
Deep dermal fibroblasts contribute to hypertrophic
scarring
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Hypertrophic scar (HTS) following thermal injury is a dermal fibroproliferative disorder that leads to considerable mor-
bidity. The development of HTS involves numerous cell types and cytokines with dermal fibroblasts being a key cell. We
have previously reported that the phenotype of fibroblasts isolated from HTS was altered compared to fibroblasts from
normal skin. In this study, normal skin was horizontally sectioned into five layers using a dermatome from which
fibroblasts were isolated and cultured. Cells from the deeper layers were observed to proliferate at a slow rate, but were
morphologically larger. In ELISA and FACS assays, cells from the deeper layers produced more TGF-b1 and TGF-b1
producing cells were higher. In quantitative RT-PCR, the cells from the deeper layers had higher CTGF and HSP47 mRNA
levels compared to those from superficial layers. In western blot, FACS and collagen gel assays, fibroblasts from the
deeper layers produced more a-smooth muscle actin (a-SMA), had higher a-SMA positive cells and contracted collagen
gels more. Fibroblasts from the deeper layers were also found to produce more collagen, but less collagenase by mass
spectrometry and collagenase assay. Interestingly, cells from the deeper layers also produced more of the proteoglycan,
versican, but less decorin. Taken together, these data strongly demonstrate that fibroblasts from the deeper layers of the
dermis resemble HTS fibroblasts, suggesting that the deeper layer fibroblasts may be critical in the formation of HTS.
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Hypertrophic scarring is a common fibroproliferative dis-
order of the human dermis characterized by erythematous,
raised, pruritic lesions of the healing skin, which is usually
following thermal and other injuries that involve the deep
dermis.1 These lesions lead to scarring that compromises the
appearance of healing skin and are commonly associated with
contractures that limit movement and function of involved
joints and facial features. As such, HTS is the principal
factor that contributes to the prolonged and often
uncomfortable rehabilitation period for thermally injured
patients, particularly those who have survived large life-
threatening injuries, children, and individuals of dark-skin-
ned races, in whom such scarring occurs more commonly.2

The undesirable physical properties of HTS tissue can be
attributed to the presence of a large amount of extracellular
matrix that is of altered composition and organization,
compared to normal dermis or mature scar. This matrix is
the product of a dense population of fibroblasts, maintained

in a hyperactive state by inflammatory cytokines such as
TGF-b and other factors, some of which may be physical in
origin.3 Although the molecular and cellular events that lead
to HTS have been extensively studied, the pathogenesis of
this condition is still not well understood, making treatment
difficult.

Key cells involved in HTS are the dermal fibroblasts.
Dermal fibroblasts are a dynamic and diverse population of
cells whose function in skin and HTS in many respects
remain unknown.4 Normal adult human skin contains at
least three distinct subpopulations of fibroblasts, which
occupy unique niches in the dermis. Fibroblasts from each of
these niches exhibit distinctive differences when cultured
separately.5 Specific differences in fibroblast physiology are
evident in papillary dermal fibroblasts, which reside in the
superficial dermis, and reticular fibroblasts, which reside in
the deep dermis.6 Another subpopulation of fibroblasts is
associated with hair follicles7 and engages in fibroblast–epidermal
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interactions during hair development and in interfollicular
regions of skin.

Studies have shown that dermal fibroblasts are an ex-
tremely heterogeneous multifunctional cell population and
play an important regulatory role in wound healing. Fibro-
blasts cultured from the papillary and reticular dermis have
different characteristics including difference in their pro-
liferation kinetics, rates at which they contract type I collagen
lattices, production of the proteoglycans decorin and versi-
can, and in their size and packing density in confluent cul-
tures.5,8–10 Fibroblasts associated with hair follicles also show
a distinctive characteristic such as different amounts of
protein production and are different from the cells in the
papillary and reticular dermis.7,11 Studies have demonstrated
that dermal fibroblasts present even within the same tissue
sample are heterogeneous and their microenvironmental lo-
calization might be one of the main reasons for fibroblast
heterogeneity.12 Studies have also demonstrated that the su-
perficial papillary dermis contains a heterogeneous popula-
tion of fibroblasts, and propose that diverse subpopulations
of fibroblasts are required to interact in both homeostatic
and pathological situations in the skin.13

