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Abstract

Subcutaneous implantation of Hunt-Schilling wound chambers
in rats induces a wound repair response causing the chamber
first to fill with fluid and subsequently with connective tissue.
The presence of a type I collagen gel encouraged a more rapid
dispersion of cells throughout the chamber but had no effect on
the rate of new collagen deposition. Addition of platelet-derived
growth factor (PDGF; 50 ng/chamber) to the collagen-filled
chambers caused an earlier influx of connective tissue cells, a
marked increase in DNA synthesis, and a greater collagen de-
position in the chamber during the first 2 wk after implantation.
After 3 wk, however, the levels of collagen were similar in PDGF-
supplemented and control chambers. Diabetic animals exhibited
a decreased rate of repair which was restored to normal by ad-
dition of PDGF to the wound chamber. Combinations of PDGF
and insulin caused an even more rapid increase in collagen de-
position. These results suggest that the levels of various growth
factors, particularly PDGF, may be limiting at wound sites and
that supplementation of wounds with these factors can accelerate
the rate of new tissue formation.

Introduction

The repair ofdamaged tissue occurs through the concerted action
of many specialized cell types which invade the wound in an
ordered sequence (1-8). Recent studies have identified some of
the factors, including chemoattractants, attachment factors, and
growth factors, which are required for the entry, migration, and
proliferation of cells in the wound (6-8). It is possible that in
areas of extensive trauma, in patients with diseases such as di-
abetes, and in individuals receiving certain drugs, the production
of these factors is not sufficient to maintain normal healing. In
such cases, as well as in normal individuals, it may be possible
to increase the rate of repair by adding factors directly to the
wound site.

The migration of cells into a wound is thought to be deter-
mined in large part by the production of chemoattractants, i.e.,
chemicals that promote the directed movement of responding
cells. A variety of such attractants has been described in in
vitro tests for certain cells. Inflammatory cells respond to che-
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moattractants which would be present at wound sites, including
complement peptides (9), platelet-derived peptides (10-12), and
bacterial products (13-15). Endothelial cells are attracted by still
other factors that are not yet well characterized (16). Fibroblastic
cells respond to a different set of chemotactic factors, including
fibronectin (17, 18), lymphokines (19), and platelet-derived
growth factor (PDGF)' (20-23). PDGF is a basic protein (Mr
= 31,000) which is stored in the a-granules of platelets (24).
PDGF has dual activities, being both chemotactic and mitogenic
for fibroblastic cells (20-27). Other growth factors including epi-
dermal growth factor (EGF), fibroblast growth factor (FGF),
and insulin are not active as chemoattractants. The mitogenic
action of PDGF is dependent on the presence of growth factors
contained in plasma (24, 26, 27), whereas the chemotactic ac-
tivity of PDGF is not (21).

To test the ability ofgrowth factors to stimulate wound repair,
we have used a model system employing Hunt-Schilling cham-
bers (HSC) (28, 29). When implanted subcutaneously, these
stainless steel chambers have been shown to induce a wound
repair response; they fill initially with granulation tissue and
finally with new connective tissue. We modified the chambers
by filling them with a collagen gel and various growth factors.
This had two advantages. First, the collagen gel allowed cells to
penetrate throughout the chamber, whereas tissue was deposited
initially on the inner surface ofempty chambers. Secondly, sup-
plements were maintained in the chambers containing collagen
gels for a much longer jeriod than in chambers lacking the gel
(data not shown). These chambers have advantages in that they
allow comparable quantities of material to be isolated, and they
serve as a localized target in which to test biologically active
supplements. Sporn et al. (30) have measured the deposition of
collagen in stainless steel mesh chambers either with or without
supplements of the transforming growth factors, TGF-a and
TGF-fl. They found a more rapid deposition ofconnective tissue
in the presence of TGFs.

Using this same model, we have tested the ability of various
growth promoting factors (PDGF, EGF, and insulin) to stimulate
the rate ofwound repair in normal and diabetic rats where wound
healing is delayed. Our results show that the addition ofPDGF
to wounds can enhance the rate of new tissue formation, indi-
cating that the levels ofPDGF available in wounds may be sub-
optimal in wounds or in traumatized sites in both normal and
diabetic animals.

