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Abstract

The roles of polypeptide growth factors in promoting wound
healing and in directing the specificity and sequence of re-
sponses of different tissues in wounds are little understood. We
investigated the influence of four growth factors on the rates of
healing of a novel full thickness dermal ulcer placed on an avas-
cular base in the rabbit ear. The wound model precludes signifi-
cant wound contraction and requires new granulation tissue and
epithelial cells for healing to originate centripetally. 5 ;Ig (7-31
pmol/mm2) of platelet-derived growth factor-B chain (PDGF-
BB), basic fibroblast growth factor (bFGF), and epidermal
growth factor (EGF) applied locally at the time of wounding
resulted in a twofold increase in complete reepithelialization of
treated wounds (PDGF-BB, P = 0.02 chi square analysis;
bFGF, P = 0.04; EGF, P = 0.05); transforming growth factor
(TGF)-f}1 significantly inhibited reepithelialization (P = 0.05).
Both PDGF-BB and TGF-,f1 uniquely increased the depth and
area of new granulation tissue (P < 0.005), the influx of fibro-
blasts, and the deposition of new matrix into wounds. Explants
from 7-d old PDGF-BB-treated wounds remained metaboli-
cally far more active than controls, incorporating 473% more
[3Hlthymidine into DNA (P = 0.05) and significantly more
I3Hlleucine and I3Hlproline into collagenase-sensitive protein
(P = 0.04). The results establish that polypeptide growth fac-
tors have significant and selective positive influences on healing
of full thickness ulcers in the rabbit. (J. Clin. Invest. 1991.
87:694-703.) Key words: growth factors - platelet-derived
growth factor (PDGF) - wound healing , inflammation

Introduction

Platelet-derived growth factor (PDGF)', epidermal growth fac-
tor (EGF), transforming growth factor alpha (TGF-a), basic
fibroblast growth factor (bFGF), and transforming growth fac-
tor-4 I (TGF-f 1) are polypeptide growth factors that have signif-
icant activity in tissue repair processes. These polypeptide
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1. Abbreviations used in this paper: EG, epithelial gap; EGF, epidermal
growth factor; GTG, granulation tissue gap; MH, maximum height;
PDGF, platelet-derived growth factor; TGF, transforming growth fac-
tor.

growth factors are released by platelets (PDGF, EGF/TGF-a,
TGF-fl1) and by activated macrophages (PDGF, TGF-#B1,
bFGF, TGF-a), cells that are required for normal wound re-
pair, and appear to act in concert to influence critical activities
in inflammation and in the wound healing process (1). As an
example, PDGF is a potent chemoattractant for wound cells
and is able to activate critical activities for wound healing
within the cells as well (1-5). PDGF, EGF, bFGF, and TGF-f31
also initiate activities characteristically associated with wound
healing when infused into dead space chambers or into polyvi-
nyl sponges implanted subcutaneously in rats (6-9); however,
these findings may not be directly applicable to in vivo wound
healing due to foreign body reactions and dead space artifacts.
The abilities of PDGF and TGF-#1 to directly accelerate
wound healing were first shown in rat incisional wounds (10,
1 1). EGF and partially purified PDGF also appear to promote
healing of porcine partial thickness wounds ( 12, 13). However,
the full potential of growth factors to promote wound healing
and the mechanisms by which growth factors effectively initi-
ate the time-dependent activities essential to the wound healing
process remain to be established. The effectiveness of individ-
ual growth factors in specific wound settings and the cascade of
new gene transcription and resultant expression of additional
mitogens and other proteins essential to the wound healing
process is little understood. The experiments described in this
manuscript were designed to test a unique wound model whose
properties resembled the wound in human leg ulcers. The
model was then used to test the influence of exogenously ap-
plied recombinant PDGF-BB, EGF, bFGF, and TGF-f 1 in
promoting wound healing by measurement of rate of wound
closure (reepithelialization), dimensions and estimated mass of
new granulation tissue, and of proliferative activity and new
protein and collagen synthesis in wound explants.

Specific and unique in vivo functions ofeach growth factor
tested were observed and each growth factor was shown to
markedly accelerate specific aspects of healing. The most sur-
prising result was the unique ability of PDGF-BB to promote
reepithelialization of wounds to the same extent as EGF and
bFGF, which suggested an in vivo inductive effect of PDGF-
BB not previously observed that resulted in the enhancement
of epithelial cell migration and proliferation. Only PDGF-BB
and TGF-f3I stimulated significant new granulation tissue in
this in vivo model under conditions of study, suggesting an
important use of these growth factors in healing full thickness
dermal wounds.

