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Abstract. Previous studies of fibroblast proliferation, migration, and collagen synthesis have 
been limited in their ability to define the interrelationship among these events in response to 
various inflammatory mediators. We have now defined an in vitro tissue culture model for the 
synchronous quantification of these parameters of fibroplasia. Biopsies (2 mm) of chicken flexor 
tendons are embedded in a fibrin matrix and exposed to various factors for 5 days in tissue 
culture. The availability of the fibrin matrix surrounding the tendon biopsy satisfies the need 
for a solid support medium for fibroblast migration. Multiple measurements of tendon fibroblast 
proliferation, migration into the fibrin matrix, and relative collagen synthesis are then made on 
these preparations. Fetal calf serum stimulated tendon fibroblast proliferation and migration in 
a dose responsive fashion, whereas the selective expression of collagen synthesis was decreased. 
Platelet lysate stimulated fibroblast proliferation at low concentration, but migration only at high 
concentration and was without effect on relative collagen synthesis. This model now provides a 
means of more clearly defining the influence of various inflammatory factors on the events of 
fibroplasia. 

The “healing” response of tissue to injury 
involves complex interactions between in- 
flammatory cells, their products, coagulation 
factors, hormonal and nutritional plasma ele- 
ments, and the collagen-producing cells ( 1 - 
4). These interactions are thought to induce 
the fibroblasts to move into the area of in- 
flammation, to proliferate there, and to lay 
down new connective tissue protein. The pre- 
cise relationship between the various inflam- 
matory cells and their factors and the different 
components of the connective tissue response 
has been difficult to discern in vivo and in cell 
culture. In vivo studies are difficult to control 
and cell culture studies employ diverse tech- 
niques to study different phenomena. For ex- 
ample, in vitro studies employ a Boyden 
chamber for migration (3, a culture dish for 
proliferation (6) ,  and usually a different set of 
defined conditions for the measurement of 
collagen and protein synthesis (7). In recent 
years, evidence has accumulated that the be- 
havior of connective tissue cells is influenced, 
to a large extent, by their extracellular envi- 
ronment (8)-one that is highly variable under 
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cell culture conditions. We have thus designed 
a tissue culture model that mimics to a limited 
degree the wound environment and also per- 
mits synchronous study of the events of fi- 
broplasia within that environment. 

Explants of chicken flexor tendons are 
embedded in a fibrin matrix and are then in- 
cubated in culture medium containing various 
inflammatory mediators. The fibrin matrix 
serves as a solid support into which the tendon 
fibroblasts can migrate. Tendon fibroblast mi- 
gration, proliferation, and collagen synthesis 
are then all quantified under the same exper- 
imental conditions. Approximately 80 ex- 
plants are procured from each set of tendons 
frorii a single chicken permitting quantifica- 
tion of replicates of each culture condition. 

This paper describes the details of this in 
vitro model of fibroplasia, and how in initial 
studies, it has been used to discern the dis- 
parate effect of two inflammatory mediators 
on fibroblast migration, proliferation, and 
collagen synthesis. 