Methods

Preparation of collagen, growth factors, and collagen matrices. PDGF
was purified to >90% purity using a modification ofestablished methods

1. Abbreviations used in this paper: EGF, epidermal growth factor; FGF,
fibroblast growth factor, HSC, Hunt-Schilling chambers; PDGF, platelet-
derived growth factor; TGF, transforming growth factor.
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(31, 32) as described previously (25). EGF was obtained from Collabo-
rative Research, Inc. (Waltham, MA). All growth factors were tested for
mitogenic activity as described previously (21, 25). Insulin was purchased
from Sigma Chemical Co. (St. Louis, MO). Collagen was isolated from
rat tail tendon as described by Bornstein and Piez (33). In some exper-
iments, bovine collagen (Vitrogen; Collagen Corp., Palo Alto, CA) was
used in place ofthe rat tail collagen and caused an identical repair reaction
to that observed with the homologous protein. Collagenous matrices
were formed by neutralizing a solution of collagen in 10 mM HCl at
4VC with 2 M Tris-HCl, pH 7.4, until the solution was 0.2 M Tris, pH
7.4. Gentamycin (100 ,gg/ml) as well as the growth factors to be tested
were added to the solution. The solution was then mixed thoroughly
with a magnetic stirrer and pipetted into 17 X 100-mm polystyrene test
tubes (Falcon Labware, Oxnard, CA). Six chambers were submerged in
each tube and carefully freed of trapped air. The tubes were transferred
to a 370C water bath for I h to initiate the formation of a collagen gel.
We removed the chambers from the tubes immediately before implan-
tation by cracking the tube with pliers and allowing the collagen gel to
slide out into a dish containing sterile saline. Before implantation, excess
collagen gel was removed with a spatula from the outside ofthe chambers.

Implantation ofchambers. Female Sprague-Dawley rats (200 g) were
anesthetized with pentobarbitol (50 mg/kg) by intraperitoneal injection.
The dorsal side of the rat was then shaved and three longitudinal incisions
(3 cm each) were made on both the left and right flank of each animal.
Pockets were formed along the sides of the animals under the paniculus
carnosis and the chambers (1.5 cm long X 1.0 cm diameter; volume
= 1.2 cm3) were inserted. The wounds were closed with three or four
metal clips. Control chambers containing only collagen were implanted
on the left flank of the animal and treated chambers were implanted in
the right flank. Rats receiving implants survived the operation well with
no infection or evidence of postoperative discomfort.

Induction ofdiabetic state. Diabetes was induced in normal Sprague-
Dawley rats by a single intravenous injection of streptozotocin (60 mg/
kg) via the tail vein. The animals were kept on 5% dextrose in water for
24 h after injection and then on unlimited water and rat chow. Serum
glucose was determined 5 d after injection by a glucose oxidase assay
(34). Normal rats had serum glucose levels of 100±20 mg/dl. 90% of all
treated rats had serum glucose levels >300 mg/dl. For our studies, we
chose only those rats whose serum glucose levels ranged between 350
and 500 mg/dl. Chambers were implanted on the fifth day after strep-
tozotocin injection. In one series, the animals were maintained on in-
tramuscular injections of insulin (Ultralente Iletin I Insulin, 2 U/d, Eli
Lilly & Co., Indianapolis, IN). The insulin treatment lowered the serum
glucose to <200 mg/dl.

Analysis of chamber contents. Animals were sacrificed by CO2 as-
phyxiation on the indicated days after implantation, and the chambers
were removed surgically. A fibrous capsule which formed outside of the
chambers was carefully removed by dissection before the processing of
the chambers. Chambers from the most anterior site were fixed in phos-
phate-buffered saline (PBS)/formalin (3.7%) and used for histological
studies. The middle pair was extracted with I N NH4OH/0. 1% TX-100
and a sample was hydrolyzed with 6 N HCl for 24 h at 105°C for amino
acid analysis. The most caudal pair was used to determine the rate of
DNA synthesis as described below.

