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Fibroblast Survival/Function in a Substitute 
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ABSTRACT 
The healing of full-thickness skin defects requires extensive synthesis and 

remodeling of dermal and epidermal components. Fibroblasts play an important role 

in this process and are being incorporated in the latest generation of artificial dermal 

substitutes. We studied the fate of fibroblasts seeded in our artificial elastin/collagen 

dermal substitute and the influence of the seeded fibroblasts on cell migration and 

dermal substitute degradation after transplantation to experimental full-thickness 

wounds in pigs. 

Wounds were treated with either dermal substitutes seeded with autologous 

fibroblasts or with acellular substitutes. Seeded fibroblasts, labeled with a PKH-26 

fluorescent cell marker, were detected in the wounds with fluorescence microscopy and 

quantified with flow cytofluorometric analysis of single-cell suspensions of wound 

tissue. The cellular infiltrate was characterized for the presence of mesenchymal cells 

(vimentin), monocytes/macrophages and vascular cells. Dermal substitute degradation 

was quantified by image analysis of wound sections stained with Herovici's staining. 

In the wounds treated with the seeded dermal substitute, fluorescent PKH-26 

labeled cells were detectable up to six days and were positive for vimentin but not for 

the macrophage antibody. After five days, flow cytofluorometry showed the presence 

of 3.1 (±0.9) xlO6 (mean ±SD, n=7) PKH-26 positive cells in these wounds, whereas 

initially only lxlO6 fluorescent fibroblasts had been seeded. In total, the percentage of 

mesenchymal cells minus the macrophages was similar after five days between wounds 

treated with the seeded and the acellular substitutes. In the wounds treated with the 

seeded substitute, however, 19.5% of the mesenchymal cells was of seeded origin. 

Furthermore, the rate of substitute degradation in the seeded wounds was significantly 

lower at 2-4 weeks after wounding than in wounds treated with the acellular 

substitute. Vascular ingrowth and the number of infiltrated macrophages were not 

different. 

In conclusion, cultured dermal fibroblasts seeded in an artificial dermal 

substitute and transplanted onto full-thickness wounds in pigs survived and 

proliferated. The observed effects of seeded fibroblasts on dermal regeneration 
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appeared to be mediated by reducing subcutaneous fibroblastic cell migration and/or 

proliferation into the wounds without impairing migration of monocytes/macrophages 

and endothelial cells. Moreover, the degradation of the implanted dermal substitute 

was retarded, indicating a protective activity of the seeded fibroblasts. 

INTRODUCTION 
Treatment of full-skin defects has changed rapidly in the last decennia and 

several new treatments have been developed. Nowadays, wound infections can be 

controlled by proper wound care and rapid wound closure is obtained by treatment 

with epidermal grafts, e.g. meshed split skin or cultured epidermal sheets. 

Nevertheless, problems occurring with deep skin defects such as wound contraction, 

scar formation and hypertrophy are as yet unsolved (Hinshaw and Miller, 1965; Herd 

et al, 1987; Matsuzaki et al, 1995). For such wounds it has been recognized that 

application of a dermal template can induce more dermal tissue than epidermal grafts 

alone (Murphy et al, 1990; Cooper et al, 1991; Kangesu et al, 1993; de Vries et al, 

1994). Since the early eighties several artificial dermal substitutes have been 

developed (Bell et al, 1981; Boyce et al, 1990; Shahabeddin et al, 1990; Hansbrough et 

al, 1992; Koide et al, 1993; de Vries et al, 1994; Geesin et al, 1996), and several were 

tested on burn patients (Heimbach et al, 1988; Hansbrough et al, 1989; Suzuki et al, 

1990; Boyce et al, 1993; Burke et al, 1993; Hansbrough et al, 1995). Two dermal 

substitutes, DermagraftR (Advanced Tissue Sciences, La Jolla, Ca) and IntegraR 

(Integra Life Sciences Corp., Plainsboro, New Jersey), and one full skin equivalent, 