Materials and Methods. Experimental 
model. flexor digitorum profundus tendons 
were removed from the long digits of female 
White Leghorn chickens (2.5-3 kg) in sterile 
fashion, rinsed in Dulbecco’s Modified Eagle’s 
Medium (DMEM), and dissected to ensure 
complete removal of all sheath and other sy- 
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novial components. Plugs 2 mm in diameter 
were cut from the excised tendons with a der- 
mal trephine and placed in multi-well culture 
plates (Costar No. 3524, Cambridge, Mass.). 
The tendon plugs were covered first by 10 pl 
thrombin solution (2 mg/ml DMEM) and 
then by 50 pl fibrinogen solution (KABI, 
Grade L, Stockholm, Sweden; 3 mg/ml). The 
fibrin matrix was allowed to mature at 37°C 
for 30 min in a humidified atmosphere after 
which 1 ml of DMEM supplemented with 
glycl-histidyl-lysine (200 ng/ml) (9), aprotinin 
( 100 KIU/ml, Trasylol, Mobay Chemical 
Corp., New York), and fresh ascorbate (0.1 
mM) were added to each well. The tripeptide, 
glycyl-histidyl-lysine, was used to maintain the 
viability of the tendon fibroblasts in the ab- 
sence of exogenous serum or growth factors 
(9) and the aprotinin was used to ensure the 
stability of the fibrin matrix against breakdown 
by tissue proteases. This medium will be re- 
ferred to as "DMEM base." After a 48-hr pe- 
riod of quiescence in DMEM base, various 
exogenous factors to be assayed were added 
to the medium and incubation was continued 
for an additional 5 days. This was the period 
determined in an earlier study, necessary to 
achieve maximal fibroblast proliferation ( 10). 
Medium supplemented with fresh ascorbate 
was replaced every 24 hr. 

TendonJibroblast migration. In a stimulated 
system (10% fetal calf serum) fibroblasts can 
be observed migrating into the fibrin matrix 
after 48 hr (10, 11). After 5 days incubation 
in the presence of 10% fetal calf serum, the 
fibroblasts have migrated out of the tendon 
plug into an area 5-8 mm2 (10). Projection 
of the radiating fan of migrating cells onto 
paper then permits measurement of the area 
of migration using a Zeiss MOPP I11 automatic 
planimeter. 

Tendon fibroblast proliferation. Incorpo- 
ration of [ '251]iododeoxyuridine ( '251UDR, 
2,000 Ci/mmole, New England Nuclear, Bos- 
ton, Mass.) into dividing fibroblasts was used 
to quantitate DNA synthesis as an index of 
proliferation (12). After 5 days of incubation 
in factor-supplemented medium, the speci- 
mens were pulsed with '251UDR (1 pCQm1) 
and lop5 M 5-fluorodeoxyuridine (FUDR, 
Sigma, St. Louis, Mo.) for 12 hr. The duration 
of this pulse was determined by a time-course 
experiment of '251UDR incorporation into the 

tendon fibroblasts (Fig. 1). The FUDR en- 
hanced '251UDR uptake by providing a specific 
inhibition of endogenous thymidine synthesis 
( 13). Following the incubation, the radioactive 
medium was removed, the wells were rinsed 
three times with phosphate-buffered saline, 
and the contents of the wells were dissolved 
completely in 1 ml of 1 N sodium hydroxide 
at 37°C for 24 hr. The sodium hydroxide so- 
lution contained 2 mg of carrier DNA (Type 
1, calf thymus, Sigma Chemical Co., St. Louis, 
Mo.) to ensure complete recovery of the ra- 
dioactive tendon fibroblast DNA. The alkaline 
treatment was used to facilitate complete tissue 
solubilization, hydrolyze ribonucleic acid, and 
destroy nucleases ( 14, 15). In addition, DNA 
is more readily precipitated by acid following 
alkali treatment ( 16). 

