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Abstract

Fibroplasia and angiogenesis are essential components of tis-
sue repair when substantial tissue has been lost at a site of
injury. Platelets and monocyte/macrophages accumulate at
these sites and release a variety of growth factors that are
thought to initiate and sustain the repair. Often the involved
tissue contracts, a process that can markedly reduce the
amount of fibroplasia and angiogenesis necessary for the rees-
tablishment of organ integrity. Such tissue contraction occurs
over hours or days, a much slower time course than the rapid,
reversible contraction of muscle tissue. Fibroblasts, which are
rich in f-actin bundles, appear to be responsible for wound
contraction. However, the signals that stimulate contraction
are not known. Using cultured fibroblasts, which are also rich
in f-actin bundles, we demonstrate the platelet and monocyte
isoforms of platelet-derived growth factor (PDGF; ABand BB)
but not PDGF-AA, can stimulate fibroblasts to contract colla-
gen matrix in a time course similar to that of wound contrac-
tion. In addition, PDGFappears to be the predominant fibro-
blast/collagen gel contraction activity released from platelets.
Vasoactive agonists known to stimulate smooth and striated
muscle contraction do not stimulate fibroblast-driven collagen
gel contraction.

Introduction

When substantial tissue loss occurs after injury, fibroblast in-
growth, connective tissue deposition, and angiogenesis, often
in concert with tissue contraction, reestablish organ integrity
(1, 2). Using explants from 1-2-wk wounds, Gabbiani et al. (3)
demonstrated that ex vivo granulation tissue contraction was
actin dependent. The actin-rich cells in wound tissue have
been characterized as specialized fibroblasts called myofibro-
blasts (4). This same fibroblast phenotype has been observed in
tissue taken from patients with a variety of fibrocontractive
diseases (2). Thus, f-actin-rich fibroblasts may also be responsi-
ble for the very slow, progressive tissue contraction observed in
scleroderma, constrictive pericarditis and myocarditis, pulmo-
nary fibrosis, and liver cirrhosis.
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The so-called myofibroblast contains large f-actin bundles
that course longitudinally along the cytoplasmic faQe of the
plasma membrane in the direction of the major cell axis. In
wounds the intracellular actin bundles are aligned with extra-
cellular fibronectin fibrils across the radial axis of the wound.
These networks of intra- and extracellular microfilaments may
be responsible for transmitting the collective force generated
by fibroblasts across the tissue (5). Although the biomechanics
by which this type of tissue contraction may occur have been
investigated, little is known about the signals that stimulate
such contraction. Platelet-derived growth factor (PDGF)-BBI
and -AB are presumed to be released from platelets and mono-
cyte/macrophages at sites of tissue injury (1). Since PDGFis
known to stimulate fibroblast migration (6, 7) and prolifera-
tion (8), and arterial smooth muscle contraction (9), we inves-
tigated the ability of PDGFto initiate fibroblast contraction of
collagen matrix.

Cultured fibroblasts mixed with soluble collagen, which is
then allowed to gel, contract the collagen matrix over the
course of several days when serum is added to the culture (10).
Like granulation tissue contraction, fibroblast-driven collagen
gel contraction is actin dependent (ld). In addition, fibronec-
tin-containing microfibrils interconnect cultured fibroblasts
(11) and are aligned with intracellular f-actin bundles (12).
Because of the similarities between the in vitro system and
contracting wound tissue, Bell et al. have proposed that fibro-
blast-contracted collagen gels represent a tissue-equivalent
construct (10, 13). Therefore, we have used this system to test
whether PDGFcan stimulate fibroblast-driven connective tis-
sue contraction.

Methods

Fibroblast/collagen gel contraction assay. Human fibroblasts isolated
from minced, collagenase-treated foreskin dermis were grown to a
population-doubling level of 6-12 in Eagle's MEMand 10% fetal bo-
vine serum. The cells were harvested with trypsin and EDTA, washed,
and mixed with reconstituted fibrillar collagen (14) in Eagle's MEM
and appropriate experimental conditions. The final concentrations of
collagen and cells were 4 mg/ml and 1 X 106 fibroblasts/ml, respec-
tively. 0.5-ml volumes of the mixture were plated into 16-mm-diam,
flat-bottom bacteriologic plastic wells precoated with 20 mg/ml of
BSA. The collagen/cell mixtures were incubated in humidified air at
37°C and gelled within 30 min. At 1, 2, 3, 4, 5, and 24 h after plating
the major and minor axes of each gel were measured and the average
diameter converted to area.