Apligraf* (Novartis, Basel, Switzerland), have recently been launched into the market 

for clinical use. The cellular component of Apligraf1 consists of allogenic fibroblasts and 

keratinocytes, DermagraftR contains allogenic fibroblasts and is directly applied in 

combination with an autologous epidermal transplant (Hansbrough et al, 1992), 

whereas IntegraR is acellular and the autologous epidermal transplant is only applied 

after vascularization of the dermal substitute (Stem et al, 1990). We developed an 

acellular dermal substitute which improved dermal regeneration in a porcine full-

thickness wound model (de Vries et al, 1994; Lamme et al, 1996) and in a clinical püot 
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study (de Vries et al, 1995b). The addition of autologous fibroblasts to the dermal 

substitute resulted in a significant additional reduction of myofibroblast formation and 

wound contraction (de Vries et al, 1995a). Our concept is based on artificial skin 

grafting with autologous cells, as this is safer with regard to transmittable diseases 

and no risk of induction of inflammation and rejection reactions (Hultmann et al, 

1996). The dermal substitute is seeded with fibroblasts (lxl06/cm2) using short culture 

times (7-10 days) and is directly applied in combination with an epidermal transplant. 

We believe that rapid wound treatment is advantageous because wound contraction 

processes are very potent in the early wound healing phase (Clark, 1993; de Vries et 

al, 1994). Using this concept, full-thickness wounds can be treated at the earliest 

intervention possible, especially when fibroblasts are isolated from adipose tissue (de 

Vries et al, 1995a). 

Fibroblasts play a central role in the regeneration of new skin tissue. Several 

studies showed that the presence of fibroblasts in a dermal equivalent stimulated 

epidermal differentiation (Cooper et al, 1993; Okamoto and Kitano, 1993; Saintigny 

et al, 1993; Maruguchi et al, 1994; Tuan et al, 1994) and dermal regeneration (Murphy 

et al, 1990; Stern et al, 1990; Boyce et al, 1991; Marks et al, 1991; de Vries et al, 

1995a). It is assumed that these fibroblasts accelerate the healing process by reducing 

the time needed for fibroblasts to invade the wound tissue and by early synthesis of 

new skin tissue. In this study, we investigated survival of fibroblasts seeded in a 

dermal substitute and their effects on formation of granulation tissue, tissue 

regeneration and substitute degradation in the porcine wound model. 

MATERIALS AND METHODS 

Materials 

The dermal substitute was a non-cross linked native bovine collagen matrix 

(type I collagen from bovine skin) coated with a 3% (w/w) oc-elastin hydrolysate (80% 

MW 60 kDa and 20% MW 200 kDa from bovine ligamentum nuchae) and was kindly 

provided by Dr. P. Tewes-Schwarzer (Dr Otto Suwelack Nachf. GmbH & Co., 
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Billerbeck, Germany). ExkinR, a semipermeable polyether urethane membrane 

allowing wound drainage but protecting the wound against contamination, was 

provided by Utermöhlen (Utrecht, The Netherlands). 

The monoclonal antibody (clone MO107,1:10.000) specific for porcine monocytes/ 

macrophages was a kind gift from Dr. J. Pol (DLO, Lelystad, The Netherlands). 

Operation Procedures, Wound Treatments and Evaluations 

The operation procedures were performed as described previously (de Vries et 

al, 1993). The protocol was approved by the University of Amsterdam Committee of 

Animal Welfare and for this study three female Yorkshire pigs (20 kg at arrival) were 

included. Two weeks prior to operation, porcine dermal fibroblasts were isolated from 

punch biopsies and cultured in DMEM supplemented with 10% (v/v) FCS, 1 mM L-

glutamine (Life Technologies, Breda, The Netherlands) and antibiotics (penicillin (100 

IU/ml), streptomycin (100 mg/ml), Life Technologies). On the day of operation, full-

thickness wounds (3.0 x 3.0 cm) were created on the back of the pigs using a 

dermatome. Dermal collagen substitutes were placed in the wounds, and subsequently 

covered with split-skin mesh grafts (0.2 mm thick) and ExkinR. Three treatments were 

applied: acellular substitutes (n=7), substitutes seeded with fluorescent fibroblasts 

(lxlO6 cells/cm2, n=7), and substitutes seeded with non-viable fluorescent fibroblasts 

(lxlO5 cells/cm2, n=2). Dermal substitutes were seeded with cultured porcine 

fibroblasts passage 2 by inoculating the upper side of the matrices with culture 

medium containing the fibroblasts (1 ml/10 cm2 of substitute). Before seeded 

substitutes were implanted, the fibroblasts were allowed to attach to the substitute 

matrix for 4h. During this period substitute contraction did not occur. Fibroblasts were 

labeled with PKH26-GL according to the manufacturer's protocol (Sigma, St. Louis, 

Mo) and in 2 cases made non-viable by 3 repeated freeze-thawing cycles. The histology 

of seeded substitutes before implantation showed fibroblasts attached to matrix fibres 

throughout the substitute but with a higher density in the upper part. 