After neutralization with 0.5 ml of 2 N hy- 
drochloric acid, the samples were chilled to 
4°C and protein and DNA were precipitated 
by the addition of 0.15 ml of 50% trichloro- 
acetic acid (TCA) to give a final concentration 
of 5%. Micro stir bars (8 X 1.5 mm) were 
placed in each well and the culture plate was 
placed on a stir plate to allow adequate mixing 
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FIG. 1. Time course of 1251UDR incorporation into 
tendon fibroblast DNA. Cultures were incubated for 5 
days in the presence of 10% FCS. Solid line represents 
isotope incorporation for the duration of hours indicated. 
The dashed line represents the background activity in 
control specimens incubated in the presence of 25 mM 
hydroxyurea during the isotope pulsing period. The error 
bars represent the SEM of six replicates. 
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during these additions. The precipitated DNA 
was washed four times with 1 ml of 5% TCA 
in the cold to remove unincorporated isotope. 
To facilitate this procedure, the 24-well culture 
plates were centrifuged (300g) using microtiter 
centrifuge carriers (Cooke System, Dynatech 
Laboratories Inc., Alexandria, Va.). After the 
last wash, the stir bars were removed, the final 
precipitate was dried, and the wells were 
sprayed with clear plastic. The wells were then 
cut out of the plate with a band saw, and 
counted for 1251 radioactivity in a gamma 
spectrometer ( 12). Control specimens were 
preincubated for 2 hr with hydroxyurea (25 
mM) to allow sufficient time for the DNA 
synthesis inhibitor to penetrate through the 
fibrin matrix and into the tendon fibroblasts. 
The use of hydroxyurea as a specific inhibitor 
of DNA synthesis ( 17) allows determination 
of background nonspecific binding of isotope 
which is then subtracted from the test samples. 

IUDR is deoxythymidine with iodine sub- 
stituted for a methyl group in the fifth position 
of the nucleotide ring. The use of '251UDR to 
measure DNA synthesis was chosen because 
with gamma radioactive counting, samples do 
not need to be transferred from the multi-well 
culture plates for analysis. In addition, the 
cost associated with scintillation vials and 
fluors needed for [ 14C]- or [3H]thymidine usage 
is also avoided. Iododeoxyuridine equilibrates 
with the thymidine pool and its incorporation 
into DNA can be blocked by thymidine com- 
petition ( 18). The use of '251UDR as a specific 
DNA precursor is gaining acceptance and the 
rate of incorporation of this isotope has been 
shown to be directly related to cell proliferation 

Tendon fibroblast collagen synthesis. These 
studies were performed on tendon cultures 
incubated in parallel with those used for pro- 
liferation and migration studies. Collagen 
synthesis was quantitated by a technique based 
upon the susceptibility of newly synthesized 
radioactive protein to be digested by purified 
bacterial collagenase (22). After 5 days of fac- 
tor-supplemented incubation, tendon explants 
were incubated with the appropriate medium 
containing fresh ascorbate (0.1 mM) and 10 
pCi of [3H]proline (43 Ci/mmole, Schwarz/ 
Mann, Orangeburg, N.J.). After 6 hr, the in- 
cubation was stopped by removing the radio- 
active medium and then rinsing the culture 

(1 9-2 1). 

plate wells twice with phosphate-buffered sa- 
line (4°C). The explants, complete with fibrin 
matrix, were removed and placed into cen- 
trifuge tubes on ice. The wells were rinsed 
with 1 ml of deionized water which was added 
to the tissue samples. The samples were then 
heated to 90°C for 10 min to destroy any 
proteolytic enzyme activity and then frozen 
until time of analysis. Specimens from two 
wells were pooled and analyses were done in 
triplicate. After thawing, the radioactive pro- 
tein was precipitated in the cold with TCA 
( 5 % )  prior to digestion with a highly specific 
bacterial collagenase as previously described 
(22). After digestion of the collagen, the non- 
collagenous protein was reprecipitated with 
5% TCA-0.25% tannic acid. Supernatants 
containing collagen-derived peptides and pel- 
lets containing the noncollagenous protein 
were then counted separately for radioactivity. 
Radioactivity released by collagenase is rep- 
resented by the value in the numerator and 
the percentage collagen synthesized relative to 
total protein synthesis is calcualted according 
to the following formula: 

% collagen synthesis 

cpm in collagen x 100. - - 
(cpm in noncollagen protein 

X 5.4) + cpm in collagen 

The factor of 5.4 corrects for the enriched 
content of proline and hydroxyproline in col- 
lagen versus only proline in noncollagen pro- 
tein (23). 

