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The Pig as a Model for Excisional Skin Wound
Healing: Characterization of the Molecular and
Cellular Biology, and Bacteriology of the
Healing Process

Jian Fei Wang, DVM,*2 Merle E. Olson, DVM,*? Carol R. Reno,* J. Barry Wright, PhD,*® and David A. Hart, PhD*

A pig model of wound healing was developed by excision of 2-cm-diameter full thickness skin in young Yorkshire
pigs. The results indicated that wound re-epithelialization in this animal model took an average of 20 days. Analysis
of cellular change was assessed by use of DNA quantification and determination of apoptotic cells in tissue sec-
tions. The results indicate that RNA and DNA contents paralleled each other throughout the healing process, and
observed changes in the pattern of RNA and DNA content of the scar tissues were consistent with cell loss due to
apoptosis in this model. Expression of mRNA for relevant genes was assessed by use of semiquantitative reverse
transcription-polymerase chain reaction (RT-PCR) analysis, using porcine specific primer sets and RNA isolated
from normal skin and specimens obtained at various times after wounding. The mRNA values for tumor necrosis
factor-a (TNF-a), connective tissue growth factor (CTGF), insulin-like growth factor Il (IGF-11), and decorin were
significantly high at specific times after wounding, but mRNA values for the transcription factors (c-fos and c-jun)
were significantly decreased. Quantitative bacteriologic results indicated that the total bacterial count in this
animal model reached 10° colony-forming units (CFU)/g, with the highest value at post-wounding day 7, and Pseudomo-
nas aeruginosa and Staphylocococci aureus were the most common bacteria detected in this model. Further defini-
tion of this model should identify unique points in the healing process, and such information could lead to develop-

ment of therapeutic interventions to improve skin wound healing.

In a normal individual, when skin is disrupted, a series of in-
terdependent physiologic events, including inflammation, re-
epithelialization, angiogenesis, granulation tissue formation,
and extracellular matrix remodeling, occur that result in tissue
repair through formation of scar tissue (1). Over the past two
decades, extraordinary effort has been made to investigate the
molecular and cell biology of skin wound healing. The goal of
such studies is to understand the healing process to improve the
outcome for patients with defective healing potential (the eld-
erly, diabetics, those on certain drugs), as well as those with ex-
cess healing responses (keloid and hypertrophic scar formation).

In skin wounds, another complication of the healing process
is infection. Infection of skin wounds with organisms such as
Staphylococcus and Pseudomonas spp. is a common clinical
problem that can lead to alterations in wound healing, as well
as increases in morbidity and mortality of infected patients.
Therefore, better understanding of wound molecular and cellu-
lar biology and bacteriology will definitely aid in new therapeu-
tic development, and in turn, improve wound healing.

Investigation of the biology of wound healing has long depend-
ed on use of various animal models because they provide a means
of studying the complex interactions that occur in living tissue
without the limitations and artifacts inherent to use of in vitro
techniques (2). Currently, most researchers use rodent models in
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wound-healing studies because of their low cost, small size, and
relative ease of handling and care. The rodent healing response is
similar to that in humans, with collagen deposition leading to scar
formation. However, the fact that keloids, hypertrophic scar forma-
tion, and intra-abdominal adhesions do not develop, indicates that
healing in such animals is not identical to human wound healing
(2). Although primates are phylogenetically close to humans, they
differ from humans in that exuberant scar formation is not charac-
teristic of their healing response (2).

Pigs are well accepted as being one of the best models of human
dermal repair due to the similarities between porcine and human
skin (3). These similarities include relative thickness of the der-
mis and epidermis and presence of a similar density of dermal
appendages (3). Juvenile domestic pigs are usually used because
they are small in size, making them comparably easy to handle
and house. Although wounds in a young animal tend to heal
quickly, the healing process proceeds over a few weeks, which is
sufficient to assess temporal aspects of the molecular and cellular
biology of the healing process.

In the study reported here, we continue to characterize a pig
model for the study of open wound healing, and extend our pre-
vious observations (4, 5). Using full-thickness wounds, we as-
sessed bacteriology during the healing process and used
semiquantitative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) analysis to expand the evaluation the mRNA
content for several important molecules in this model during
the healing process, as well as define the cellular biology of the
maturing scar tissue. The results indicate this model is suitable
for the study of therapeutic interventions to improve skin
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wound healing, as well as define deficiencies in wound healing
induced by secondary disease or genetics.