After 5 days, at an identical place from all wounds two 4 mm punch biopsies 

were taken for immunofluorescence and immunohistochemistry, one snap-frozen in 

liquid nitrogen and the other fixated in 4% formaldehyde PBS solution. Split-skin 
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mesh grafts were removed and the wound tissues were excised with a scalpel at the 

interface of the granulation tissue and subcutaneous fat. The wound tissues had an 

identical area and thickness, as wound size and depth remained the same until 5 days 

after operation. Blood coagulates attached to the wound tissue during the surgical 

removal were removed without damaging the wound tissue. The tissues were 

enzymatically digested at 37°C for 1.5 h with a phosphate-buffered saline (PBS) 

solution containing 0.25% collagenase (Boehringher Mannheim, Mannheim, Germany) 

and 0.25% dispase (Boehringher Mannheim)(3 ml/g of tissue). The digest was washed 

with PBS and sieved through a 10 |xm nylon membrane (Schleicher & Schuell, Den 

Bosch, The Netherlands) to obtain single-cell suspensions. 

Immunofluorescence and Immunohistochemistry 

Unfixed cryostat sections of 10 (xm thickness were used to detect the presence 

of PKH-26 fluorescent cells and stained for vimentin as follows. After 15 min of 

preincubation with PBS containing 10% human ABO serum (Central Laboratory for 

Blood Transfusion Services, Amsterdam, The Netherlands), sections were incubated 

for 1 h with the anti-vimentin monoclonal antibody (clone V9; Dako, Copenhagen, 

Denmark) diluted in PBS (1:100). After two washes in PBS, they were incubated for 

30 min with FITC-conjugated F(ab)2 fragments of rabbit anti-mouse antibodies (1:50, 

Dako). The excess of F(ab)2 fragments was removed by two wash steps in an excess of 

PBS. Finally, sections were covered with Vecta-shield (Sigma) and 

immunofluorescence analysis was performed with a LSM confocal scanning laser 

microscope (Leica Lasertechnic, Heidelberg, Germany) equipped with an argon-

krypton laser. Double excitation and detection were performed with the 488 nm and 

568 lines for vimentin and PKH-26, respectively. The images were corrected for cross

talk and matched with the multi-color analysis software package. 

For immunohistochemistry, 4% formaldehyde fixated wound biopsies embedded 

in paraffin were sectioned at 5 um. The sections were deparaffinized, hydrated through 

a degrading series of ethanol solutions, and incubated for 10 min in 0.02% 

H202/methanol solution. Sections were predigested at 37°C for 30 min with a solution 

containing 0.25% pepsin and 10 mM HCl (pH 2.5) and incubated with the next solution 
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at room temperature in the following order: PBS solution/10% AB serum for 15 min; 

for 60 min with the polyclonal rabbit anti-von Willebrand factor antibody (1:1500, 

Dako) diluted in PBS; for 30 min with biotinylated swine anti-rabbit IgGs antibodies 

(1:400, Dako) diluted in PBS 10% AB serum; and for 30 min with 

streptavidinABcomplex/horseradish peroxidase (1:50, Dako) diluted in PBS. Between 

incubations, the sections were washed twice in PBS. Color reaction was performed for 

7 min in 50 mM Tris-HCl buffer (pH 7.8) containing 0.05% DAB and 0.03% H202 . 

Finally, the slides were washed in water, counterstained with hematoxylin, mounted 

in glycergel (Dako) and examined microscopically. 

Sections of porcine normal skin served as positive controls. As negative controls, 

adjacent sections of the wound biopsies were stained with nonimmune IgG from the 

same species in the same dilution as the primary antibody. No specific signal was 

noticed in the negative controls. 

Flow Cytofluorometry Analysis 

The single-cell suspensions derived from the wounds were analyzed for PKH-26 

fluorescent positive cells without prior fixation. In addition, part of the cell suspension 

was labeled intracellularly with monoclonal antibodies anti-a-smooth muscle actin 

(clone 1A4, Dako), anti-vimentin, and anti-monocyte/macrophage antibodies as follows. 