Efect of various trophic factors on Jibroblast 
proliferation, migration, and collagen synthe- 
sis. After 48 hr incubation in DMEM base, 
various concentrations of fetal calf serum 
(FCS) and platelet lysate (PL) with 5% platelet- 
poor plasma (PPP) were added to the incu- 
bation medium. After 5 days of additional 
incubation, fibroblast proliferation, migration, 
and collagen synthesis were determined as de- 
scribed above. The FCS was purchased from 
GIBCO Laboratories (Grand Island, N.Y.). 
Platelet lysate (PL) and PPP were prepared as 
previously described by Pledger et al. (24). 
Expired human platelets were obtained from 
the Medical College of Virginia blood bank 
and washed three times in phosphate-buffered 
saline. The platelet suspension was then fro- 
zen, thawed, and heated to 100°C for 5 min. 
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The cell debris was removed by centrifugation 
and the supernatant was used as the platelet 
lysate. The protein concentration in the lysate 
was estimated by 260-280-nm determina- 
tions (25). 

For the preparation of PPP, freshly obtained 
human plasma was collected in citrated tubes 
and centrifuged at 3500g. The supernatant was 
collected and defibrinated by heating at 56°C 
for 30 min. The plasma was then centrifuged 
at 27,OOOg for 30 min and sterile-filtered 
(0.45 pm) prior to use (24). 

Results. Time course of l2'IUDR incorpo- 
ration into tendon fibroblasts. Incubation of 
tendon explants with '251UDR at intervals 
from 8 to 28 hr on the fifth day of incubation 
with 10% FCS showed a linear incorporation 
of isotope from 8 to 16 hr (Fig. 1). In sub- 
sequent studies, the level of background ra- 
dioactivity in the hydroxyurea blanks was 
subtracted from the test specimens. The back- 
ground value was normally less than 5% of 
the radioactivity incorporated into the non- 
hydroxyurea-treated specimens. A 1 2-hr pulse 
was, therefore, used in all subsequent exper- 
iments. 

Efect of fetal calf serum on fibroblast pro- 
liferation, migration, and collagen synthesis. 
Both fibroblast proliferation and migration 
responded in a dose-related fashion to in- 
creasing concentrations of fetal calf serum 
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FIG. 2. Effect of FCS on fibroplasia. Various concen- 
trations of whole FCS were used to determine the effect 
on fibroblast proliferation, migration, and collagen syn- 
thesis. Cultures were incubated for 5 days with the in- 
dicated concentrations of FCS. Fibroblast proliferation as 
measured by '251UDR incorporation into DNA was made 
on four replicate specimens and the background radio- 
activity observed in the hydroxyurea blanks (two replicates) 
was subtracted. Relative collagen synthesis was measured 
in triplicate and migration was measured using six rep- 
licates. The error bars indicate the SEM. 

TABLE I. INFLUENCE OF FETAL CALF SERUM ON THE 

PROTEIN BY TENDON EXPLANT CULTURES 
SYNTHESIS OF COLLAGEN AND NONCOLLAGEN 

Noncollagen 
Percentage Collagen protein Relative 
fetal calf collagen 
serum (cpm/tendon culture)" synthesis (%) 

0 106 ? 26 245 f 93 8.1 
0.1 229 f 1 1  490 f 50 8.1 
0.5 18Of 27 291 f 31 10.3 
1.0 241 f 51 467 f 137 9.4 
2.0 246 f 37 970 f 185 4.8 

10.0 606 f 168 3183 f 963 3.5 

" Data expressed as mean f SEM; N = 3. Cultures were 
incubated for 6 hr with [3H]proline (10 pCi/ml) and two 
tendon explants were pooled for each analysis. Collagen 
was specifically digested by purified bacterial collagenase 
and the radioactivity released into the supernatant was 
measured whereas noncollagen protein was reprecipitated 
and measured in the pellet (22). The percentage collagen 
synthesis was calculated after correcting for the enriched 
amino acid content of collagen (23). 