Materials and Methods

Animals and animal care. For this study, 32 Yorkshire pigs
([15 to 20 kg] Siva Farms, Calgary, Alberta, Canada) raised un-
der specific-pathogen-free condition(s) (6) were used, including
tissue and RNA from 7 animals used in previous studies (4). The
animals were housed individually in 1.6 x 2-m suspended steel
cages at the University of Calgary Animal Resource Center
with a 12-h light/dark cycle. The animals were fed antibiotic-
free food (Unifeed Ltd., Calgary, Alberta, Canada) and water ad
libitum and were housed and maintained in accordance with
Canadian Council of Animal Care guidelines.

Animal model. Wound induction has been described (5).
Briefly, prior to wounding, animals were sedated by intramus-
cular administration of a mixture of ketamine (10 mg/kg of body
weight: Ketalean, MTC Pharmaceuticals, Cambridge, Ontario,
Canada) and acepromazine (0.2 mg/kg: Atravet, Ayerst Labora-
tories, Guelph, Ontario, Canada), followed by complete general
anesthesia induced by mask inhalation of 1 to 2 % halothane
(MTC Pharmaceuticals, Cambridge, Ontario, Canada). After in-
duction of anesthesia, hair over the dorsum of the animals was
clipped, using a No. 40 Osler blade and the skin was subsequently
scrubbed with a non-antibiotic-containing soap. Each animal was
reproducibly subjected to full-thickness skin wounds by use of a
trephine. Before wounding, normal skin specimens in each location
were collected by use of a 4-mm-diameter biopsy punch. On each
animal, twenty 2-cm-diameter wounds were created on the back.
The wounds were spaced a minimum of two cm apart and were
created in four columns parallel to the dorsal midline, two columns
on each side of dorsal thoracolumbar midline (5). Saline/epineph-
rine solutions were applied to the wound site until hemostasis was
complete. The dressing materials were tripartite bandages com-
posed of absorbent rayon/polyester cores, sandwiched between lay-
ers of non-adherent high-density polyethylene mesh. Each layer
was spot-welded together and supplied sterilized and packaged
(Westaim Biomedical Corp., Fort Saskatchewan, Alberta, Canada).
The dressing was moistened in a tray of sterile water, drained, and
applied to freshly created full-thickness dermal wounds. In all in-
stances, the dressings were maintained moist by applying an oc-
clusive surgical drape over the dressings. The dressings and
drapes were held in place by use of Elastoplast. The dressings were
changed three times per week after wounding; wound measure-
ments were taken when dressings were changed. Specimens were
taken from one or two wounds on each side of on each pig, using a
4-mm-diameter punch at designated times. Animals received a
narcotic analgesic (butorphenol, Torbugesic, Ayerst Laboratories,
0.2 mg/kg) for pain management during surgical recovery and af-
ter sampling of wound sites.

Wound bacteriologic examination. On the day of surgery,
several wounds were sampled to determine the initial degree of
wound contamination. Thereafter, wounds were sampled on
postsurgical days 1, 4, 7, 14, and 21. Quantitative biopsy speci-
mens were aseptically acquired, using a sterile 4-mm trephine.
The recovered tissue was placed in a preweighed, sterile tube,
and wet weight of the tissue was determined. After determina-
tion of tissue weight, the tissue was macerated and subse-
quently serially diluted in phosphate-buffered saline (PBS; pH
7.0). The dilutions were plated on mannitol salts-containing
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agar (Difco, Detroit, Mich.), Pseudomonas isolation agar (Difco),
and Mueller-Hinton agar (Difco) for recovery of staphylococci,
pseudomonad s, and total bacteria, respectively. After growth
and enumeration of the bacterial colonies, the number of colony-
forming units per gram of wet weight of tissue was calculated.