Cells (5xl05) were fixed for 10 min in 0.25 ml PBS containing 1% formaldehyde, 

washed twice with PBS and resuspended in 0.25 ml PBS containing 0.1% saponin and 

0.5% BSA. After 10 min, first antibodies were added at saturating concentrations and 

incubated for 30 min. After two washing steps, a second incubation of 30 min was 

performed with FITC-labeled F(ab')2 fragments of rabbit anti-mouse IgGs (1:50). After 

two additional washes, cells were sampled in PBS containing 0.5% BSA. All 

incubations and washings were performed at 4°C in the presence of 0.1% saponin and 

fluorescence analysis was performed on at least 1 x 105 cells per sample using a 

FACScan (Becton Dickinson, Mountain View, Ca). Negative controls were labeled 

identically with control isotype-matched antibodies diluted in the same way as the first 

antibodies. 
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Herovici Staining and Image Analysis 

For the picropolychrome staining of Herovici formaldehyde fixated biopsies were 

used. The biopsies were embedded in paraffin and cut into 5 (im sections. The wound 

biopsies were taken at 1, 2, 3 and 4 weeks after wounding from wounds treated with 

the acellular (n=7) and seeded substitutes (n=6) (identical treatments procedures as 

described in the operation procedures) obtained from previous studies (de Vries et al, 

1995a). After deparaffmation and hydration, wound sections were stained as described 

by Herovici (Herovici, 1963). At three and four weeks post-wounding, the substitute 

fibers were mainly localized in the middle and lower dermal area of the sections. This 

area was chosen for image analysis. 

Absorbance measurements of Herovici stained sections were performed with the 

use of white light, an infrared blocking filter, and a monochromatic 543 nm filter 

(Chieco et al, 1994). Digital images were recorded with a Cohu CCD camera 

(768x575@8 bits, Cohu Systems, San Diego, Ca) attached to a Olympus AH2 

microscope (Tokyo, Japan) with a stabilized power supply. The resolution of the sample 

area was 512x768 pixels, corresponding to a section area of 0.65 x 0.96 mm. Images 

were captured with a Scion NuBus framegrabber (Scion Corporation, Frederick, 

Maryland) using a Macintosh Power PC. Greyscale images were corrected for 

background and transformed into absorbance images using a density-step tablet 

(Jonker et al, 1997). Image grabbing and analysis were performed by the public 

domain image processing program NIH-Image software (written by W.Rasband, US 

National Institutes of Health). Area measurements were performed after segmentation 

using a threshold at 2/3 of the maximum absorbance in each image. An example of a 

digital image is shown in Fig 1A. The signal detected along the bar across substitute 

element is shown graphically as an absorbance profile in Fig I ß (hatched line 

indicated 2/3 of maximum absorbance recorded). Fig \C shows the areas which were 

measured as substitute-matrix areas (threshold at 2/3 of maximum absorbance). 
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Figure 1. Evaluation of a digital image and localization of substitute matrix by absorbance 
measurements. (A) Unmodified digital image of Herovici-stained wound section, treated with 
seeded substitute, at 1 week post-wounding; (B) Graphical representation of absorbance profile 
detected along the bar shown in Fig. 1A. Hatched line in graph indicates two-third of the 
maximum absorbance recorded; (C) Same image as outlined in Fig. 1A in which absorbances 
above two-thirds of maximum absorbance density were selected using NIH software. These 
areas were selected as substitute-matrix surfaces. 

RESULTS 

General histological observations 

In hematoxylin/eosin s ta ined sections of the wounds t r e a t e d wi th e i ther seeded 

or acel lular de rma l subs t i tu te the s t a r t of g ranu la t ion t issue formation was noted 5 

days after wounding (Fig 2A). The infi l trat ing cells had migra ted approximate ly half

way into the de rma l subs t i tu te . In the upper half mainly granulocytes were located. 

Vascular in-growth w a s assessed wi th von Wil lebrand Factor s ta in ing and eva lua t ed 

by t h e percen tage of de rmal subs t i tu te which was vascularized (Fig 2E). The wounds 

t r ea t ed w i th t h e acellular or seeded subs t i tu te showed no differences in vascular ized 

area . 