Methods

The rabbit ear dermal ulcer model. Young adult New Zealand white
rabbits, 3.0-3.5 kg (M & K Rabbitry, Bentonville, AR) were anesthe-
tized with ketamine (60 mg/kg) and xylazine (5 mg/kg), the ears immo-
bilized in a plexiglass fabricated immobilizer (Washington University
machine shop), and four 6-mm ulcers were made to the depth of bare
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cartilage under sterile conditions using microsurgical instruments, a
6-mm trephine, and a binocular microscope (X10; Carl Zeiss Inc.,
Thornwood, NY). Growth factors or vehicle alone were applied once
only, and wounds were covered with an occlusive polyurethane film
(Tegaderm; 3M, Minneapolis, MN). Neck collars (Canine Center, St.
Louis, MO) were placed on rabbits for the duration ofthe experiment.
At the time of killing, the ulcers were photographed, bisected, and fixed
in 10% buffered formalin for routine histologic processing. After hema-
toxylin and eosin staining of 5-Mm sections, the epithelial gap (EG), the
granulation tissue gap (GTG), and the maximum height (MH) ofgran-
ulation tissue at the advancing edges ofthe wound were measured using
a calibrated lens micrometer (Fig. 1). Each wound was analyzed in a
blinded fashion by two independent observers. Each observer's mea-
surements were generally within 5% ofthe other, and were averaged for
subsequent statistical analyses. Histological analyses of the ulcers im-
mediately after wounding with the 6-mm trephine revealed an EG of
6.16±0.06 mm and a GTG of 5.86±0.08mm (mean±SE, n = 8), corre-
sponding to expectations and thus validating the surgical methods,
wound bisection technique, and subsequent histological processing
and analysis. The influx of new granulation tissue was calculated on
specific days postwounding by subtracting each GTG from the day 0
GTG (5.86 mm). Approximate area and volume measurements for
new granulation tissue were calculated, based on the assumptions that
the wounds healed concentrically and did not contract. The area of
NGT was calculated by subtracting the remaining wound area on the
day of harvest (calculated from the GTG) from the day 0 wound area
(26.97 mm2). India ink tattoos were placed at the wound periphery on
day 0 to assess the degree of contraction during healing. After 7 d,
wound diameters were unchanged. Infected wounds (< 5%) or desic-
cated wounds (< 5%) were excluded before measurements were made.
Cultures of clinically noninfected wounds were repeatedly done and
showed no growth of pathogens.

Application ofgrowth factors to wounds. The growth factors were
applied once at the time of surgery as a suspension with bovine collagen
(0.5 mg/wound, Zyderm II; Collagen Corp., Palo Alto, CA) (10, 11), at
the time of wounding. Growth factor and collagen control wounds
were placed alternately on both ears. Occlusive dressings were used to
prevent potential cross-contamination of adjacent wounds and to pre-
vent wound desiccation. Preliminary experiments were done to ex-
clude an influence of growth factors on adjacent control wounds, by
comparison to control wounds placed on the opposite ear or on a differ-
ent rabbit. The collagen vehicle had no effect on the measured parame-
ters of ulcer healing when compared with wounds treated with saline or
in the absence of treatment.

Growth factors. PDGF-BB, the recombinant homodimeric product
ofthe human c-sis gene, was purified to homogeneity by immunoaffin-
ity chromatography (gift ofA. Thomason, Amgen Inc.)and had demon-
strated equivalence to platelet-purified PDGF-AB (I 1). Recombinant
natural sequence human EGF and recombinant natural sequence hu-
man bFGF were purified to homogeneity by column chromatography
and were gifts of M. Nicolson (Amgen) and G. M. Fox (Amgen) (14),
respectively. Recombinant TGF-# I was purified to homogeneity by
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Figure 1. Diagram of
the rabbit ear ulcer
model. Quantitative
measurements for
granulation tissue
formation and
reepithelialization were
obtained from
histologic sections of
bisected wounds using a
calibrated lens
micrometer.

established methods (I15) and was the gift of A. Ammann (Genentech
Inc., South San Francisco, CA). All growth factors were free of detect-
able endotoxin.