Wound molecular biology. (i) RNA and DNA quantifica-
tion. Total RNA was extracted from individual tissue speci-
mens, using the TRIspin method (7) as described (4). The
extracted total RNA was quantified fluorometrically, using the
SYBR Green Il fluorescent RNA dye (Molecular Probes, Inc.,
Eugene, Oreg.) and an LS-5 fluorescence spectrofluorometer
(Perkin-Elmer, Foster City, Calif.) with excitation at 468 nm and
emission at 525 nm. Standard RNA curves were established by
use of rRNA (Sigma Chemical Co., St. Louis, Mo.) (8).

The DNA content was quantified fluorometrically essentially
as described by Lipman (9). Standards made with calf thymus
DNA were prepared similarly as those that had been prepared
for each tissue specimen. Fluorescence was measured by use of
a fluorometer (Model MPF-44B, Perkin-Elmer), with excitation
and emission wavelengths of 350 and 450 nm, respectively. Slit
widths were 10 and 15 nm, respectively.

(if) Primer development and semi-quantitative RT-PCR
analysis. Porcine-specific primers were developed, using previ-
ously derived rabbit primers (10, 11), which were found to de-
tect analogous porcine sequences, or were directly derived from
Genbank or literature porcine sequences. Cloning and sequenc-
ing of amplicons from each porcine-specific primer set have
been described (4). For some molecules, primers were derived
from internal sequences of such amplicons to optimize PCR-
mediated detection of porcine mRNA. For each primer set, the
annealing temperature, buffer conditions, and number of PCR
cycles were optimized to ensure that the PCR reaction was in
the linear range of amplification (Table 1) and within the linear
range of the image-analysis system (12). For sample analysis, 2
mg of total RNA from each sample was reverse transcribed, us-
ing a Stratagene RT-PCR kit (Stratagene, La Jolla, Calif.).
Samples of total RNA isolated from normal skin, day 1, 2, 3, 7,
14, 21, 35, and 49 wound/scar tissue from pigs were processed at
the same time to minimize variation. Samples were then as-
sessed for glyceraldehyde phosphate dehydrogenase(GAPDH, a
housekeeping gene), mRNA content (10, 12) and subsequently, the
molecules of interest. Semi-quantitative RT-PCR and data analy-
ses were performed as described (4).

(iif) Wound apoptosis. Specimens for analysis of apoptotic
cells were obtained on the same day and in similar manner as
those obtained for molecular biology analysis except that the bi-
opsy specimen was placed in a solution of neutral-buffered 4%
paraformadehyde fixative prior to embedding. Specimens were de-
hydrated in alcohol and xylene, then were oriented and embedded
in paraffin. Sections (5 um) of each sample were then prepared.
Apoptotic cells were detected by use of the Apop Tag In Situ
Apoptosis Detection kit (Intergen, New York, N.Y.) with fluores-
cence (13). Photographs of each section were taken for permanent
records. The degree of apoptosis was estimated, using a qualitative
scoring system that was based on the overall amount of apoptosis
observed in the wound. The apoptosis scoring system was reported
by Brown and co-workers (14). Scoring was performed by three
separate observers blinded to specimen identity. Scores were then
averaged to generate a final score. Separate observer scores never
differed by more than one point. Zero was assigned for no apoptotic
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Table 1. Polymerase chain reaction primers used in the study

Annealing  Optimal
Primer Sequence bp temperature cycle Source
Collagen 111 1 TTATAAACC AACCTCTTCCT 255 55 32 Reference 10
2 TAT TAT AGC ACC ATT GAG AC
GAPDH 1 TCA CCATCT TCC AGG AGC GA 293 55 29 Genbank accession No. L23961
2 CAC AAT GCC GAA GTG GTC GT
TNF-a 1 CAC TGA GAG CAT GAT CCG AG 463 60 36 Reference 38
2 GGC TGA TGG TGT GAG TGA GG
CTGF 1 GCT CTT CTT CAT GAC CTC ACC GT 411 60 32 Genbank accession No. U83916
2 GCG GCT TAC CGA CTG GAA GAC AC
Decorin 1 AAC TCT TCA GGA GCT GCG TG 456 60 29 Genbank accession No. AF125537
2 GCC GAC TGC AGA GAT GTT GT
IGF-11 1 GAC CGC GGC TTCTCATT 205 60 31 Reference 12
2 GGA AGA ACT TGC CCA CG
c-fos 1 ACC AGC CCA GAC CTG CAG TGG 261 65 31 Reference 11
2 CCG GCA CTT GGC TGC AGC CAT
c-jun 1 CCC CTG TCC CCC ATC GAC ATG 267 55 38 Reference 11
2 TTG CAA CTG CTG CGT TAG CAT

1 = forward primer; 2 = reverse primer.

bp = base pairs; GADPH = glyceraldehyde phosphate dehydrogenase; TNF = tumor necrosis factor; CTGF = connective tissue growth factor;

IGF= insulin-like growth factor.

cells, 1 for minimal, 2 for few, 3 for moderate, 4 for heavy, and 5 for
maximal number of apoptotic cells.