Figure 2. Hematoxylin Eosin (A) and 
von Willebrand (B) stainings of a 
wound treated with the seeded 
substitute at 5 days after wounding. 
The figures show the presence of the 
substitute in between the subcutis 
(lower part of photomicrograph) and 
the ExkinR membrane at the top. 
Biopsies were taken in between the 
interstices of the split skin mesh 
grafts and showed no signs of 
reepithelialization. Cell migration 
(arrow heads, A) and vascularization 
(arrow heads, B) had proceeded up to 
halfway into the dermal substitute. 
Scale bar, 130 |im 
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Fluorescence detection of seeded fibroblasts 

Subconfluent cu l tures of fibroblasts were labeled wi th PKH-26, a fluorescent 

label which i n t e g r a t e s into the cell m e m b r a n e . The labeling procedure was checked 

wi th flow cytofluorometry (F ig 3A) and fibroblasts were used in vitro for different 

t e s t s : cell a t t a c h m e n t and proliferation on plast ic and collagen I coated cul ture dishes, 

and in the d e r m a l subs t i tu te . Significant differences be tween labeled and unlabeled 

fibroblasts were never observed (data not shown) indicat ing t h a t the label ing 

procedure and the label did not influence fibroblast behavior. After 5 days of cul ture , 

fluorescent in tens i ty of the fibroblasts decreased (F ig 3B). The degree of th i s decrease 

was correla ted wi th the number of cell divisions t h a t had occurred in th is period. Flow 

cytofluorometry also showed t h a t the seeded fibroblasts a t the m o m e n t of seeding 

conta ined a smal l percentage of cells (2-8%), which was positive for a-smooth muscle 

act in (data not shown). 

Log Fluorescence Intensity Log Fluorescence Intensity 

F i g u r e 3. Flow cytofluorometric analysis of identical numbers of fibroblasts labeled with the 

PKH-26 cell membrane marker. (A) PKH-26 labeling of cultured fibroblasts before seeding in 

the dermal substitute; (B) PKH-26 positive fibroblasts, cultured for 5 days in vitro showing a 

reduced mean fluorescent intensity when compared with freshly labeled fibroblasts (3A). The 

non-shaded curves represent baseline fluorescence profiles of identical populations of unlabeled 

fibroblasts. 
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In unfixed frozen wound sections PKH-26 fluorescent elongated cells (bright red) 

were detected with confocal microscopy at 5 days after wounding (Fig 4). In addition, 

most cells were labeled for vimentin (green), a marker for mesenchymal cells. Most 

PKH-26 positive cells showed colocalization with vimentin (yellow)(Fig 4). After 5 

days, the number of cells with a progressively weaker PKH-26 fluorescence increased 

rapidly, which made further investigations of seeded fibroblasts at later time points 

unfeasible. In wounds treated with the acellular substitute, PKH-26 fluorescence was 

not detected. 

Figure 4. Confocal scanning laser microscopy of wounds seeded with fibroblasts showing PKH-
26 positive cells (red) and vimentin-positive cells (green). Most PKH-26 positive cells also 
labeled for the mesenchymal cell marker vimentin (yellow). Scale bar, 25 |im. 

Quantification of seeded cells and cell infiltrates 

Flow cytofluorometric analysis of single-cell suspensions obtained from wounds 

(indicated with gate Fig 5A) showed no PKH-26 positive cells in the unseeded wounds 

(Fig 5B), whereas in the seeded wounds a cell population was positive for PKH-26 

(gate Fig 5C). The PKH-26 cells did not label with propidium iodide, indicating that 

PKH-26 cells were viable (data not shown). In figure 6A the light scatter properties 

Chapter 3 page 99 



of fixated intracelullar labeled single-cell suspensions is shown. Particles with reduced 

scatter properties were excluded from the gate. For both wounds, the labeling for 

vimentin (Fig 6B) showed that approximately 96-97% of the cells was vimentin-

positive. Alpha-smooth muscle actin labeling (Fig 6C) of the single cell suspensions 

was not different between the seeded and the acellular substitute treated wounds. 

Most cells were moderately positive, but only a small population of the cells (6%+/-l%) 

was clearly positive. The latter population probably represents isolated smooth muscle 

cells. In addition, both wounds labeled similar percentage of cells (19%) with the 

macrophage antibody (Fig 6D). In the wounds treated with the acellular substitute no 

double labeling for PKH-26 with vimentin or the macrophage marker was observed 

(Fig GE and 6G). In the seeded wounds all PKH-26 positive cells were positive for 

vimentin (Fig 6F) and a few PKH-26 cells double labeled with the macrophage marker 

(Fig 6H). The number of macrophages that double labeled for PKH-26 was <2.2% of 

the total cell suspension isolated. As a control, two wounds were seeded with non

viable labeled fibroblasts. In these wounds the PKH-26 label was only detected in 

macrophages which did not take up propidium iodide. Non-viable labeled fibroblasts 

were not detected after 5 days (data not shown). 