Histology. The tissue contained in the chambers was stored in PBS/
formalin (3.7%) until samples from all the time points had been collected.
The fixed tissue was then removed from the chambers, embedded in
paraffin, and six 10-jum sections were cut and stained with hematoxylin-
eosin. The sections were viewed with a Zeiss photomicroscope III (Carl
Zeiss, Inc., Thornwood, NY). 10 fields from each data point were ob-
served. Some variation between fields of the same section were seen,
although these were not as great as the differences between two experi-
mental groups. Fields that represented the mean of those observed were
photographed.

Total collagen content. The contents ofthe chambers were solubilized
by extracting each chamber with 5 ml of 1 N NH40H/0.1% TX-100 at
100°C for 2 h. An aliquot of the extract was then hydrolyzed in 6 N
HCI at 105'C for 24 h and subjected to amino acid analysis with a
Durrum amino acid analyzer (Dionex Corp., Sunnyvale, CA). The

amount of hydroxyproline was measured, and the amount of collagen
was calculated assuming 100 residues of hydroxyproline per collagen
a-chain (35).

DNA synthesis. The excised chambers with enclosed tissue were in-
cubated in 5 ml Dulbecco's modified Eagle's medium containing 2 mg/
ml bovine serum albumin (BSA) and 2 yCi/ml [3H~thymidine (New
England Nuclear, Boston, MA) for 4 h at 370C in an atmosphere of90%
air/10% CO2. The chambers were then washed three times with PBS
and the contents were extracted with I N NH4OH/0. 1% TX-100 at 100I C
for 2 h. An aliquot of the extract was precipitated with 10% TCA at 4VC
and the [3H]thymidine incorporated into TCA-precipitable material was
determined. The total DNA content was measured using the fluorometric
procedure ofBrunk et al. (36). DNA synthesis is expressed as the amount
of [3Hjthymidine incorporated per microgram of total DNA.

Results
Effects ofthe collagen gel on the rate ofnew tissueformation in
HSC. Implantation of empty HSC induces a repair response
during which new connective tissue is deposited on the inner
surface and later throughout the chamber. We first determined
whether the addition of a collagenous matrix to the chamber
altered the formation of new connective tissue. Empty chambers
and chambers filled with a type I collagen gel were implanted
in animals. After growth for 2, 5, 7, 10, 15, and 20 d, the animals
were sacrificed, the chambers were removed, and the hydroxy-
proline content was determined (Fig. 1). No new collagen was
detected by 7 d after implantation in either the empty or collagen
gel-containing chambers since in any wound there is a lag in
new tissue deposition. Between 10 and 20 d, the rate ofdeposition
of new collagen in both the empty and collagen-filled chambers
was nearly identical (Fig. 1), indicating that the presence of the
collagen gel did not affect the rate of new extracellular matrix
formation within the chambers. For this reason, collagen-filled
chambers were used in subsequent experiments as a support and
vehicle for growth factors.

PDGF stimulation of granulation tissue formation. PDGF
has been shown to stimulate both the migration (20-23, 25) and
growth (24, 26, 27) of connective tissue cells in vitro. It is likely
that the release of this factor during platelet aggregation is in-
volved in recruiting connective tissue cells to the site of injury.
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Figure 1. Deposition of newly synthesized collagen with time after im-
plantation in empty and in collagen gel-filled chambers. Empty cham-
bers were implanted on the left flank and collagen-filled chambers on
the right flank of female Sprague-Dawley rats (200 g). The chambers
were removed at the indicated days and the amount of new collagen
deposited was determined by hydroxyproline analysis as described in
Methods. The amount of newly synthesized collagen has been cor-
rected for the collagen present in the chamber at the time of implanta-
tion. Data are the mean±SD of three separate chambers.

2324 Grotendorst et al.



A, ,^.._J Act I..,,, a-] -, 'US' '-p l;wt <, +\ ''s ho

| _ In ; _ _ * / } 1

8 > t + sIn . h ,X s s s s i ' ;, s *;t 4 o
_ o s ,, s > _ #

s@ s § ' § v * , e ; o . .^ S ; * ' JJ _ an _. Is s
r , s s t * a @ |

0 w e I ;,

s he s _ * A* * is

C. f s s *e * * is Sz * ;_
$ _ s e 11 * , t v s It -

'mt-Az - #"

..4J. >1

?r 4;~~~~A

4 -'

X
.

