Pollack. 1980. Establishment
and transformation diminish the ability of fibroblasts to contract a native collagen gel. J. Cell Biol. 87:304-308.
Stopak, D., and A. K. Harris. 1982. Connective tissue morpbogenesis by
fibroblast traction. I. Tissue culture observations. Dev. Biol. 90:383-398.
Tingstrom, A., C.-H. Heldin, and K. Rubin. 1992. Regulation of fibroblastmediated collagen gel contraction by platelet-derived growth factor, interleukin-la and transforming growth factor-/~l. J. Cell Sci. 102:315-322.
Tomasek, J. J., and C. J. Haaksma. 1991. Fibronectin filaments and actin
microfilaments are organized into a fibronexus in Depuytren's diseased tissue. Anat. Rec. 230:175-182.
Tomasek, J. J., C. J. Hanksma, R. J. Eddy, and M. B. Vaughan. 1992. Fibroblast contraction occurs on release of tension in attached collagen lattices:
dependency on an organized actin cytoskeleton and serum. Anat. Rec.
232:359-368.
Unemori, E. N., and Z. Werb. 1986. Reorganization of polymerized actin: A
possible trigger for induction of procollagenase in fibroblasts cultured in and
on collagen gels. J. Cell Biol. 103:1021-1031.
Van Bockxmeer, F. M., C. E. Martin, and I. J. Constable. 1984. Effect of cyclic AMP on cellular contractility and DNA synthesis in chorioretinal fibroblasts maintained in collagen matrices. EXp. Cell Res. 155:413--421.
Watts, G. T., H. C. Grillo, and J. Gross. 1958. Studies in wound healing: II.
The role of granulation tissue in contraction. Annals of Surgery 148(2):
153-160.
Welch, M. P., G. F. Odland, and R. A. F. Clark. 1990. Temporal relationships
of F-actin bundle formation, collagen and fibronectin matrix assembly, and
fibronectin receptor expression to wound contraction. J. Cell Biol.
110:133-145.

404

Downloaded from https://jcb.rupress.org/content/124/4/401.full.pdf by guest on 27 January 2020