50 100 1 Ï Ö 
FSC-H\FSC-HeigM-> A Green fluorescence • Red Fluorescence (PE) 

Figure 5. Flow cytofluorometric analysis of single-cell suspensions of wounds after 5 days of 
treatment with the seeded or with the aceUular substitutes. (A) Forward(FCS)-Sideward(SCC) 
scattered dot plot of a cell suspension showing the gated cells; These results are shown as dot 
plot green fluorescence (y-axis, FL-1) against red fluorescence (x-axis, FL-2), and not as 
histograms due to autofluorescence of the single-cell population; (B) Dot plot showing no PKH-
26 positive cells within the gate for the wounds treated with the acellular substitute; (C) Dot 
plot of the wounds treated with the seeded substitutes showing a PKH-26 (FL-2) positive cell 
population within the gate. 
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Figure 6. Flow cytofluorometric analysis of fixated and permeabilized single-cell suspensions 
of wounds after 5 days of treatment with the seeded or with the acellular substitutes. (A) 
Forward(FCS)-Sideward(SCC) scattered dot plot of a cell suspension showing the gated cells; 
Histogram of cell suspension labeled with vimentin (B), a-smooth muscle actin (C), and for 
macrophages (D)(thin line = iso-type control). Vimentin labeling of cell suspension of the 
unseeded (E) and seeded (F) wounds showed that most cells were positive ( FL-1); (F) In the 
seeded wounds, the vimentin labeling also showed that all PKH-26 positive cell (FL-2) were 
positive for vimentin. (G and H) Cell suspensions from both wounds labeled for macrophages 
of which 19% labeled positive (FL-1); (H) Cell suspension labeled for macrophages of which 2% 
labeled positive for PKH-26 and the macrophage marker. 
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Table 1 s u m m a r i z e s the da t a on analysis of single-cell suspens ions from the 

wounds t r e a t e d wi th the seeded a n d acellular subs t i tu tes . The to ta l n u m b e r of 

vimentin-posi t ive cells and monocytes/macrophages did not differ significantly be tween 

the t r e a t m e n t s . Significant differences were found for the n u m b e r of PKH-26 positive 

cells, t he percentage of cells double positive for PKH-26 and v iment in , and 

macrophages positive for PKH-26. Initially, lx lO 6 fluorescent fibroblasts were seeded 

in the t r a n s p l a n t e d subs t i tu te and after 5 days 3.1 ±0.9 x 106 (mean ±SD, n=7) cells 

were PKH-26 positive, indicat ing survival and proliferation of the seeded fibroblasts. 

Wound treatment Seeded substitute Acellular substitute 

Number of cells isolated (xlO6) 

PHK-26 positive cells (xlO6) 

Vimentin positive cells 

Vimentin + PKH-26 positive cells 

Macrophages 

PKH-26 positive macrophages 

20 (±7) 

3.1 (±0.9)* 

96% (±2%) 

15% (±3%)* 

19% (±2%) 

2.2% (±0.4%)* 

21 (±9) 

0.1 (±0.1) 

97% (±1%) 

0.5% (±0.2%) 

19% (±3%) 

0.2% (±0.1%) 
Table I. Numbers of cells isolated from wound tissues and percentages of labeled cells present 
in single-cell wound suspensions as measured with flow cytofluorometry. Data represent the 
mean ±SD (n=7) and were analyzed with a paired two-tailed Student's t test (*, p<0.01) 
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Substitute matrix degradation 

Herovici's picropolychrome stains highly cross-linked collagen red/purple and 

newly formed collagen and other extracellular matrix components blue (Herovici, 

1963). In Herovici-stained wound sections, the substitute stained red/purple whereas 

the newly formed extracellular matrix stained blue. With this staining substitute 

degradation was investigated with time and after 1 week post-wounding differences 

were observed in the amount of substitute present in cross-sections of the granulation 

tissue. F igure 7 illustrates the difference in amounts of substitute present in the 

lower regenerated dermis of both types of wounds, 3 weeks post-wounding. 