Figure 2. Acceleration of new tissue ingrowth by PDGF. Control
chambers (collagen, 2 mg/ml) and PDGF-containing chambers (colla-
gen, 2 mg/ml; PDGF, 50 ng/ml) were implanted in rats and the con-

tents were analyzed with a light microscope on days 3, 6, and 10. Sec-
tions (10 pm) from formalin (3.7%)-fixed tissue were stained with he-
matoxylin and eosin and were mounted on glass microscope slide.
Photomicrographs were taken with a Zeiss photomicroscope III (Carl
Zeiss, Inc., Thornwood, NY) using the X 100 objective. The control

chambers (left column; days 3, 6, and 10; top, middle, and bottom, re-

spectively) contain primarily neutrophils with few macrophages or fi-
broblastic cells. PDGF-containing chambers (right column) show simi-
lar levels of neutrophils and macrophages on days 3 (top) and 6 (mid-
dle). In contrast with the controls, PDGF-containing chambers exhibit

significant ingrowth of granulation tissue on days 6 (right, middle) and
10 (right, bottom).
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To test the effect ofPDGF on wound repair, wound chambers
containing collagen gel plus 50 ng/ml ofPDGF were implanted.
The chambers were excised at various intervals. When histolog-
ical sections from the PDGF-treated chambers were compared
with control chambers (collagen gel alone), they showed a much
more rapid cellular accumulation and matrix deposition (Fig.
2). Nonsupplemented control chambers were infiltrated by large
numbers of leukocytes, primarily neutrophils (>95%), and some
monocytes by day 3 and these cells remained past day 5. By day
10, the number ofinflammatory cells had decreased so that only
a few remained. These cells appeared to be monocytes. Fibro-
blasts were not observed until day 10 in the nonsupplemented
chambers, and at this time, only a few individual cells were
present. The leukocyte response in the PDGF-supplemented
chambers was similar to that of the nonsupplemented chambers.
However, large numbers of fibroblasts were present by day 6
with areas of newly deposited connective tissue forming at the
edges of the chamber. Extensive granulation tissue was found
in the PDGF-supplemented chambers by day 10 with abundant
new connective tissue deposition as well as many fibroblastic
cells and capillaries. These data suggest that PDGF stimulates
an increased rate of granulation tissue formation but not an
increased inflammatory response.

Because it is not possible to accurately quantitate the amount
of new tissue by light microscopic observation, we chose two
other independent measures of tissue formation-DNA synthesis
and collagen content. The level of DNA synthesis in PDGF-
supplemented chambers on days 5 and 10 was greatly elevated
over nontreated controls (Fig. 3). By day 20, however, the control
and PDGF-treated samples had reached similar levels of DNA
synthesis. Next, we analyzed the amount of new collagen de-
posited by quantitating the hydroxyproline content of the
chamber. PDGF increased the deposition of collagen on days 5
and 10 over that observed in control chambers (Fig. 4). However,
this difference in collagen deposition was transient, and by day
20, similar amounts of collagen were present in the control and
in the PDGF-containing chambers. These results indicate that
PDGF enhances the initial proliferation of cells in the chamber
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Figure 3. Stimulation of DNA synthesis in vivo by PDGF. Control
and PDGF-treated chambers were removed from animals on the indi-
cated days, incubated with [3H]thymidine ([3HJThy), and processed
for DNA synthesis as described in Methods. PDGF-containing cham-
bers exhibited significantly higher levels ofDNA synthetic activity
than controls on days 5 and 10 after implantation. Data are the
mean±SD of three separate chambers.
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Figure 4. Stimulation of collagen deposition (mg/cm3 tissue) by
PDGF. Control and PDGF-containing chambers were removed on the
indicated days and analyzed for total collagen content by hydroxypro-
line analysis as described in Methods. The amount of newly synthe-
sized collagen was determined after correction for the collagen present
in the chambers at the time of implantation. PDGF increased the level
of collagen deposition on days 5 and 10 but not on day 20. Data are
the mean±SD of eight separate determinations.

and the deposition of collagen but that the unsupplemented
chamber eventually reached the same level.