Statisticalanalysis. Nonparametric and parametric statistical analy-
ses were carried out using SAS software with the assistance of the De-
partment of Biostatistics, Washington University.

Analysis of wound cellularity and explants. Cell suspensions were
obtained under sterile conditions from 7-d-old wounds. Groups of
four wounds were pooled after excising the entire original 6-mm biopsy
sites with a trephine and placing them in a tissue culture dish contain-
ing Dulbecco's modified essential media and penicillin/streptomycin
(100 U/ml per 100 Ag/ml). Wounds were compressed between two
sterile glass slides until a cell suspension was obtained. Cells were
washed once, and counted using a hemacytometer and red cell lysing
agent (American Scientific Products Div., American Hospital Supply
Corp., McGraw Park, IL). Cells were suspended in serum-free Dul-
becco's modified essential media-Ham's F12 (1/1 vol/vol) (1 1) and
were plated into 12 wells of96-well microtiter plates (one wound equiv-
alent per each three wells). Cultures were incubated with 10 1Ci/ml of
one of the following tritiated reagents (all from New England Nuclear,
Boston, MA): [3H]thymidine (sp act 85 Ci/mmol), [3H]leucine (sp act
60 Ci/mmol) in leucine-free media, and [3H]proline (sp act 35 Ci/
mmol) in proline-free media. Ascorbic acid (50 ,ug/ml, Sigma Chemical
Co., St. Louis, MO) and fl-aminoproprinoitrile (50 Ag/ml, Sigma) were
added to cultures containing [3H]leucine or [3Hlproline to optimize
collagen synthesis and secretion, and to inhibit lysyloxidase-mediated
collagen crosslinking and aggregation (16). Cultures were incubated for
5 h at 37°C in 5% CO2 and were harvested on an automated cell harves-
ter as described (I 1). In selected experiments, collagenase digestions
were performed on cultures incubated with [3H]proline using estab-
lished methods (17), to assess the amount of label specifically incorpo-
rated into collagen. Trichloroacetic acid-precipitable counts were
counted in a scintillation counter and represent the disintegrations per
minute per wound.

Results

Analysis of the dermal ulcer model. Both reepithelialization
and formation ofgranulation tissue were first analyzed by histo-
logical means in both growth factor-treated and control
wounds. Wound contracture as a variable was excluded (Fig. 2
A-C). Because cartilage is avascular and the perichondrium
was removed during surgery, new granulation tissue arose
solely from the periphery of the wound. In preliminary experi-
ments, the histological sections were analyzed on day 0 wounds
(see Methods) and wounds were examined at 3, 5, 7, 10, and
14 d postwounding. The results were reproducible when ana-
lyzed by different observers. At day 3, no reepithelialization
had occurred; by days 10-14, all of the wounds were fully
reepithelialized. However, differences in rates of healing could
be readily appreciated at days 5 and 7 and these days were
chosen for analysis to define differences in healing between
treatment groups.

Effect of growth factors on healing rates. The effects of a
single application of 5 sg of recombinant-derived PDGF-BB,
EGF, or bFGF were then analyzed relative to nontreated (vehi-
cle alone) controls. The growth factors were applied once at the
time of surgery. 5 ,ug per wound (7-31 pmol/mm2) was chosen
based upon the results of previous studies (7-12) and addi-
tional preliminary dose-response curves. 5 ,g PDGF-BB, EGF,
or bFGF applied at the time of surgery was optimal for the
observed results; doses up to 50 Mg per wound were neither
more stimulatory nor inhibitory (data not shown), although on
some occasions bFGF at higher doses appeared to be more

Growth Factor-induced Acceleration of Tissue Repair 695



Figure 2. Photographs of the dermAl wounds. (A) Day 0 wound. (B) Partially healed day 7 wound. (C) Fully healed wound (day 14). The
concentric healing and lack of contraction through day 7 are observed using the operating microscope (original magnification, 8). Contraction
was quantified using India ink tattoos placed at the wound periphery and measured at day 7 (see Methods). Arrows demarcate the original wound
borders, 6 mm in diameter. C, cartilage; E, new epithelium; G, new granulation tissue.

effective and induced some neovascularization. Doses lower
than 1 ug per wound did not demonstrate consistently repro-
ducible biological activities.