Image analysis of sections at 1 week after wounding showed that for the seeded 

and acellular wound treatments, the amount of substitute in the wound sections was 

comparable (Fig 8). After 2-4 weeks, amounts of substitute detected in wound sections 

were significantly higher in wounds treated with the substitute seeded with fibroblasts 

as compared with the acellular substitute. This indicates a protective activity of seeded 

fibroblasts against proteolytic degradation of the substitute. It was not possible to 

analyze substitute degradation with this technique at time points later than 4 weeks, 

since at that time the newly deposited collagen bundles also stained red/purple. 

V) 

I 30 
o 

5 25 
c 
g 20 

g 15 
re 
a> 1 0 
3 
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13 
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w 0 
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_^_acellular substitute 
+ seeded substitute 

1 2 3 4 
55 Time (in weeks) 

Figure 8. Image analysis of Herovici-stained wound sections at 1 to 4 weeks after wounding. 
In wounds treated with the seeded substitute (n=6; -•-) matrix degradation was significantly 
slower as compared with wounds treated with the acellular substitute(n=7; -o-). Results were 
analyzed with a paired two-tailed Student's t-test (* p<0.05) and represented as the mean ±SD. 

< Figure 7. Herovici's picropolychrome staining of wounds at 3 weeks after wounding. In 
the wounds treated with the acellular substitute (A) clearly fewer substitute fibers (arrow 
heads) were present as compared with the wounds treated with the seeded substitute (B). 
Scale bar, 130(im. 
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DISCUSSION 
We have previously shown that seeding of autologous fibroblasts in a native 

collagen/elastin dermal substitute improved tissue regeneration as compared with an 

acellular treatment (de Vries et al, 1995a). The present study provides evidence that 

fibroblasts seeded in this dermal substitute at a few hours prior to transplantation 

survive and start to proliferate in the wound tissue. Upon transplantation, 1 x 106 

fluorescent fibroblasts were seeded and after 5 days 3.1 ±0.9 x 106 (mean ±SD, n=7) 

PKH-26 fluorescent viable cells were detected. In the cell suspensions of seeded 

wounds some PKH-26 fluorescence was associated with macrophages, which was more 

evident when non-viable fluorescent fibroblasts were seeded. Apparently, macrophages 

became PKH-26 positive due to phagocytosis of fluorescent-cell remains. 

To investigate the influence of the seeded fibroblasts on the wound healing 

process, we characterized cellular infiltration profiles at 5 days after wounding. Total 

cell numbers isolated from wounds represented cell populations without red blood cells 

and vascular structures which were removed during the isolation procedure. 

Characterization of cell suspensions for fibroblasts was not possible due to lack of 

specific antibodies. In order to estimate the percentage of fibroblasts which was from 

seeded origin, we divided the percentage of PKH-26 positive cells by the percentage of 

mesenchymal cells (vimentin-positive) after deduction of the percentage of 

macrophages [15%/(96%-19%) x 100] resulting in an estimated percentage of 19.5%. 

It was additionally verified that macrophages had not lost their vimentin expression, 

by colocalization of macrophage specific esterase activity (Li et al, 1973; Ramos et al, 

1992) and vimentin in frozen tissue sections (data not shown). This percentage 19.5% 

of fibroblasts from seeded origin is a relative indication and is probably higher. The 

mesenchymal cell population does not only consist of fibroblasts and macrophages, but 

also contains other cells positive for vimentin, e.g. granulocytes, lymphocytes 

(Tiirikainen, 1995), and smooth muscle cells and endothelial cells. From the FSC-SSC 

scatter plot, we were not able to distinguish granulocytes from other cells, although 

they normally have different scatter properties than most other cells. This is due to the 

broad scatter properties of the overlapping population of fibroblastic cells and 

macrophages and because the fixation and permeabilisation procedure resulted in a 

reduction of SSC scattering properties. With regard to smooth muscle cells and 

endothelial cells, the sieving step with the 10 urn membrane, used to isolate the single 

cells, clearly removed vascular structures. Nevertheless, the labeling with a-smooth 
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muscle actin showed in all wounds a small percentage (6%+/-l%) of the cells clearly 

positive for a-smooth muscle actin which probably represented smooth muscle cells. 