1. Abbreviations used in this paper: EGF, epidermal growth factor;
FGF, fibroblast growth factor; PDGF, platelet-derived growth factor;
TGF-beta, tumor necrosis factor beta.
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Initially,,we monitored gel contraction both by calculating gel areas
from gel diameters and by determining gel volume from fluid dis-
placement. In our system, both area and volume determinations gave
essentially the same results. Therefore, we have chosen, as have other
investigators (10, 15, 16), to follow reduction in gel area. In addition,
we have confirmed that the degree of fibroblast-driven collagen gel
contraction is positively correlated with the number of fibroblasts
added to the collagen and inversely proportional to the collagen con-
centration as previously reported by Bell et al. (10).

Ycoechst dye assayfor DNA. Proliferation of fibroblasts in collagen
gels was monitored by a modified Hoechst dye fluorescence assay for
DNA (17). Aliquots of sonicated fibroblasts and collagen gel were
diluted 10-fold in a pH 7.4 buffer containing 10 mMNaH2PO4, 4 M
NaCl, and 2 mMEDTA. The suspension was vortexed vigorously and
clarified by centrifugation at 9,500 g for 5 min in a microfuge (model
B; Beckman Instruments, Inc., Palo Alto, CA). No detectable DNA
was observed in the pellet. The centrifugation removed most of the
collagen gel material from cell extracts. Conditions were adjusted so
that the supernatant contained - 100 ng DNA(- 1 X 104 cells) per
100-250 ,l. Replicate aliquots of the supematant were diluted to a
final volume of I ml in the same phosphate buffer containing 2 M
NaCl. Hoechst dye 22358 (Sigma Chemical Co., St. Louis, MO) was
added to a final concentration of 0.175 Ag/ml from a concentrated
stock in water. Salmon sperm DNA(Calbiochem-Behring Corp., San
Diego, CA) was diluted in the same buffer system and used as a stan-
dard in the range of 0-250 ng. Fluorescence was measured in a fluores-
cence spectrophotometer (Perkin-Elmer Corp., Norwalk, CT) set at
365 nm excitation and 458 nm emission. Collagen gels containing no
cells gave little or no background. Furthermore, collagen gels did not
interfere with DNAmeasurement of the salmon sperm DNAstandard.

[3H]Thymidine uptake. Neonatal foreskin fibroblasts were plated
at 12,500 cells/cm2 in DMEwith 25 mMHepes, 100 U/ml penicillin,
100 Mg/ml streptomycin, and 0.4% FCS and incubated 3 d to obtain
quiescence. Then the various PDGFisoforms were adde.d and cultures
were incubated for an additional 24 h. The next day cultures received
20 ul of HBSScontaining 1 MCi methyl-[3H]thymidine and were incu-
bated 4 h. Subsequently, the medium was replaced with 200 ,l DME
containing 3 pM cold thymidine to displace unincorporated [3H]thy-
midine. After 1 h, medium was removed and the DNAprecipitated
with 200 Al ice-cold 10% TCA. Precipitated DNAwas resuspended
with 0.2 NNaOHcontaining 40 Ag/ml carrier DNAand incorporated
tritium quantified in a scintillation counter.

PDGF. PDGFfrom human platelets was obtained from R & D
Systems (Minneapolis, MN). Isolated PDGFwas > 99% pure and
consisted of 85% PDGF-ABand 15% PDGF-BBas judged by ELISA
(18). Recombinant DNA-derived PDGF-AA and -BB were isolated
from a yeast expression system (18).