(iv) Statistical analysis. Statistical analysis of the densito-
metric data comparing results for normal skin and for scar tis-
sue was performed, using analysis of variance (ANOVA) and
Excel 7.0 software. Significance was set at P < 0.05.

Results

Wound closure. To monitor wound re-epithelialization, mea-
surement of wound size was taken at the time of wounding and at
specific intervals post-wounding using established methods (15).
There was some distortion of the wounds as healing progressed, so
wound area was calculated, using the formula for the area of an
ellipse (area = Tab). The calculated wound areas were expressed as
a percentage of the day-0 wound area. Fig. 1 shows that of the
wounds had re-epithelialized by postinjury day 20.

Wound bacteriologic findings. Fig. 2 depicts the number
of bacteria isolated from wound sites over the course of healing.
The results indicate that the bacterial count was maximal be-
tween three and seven days after wounding (10° organisms/g of
tissue). Subsequently, bacterial counts decreased and were
maintained at 4 x 10% organisms/g of tissue till 21 days after
wounding. By day 21, most of the bacteria detected were con-
tained in microabcesses and were not surface organisms (data
not shown). After plating of tissue extracts on selective media, it
was determined that P. aeruginosa typically accounts for a large
percentage of the bacteria in the wound isolates, with S. aureus
also prevalent (Fig. 2). These findings are consistent with ear-
lier results using this model (5).

Wound molecular biology. (i) Preliminary molecular
studies. A total of 60 normal skin specimens (20/pig) were
taken from various locations on the dorsum of three pigs and to-
tal RNA was extracted from each specimen. The RNA yields at
the various locations on the pigs were compared. Fig. 3 shows no
significant difference in RNA yield (micrograms per milligram
wet weight) between the various pigs, or from various locations
on the same pig. Furthermore, to test for variation in individual
transcript levels between pigs, or from different locations, col-
lagen 111 mRNA values for these 60 specimens (3 pigs, 20
samples/pig) were assessed. Fig. 4 shows no significant differ-
ences in mMRNA values for collagen 111 between these 3 pigs, or
between the various locations on each pig.

(if) Changes in total RNA and DNA during wound heal-
ing. Fig. 5 shows the changes in total RNA and DNA per milli-
gram wet weight of normal and scar tissues during wound healing
in this model. Total RNA and DNA were observed to significantly
increase 24 h after wounding, reaching a maximum by day 7 for
both components. Subsequently, values gradually decreased over
time, but scar tissue values were still significantly higher than nor-
mal skin values even at day 49 (P = 0.015 for RNA, P = 0.004 for
DNA). It was noted that the change in total RNA and DNA during
wound healing at different times is consistent and parallel. There-
fore, any observed increase or decrease in specific mMRNA values, as
determined by semi-quantitative RT-PCR analysis, likely indicates
per-cell alterations in gene expression.

(iii) Apoptosis during wound healing. In a previous
study, wound histologic examination at various times after
wounding was defined in the model (4). In the study reported
here, this was extended to define cell apoptosis in wound tissue
at various times after injury in the same model. Representative
photographs of apoptotic cells in wounds at various times after
wounding in this animal model are presented in Fig. 6. Only a
very few apoptotic keratinocytes and fibroblasts were evident in
normal skin. Apoptotic cells were observed one day after wound-
ing, and a marked increase in apoptotic cells was evident by
three days. After hematoxylin and eosin (H&E) staining of sec-
tions, these cells appeared to be inflammatory cells, with a pre-
dominance of polymorphonuclear neutrophilic leukocytes
(PMNSs) (4). A large percentage of apoptotic cells were observed
at day seven; most cells were now fibroblastic in nature, as de-
termined by H&E staining, and a few were inflammatory cells
(4). By day 14, maximal percentages of apoptotic cells were de-
tected and endothelial cells were now observed to be undergoing
apoptosis. At day 21, the density of apoptotic cells was decreased,
but a significant number of fibroblasts, endothelial cells, and
keratinocytes were undergoing apoptosis. By day 35, a number of
apoptotic cells were still evident, but by day 49, the density of
apoptotic cells was much diminished. Fig. 7 shows the distribution
of apoptotic cells that were scored in blinded manner by three in-
dependent observers, using the system of Brown and co-workers
(14). Apoptotic cells underwent a time course that peaked at day 14
after wounding, then gradually decreased by day 49.