At day 5, reepithelialization was similar in treated wounds
and in control wounds (global chi square analysis [data not
shown]). However, the influx of new granulation tissue, calcu-
lated from the measured granulation tissue gap, was signifi-
cantly increased (229%) in PDGF-BB-treated wounds com-
pared with controls (1.01±0. 14 mm vs. 0.44±0.14, n = 19, P
= 0.01). Since the wounds healed concentrically (Fig. 2), the
area of new granulation tissue could be estimated. In PDGF-
BB-treated wounds, the area was 8.50 mm2 after 5 d compared
with 3.90 mm2 for control wounds (218% ofcontrol value); the
estimated area of new granulation tissue in PDGF-BB-treated
wounds after 5 d approached the area observed in control
wounds after 7 d, indicating nearly a 2-d acceleration ofhealing
during the first week. PDGF-BB was far more effective than
EGF or bFGF. After 5 d, neither EGF- nor bFGF-treated
wounds were significantly different from controls at the dose
tested.

7 d after treatment with single doses of 5 gg of PDGF-BB,
EGF, or bFGF, significant increases in degree and frequency of
reepithelialization were found in each of the treated groups
(Fig. 3). Twice as many growth factor-treated wounds were
fully reepithelialized at day 7 when compared with controls (P
= 0.05, global chi square analysis) and the median epithelial
gap was nearly zero for growth factor-treated wounds. A 1.9-
mm gap remained in the control wounds. However, only
PDGF-BB treatment stimulated additional new granulation
tissue above control values at day 7; a 34% increase in the
maximum height (Fig. 4) and a 53% increase in the influx of
granulation tissue was observed (Table I). The calculated ap-
proximate area ofnew granulation tissue ofPDGF-BB-treated
wounds was 149% that of control wounds at day 7 (Table I). A
new tissue volume was estimated by multiplying these areas by
the maximum height of the new granulation tissue (Fig. 4).
PDGF-BB-treated wounds were 200% the estimated granula-
tion tissue volume calculated for control wounds. The results

thus established that PDGF-BB-, EGF-, and bFGF-treated
wounds were strikingly different. PDGF-BB enhanced reepith-
elialization and new granulation tissue, while EGF and bFGF
enhanced only reepithelialization although bFGF was less con-
sistent. Whereas epithelial cells characteristically have EGF
and FGF receptors and are mitogenically responsive to EGF
and bFGF, PDGF receptors, and thus responsiveness to
PDGF-BB, are largely limited to cells ofmesenchymal origins.
The positive epithelial response to PDGF-BB strongly suggests
the induction of TGF-a or other keratinocyte-specific mito-
gens and thus an important inductive influence of granulation
tissue on reepithelialization of wounds.

When 5 gg TGF-,13 was applied to wounds and analyzed,
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Figure 3. Measurement of reepithelialization in growth factor-treated
wounds. The median epithelial gaps (EG) for PDGF-BB, EGF, bFGF,
and controls at day 7 are presented, since the data were not normally
distributed because some wounds had fully reepithelialized. At day 7,
the percentage of wounds fully reepithelialized is displayed. The
frequency of complete reepithelialization for growth factor treated
and control wounds was analyzed using the chi square test.

696 T. A. Mustoe, G. F. Pierce, C. Morishima, and T. F. Deuel



Figure 4. Measurement
< of the MH of new

a 05 lgranulation tissue in
0.5 growth factor-treated

0 wounds. PDGF-BB
I - . F ltreatment induced a

' 0.25-lsignificantly greater MH
X0.25-atday 7(P=0.0001,

unpaired two-tailed t
test, and P = 0.0007 by

, nonparametricKruskal-
0 7_ Wallis test). Day 0
DAYS POSTWOUNDING tissue height is 0.37 mm.

significant increases in the height of new granulation tissue
(163% ofcontrol) were observed. A lesser effect on the influx of
new granulation tissue (129% ofcontrol) and significant inhibi-
tion of reepithelialization (P = 0.05, chi square analysis), also
was found (Table II). Because TGF-ftl was highly effective in
stimulating granulation tissue in a rat linear incisional model,
the lesser effect on formation of granulation tissue was unex-
pected (6). Additional doses of TGF-(61 were then analyzed.
Remarkably, a more potent enhancement ofgranulation tissue
and loss of inhibition of reepithelialization was observed when
1 ug TGF-( I (1.5 pmol/mm2) per wound was tested (Table II).
At I ,ug TGF-ft1 per wound, maximum height was 157% of
controls, influx ofnew granulation tissue was 189% ofcontrols,
and the calculated area of new granulation tissue was 15.09
mm2, 173% of controls (P = 0.001). TGF-,61 thus demon-
strated a bimodal dose-response curve in this model, with opti-
mal results obtained at 1 jtg per wound. TGF-fI did not en-
hance reepithelialization at lower doses (Table II).