Stimulation of tissue formation by various growth factors.
Other growth factors besides PDGF have been shown to stimulate
the proliferation of connective tissue cells (37). These factors
include EGF and insulin. In addition, in vitro studies have shown
that PDGF plus additional growth factors are required to stim-
ulate cell division (26, 27). Thus, we tested whether the addition
of a combination of factors could cause an even faster rate of
tissue formation. EGF showed some activity in increasing the
rate of collagen deposition when added individually, whereas
insulin did not (Table I). PDGF was much more active than
any of the other growth factors. Chambers supplemented with
a combination of PDGF and insulin showed marginally higher
rates of collagen deposition than PDGF alone, suggesting that
there may be sufficient levels of insulin or insulinlike growth
factors in wound fluids to support maximal cell proliferation.

Effect ofgrowth factors on repair in streptozotocin-induced

Table I. Effects ofDifferent Factors on New
Collagen Deposition in Wound Chambers

Total collagen deposited*

Factor Amount added Day 10 Day 20 Day 30

mg/chamber mg/chamber mg/chamber

None - 5±1 11±1 19±3
EGF 50 ng/ml 5±1 14±1
PDGF 50 ng/ml 8±1 19±3 22±3
Insulin 500 ng/ml 7±1 11±2 21±3
PDGF + insulin 50 ng/ml 8±2 22±3 20±2

+ 500 ng/ml

* The total collagen deposited was determined as described in Meth-
ods. The amount of collagen initially added to the chambers has been
subtracted from all values (2 mg/ml; 2.4 mg/chamber). The results are
the mean±SD of four separate chambers.
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diabetic animals. Diabetic individuals often have impaired
healing of wounds or develop chronic ulcers. It is possible that
these problems are caused by decreased levels ofgrowth factors
present at the wound site. Therefore, we next investigated the
effects of PDGF on wound repair in diabetic animals. Hema-
toxylin- and eosin-stained sections of chamber tissue from the
diabetic animals appeared to contain fewer cells than in the nor-
mal animals (data not shown). As seen in Fig. 5, the hydroxy-
proline content of chambers in diabetic animals was only 50%
of that in nondiabetic animals on days 20 and 30. This effect
could be reversed by adding PDGF (50 ng/ml) to the chambers.
In contrast, the addition of insulin to the chambers had no sig-
nificant effect on the deposition ofnew collagen in either normal
or diabetic animals (Table II). In addition, daily systemic insulin
injections did not restore the rate of collagen deposition even
though serum glucose levels were lowered by this treatment (data
not shown). However, combinations of PDGF and insulin in
the wound chamber stimulated a significantly larger increase in
the rate of collagen deposition in the diabetic rats than either
factor added alone (Table II). These data suggest that in diabetic
animals both PDGF and insulin or insulinlike growth factors
may be present in suboptimal levels for cell replication, whereas
only PDGF appears to be limiting in nondiabetic animals.

Discussion

Trauma elicits a rapid, localized response leading to the repair,
restoration, and replacement of damaged tissues. The process
can be divided into the immediate reaction as blood clots and
platelets aggregate, an intermediate period during which cells
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Figure 5. Effect of diabetes on collagen deposition in wound cham-
bers. Chambers were implanted in both normal and steptozotocin-in-
duced diabetic rats and the total collagen content was determined by
hydroxyproline analysis as described in Methods. The amount of
newly synthesized collagen was determined after correction for the
collagen initially added to the chambers. Diabetic animals exhibited a
50% reduction in the amount of hydroxyproline present on days 20
and 30 after implantation compared with normal animals. Supple-
mentation of the chambers with PDGF (50 ng/ml) restored the rate of
collagen deposition in the diabetic animals to a level similar to that of
the nonsupplemented normal animals. Data are the mean value of
four separate chambers. The results varied by less than± 15% in each
group.