The association between scarring and depth of dermal
injury is clinically recognized and is evident from lasers used
to treat superficial vascular malformations and for facial
resurfacing.14,15 The depth of the injury, as well as the site of
the wound, dictate the outcome of wound appearance, where
superficial burn will heal quickly without scar. In a porcine
skin wound model, deep partial thickness dermal burn
resulted in HTS.16 Dunkin et al17 quantified the association
between scarring and the depth of dermal injury in human
volunteers using a novel jigsaw scratch/incision approach,
where they found that there is a threshold depth of dermal
injury at which scarring develops. These studies imply that
deeper dermal fibroblasts may play a critical role in HTS.

Based on the significance of fibroblasts in HTS, we hy-
pothesize that dermal fibroblasts are highly heterogeneous
and deep dermal fibroblasts may play a critical role in HTS.
Using dermatome separation, we isolated and cultured dif-
ferent layers of skin fibroblasts. We observed that dermal
fibroblasts from deeper layers were morphological larger than
those of the superficial layers; they proliferated slower; they
produced less collagenase but more collagen, and they pro-
duced less decorin but more versican. Moreover, cells from
the deeper layers produced more TGF-b1 and a-SMA com-
pared to cells from more superficial layers. This data indicates
that the phenotype of dermal fibroblasts from the deeper
layers resemble those from HTS and strongly suggests that
deep dermal fibroblasts may play a critical role in HTS.

MATERIALS AND METHODS
Protocols for human tissue sampling have been approved by
the University of Alberta Hospitals, Health Research Ethics
Board. Three normal tissue samples were obtained from
patients who underwent elective surgery. A dermatome

(Padgett Instruments, Plainsboro, NJ, USA) was then set at
approximately 0.5mm to horizontally section these skin
samples into five layers (layers 1–5 correspond to the upper
to deeper layers, respectively) after the epidermal layer was
discarded. Each layer was then cultured individually, as were
the whole skin samples. Cultures of fibroblasts were estab-
lished as previously described.18 The tissue and fibroblasts
from HTS scar were collected from thermal injured patients
who were treated at the University of Alberta Hospital Fire-
fighters’ Burn Treatment Unit. Following informed consent,
eight tissue samples, four HTS and four normal skin speci-
mens, were obtained from patients recovering from thermal
injury who developed clinical evidence of hyperemic, raised,
thickened, pruritic and noncompliant scars confined to the
site of injury (Table 1). To control for the effects of factors
such as sex, age, size of burn injury, infection, and variability
in the individual scarring response such as the onset, dura-
tion, rate of resolution of HTS from one individual to an-
other,19 we used site-matched normal skin from the same
patients as a control. Strains of dermal fibroblasts at passages
3–8 were used in this study.

Cell Size Measurement
Diameters of fibroblasts released from confluent cultures
were measured in triplicate by a coulter counter model ZM
(Coulter Electronics of Canada Ltd, Quebec) calibrating with
22 mm latex beads (Polysciences Inc.) at passages 3 or 4.
Micrographs of cells were also taken.

Proliferation Assays
Coulter counter assay
Cells were seeded at 10 000 cells per well in 24-well plates and
cultured for 25 days. Cells in triplicate wells were trypsinized
and counted by coulter counter in every other day.