Finesmith, T. H., K. N. Broadley, andJ. M. Davidson. 1990. Fibroblasts from
wounds of different stages of repair vary in their ability to contract a collagen
gel in response to growth factors. J. Cell Physiol. 144:99-107.
Fukamizu, H., and F. Grinnell. 1990. Spatial organization of extracellular matrix and fibroblast activity: Effects of serum, transforming growth factor b,
and fibronectin. Exp. Cell Res. 190:276-282.
Gabbiani, G., B. J. Hirschel, G. B. Ryan, P. R. Statkov, and G. Majno. 1972.
Granulation tissue as a contractile organ: a study of structure and function.
J. Exp. Med. 135:719-733.
Gillery, P., H. Serpier, M. Polette, G. Bellon, C. Clavel, Y. Wegrowski, P.
Birembaut, B. Kalis, R. Cariou, and F.-X. Maquart. 1992b. Ganunainterferon inhibits extracellular matrix synthesis and remodeling in collagen
lattice cultures of normal and scleroderma skin fibroblasts. Eur. J. Cell Biol.
57:244-253.
Grinnell, F., and C. R. Lamke. 1984. Reorganization of hydrated collagen lattices by human skin fibroblasts. J. Cell Sci. 66:51-63.
Guidry, C. 1992. Extracellular matrix contraction by fibroblasts: poptide
promoters and second messengers. Canc. Metastasis Rev. 11:45-54.
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.
Guidry, C., and F. Grinnell. 1987. Heparin modulates the organization of
hydrated collagen gels and inhibits gel contraction by fibroblasts. J. Cell
BioL 104:1097-1103.
Harris, A. K., D. Stopak, and P. Wild. 1981. Fibroblast traction as a mechanism for collagen morphogenesis. Nature (Lond.). 290:249-251.
Hunt, T. K., and J. E. Dunphy. 1979. Fnndementals of Wound Management.
Appleton-Century-Crofts, New York.
Iwig, M., D. Glaesser, and M. Bethge. 1981. Cell shape-mediated growth control of lens epithelial cells grown in culture. Exp. Cell Res. 131:47-55.
Jaln, M. K., R. A. Berg, and G. P. Tandon. 1990. Mechanical stress and cellular metabolism in living soft tissue composites. Biomaterials. 11:465-472.
Kasugai, S., S. Suzuki, S. Shibata, S. Yasui, H. Amano, and H. Ogura. 1990.
Measurements of the isometric contractile forces generated by dog periodontal ligament fibroblasts in vitro. Arch. Oral Biol. 35:597-601.
Klein, C. E., D. Dressel, T. Steinmayer, C. Mauch, B. Eckes, T. Krieg, R. B.
Bankert, and L. Weber. 1991. Integrin ct2B1 is upregulated in fibroblasts
and highly aggressive melanoma cells in three-dimensional collagen lattices
and mediates the reorganization of collagen I fibrils. J. Cell Biol. 115:
1427-1436.
Kolodney, M. S., and R. B. Wysolmerski. 1992. Isometric contraction by
fibroblasts and endothelial cells in tissue culture: a quantitative study. J. Cell
Biol. 117:73-82.
Kolodney, M. S., and E. L. Elson. 1993. Correlation of myosin light chain
phosphorylation with isometric contraction of fibroblasts. J. Biol. Chem.
268:23850-23855.
Kono, T., T. Tanii, M. Furukawa, N. Mizuno, J.-l. Katajima, M. Ishii, T.
Hamada, and K. Yoshizato. 1990. Cell cycle analysis of human dermal
fibroblasts cultured on or in hydrated type I collagen lattices. Arch. Dermatol. Res. 282:258-262.
Lambert, C. A., E. P. Soudant, B. V. Nusgens, and C. M. Lapiere. 1992.
Pretranslational regulation of extracellular matrix molecules and collagenase
expression in fibroblasts by mechanical forces. Lab. Invest. 66:444-451.
Larson, D. L., S. Abston, E. B. Evans, M. Dobrkovsky, and H. A. Linares.
1971. Techniques for decreasing scar formation and contractures in the
burned patient. J. Trauma. 11:807-823.
Lee, T.-L., Y.-C. Lin, K. Mochitate, and F. Grinnell. 1993. Stress-relaxation
of fibroblasts in collagen matrices triggers ectocytosis of plasma membrane
vesicles containing actin, armexins II and VI, and bl integrin receptors. J.
Cell Sci. 105:165-177.
Lin, Y.-C., and F. Grinnell. 1993. Decreased level of PDGF-stimulated receptor autophosphorylation by fibroblasts in mechanically relaxed collagen matrices. J. Cell Biol. 122:663-672.
Majno, G. 1975. The Healing Hand. Harvard University Press, Cambridge,
MA.
Mast, B. A. 1992. Repair of specific tissues: The skin. In Wound Healing: Binchemical and Clinical Aspects, I. K. Cohen, R. F. Diegelmarm, and W. J.
Lindblad, editors. W.B. Sannders Co., Philadelphia, PA. 344-355.
Manch, C., A. Hatamochi, K. Scharffetter, and T. Krieg. 1988. Regulation of
collagen synthesis in fibroblasts within a three-dimensional collagen gel.
Exp. Cell Res. 178:493-503.
Mochitate, K., P. Pawelek, and F. Grinnell. 1991. Stress relaxation of contracted collagen gels: Disruption of actin filament bundles, release of cell surface fibronectin, and down regulation of DNA and protein synthesis. EXp.
Cell Res. 193:198-207.
Montesano, R., and L. Orci. 1988. Transforming growth factor/~ stimulates
collagen-matrix contraction by fibroblasts: Implications for wound healing.
Proc. Natl. Acad. Sci. USA. 85:4894-4897.
Nakagawa, S., P. Pawelek, and F. Grinnell. 1989a. Extracellular matrix organization modulates fibroblast growth and growth factor responsiveness. EXp.
Cell Res. 182:572-582.
Nakagawa, S., P. Pawelek, and F. Grinnell. 1989b. Long term culture of
fibroblasts in contracted collagen gels: effects on cell growth and biosynthetic