(iv) Decorin mRNA during wound healing. Decorin is a
small non-aggregating proteoglycan that has been reported to
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Figure 1. Kinetics of wound closure in the porcine model. Multiple
2-cm-diameter wounds were created on the dorsum of pigs at T =0,
and at the indicated times, the extent of wound closure was deter-
mined, using a digital calipers. For each time point, N = 4 pigs and 20
wounds/pig (total, 80 wounds). Values were presented as mean = SEM,
and values indicated by an asterisk (*) are significantly (P < 0.05)
different from time-zero values.
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Figure 2. Bacterial quantification during healing of full-thickness
wounds. Bacteria were isolated and quantified from tissues as de-
scribed in the Materials and Methods section. Values are presented
as mean + SD (N = 56 at each time point).
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Figure 3. Analysis of total RNA content in skin from various locations
on three pigs. Normal skin specimens from a total of 20 locations/pig,
corresponding to the location of the wound sites, were taken as described
in the Materials and Methods section. Positions 1-4 were the most cra-
nial, and positions 17-20 were the most caudal locations. Panel A: values
presented are the mean + SEM total RNA yields per specimen per pig for
these pigs. Panel B: values presented are mean + SEM RNA yield at each
location for three pigs.
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Panel A: The average of mRNA levels for collagen lil from 20 locations in each pig
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Figure 4. Quantification of mMRNA levels for collagen I11 at various loca-
tions on three pigs. The RNA isolated from the 20 locations from each of
three pigs (as described in the legend to Fig. 3) was assessed for collagen
111 mRNA levels, using semiquantitative reverse transcriptase-poly-
merase chain reaction (RT-PCR) analysis. Panel A: values presented are
the mean + SEM for the 20 locations on each pig. Panel B: values pre-
sented are the mean + SEM at each location on three pigs.
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Figure 5. Comparison of total RNA and DNA from specimens taken
at various times after wounding. At the indicated times after wound-
ing, two specimens from four pigs were removed for RNA isolation
and DNA assessment (N = 8 at each time point). Normal skin values
were derived from skin taken at T = 0. Values are presented as mean
+ SEM, and those indicated with an asterisk (*) are significantly dif-
ferent from normal values.

bind collagen and modulate collagen fibril formation (16). To
determine whether mRNA levels for decorin were altered dur-
ing skin wound healing, normal skin and wound specimens
taken at various times after wounding were assessed by RT-
PCR analysis. Fig. 8 (panel A) indicates that mRNA values for
decorin were significantly increased by day seven after wound-
ing, and thereafter, mMRNA levels for this molecule progressively
increasPed, reaching their highest value by day 35. Decorin
MRNA levels then decreased, but were still significantly high at
day 49, compared to normal tissue values (420% of normal).

(v) Tumor necrosis-oa mMRNA during wound healing. Tu-
mor necrosis factor-a (TNF-a) is a mediator of the inflammatory
response (17). The mRNA levels for TNF-a were assessed by RT-
PCR analysis to determine whether expression of this molecule
was altered during wound healing. As shown in Fig. 8 (panel B),
a significant increase (780% of normal tissue values) in TNF-a
MRNA levels were detected on day 1 after wounding (P <
0.0001). The TNF-a mRNA values remained significantly high
at day 14 after wounding, compared with normal tissue values
(180% of normal value, P < 0.005). Thereafter, TNF-a mRNA
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Figure 6. Apoptotic cells in normal skin and scar tissue at various times after wounding (x200).
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esis, and production of extracellular ma-
trix components (18). As shown in Fig. 8
(panel C), a significant (P < 0.03) increase
in CTGF mRNA values up to 270% of nor-
mal tissue values was detected on day
seven after wounding. The mRNA values
for this growth factor then continued to
increase and peaked on day 21 at 580% of
normal values. Subsequently, mRNA val-
ues decreased, but were still signifi-
cantly (P = 0.01) high at conclusion of
the study (day 49).