Histologic analyses of the wounds at day 7. Marked in-
creases in fibroblast influx and matrix deposition were appar-
ent in PDGF-BB- and TGF-ftl -treated wounds compared
with controls (Fig. 5 a). Increased wound macrophage influx
was also observed at days 3 and 5 in PDGF-BB- or TGF-fI1-
treated wounds. EGF-treated wounds appeared similar to con-
trols, while bFGF-treated wounds tended to contain an in-
creased cellular influx, but lacked the increased granulation
tissue and deposition ofmatrix so prominent in PDGF-BB- or
TGF-fl-treated wounds (Fig. 5, b and c). PDGF-BB-, EGF-,
and bFGF-treated wounds had thickened epithelium at the
wound margins compared with controls. Angiogenesis was
present in all wounds at levels necessary to support the induced
granulation tissue; bFGF-treated wounds appeared to have in-
creased neovessel formation (Fig. 5 c); this increase was not
quantified.

Analysis of wound explants. PDGF-BB- and EGF-treated
wounds were selected for further study since both growth fac-
tors had significantly different effects on the healing wounds.
Due to the lack ofwound contraction, it was possible to excise
all the newly formed tissue at 7 d within the 6-mm wound. This
newly formed tissue then was analyzed to quantitate wound
cellularity and to estimate rates ofDNA, protein, and collagen

synthesis in the wound cells in short term explant cultures. In
comparison to control wounds, PDGF-BB-treated wounds
contained 270% and EGF-treated wounds contained 190%
more cells (Fig. 6). Hematoxylin and eosin stained prepara-
tions from each experiment established that the increase in
cells in PDGF-BB-treated wounds was predominantly fibro-
blastic, while EGF-treated wounds appeared to contain more
epithelial cells. The number ofother wound cells, such as mac-
rophages and endothelial cells, was difficult to assess using rou-
tine staining techniques and thus was not quantitated.

Cellular proliferation as estimated by [3H]thymidine incor-
poration in PDGF-BB-treated wounds was 345±87% of con-
trol wounds, while EGF-treated wounds were only slightly
above control (Fig. 6). Total protein synthesis (cells and media)
as estimated by ['4C]leucine incorporation from PDGF-BB-
treated wounds was 473% ofcontrols; estimated protein synthe-
sis in cells from EGF-treated wounds was only slightly above
control wound cell values (132%). Since collagen represents a
significant percentage of total protein synthesis in fibroblasts
(18, 19), incorporation of radiolabeled proline was assessed
also and was found to parallel the results obtained with radiola-
beled leucine. Collagenase-sensitive protein was measured in
some experiments; collagenase-sensitive protein represented
- 75% of the total proline incorporation in the explant cul-
tures for both PDGF-BB-treated and control cells, and - 25%
ofthe total proline incorporated into EGF-treated wound cells,
suggesting a greater total synthesis of new collagen in PDGF-
BB-treated wounds. Although bFGF- and TGF-# 1-treated
wounds were not analyzed in these experiments, bFGF and
TGF-flB would be expected to behave similarly to EGF and
PDGF-BB, respectively.

Discussion
The results in this work have demonstrated the unique capacity
for significant augmentation of wound healing by a single ap-

Table L Formation ofNew Granulation Tissue in the Rabbit Ear
Ulcer Model after 7 Days*

Growth New granulation New granulation New granulation
factort tissue influx tissue area tissue volume

mm mm2 mmr-

PDGF-BB 1.81±0.17 (153)f 14.01±1.06 (149) 14.29±1.08 (200)
EGF 1.21±0.17 9.66±1.22 7.25±0.91
bFGF 1.20±0.13 9.64±0.96 7.62±0.76
Control 1.18±0.12 9.40±0.83 7.14±0.64
P valuer 0.004 0.005 0.0002