Table 1 Source of human hypertrophic scar and normal fi-
broblasts

Patient Age (years) Sex TBSA (%) Months Site of biopsy

Group 1 (normal patients)

1 38 F NA NA Breast

2 45 F NA NA Abdomen

3 49 F NA NA Abdomen

Group 2 (burn patients)

1 18 M 80 8 Hand

2 28 F 14 15 Chest

3 4 M 25 5 Hand

4 4 M 22 11 Shoulder

F, female; M, male; NA, not available; TBSA, total burn surface area.
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[3H]-Thymidine incorporation assay
To determine the proliferation rate of dermal fibroblasts from
different layers, cells were seeded onto 24-well plates at a
concentration of 2.5� 104 cells per well in the presence of
DMEM supplemented with 10% FBS. Cells were grown to
subconfluence for 24 h, washed twice with PBS and grown in
2% FBS DMEM for an additional 24 h. [3H]-thymidine was
then added for an additional 4 h at a concentration of 0.5 mCi
per well. Cells were washed twice with PBS, dissolved with
4M GITC solution and [3H]-thymidine was measured using
a b-counter (LKB 1211 Rackbeta).20

Analysis for collagenase activity
This assay was carried out as previously described with slight
modifications.21 Triplicate fibroblasts from different layers
from different donors were used for this experiment. In brief,
cells were grown to about 70% confluency in DMEM/10%
FBS and washed, and then the medium was changed to 0.2%
FBS DMEM. After 3 days, the media was collected, proteins
in the conditioned medium were precipitated by ammonium
sulfate and the precipitates were collected by centrifugation,
dissolved in assay buffer (50mM Tris, 200mM NaCl, 5mM
CaCl, 0.02% sodium azide, pH 7.4) and then dialyzed over-
night against 4 liter of the same buffer. The final volume of
each sample was adjusted to the same number of cells. The
latent procollagenase was activated proteolytically with
trypsin (10mg/ml; Worthington Biochemical Co., Freehold,
NJ, USA), and soybean trypsin inhibitor (100mg/ml, Sigma
Chemical Co., St Louis, MO, USA) was used to inactivate the
trypsin. Acetic acid soluble collagen (2mg/ml) from bovine
skin was incubated with the activated enzyme solution (5ml
for normal cells) in the presence of 6M glucose for 15–24 h.
The products from digested collagen were then separated by
electrophoresis with the use of 5% acrylamide gel containing
SDS. The gel was stained with commassie blue, and the
a(3/4) and a2(3/4) products were quantified using a
computerized scanner (Color One Scanner; Apple Inc., NY,
USA) and imaging program (NIH Image Program, Bethesda,
MD, USA).

Western Blot
To analyze decorin expression in dermal fibroblasts, cells were
grown to confluency in DMEM/10% FBS, the medium
changed to DMEM/0.2% FBS. After three days, the medium
was collected from the flasks and applied to a 1ml column of
DEAE-Sephacel equilibrated in 0.2M NaCl/PBS. After
washing with buffer, bound fractions were eluted with 1M
NaCl/PBS, desalted in 15ml Millipore concentrators
(MWCO 10K) and lyophilized. Samples were aliquoted and
stored at �801C. To analyze the expression of a-SMA ex-
pression in dermal fibroblasts, cells were grown to con-
fluency. Total protein from the cells was extracted with 2ml
extraction buffer (8.9M urea, 4% CHAPS, 65mM DTT, 2%
ampholytes, 0.23mM butylated hydroxytoluene and 1mM
PMSF). The supernatant was concentrated in 15ml Millipore

filter concentrator (MWCO 10K) to 500 ml, aliquoted into
small volumes and stored at �801C. Protein concentration of
samples was measured by a Bradford protein assay. Equal
amounts of solubilized protein from each cell layer were
electrophoresed in 10% of SDS-polyacrylamide gels in 0.1M
Tris borate/SDS buffer. One gel was stained with Coomassie
blue to ensure protein quantities in each sample were com-
parable. The proteins in the other gels were transferred to
PVDF membranes. The membranes were incubated with
mouse antibodies for anti a-SMA (DakoCytomation) or anti-
decorin (self-made) followed by a goat anti-mouse horse-
radish peroxidase-conjugated antibody (BioRad Hercules,
CA, USA). Antibody binding was visualized with an en-
hanced chemiluminescence detection system according to the
manufacturer’s protocol (PerkinElmer Life Sciences, Boston,
MA, USA). The blots were scanned in Adobe Photoshop and
the bands digitized and quantified using UNSCAN-IT soft-
ware (Silk Scientific Inc., Orem, UT, USA).