(vii) Insulin-like growth factor 11
mMRNA values during wound healing.
Insulin-like growth factor 11 (IGF-11) is a
growth factor that has diverse effects on
metabolism and growth, and has been re-
ported to have an active role in tissue re-
pair in mice (19). To determine whether
MRNA values for IGF-I1 were also altered
in the porcine model during wound heal-
ing, normal tissue and wound specimens
were assessed for this growth factor by
use of RT-PCR analysis. Fig. 8 (panel D)
shows that mRNA values for IGF-I1 were
altered as wound healing progressed. The
mMRNA values for this growth factor were
initially decreased, but were significantly
high at day 14 in the healing response.
The values reached maximum at day 35
(P = 0.002), then decreased. However, the
values were still significantly high by day
49 (P = 0.009). Thus, mRNA values for
CTGF and IGF-I1 were increased during
wound healing, particularly during the
later scar tissue remodeling stages.

(viii) Values of mRNA for c-fos
and c-jun during wound healing.
Two transcription factors, c-jun and c-
fos, have been documented to have an
important role in regulating expression
of a number of genes, particularly at AP-
1 sites (20). Therefore, mRNA values for
c-jun and c-fos were also assessed dur-
ing healing of skin wounds. Interest-
ingly, mMRNA values for c-jun and c-fos
were significantly decreased during
wound healing in this animal model from
day one to day 35 (Fig. 9). However, values
for both molecules returned to near nor-
mal by day 49 after wounding.

Paraffin sections of skin were assessed for apoptotic cells, using a commercial TUNEL assay as

described in the Materials and Methods section.

values progressively decreased until they returned to near nor-
mal values by day 21.

(vi) Connective tissue growth factor (CTGF) mRNA
during wound healing. Connective tissue growth factor has
been reported to have an important role during wound healing by
stimulating cell proliferation, cell adhesion, chemotaxis, angiogen-

Discussion

As indicated by the results, this por-
cine animal model of wound healing provides a number of ad-
vantages. Young pigs are small, and easily handled and housed.
Although wounds in young pigs tend to heal without complica-
tion, the healing process proceeds over a few weeks, which is
sufficient to assess the bacteriology, as well as molecular and
cellular biology of the healing process. As shown in Fig. 1, com-

345

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



Vol 51, No 4
Comparative Medicine
August 2001

Apoptosis score

0 10 20 30 40 50 60
Postwounding days

Figure 7. Apoptosis score during wound healing. Apoptotic cells in nor-
mal skin and healing wounds were assessed in tissue sections by three
independent observers, as described by Brown and co-workers (14).
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Figure 8. The mRNA levels for decorin (panel A), tumor necrosis fac-
tor-a (TNF-a; panel B), connective tissue growth factor (CTGF; panel
C), and insulin-like growth factor 11 (IGF-11; panel D) during wound
healing. The mRNA levels for each molecule were determined by use
of semi-quantitative RT-PCR analysis, as described in the Materials
and Methods section. The mean value for mRNA from normal skin was
set at 100% and the mean + SEM values from the various healing inter-
vals is presented as percentage of the control values. All values indicated
by * are significantly (P < 0.05, ANOVA) different from control values.

plete re-epithelialization in this model takes an average of 20 to
21 days, a time frame sufficient to use in evaluation of thera-
peutic interventions. Moreover, because the pig is considered a
large animal, multiple, large wounds can be induced on a single
animal and specimens from a single wound offer sufficient ma-
terial for a variety of assessments. In contrast, due to the limi-
tation of the wound size in rodents, a large number of animals
are required to obtain the same results.