-AA, stimulated fibroblast-driven collagen gel contraction
(Fig. 1 B). To document that all PDGFpreparations used in
this study were biologically active, we measured [3H]thymi-
dine incorporation of fibroblasts plated on tissue culture plas-
tic dishes and incubated 24 h in the presence of the various
PDGFisoforms (see Methods). All PDGFisoform prepara-
tions stimulated DNAsynthesis in a dose-response profile (Fig.
2) similar to that recently reported by Raines et al. (19).

To determine whether other factors released from platelets
could stimulate fibroblast-driven collagen gel contraction,
platelets were isolated from plasma by centrifugation at 900 g
for 10 min (20). Washed platelets were resuspended in 20 mM
Tris, 145 mMNaCl, 5 mMKCI, 5 mMglucose, 2.5 mM
EDTA, pH 7.5, at a volume of 5 ml/original unit of platelets.
They were stimulated to release their products with 7 U/ml
thrombin at room temperature. After 15 min platelets were
centrifuged at 22,000 g for 20 min at 4°C and the supernatant
containing the released platelet products (platelet releasate)
was collected and stored at -20°C until used. Protein concen-
tration of platelet releasate was determined by the Lowry tech-
nique (21). Fig. 3 A demonstrates that increasing amounts of
the platelet-released protein stimulated increasing degrees of
fibroblast-driven gel contraction.

The question remained, however, whether PDGFwas the
only active factor in platelet releasate. To examine this ques-
tion we constructed an anti-PDGF antibody affinity column.
The MAb 121.6.1.1.1 (22), which recognizes both the PDGF-
AB heterodimer and PDGF-BB homodimer isoforms, was
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WhenPDGF, isolated from human platelets, was added to the
fibroblast-collagen matrix system, increasing gel contraction
occurred with increasing doses of PDGF. Of note, contraction
always began within 2-3 h after the addition of PDGF. Colla-
gen gels containing fibroblasts, but no PDGF, contracted little
by 24 h and never contracted within the first 5 h. Collagen gels
without cells did not contract with any dose of PDGF(data not
shown). PDGF-stimulated gel contraction was not secondary
to increasing cell numbers since fibroblasts within the collagen
gel did not proliferate during the 24-h contraction period nor
during a subsequent 3-d period as judged by a Hoechst dye
assay for DNA(see Methods).

Since PDGFisolated from human platelets consists of
85-90% PDGF-AB and 10-15% PDGF-BB isoforms (Hart,
C. E., unpublished observations), we examined the activity of
recombinant PDGF-BBand -AA isoforms. PDGF-BB, but not
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\b Figure 1. PDGF-AB
,__,,,,,__,_, and -BB, but not -AA,

1 0 2 4 stimulate fibroblast-
driven contraction of

e (h) collagen gels. (A) The
representative response
of gel contraction to
platelet-isolated PDGF
at 0 (s), 1 (n), 3 (A), 10
(A), and 30 ng/ml (o).
(B) Comparison of the
PDGFisoforms at 30
ng/ml: PDGF-AA (A),
PDGF-BB(A), PDGF-
AB (m), and medium
alone (-). Each point
with brackets represents
the mean±SEMof
three replicates. Points
without brackets indi-
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occurred among tripli-
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16000 Figure 2. All PDGFiso-
¢ 14000 forms stimulate DNA

ffi 12000 - S synthesis of fibroblasts
plated on plastic tissue

100o culture dishes: PDGF-
80'0 F eAA(A), PDGF-AB(A),

e 6000w and PDGF-BB (A). A
10% serum control gave

0 1 0 20 30 18,000 cpm/well. Each
PDGF(ng/ml) point with brackets rep-

resents the mean±SEM
of three replicates. Points without error bars indicate that no differ-
ence occurred among triplicates.

conjugated to CNBr-activated Sepharose beads (CNBr Sepha-
rose 4B; Pharmacia Inc., Uppsala, Sweden). Platelet releasates
after passage over the anti-PDGF affinity column had PDGF
levels - 10% those of nondepleted releasates as judged by
radioreceptor assay (23). As shown in Fig. 3 B, PDGF-depleted
releasate failed to stimulate contraction. In contrast, when
platelet releasates were passed over a nonimmune IgG affinity
column (sham depletion), the activity that stimulated gel con-
traction was not removed. When PDGFwas eluted from the
anti-PDGF affinity column and added back to PDGF-de-
pleted platelet releasates to a final concentration of the original
releasate (30 ng/ml), the contractile activity was restored (Fig.
3 B). Thus, PDGFappeared to be the major factor in platelet
releasates that stimulated fibroblast-driven collagen gel con-
traction.