Northern Analysis
Fibroblasts were harvested and lysed with 500 ml of 4M
guanidium isothiocyanate (GITC) and the total RNA from
fibroblasts was isolated by GITC/CsCl procedure as described
by Ghahary et al.22 Total RNA from each individual fibroblast
culture was then separated by electrophoresis (10 mg per lane)
on a 1% agarose gel containing 2.2M formaldehyde then
blotted onto nitrocellulose membrane. To control the RNA
loading, quantities of 18S ribosomal RNA were compared
visually by ethidium bromide fluorescence. Northern blot
analysis was done as previously described.23 Quantitative
analysis of mRNA expression was accomplished by densito-
metry of mRNA bands using Scion Image Software Version
4.0.3 (Scion Corporation, Frederick, MD, USA).

Enzyme-Linked Immunosorbent Assay for TGF-b1
Levels of TGF-b1 produced by fibroblasts and from different
dermal layers of skin were determined by an ELISA.24 For
TGF-b1 in condition media, fibroblasts from each layer were
grown to confluency, the medium changed to 0.2% FBS
DMEM and continued to culture for 2 additional days. An
aliquot of 500 ml was activated with 100 ml of 1N HCl for
10min and neutralized with 100 ml of 1.2N NaOH/0.5M
HEPES. For TGF-b1 in tissue homogenate, samples of
wounded skin were homogenized using a Mikro-Dis-
membrator (B.Braun Biotech International, Allentown, PA,
USA) in 600 ml of lysis buffer (10mmol/l PBS, 0.1% sodium
dodecyl sulfate, 1% Nonidet P-40, 5mmol/l ethylenediami-
netetraacetic acid; (EDTA)) containing complete protease
inhibitor mixture (Sigma, Oakville, ON, Canada ) to extract
the proteins. The homogenates were centrifuged at
15 000 r.p.m. for 15min at 41C to remove the debris. Tripi-
cate samples of 200 ml were added to an ELISA plate coated
with TGF-bSR of Quantikine Human TGF-b1 Immunoassay
kit (R&D System, MI, USA) following the manufacture’s
instructions. Recombinant human TGF-b1 (R&D System)
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was used as the standard and TGF-b1 levels were normalized
for 1000 cells for fibroblasts.

FACS Analysis for TGF-b1, a-SMA, Decorin and Versican
Expression
Cells from each cell layer were grown in 10% FBS DMEM to
B70% confluency, and then treated with 2 mg/ml Brefeldin A
(Sigma, Oakville, ON, Canada) for 24 h. The cells were har-
vested and fixed using 4% paraformaldehyde and permea-
bilized with 0.1% saponin in PBS. For TGF-b1 analysis, the
cells were permeabilized with 70% ethanol. Permeabilized
cells were then incubated with anti-TGF-b1, anti-a-SMA,
anti-decorin or anti-versican antibodies (R&D System) at a
concentration of 1 mg/ml on ice for 30min. Cells were washed
again and incubated with a goat anti-mouse IgG conjugated
to FITC, after washing, fluorescence was measured by flow
cytometry (FACScant, Becton Dickinson). The level of FITC
fluorescence was measured through the FL-1 channel
equipped with a 488 nm filter (42 nm band pass) and data
were acquired on 10 000 FITC positive cells per sample with
fluorescent signals at logarithmic gain. Data were analyzed
with CellQuestt software.

Collagen Lattice Contraction
Lattice cultures were performed in collagen matrices as pre-
viously described, with some modifications.25 Briefly, 2� 105

fibroblasts were suspended in 1.882ml of soluble rat tail
collagen type 1 (Sigma, Oakville, ON, Canada) solution
containing 18mM acetic acid, 3� DMEM, 7% FBS and
6mM NaOH and dispensed onto 35mm culture plates and
allowed to polymerize for 30min at 371C. Immediately after
polymerization, gels were detached by gently shaking. Col-
lagen contraction was calculated by measuring the lattice
diameter daily.