the culture medium and were maximal at the 
highest concentration tested ( 10%). In con- 
trast, collagen synthesis, relative to total pro- 
tein synthesis, was maximal at low concen- 
trations of fetal calf serum (8-10% of total 
protein synthesized) and with increasing con- 
centrations, became minimal at the 10% con- 
centration (3.5% of total protein synthesized) 
(Fig. 2). When these collagen synthesis data 
were calculated on an absolute basis (per ten- 
don explant), it became apparent that there 
was an increase in the synthesis of collagen 
(2.6-fold, from 0.1 to 10% fetal calf serum) 
but this was overshadowed by the increase in 
the synthesis of noncollagen protein (6.5-fold) 
(Table I). Therefore, the net effect resulted in 
a decrease in relative collagen synthesis in re- 
sponse to increasing concentrations of fetal 
calf serum. 

Eflects of platelet lysate on fibroblast pro- 
liferation, migration, and collagen synthesis. 
The addition of platelet lysate to medium 
containing 5% platelet-poor plasma resulted 
in a proliferative response at low concentra- 
tions of lysate (5 pg/ml), approaching a max- 
imal response at 20 pg/ml (Fig. 3). A migratory 
response, in contrast, did not occur at low 
concentrations of platelet lysate and was elic- 
ited only at the highest concentration of plate- 
let lysate tested (100 pg/ml). This disparity 
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FIG. 3. Effect of PL on fibroblast proliferation and mi- 
gration. Cultures were incubated for 5 days with the in- 
dicated concentrations of PL. fibroblast proliferation was 
measured by ‘251UDR incorporation into DNA (four r e p  
licate specimens) and a hydroxyurea blank value (two 
replicates) was subtracted. Migration was measured using 
six replicates and error bars indicate the SEM. Data are 
expressed as percent maximal proliferation observed using 
10% FCS (37 X lop3 cpm/tendon biopsy) and maximal 
migration observed using 10% FCS (5.1 mm’). 

between proliferative and migratory responses 
contrasted sharply with the marked similarity 
between these two events in response to fetal 
calf serum (Fig. 2). There was no significant 
effect of varying concentrations of PL on either 
absolute or relative collagen synthesis in these 
experiments. Incubation with 10% FCS (pos- 
itive control) resulted in a relative collagen 
synthesis value of 6.7% whereas the mean 
value for PL from 0 to 100 pg/ml was 6.1 
k 0.4%. 

Discussion. The most realistic setting for 
the study of fibroplasia in response to inflam- 
mation is obviously an in vivo one. However, 
the multiplicity of factors involved and cellular 
events occurring precludes that system from 
being a controllable one for study. Currently, 
there is considerable debate concerning the 
validity of cell culture techniques for such 
studies (26-28). The controversy hinges on 
the appreciation now that the behavior of fi- 
broplastic cells is governed to a great extent 
by their extracellular environment and sur- 
rounding matrix (8). Any aberration in this 
environment will undoubtedly affect the cel- 
lular events beine studied. and hence influence 

the particular response being documented. In 
addition, many essential wound elements are 
not present in the culture dish, again modi- 
fying the results. The design of this model for 
the study of the interrelationship between in- 
flammatory factors and fibroplastic events en- 
deavored to satisfy three criteria: (i) the fibro- 
plastic cells under study should be within their 
native tissue matrix; (ii) the cells should be 
exposed to an inflammatory environment that 
contains the essential elements of a wound; 
and (iii) all three fibroblast events-prolifer- 
ation, migration, and collagen synthesis- 
should be studied under identical conditions, 
hence permitting a determination of the in- 
terrelationship between the events. 

The first criterion was satisfied by using tis- 
sue explants in culture. The problem of con- 
trolling for the different cell types in whole 
tissue was resolved by employing tendon tissue 
for the model. Tendon was ideal as it is con- 
stituted by a matrix rich in highly organized 
collagen and a single homogeneous population 
of fibroplastic cells-tenoblasts. All cellular 
events observed can thus be attributed to the 
tendon fibroblasts. 