Growth factors and cytokines are known to induce other

A Figure 3. PDGFis the
predominant platelet
factor that stimulates fi-
broblast-driven collagen
gel contraction. Experi-

C4 140 j ments were performed
E as described in

120- ....... Methods. (A) The plate-
let releasate dose re-

< 100 sponse of gel contrac-
tion to 3 ,Ag/ml platelet

so-^releasate protein (A), 10
,ug/ml protein (A), 30

___________________ji___ ~ g/ml protein (a), and

560 24 medium alone (o). (B)
The effect of PDGFde-

Time (h) pletion and repletion

from platelet releasates
B on gel contraction at 4

X 140 - h as compared with
CU 120 normal releasate con-
D 100 taining 30 ug/ml pro-10_ _ tein and 30 ng/ml
C 60- * * * PDGF. Depleted releas-
O 60- ate contained 30 ,tg/ml
X 40- protein and 3 ng/ml
o 20 PDGF. Repleted and020
- o- _ _ _ sham-depleted releasatee0 Depleted Repleted ShunRelasate Releasate Reeasate Depletion contained the same

amount of protein and
PDGFas normal releasate. Each bar represents the mean±SEMof
three replicates. The absence of a bar in the depleted releasate col-
umn indicates that the three replicate gels receiving the depleted re-
leasate showed no contraction at 4 h.

growth factors and cytokines which may subsequently accu-
mulate in cell culture (19, 24-26). Therefore, we have pre-
sented our gel contraction data in a log time scale to emphasize
the first 5 h after addition of a test substance to minimize such
cascade events. The recent finding that transforming growth
factor beta (TGF-beta) stimulated fibroblast contraction of
collagen gels after a 24-h delay (27) underscores the impor-
tance of potential sequential events. That is, the delayed re-
sponse may be related to the ability of TGF-beta to induce
PDGFmRNAand protein synthesis (24). As shown in Table I,
little or no collagen contraction was observed with 10 or 30
ng/ml TGF-beta (Collagen Corp., Palo Alto, CA) (28) at 4 or
24 h after addition to our system. On the other hand, a
45±5.0% decrease in gel area was observed at 48 h with 30
ng/ml TGF-beta. In addition to TGF-beta, we have examined
other growth factors and autacoids for their ability to stimulate
fibroblast-driven gel contraction (Table I). Fibroblast growth
factor (FGF; kindly provided by Dan Rifkin, NewYork Uni-
versity Medical Center) (29), epidermal growth factor (EGF;
Collaborative Research Inc., Lexington, MA), and platelet-as-
sociated autacoids stimulated little or no contraction by 24 h.

Discussion

Wedemonstrated in this report that fibroblast-driven collagen
gel contraction is stimulated by the platelet isoforms of PDGF
(AB and BB) but not by PDGF-AA. Furthermore, the fibro-
blast/gel contraction response to PDGFwas separable from
PDGFstimulation of fibroblast proliferation. Since fibroblast-
driven contraction of collagen gels has been demonstrated to
be actin dependent (10), the fibroblast/gel contraction re-
sponse to PDGFis probably related to other actin-dependent
cellular responses to PDGFsuch as chemotaxis (6, 7) and
vascular smooth muscle cell contraction (9). In fact, others
(30, 31) have dissociated the chemotactic and mitogenic activi-

Table I. Stimulation of Fibroblast-driven
Collagen Gel Contraction

%Decrease in gel area
Experimental condition

(concentration) 4 h 24 h No. of replicates

PDGF-AA (30 ng/ml) 1±1.0 29±3.7 9
PDGF-AB(30 ng/ml) 20±2.6 65±2.7 12
PDGF-BB(30 ng/ml) 14±2.8 54±4.5 12