* Calculations of granulation tissue influx and an approximation of
area and volume were made from the measurements obtained as
described in Fig. 1. The mean±SE (n as in Fig. 3) is presented. On
day 0 (day of surgery), the measured granulation tissue gap was 5.86
mm and the area was (5.86/2)22. = 26.97 mm2. Parameters of healing
were calculated as follows: new granulation tissue influx = 5.86 mm
minus GTG for each biopsy; new granulation tissue area = area of
wound at day 0 minus area of wound at day 7; new granulation
tissue volume = area x MH (from Fig. 4).
*5 ,ug of each growth factor was applied to each biopsy at the time of
surgery.
lTwo-tailed unpaired t test, PDGF-BB vs. control.
Numbers in parentheses indicate the PDGF-BB-treated values as a

percentage of control.
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Table IL Biomodal Dose Dependence of TGF-f31 in the Rabbit Ear Ulcer Model after 7 D

New granulation Median Frequency of complete
Maximum height* tissue influx* epithelial gap reepithelialization

N mm mm mm %

Control 54 0.56±0.01 1.04±0.15 1.71 26
TGF-,31

0.2 gg 18 0.72±0.03 (128)t 1.77±0.20 (170) 2.62 28
1.0 tg 27 0.88±0.03 (157)t 1.97±0.23 (189)f 1.73 33
5.0 gg 15 0.91±0.04 (163)t 1.34±0.16 (129) 2.95 oil

* Mean±SE. Numbers in parentheses represent the percentage of control wound values. t P = 0.001, two-tailed unpaired Student's t test. § P
= 0.01, two-tailed unpaired Student's t test. 11 P = 0.05, chi square analysis.

plication of PDGF-BB, EGF, bFGF, or TGF-# I. PDGF-BB
significantly accelerated reepithelialization and formation of
granulation tissue, while EGF and bFGF promoted reepithelia-
lization but not new granulation tissue significantly above the
levels found in control, nontreated wounds. The effect ofbFGF
was less consistent, however, and increased new granulation
tissue and neovascularization was seen in some wounds. TGF-
#1 was a potent inducer of new granulation tissue formation.
However, at its optimal dose (1 gg per wound), no stimulation
of reepithelialization was observed, and reepithelialization was
inhibited at higher concentrations, consistent with TGF-#l 's
known inhibitory activities on growth of cultured keratino-
cytes (20). In response to EGF- and bFGF-accelerated epithe-
lialization, the epithelium formed a thin sheet over the carti-
lage, a direct analogy to clinical full thickness dermal wounds
in which new epithelium forms over a poor supporting bed of
granulation tissue; the new tissue is friable and reulcerates with
high frequency. However, the results suggest that EGF and
bFGF may be very effective in accelerating repair of partial
thickness clinical wounds, such as donor graft sites (21), where
enhanced epithelialization, and not granulation tissue forma-
tion, is required.

PDGF has no direct biologic activity on keratinocytes in
vitro, since these cells appear to lack PDGF receptors (1). In
this ulcer model, however, the striking promotion of reepithe-
lialization induced by PDGF-BB requires that PDGF-BB act
through an inductive effect, presumably secondary to its potent
influence on cell recruitment (2, 3) and its inductive effect on
cells entering new granulation tissue, perhaps stimulating new
synthesis ofTGF-a or keratinocyte growth factor. The macro-
phage is capable of synthesizing TGF-a and activation by
PDGF has been documented (22). Thus, the influx ofthe mac-
rophage into 3-5-d-old wounds may be critical to the reepithe-
lialization of PDGF-treated wounds. These experiments thus
highlight the critical inductive interactions between the under-
lying supporting layer of granulation tissue and the overlying
epithelium and have provided a model in which these effects
may be analyzed directly. TGF- Il was at least as effective as
PDGF-BB in inducing granulation tissue; the inhibition ofree-
pithelialization observed with TGF-(31 in this model may com-
plicate its use in chronic dermal wounds in man, in which
reepithelialization is an important component of healing.

PDGF-BB is a potent activator ofTGF-# I gene expression
in macrophages and fibroblasts in vitro (22, 23). In addition,
PDGF-BB induces PDGF A-chain gene expression in fibro-
blasts (24; and Pierce, G. F., B. D. Tong, V. R. Masakowski, J.