Hydroxyproline Determination
Hydroxyproline in conditioned medium was determined as
previously described with slight modification.26 Briefly,
protein was precipitated from the conditioned media using
acetonitrile. Sample was centrifuged at 41C for 15min. The
precipitate was hydrolyzed in 6N HCl solution at 1101C
overnight. The N-butyl ester derivative of hydroxyproline was
prepared after drying the hydrolysate and addition of a
known amount of N-methyl-proline. Liquid chromato-
graphy/mass spectrometry analysis was performed on an HP
1100 Liquid chromatography linked to a HP 1100 Mass
Selective detector monitoring the ions 188 (N-butyl ester of
4-hydroxyproline) and 186 (N-butyl ester of N-methyl-pro-
line). Each sample was run in triplicate and the results ex-
pressed as ng of 4-hydroxyproline per 105 cells per 48 h
obtained by reference to a standard curve of 4-hydroxypro-
line analyzed under the identical conditions.

Immunohistochemical Analysis of a-Smooth Muscle
Actin
Immunohistochemical analysis was performed as described
previously.24 Briefly, cryosections (8 mm) were cut, fixed in
cold acetone and stained with a rabbit antibody for a-SMA
(NeoMarkers Inc., Fremont, CA, USA). The slides were then
incubated with 2 mg/ml of rabbit anti-mouse a-SMA anti-
body at 41C overnight. After washing, the slides were
incubated with a goat anti-rabbit antibody conjugated with
HRP (Sigma Aldrich, Oakville, ON, Canada). The signals on
the tissues were revealed using a DAB with hydrogen per-
oxide. Thereafter, counterstaining was performed with
hematoxylin. The slides were mounted and photographs were
taken.

Real-Time Reverse Transcription–Polymerase Chain
Reaction
Total RNA was extracted from the fibroblasts from different
dermal layers of fresh tissue using RNeasyt spin columns
(Qiagen, Mississauga, ON, Canada) according to the manu-
facturer’s recommendations. To eliminate contamination
with genomic DNA, DNAse digestion was performed for
60min. First-strand cDNA was synthesized using an en-
hanced avian first strand synthesis kit (Sigma, Oakville, ON)
at 421C using 05 mg total RNA extract. Real-time reverse
transcription–polymerase chain reaction (RT–PCR) was
conducted using Power SYBRs Green PCR Master Mix (ABI,
Foster, CA, USA) in a 25 ml of tube with a total reaction
volume of 25 ml containing 1 ml of a 1:2 dilution of first-
strand reaction product, 0.4 mM gene specific upstream and
downstream primers. Amplification and analysis of cDNA
fragments were carried out using a 7300 real-time PCR sys-
tem (ABI). Cycling conditions were initial denaturation at
951C for 3min, followed by 40 cycles consisting of a 15-s
denaturation interval at 951C and a 30 s interval for an-
nealing and primer extension at 601C. Amplification of the
housekeeping gene hypoxanthine-guanine-phosphoribosyl-
transferase (HPRT) mRNA, which served as a normalization
standard, was carried out with HPRT primers (GACCAGT
CAACAGGGGACA, sense) and (ACACTTCGTGGGGTCC
TTTT, antisense). The gene specific primers for CTGF were
GAGTGTGCACTGCCAAAGAT (sense) and GGCAAGTGCA
TTGGTATTTG (anti-sense). The gene specific primers for
HSP47 were TGAAGATCTGGATGGGGAAG (sense) and CT
TGTCAATGGCCTCAGTCA (anti-sense). Levels of mRNA
were measured as CT threshold levels and normalized with
the individual HPRT control CT values. Altered mRNA levels
in cells are indicated as a ‘fold change’ compared with layer 1
cells or dermal layer 1.