Many potential factors can influence wound healing (21).
They include vascular insufficiency, prolonged inflammation,
pressure necrosis, physical agents, cancer, and infection (22).
Gross bacterial infection of wounds may certainly delay or even
interfere with the healing response (23). Local destruction of
tissue can result from extensive bacterial growth and enzymatic
action, as well as prolongation of the inflammatory phase (2,
23). With emergence of antibiotic-resistant organisms such as
methicillin-resistant S. aureus, the impact of infection on the
healing process is becoming even more critical. Pseudomonas
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Figure 9. The mRNA levels for c-fos and c-jun during wound healing.
Values for c-fos (panel A) and c-jun (panel B) were determined by use
of semi-quantitative RT-PCR analysis, as described in the Materials
and Methods section. See Figure 8 for key.

aeruginosa and Staphylococcus aureus were two prevalent or-
ganisms in those wounds. Thus, even when care is taken to pre-
vent initial contamination of wound sites in this model, wounds
become colonized with P. aeruginosa and S. aureus within a few
days. In humans, staphylococci (10.5%) and pseudomonads
(7.6%) are most frequently found in surgical wounds and cause
a substantial percentage of hospital infections (24). Staphylo-
coccus aureus is also reported to be a prominent organism in
chronic wound infections (present in 62.9% of cases) (24). There-
fore, this porcine model may mimic the clinically relevant condi-
tion, and will be useful for evaluating the impact of various
antimicrobial therapies on wound healing in the future.

Assessment of total RNA (MRNA + rRNA + tRNA) from vari-
ous locations on the dorsum indicated no significant difference
in RNA yield (micrograms per milligram wet weight) from vari-
ous pigs, or various locations in the same pig. In addition, as-
sessment of mMRNA levels for collagen Ill, an important
extracellular matrix molecule, indicated no significant differ-
ences between different pigs, or between different locations in
the same pig. Thus, these results indicate that multiple wound
sites on a single animal can likely be used for long-term sequen-
tial assessment of wound healing.

Assessment of total RNA and DNA indicated that the total
RNA values at each time point after wounding were closely par-
alleled by DNA values. The changes in total RNA and DNA dur-
ing wound healing in this model likely paralleled fluctuations in
the cellularity of the wound site. As the cellularity of the wound
site appears to peak early, then decrease, either there is an
efflux of cell from wounds or cells within wounds die. It is well
known that there are two major mechanisms by which cells un-
dergo death. Necrosis is the result of cellular damage that leads
to lysis and release of intracellular contents. This process pro-
motes inflammation (25) and would likely not be beneficial for
healing. Programmed cell death or apoptosis provides a mecha-
nism of autodigestion for specific cells that are no longer func-
tioning properly or have outlived their usefulness (25).

The results indicated the presence of are rare apoptotic cells in
normal skin. However, apoptotic cells were evident 24 h after
wounding and greatly increased after 72 h, with most of them
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likely being PMNs (4). The apoptotic cells reached a maximum by
day 14, then decreased. However, by day 49, the number of
apoptotic cells in scar tissue was still substantial. Histologic exami-
nation indicated that the apoptotic cells at day seven were princi-
pally fibroblasts; a few PMNSs also were present. Whether the
large number of PMNs in the early wound sites were there as part
of the normal healing process or were there in part, due to the bac-
terial contamination/infection (Fig. 2) in the wounds must await
further investigation. However, later in healing, most of apoptotic
cells were fibroblasts and endothelial cells. By day 14, endothelial
cells in the microvasculature were observed to undergo apoptosis.
The numbers of apoptotic cells observed during the healing process
in this pig model also are consistent with reported observations in
a rat excisional full-thickness skin wound model (26). Thus,
apoptosis is likely involved in mediating the decrease in cellularity
during the progression of wound healing in both models. The de-
crease in total RNA and DNA content as the scar matures is con-
sistent with cell loss due to apoptosis in this model (Fig. 5 and 6).

In this study, a number of molecular transcripts were as-
sessed during wound healing. Although the number of mol-
ecules assessed in this study was not extensive, the breadth of
the molecules assessed in this study, as well as those of a previ-
ously reported study (4), is sufficient to document that wound
healing is a series of complex cell and matrix interactions.
These data extended our baseline for molecular aspects of skin
wound healing information in this animal model, and provide
the basis to assess impaired or accelerated healing in this model
at the molecular level in the future.