Lingelbach, C. Hsu, N. R. Siegal, and T. F. Deuel; submitted
for publication), suggesting the potential for exogenous PDGF-
BB to initiate a positive autocrine feedback loop and cascade
effect on endogenous growth factor synthesis within wounds.
PDGF-BB directly enhanced macrophage and fibroblast influx
in the linear incision model (1 1, 23) consistent with its striking
chemotactic potential in vitro (2, 3, 1 1). PDGF also activates
inflammatory cells in vitro (4, 5) and PDGF-BB increased the
in situ expression ofTGF-,B in wound cells but not surrounding
cells as assessed by immunohistochemistry (23). PDGF-BB in
vitro fails to activate the procollagen type I gene (25), although
it does stimulate fibronectin synthesis (26); some of its influ-
ence in the induction of granulation tissue and specifically on
the synthesis of procollagen type I likely is indirect, perhaps
mediated through capacity of PDGF-BB to induce TGF-#31
(22, 23).

TGF-,B1 subsequently also has been shown to be a potent
chemoattractant and growth factor (23, 27, 28); it also induces
growth factor expression (i.e., TGF-fi, PDGF) and directly stim-
ulates extracellular matrix synthesis (i.e., procollagen type I) in
cultured fibroblasts (27, 29, 30). These in vitro activities are
entirely consistent with TGF-fl 's known in vivo potent der-
moplastic effects, in incisional (10, 22, 23) and excisional mod-
els ofwound repair (this report).

The biologic activity ofpurified bFGF toward keratinocytes
in vitro was only recently reported (31). However, accelerated
dermal reepithelialization in vivo by bFGF has not been
previously demonstrated. Since keratinocytes have specific re-
ceptors for bFGF and respond to bFGF mitogenically in vitro,
our findings suggest a new and direct in vivo activity for bFGF.
In vitro, bFGF is also a potent chemotactic and mitogenic
agent for fibroblasts and endothelial cells and stimulates new
vessel formation (32, 33). Although some increased capillary
budding was observed, bFGF did not significantly increase new
granulation tissue or neovascularization at the doses used in
this model, but it did recruit fibroblast-like cells into wounds as
demonstrated histologically. Additional work is needed to rec-
oncile these results, perhaps using different vehicles to insure
appropriate delivery ofbFGF to these wounds. Thus, the mini-
mal effects ofbFGF on new granulation tissue formation and
neovascularization may have been related to stability of the
natural sequence growth factor ( 14), a requirement for heparin
stabilization (33), or its release kinetics from the collagen vehi-
cle. Repeated applications ofEGF and the related polypeptides
TGF-a and vaccinia growth factor were previously shown to
augment healing ofpartial thickness wounds in pigs and rabbits
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Figure 5. Histologic
analysis of growth factor-
treated ulcers.
Representative bisections
from PDGF-BB, TGF-fi,,
EGF, bFGF, and control
wounds were obtained as

described in Fig. 1. a

(original magnification, 16)
shows the entire 6-mm
biopsy site. Note the
increased influx of
granulation tissue into the
PDGF-BB- and TGF-flI-
treated wounds. EGF- and
bFGF-treated wounds were

similar to controls. E,
epidermis; G, new

granulation tissue; C,
cartilage; D, unwounded
dermis. b (original
magnification, 80) shows
the leading edge of new
granulation tissue in the
wound. Note the increased
fibroblastic influx and
matrix synthesis in PDGF-
BB- and TGF-flI-treated
wounds, compared with
EGF, bFGF, or control
wounds. c (original
magnification, 320) shows
the fibroblastic and
keratinocyte influx at the
leading edge of new
granulation tissues in the
wounds. EGF-treated
wounds were histologically
similar to controls, while
bFGF-treated wounds
showed some increased
cellular influx and
neovascularization. EGF,
bFGF, and PDGF-BB
similarly enhanced
reepithelialization rates. 5
Ag of PDGF-BB, EGF, or

bFGF, or 1 Mg TGF-fll was

applied to wounds.
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(12, 34, 35). In this work, EGF promoted reepithelialization
with a single application and thus this model may be a highly
appropriate model to further analyze EGF as a wound healing
agent.

The results of this work on the potential and range of
growth promoting activities in vivo are summarized and com-
pared, and contrasted with their known in vitro biological activ-
ities in Table III. Clearly their in vivo activities are not necessar-
ily predicted from a knowledge of their direct effects on cul-
tured cells. In vivo application of purified growth factors at
optimal concentrations is of crucial importance; suboptimal

Figure 5 (Continued)

doses alone or in combination, or use ofpartially purified prep-
arations may mask significant biologic activities ( 13).