The second criterion was met by surround- 
ing the tissue with a fibrin matrix. Previous 
studies using this model demonstrated that 
fibrin was an essential constituent of the 
plasma clot needed for the rapid migration of 
tendon fibroblasts out of the tissue (10, 1 1). 
The presence of a fibrin matrix resulted in a 
54% increase in tendon fibroblast proliferation 
and a 7- to 10-fold increase in cell migration 
from the tendon explant (10, 1 1). Fibroblasts 
normally migrate on a solid, collagenous, or 
fibrous matrix of connective tissue or plasma 
clot and, therefore, their movements should 
be studied in a solid medium. The peri-explant 
fibrin matrix employed in this model provides 
this necessary “scaffold” and we think is an 
essential component of the cellular environ- 
ment in studies of this nature. 

The third criterion has been satisfied by the 
model design. Adaptation of established assays 
for DNA (12, 18-21) and collagen synthesis 
(22) and an innovative assay for quantifying 
the area of migration out of the tissue explant 
allow all three cellular events to be studied in 
the same preparation (10). This capacity to 
assay three separate fibroplastic events under 
identical conditions has movided a valuable 
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insight into their interrelationships and has 
also demonstrated their individualistic modes 
of response. Low concentrations of fetal calf 
serum (0.1 to 0.5%) favored production of 
collagen relative to total protein synthesis but 
were suboptimal for tendon fibroblast prolif- 
eration and migration (Fig. 2). In contrast, 
10% fetal calf serum was highly stimulatory 
for proliferation and migration at the expense 
of differential collagen synthesis (Table I). 

The decrease in relative collagen synthesis 
at high concentration of FCS has been pre- 
viously reported (27,28) but was not analyzed 
by those investigators in relation to maximal 
fibroblast proliferation or migration. It is un- 
derstandable that during maximal prolifera- 
tion and migration, utilization of energy and 
precursors for synthesis of various cellular 
components (DNA and cytosol elements) may 
occur at the expense of other specialized cel- 
lular functions (collagen synthesis). It is in- 
teresting that in this specialized collagen-pro- 
ducing cell, synthesis of noncollagen protein 
takes precedence over collagen synthesis in 
response to 10% fetal calf serum (Table I). In 
the wound setting, it is likely, however, that 
despite the decrease in the relative commit- 
ment of protein synthesis to collagen, the total 
amount of collagen being produced is actually 
increased due to (i) increase in collagen syn- 
thesis per cell, (ii) the recruitment of fibroblasts 
into the area, and (iii) their proliferation. 

Platelet-derived growth factor, a known 
commitment factor for cell proliferation (29- 
31), was demonstrated to have an effect on 
fibroblast proliferation at relatively low con- 
centrations, but a migratory effect only at 
higher concentrations (Fig. 3). The discor- 
dance of the proliferative and migratory re- 
sponses demonstrates either the coexistence 
of two separate response mechanisms for the 
two events, or the presence of two distinct 
proliferative and migratory factors in the 
platelet lysate. Platelet lysate and platelet-de- 
rived growth factor have been shown to be 
chemotactic for smooth muscle cells (32) and 
fibroblasts (33) using the Boyden chamber as- 
say. Evidently, platelet lysate, as tested under 
the conditions in this model, does not contain 
factors affecting collagen or total protein syn- 
thesis. 

We present here a model for the study of 
fibroplasia that now provides a means of de- 

fining more clearly the influence of various 
inflammatory cells and their products on fi- 
broplastic events. Based upon these initial 
studies, it has become apparent that the mode 
and the degree of the response of the fibro- 
plastic cells are dependent both on the nature 
and concentration of the inflammatory factors 
and possibly a reciprocal relationship between 
the different cellular events. 
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