TGF-beta (10 ng/ml) 0±0 15±2.0 6
TGF-beta (30 ng/ml) 0±0 22±5.7 6
EGF(10 ng/ml) 2±0 22±5.0 15
EGF(30 ng/ml) 0±0 25±5.0 6
FGF(10 ng/ml) 0±0 13±3.4 9
FGF(30 ng/ml) 0±0 26±3.0 6

ADP(10-6_J0-5 Al* 0±0 21±1.5 9
Adenosine (10-6_10-s M) 0±0 21±2.4 9
Histamine (J0-7_10-5 M) 0±0 14±2.1 27
Serotonin (10-7_10-5 M) 0±0 0±0 9

Medium alone 0±0 12±1.4 81

Mean±SEM.
* Since all concentrations listed stimulated little or no gel contrac-
tion, the data from each autacoid were pooled.
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ties of PDGFisolated from platelets. Furthermore, Nister et al.
(32) have shown that fibroblast chemotaxis is stimulated by
PDGF-BBbut not -AA, whereas both isoforms stimulate fibro-
blast mitogenesis. Finally, it has recently been observed (Clark,
F. C., and J. M. Folkvord, unpublished observations) by im-
munofluorescence microscopy using rhodamine-conjugated
phalloidin toxin as a probe for fibrillar actin, that PDGF-BB
and -AB, but not -AA, stimulate contraction of individual
fibroblasts plated in glass chambers within a time frame simi-
lar to gel contraction. These differences observed between
PDGF-AB/-BB and -AA activities in actin-dependent fibro-
blast responses and fibroblast mitogenesis are consistent with
recent findings that multiple classes of PDGFreceptors exist
that have different binding specificities for the various PDGF
isoforms (21, 32, 33).

From our experiments on platelet releasates, it appears that
PDGFis responsible for most, if not all, of the fibroblast/col-
lagen gel contractile activity. Recently another platelet prod-
uct, TGF-beta, has also been shown to stimulate fibroblast-
driven collagen gel contraction (27). However, the contractile
response to TGF-beta does not occur until 24-48 h after its
addition (27, confirmed in this study). This delay allows suffi-
cient time for TGF-beta to induce de novo synthesis of PDGF,
a well-documented response of fibroblasts to TGF-beta (24).
In contrast to the delayed time course of contraction seen with
TGF-beta, platelet releasates and PDGFstimulated contrac-
tion by 2-5 h after addition (Figs. 1 and 2 A). The difference in
time course coupled with the well-known fact that TGF-beta is
released from platelets in a stable, latent form, whether in vitro
or in vivo during blood coagulation (25), make TGF-beta a
highly unlikely candidate for the gel-contracting activity found
in platelet releasates.

PDGFmay promote tissue repair through at least two dis-
tinct processes with either beneficial or detrimental outcomes.
First, it is well established that PDGFstimulates fibroblast and
smooth muscle cell expansion (8) and migration (6, 7). Such
mesenchymal cell ingrowth in vivo can be beneficial due to the
repopulation of a space created by tissue loss. On the other
hand, mesenchymal cell ingrowth can be detrimental because
of invasion of a physiologically functional space (e.g., en-
croachment of a smooth muscle-rich atheromatous plaque
into a blood vessel lumen, or invasion of fibroblasts into respi-
ratory airways and lung alveoli after pulmonary injury). Sec-
ond, PDGFstimulates fibroblast-driven contraction of colla-
gen gel matrix as demonstrated in this report. Tissue contrac-
tion can be beneficial vis a vis reducing the amount of
fibroplasia and angiogenesis needed to reestablish organ integ-
rity after tissue loss. On the other hand, tissue contraction can
be detrimental vis a vis reduction of physiologically functional
space (e.g., joint contracture, bowel obstruction, esophageal
constriction, pulmonary fibrosis, constrictive pericarditis/
myocarditis). Through future studies we hope to determine
whether PDGFis responsible for stimulating tissue contrac-
tion in these various situations and what modulatory mecha-
nisms exist for such activity. A better understanding of non-
muscle tissue contraction may allow appropriate intervention
in wound repair and fibrocontractive disorders.
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