Clinically, the largest category ofnonhealing wounds are leg
ulcers, largely associated with venous stasis, small vessel dis-
ease, and arterial insufficiency (36, 37). Since these ulcers are
full thickness (involving both epithelium and dermis), healing
occurs primarily from the periphery by an interaction between
new dermal tissue and new epithelium. Wound contraction,
important in nonprimates (38, 39), plays a lesser role in healing
chronic ulcers in man (18, 40). Animal models using incisional
wounds, in which generation ofwound strength by new colla-
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gen synthesis is the major determinant of healing (19, 41), and
partial thickness wounds, in which reepithelialization arises
from the underlying epithelial elements retained in the dermis
(42), provide little information on the interaction between re-
epithelialization and formation of granulation tissue, both of
which may be rate-limiting in the healing ofdermal ulcers. The
dermal ulcer model provides significant advantages over
previously published wound healing models because wound
contraction is minimized and because both new granulation
and epithelial tissues migrate into the wound from the periph-
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granulation tissue ingrowth from the wound base. The cartilage
base did not appear to influence repair processes at the time
points analyzed; in wounds followed for a month or more some
evidence of cartilage remodeling was observed (unpublished
observations).

Growth Factor-induced Acceleration of Tissue Repair 701



E
PDGFBB Figure 6. Analysis of

Ocontrol wound cellularity and

6002 ' .007 ill ~4 wound explants. A
- 111 single cell suspension

3
was obtained from four

o pooled wounds, cells
4 .05 were counted, then

z
l

.
|11-2Z placed into media

containing [3H]-
" thymidine, (3H]leucine,

or (3H]proline as
described in Methods.
Collagenase-sensitive

CELLULAR 3H-TdR i3H-Lou' 3H-Pro 0 [3H]proline
INFLUX ACTIVITY incorporation was

assessed in some experiments to determine the degree of label
incorporation specifically into collagen. The means (±standard errors)
of four to nine experiments for each variable are presented. Medians
for all data sets were similar to mean values, indicating the data were
normally distributed. A one-tailed t test was used to test the
hypothesis that PDGF-BB or EGF treated wounds had increased
cellularity and metabolic processes compared with control wounds.
A total of44 PDGF-BB, 44 EGF, and 50 control wounds was analyzed.

PDGF-BB, bFGF, EGF, and TGF-#1 each induce unique
responses in enhancing the healing of these ulcers. Analysis of
these growth factors in this model has suggested further their
important inductive effects on cells entering the wound. A cas-
cade effect in turn appears to initiate and amplify the wound
healing process through stimulation of cells not necessarily re-
sponsive to the growth factor initially added. Preliminary evi-
dence suggesting the wound macrophage as a principal source
ofendogenous growth factor activities was reported by Rappo-

Table III. Summary ofthe Effects ofa Single Application
ofGrowth Factors in the Rabbit Dermal Ulcer Model*

Growth factor

Biological activity PDGF-BB EGF bFGF TGF-01I

In vivo
Reepithelialization + + + -/0
Macrophage influx + 0 0 0
Fibroblast influx + 0 0/+ +
Granulation tissue and

collagen synthesis + 0 0/+ +
In vitro

Keratinocyte growtht 0 + +
Monocyte chemotaxisl + 0 0 +
Fibroblast chemotaxis* + + + +
Collagen type I synthesis' 0 0 0 +
Growth factor synthesis' + + + +

* Growth factors (5 jig) were applied once at the time of surgery in a
collagen vehicle; wounds were evaluated 7 d later. +, activity present;
0, activity not present; -, inhibitory activity; -/0 or 0/+, an effect
has been reported, may depend upon the experimental conditions and
model used.
* References 1, 20, 31.
§ References 1, 2, 3, 23, 27, 28, 32.
1References 25, 26, 30. Only TGF-f31 has been shown to stimulate
collagen type I synthesis directly (25).
' References 22-24, 27, 28, 29, 30, 43, 44.

lee and co-workers (43), and our in vitro and in vivo data in
linear incisions demonstrate the importance of endogenous
growth factor production in PDGF-BB or TGF- Il wound mac-
rophages and fibroblasts (22, 23). It will be of interest to use the
rabbit ear dermal ulcer model to analyze the induction of en-
dogenous growth factors and activities such as angiogenesis,
and extracellular matrix formation and the abilities of exoge-
nous growth factor therapy to reverse impaired dermal healing
induced by drugs, radiation, or ischemia. This approach is pres-
ently underway and may permit the identification of specific
therapeutic approaches for states of clinically deficient tissue
repair.
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