The finding that mRNA levels for TNF-a were high immedi-
ately after wounding indicates that this cytokine likely plays an
important role in the inflammatory phase of tissue repair. Tu-
mor necrosis factor-a is mainly produced by cells of the mono-
cyte/macrophage lineage (27). It also has been reported to be a
major angiogenic factor inducing capillary expansion into the
wound area (28). In addition, TNF-a also is a strong initiator of
inflammatory cascades (28). However, since infection can also lead
to induction of TNF-a (29), and early wounds were infected, conclu-
sions as to whether TNF-a induction occurred as a consequence of
injury and/or infection must await further investigation.

Connective tissue growth factor, a cysteine-rich mitogenic
peptide, has been reported to be involved in wound healing (30).
This factor stimulates fibroblast cell growth, matrix production,
and granulation tissue formation (31). In rats, CTGF expression
peaked on day nine after injury and subsequent to peak expres-
sion of TGF-B on day three in the Schilling chamber model of
wound repair (30). The co-coordinated expression of the two
growth factors was interpreted to be regulated by components
of a growth factor cascade in which TGF- initiated regenera-
tion and repair, and stimulated production of CTGF, which was
required later in the wound healing process (18). Connective tis-
sue growth factor has been reported to be a downstream media-
tor of TGF-B, and a TGF- regulatory element in the CTGF
promoter region has been identified (32).

Results of a previous study indicated that mRNA levels for
TGF-B were modestly increased early (days one to three after
wounding) after injury in this porcine model (4) and mRNA lev-
els for collagen I and 111 were significantly increased by day
seven (4). In the study reported here, mRNA levels for CTGF
were significantly high later, possibly indicating that TGF-$ and
CTGF may also be part of a growth factor cascade that regu-

Pig Model for Skin Wound Healing

lates aspects of wound healing in the pig model, similar to what
was observed in the rat (30).

In incisional and subcutaneous sponge models of wounding,
increased expression of IGF-11 has been reported from one to 21
days after wounding in a mouse model (33). In our study, signifi-
cant increases in IGF-11 expression were detected by day 14. In
fact, the increase in mMRNA levels for IGF-11 peaked after peak
changes in CTGF. However, it remains to be determined
whether there is a cause-and-effect relationship between the
two growth factors, but the findings again were consistent with
CTGF and IGF-11 being part of a regulated growth factor cas-
cade during the wound healing process

The time course for decorin expression during wound healing
was delayed, compared with that of CTGF (Fig. 8), but was not
unlike the pattern of change detected for IGF-I1. In fact, the
pattern change for expression of decorin mRNA levels even
more closely paralleled those for collagen | and 111 (4). This
small proteoglycan has been documented to bind collagens, par-
ticularly collagen I, and thus, modulates fibril formation (34). In
addition, this proteoglycan can bind TGF-[3 and effectively make
it unavailable for interaction with TGF-3 receptors (35). The
finding that decorin mRNA levels parallel those for other ma-
trix molecules, and are still high at postwounding day 49, likely
indicates that this molecule is involved in matrix remodeling of
scar tissue rather than binding to TGF-B, which is high only
very early in the healing process (4).

It was interesting to find that mRNA levels for c-fos and c-jun
were significantly decreased during wound healing. It has been
reported that these two transcription factors can be detected at
the protein level in normal skin, early inflammatory cells, and
later proliferative fibroblasts in human skin wounds at various
postinjury intervals (36). In a study of human tissue, expression
of c-jun and c-fos was not detected in normal skin, but protein
and mRNA were detected for both transcription factors in der-
mal fibroblasts and elongated perivascular cells in keloid and
hypertrophic scars (37). In our study, mRNA for c-fos and c-jun
was clearly detected in normal skin, significantly decreased in
early scar tissue (day 1-35 after injury); then values became
more normalized by postwounding day 49. Whether the change
in the pattern of these two transcription factors at the protein
level is similar to that detected for mMRNA remains to be further
investigated. However, this apparent difference between human
and pig healing responses may be indicative of species-species
variation in some aspects of the healing process.

In conclusion, an animal model for the study of excisional
wound healing has been partially characterized by its wound
bacteriology, as well as molecular and cellular biology. This
model offers many advantages over small animal models, and
because porcine skin is similar to human skin in many respects,
results from use of this animal model may be rapidly trans-
ferred to human conditions.
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