Table IL Effects ofInsulin and PDGF on New
Tissue Formation in Normal and Diabetic Rats

Collagen deposited*

Factors added Normal Diabetic

mg/chamber mg/chamber

None 9±2 5±2
PDGF (50 ng/ml) 18±4 11±2
Insulin (500 ng/ml) 11±2 7±1
PDGF (50 ng/ml) + insulin (500 ng/ml) 21±3 15±2

* Collagen gel-filled chambers supplemented with the indicated factors
were implanted and processed for total collagen content on day 15 af-
ter implantation as described in Methods. Diabetes was induced by a
single injection of steptozotocin 4 d before implanting the chambers.
Data are expressed as the amount of total collagen present minus that
amount present in the initial gel (2 mg/ml; 2.4 mg/chamber). The
data are the mean±SD of four separate chambers.

accumulate in the wound, and a long slow process where collagen
accumulates and restores the tensile strength of the wound.
Considerable evidence suggests that local factors generated by
tissue damage or clotting initiate and sustain the repair process
(6-8). It is our postulate that the penetration of new connective
tissue cells into the wound limits the rate of repair, and that this
process can be accelerated by supplementing wounds with factors
that attract cells into the wound site and increase their prolif-
eration.

The wound response to HSC resembles the response to other
wound models with regard to the order in which cells enter the
wound, the lag before collagen deposition, the rate and kinds of
collagen deposited, and the appearance ofnew blood vessels (28,
29). However, this model is quite distinct from linear incisions
and full thickness skin wounds as there is, for example, no ep-
ithelialization. In sum, the stainless steel mesh chamber repre-
sents a convenient model for studying quantitative aspects of
wound healing, although it is possible that it differs in critical
ways from the response elicited in other wound models.

Various mitogens including EGF, FGF, PDGF, and insulin
were added to the chambers and their effect on wound healing
was determined. Particular attention was directed toward the
PDGF because it acts as a potent chemoattractant and mitogen
for fibroblastic cells (20-27). As little as 50 ng/ml of PDGF
caused as much as a twofold increase in collagen deposition and
a substantial stimulation of cell proliferation 10 d post implan-
tation. Interestingly, at 20 d, the nonsupplemented chambers
approached the levels of collagen deposition and of DNA syn-
thesis observed in the treated chambers. This suggests that a
single addition of PDGF accelerates the wound repair response
but does not cause a hypertrophic response. This is most probably
due to the diffusion of PDGF from the chambers after the first
5-10 d.

Other growth factors were tested for their ability to stimulate
collagen deposition in the wound chamber. EGF and FGF
showed some enhancement of collagen deposition over non-
supplemented chambers, whereas insulin did not. N-formyl-
methionyl-leucine-phenylalanine, a potent chemotactic factor
for phagocytic cells (13), did not influence the deposition of
collagen (unpublished observations). Combinations ofthe growth
factors, particularly PDGF and insulin, showed a somewhat
greater response than PDGF alone. This is expected as PDGF
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is not able to stimulate cell proliferation alone and requires pro-
gression factors such as insulin or the somatomedins to complete
cellular replication (26, 27). Because the effects of insulin and
EGF were minimal, it is likely that they are not limiting in the
wounds of normal animals, or that the chemotactic activity of
PDGF is more important than its mitogenic activity in this sys-
tem.

The wound repair response was considerably reduced in di-
abetic animals and returned to near that ofthe nonsupplemented
chambers in normal animals by local supplementation ofPDGF.
Systemic injections of insulin lowered serum glucose levels in
diabetic animals but did not restore wound healing to normal;
this was possibly because local levels of insulin are not sufficiently
high or are not maintained. Addition of insulin alone to the
chambers had no effect on blood glucose levels or on the rate
of new tissue formation within the chamber. However, combi-
nations ofPDGF and insulin stimulated a greater deposition of
new collagen than either growth factor added alone. These results
suggest that combinations of PDGF and insulin, when added
locally to wounds in diabetics, may increase the rate of repair
of injured tissue. Presently it is not clear whether the levels of
these factors are lower in diabetic animals or if the diabetic state
makes the cells less responsive to PDGF. Because diabetics have
poor peripheral circulation, the blood supply present at the time
of wounding could deliver decreased levels of PDGF and other
factors to the wound site.

In summary, it appears that the rate of repair in normal
animals is not maximal and may be limited in part by the levels
of chemoattractants and growth factors present at the wound
site. It is probable that both the penetration of cells into the
wound and their subsequent proliferation are rate-limiting events
which must occur before the deposition of new collagen and the
extracellular matrix. Addition of factors, such as chemoattrac-
tants and mitogens for connective tissue cells, could stimulate
the overall rate of repair by accelerating the influx of these cells
into the wound site. This may be of particular importance in
individuals who have poor wound healing, such as diabetics.
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