Apparently, the enzymatic digestion also liberated to a certain extent smooth muscle 

cells from vascular structures. In addition, most cells seemed to be weakly positive for 

a-smooth muscle actin. This weak expression might be explained by the early time 

point of cell isolation. Five days after wounding, fibroblasts are only in the process of 

becoming myofibroblasts expressing a-smooth muscle actin stress fibres. To investigate 

whether indeed the number of a-smooth muscle actin-positive cells or the expression 

levels are different between both wound treatments would require measurements at 

later time points. Immunohistochemical staining of identically treated wounds 

however showed for both wounds no significant differences in the number of a-smooth 

muscle actin-positive cells at later time points (de Vries et al, 1995a). The seeding of 

low numbers of cultured fibroblasts apparently does not alter the fibroblast 

differentiation into myofibroblasts in particular. Differences in the contractile forces 

generated or ECM synthesized by the myofibroblasts might still exist and depend on 

signals derived from the direct surrounding of the myofibroblasts. 

Analysis of single-cell suspensions of wounds treated with the seeded and 

acellular substitutes showed that total numbers of isolated cells were identical, and 

contained similar numbers of mesenchymal cells (vimentin-positive) and macrophages. 

These data are in agreement with our previous immunohistochemical results which 

showed that after 7 days the number of vimentin-positive cells in wound sections was 

not different for the seeded and unseeded wound treatments (de Vries et al, 1995a). 

Although the percentage of mesenchymal cells was similar for wounds treated with 

acellular and seeded substitutes, in the seeded wounds approximately 19.5% of the 

mesenchymal cells was from seeded origin. This indicates that in the seeded wounds 

less mesenchymal cells had migrated from surrounding tissues, mainly from subcutis. 

This difference was most likely caused by reduced migration of fibroblasts into the 

wound tissue of seeded wounds, but could also be partially caused by a higher 

proliferation rate of fibroblasts in the wounds treated with the acellular substitute. In 

view of the observed proliferation of fluorescent labeled cells, it seems unlikely that 

fibroblast proliferation is disturbed in the seeded wounds. The early presence of 

fibroblasts in the healing process and liable reduced migration may cause a reduction 

in the time and/or intensity of the early phases of wound healing. 

Cellular migration is associated with expression and consecutive action of 
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proteolytic enzymes (Mignatti and Rifkin, 1996; van Leeuwen, 1996). Inhibition of 

fibroblast migration might be mediated through inhibition of proteolytic activity in the 

wound tissue. Interestingly, in wounds treated with seeded substitutes, substitute 

degradation was retarded during the first four weeks of the healing process. The 

prolonged presence of the dermal substitute could be beneficial for the tissue 

regeneration process, since the substitute matrix serves as a template for cell ingrowth, 

proliferation and neo-matrix deposition. Furthermore, increased proteolytic activity 

leads to the fragmentation of more proteins and activation of larger numbers of latent 

growth factors (Mignatti and Rifkin, 1996) resulting in a higher chemotactic activity 

of the wound tissue. For example, peptide breakdown products of different types of 

collagens (Postlethwaite et al, 1978), fibrin (Laevell et al, 1996) and fibronectin 

(Postlethwaite et al, 1981; Seppa et al, 1981) proved to be chemotactic for fibroblasts. 

Moreover, some peptides upregulate synthesis of proteolytic enzymes in fibroblasts. 

Integrin binding to e.g. fibronectin peptides but not to intact protein induced synthesis 

of matrix metalloproteinases (Werb et al, 1989; Huhtala et al, 1995) whereas elastin 

peptides (generated during substitute degradation) increased elastase-like activity 

(Gminski et al, 1991). In addition, the latter peptides were also shown to be 

chemotactic for monocytes (Bisaccia et al, 1994). 

Wound immunohistochemistry showed identical vascular ingrowth for both types 

of treatments. Seeding of fibroblasts in the substitute apparently did not affect 

angiogenesis. This is an important observation, since inhibition of angiogenesis would 

interfere with epidermal graft survival and outgrowth (Gallico et al, 1984; Kamagai 

et al, 1988). Moreover, wound macrophages originate from peripheral blood monocytes, 

which might explain why the number of macrophages was similar in the wounds 

treated with the acellular and seeded substitutes. 

In conclusion, fibroblasts seeded in a dermal substitute and transplanted to full-

thickness wounds in pigs survived and proliferated in the newly formed wound tissue. 

The seeded fibroblasts seemed to exert their beneficial action on the wound healing 

process by reducing migration and/or proliferation of subcutaneous fibroblasts in the 

wound tissue and by inhibiting degradation of the dermal substitute. Presently, 

clinical studies are ongoing using the dermal substitute seeded with autologous 

fibroblasts for treatment of full-thickness wounds on burn victims. 
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