CTGF mRNA levels were also assessed by real-time RT–
PCR of dermal fibroblasts from layers 1 and 5 treated with
10 mg/ml of chicken anti-human TGF-b1 neutralizing anti-
body (R&D System) and isotype.
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Statistical Analysis
Experiments were carried out in triplicate or quadruplicate.
Data are expressed as mean±s.e.m. Statistical analysis was
performed using ANOVA with post hoc testing and Excel 7
with significance set at Po0.05.

RESULTS
Cell Size at Confluence Increases with Depth of Dermal
Origin
To characterize the morphology of fibroblasts from different
depths of skin, cell size was measured at confluency. Cells
from the various layers showed a gradual increase in size as
one descended in the dermis (Figure 1a) which was con-
firmed by micrographs that cells from layer 5 (Figure 1b)
were larger than those from layer 1 (Figure 1c). Interestingly,
when compared cells from HTS were compared to site-
matched normal skin from the same patients. Cells from HTS
were larger than those from normal skin as shown in
Figure 1d, and those cells from deeper layer are similar in size
to the cells from HTS.

Cells from Deep Dermis Proliferate Slower in Culture
To examine if there is a difference in cell proliferation from
different layers, identical cell numbers were seeded and cul-
tured for 48 h, and then trypsinized and counted. As shown
in Figure 2a, the number of cells from deeper layers is pro-
gressively lower than that of superficial layers after 48 h of
culture. To further examine cell growth in different layers,
2.5� 104 cells from each layer of donor 2 were chosen for
thymidine incorporation assay. As shown in Figure 2b, [3H]-
thymidine incorporation in cells from layers 1 to 5 sig-
nificantly decreased (8874, 7293, 6358, 4709 and 3364 c.p.m.
respectively) with increasing tissue depth, where significantly
lower (Po0.0002) incorporation of [3H]-thymidine occurred
in fibroblasts from layers 5 and 4 than layer 1 (Po0.00001).
This further confirms that cells from the deep dermis pro-
liferate at a slower rate.

Cells from Deep Dermis Produce more TGF-b1
TGF-b1 is one of the most important profibrotic cytokines in
wound healing and has been reported to be overexpressed in
HTS tissue.20 An ELISA was used to measure TGF-b1 pro-

Figure 1 Size of dermal fibroblasts. Dermal fibroblasts from different layers of normal skin (a) were seeded at 10 000 cells per well in 10% FBS DMEM in 24-

well plates until confluency, and then cells were trypsinized and cell size was measured using a coulter counter in triplicate (N¼ 3). Dermal fibroblasts from

layer 1 (b) and layer 5 (c) of normal skin were grown in 10% FBS DMEM until 70% of confluency, microphotographs were taken (bar¼ 100 mm). Size of paired

fibroblasts from HTS (N¼ 4) were also measured (d).
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duction in cells from different layers. As shown in Figure 3a,
TGF-b1 production by fibroblasts significantly increased with
increasing tissue depth. Moreover, TGF-b1 levels in fresh
tissue from the deep layers were significantly higher than
superficial layers (Figure 3b). To further verify this observa-
tion, FACS analysis was also used. We took cell strains from
all layers of donor 2, labeled with an anti-TGF-b1 antibody
conjugated with phycoerythrin (PE), and then analyzed using
flow cytometry.20 As shown in Figure 3c, TGF-b positive cells
from layer 1 to 4 are 8.0, 13.6, 28.8 and 30.5%, respectively.
In contrast, as many as 72.7% of the fibroblasts from layer 5
(deepest layer) produce TGF-b1 (Po0.001). This further
confirms that a higher proportion of cells from the deep
dermis produce TGF-b.

Cells from Deep Dermis and Deep Dermal Tissues Have
Upregulated CTGF mRNA which may Result in more
TGF-b1 Levels
A downstream mediator induced by TGF-b1 that plays an
important role in regulating fibroblasts function is connective
tissue growth factor (CTGF).27 CTGF has been reported to
have an important role during wound healing by stimulating
cell proliferation, adhesion, chemotaxis, angiogenesis and
production of ECM.27 To determine mRNA levels for CTGF
in fibroblasts from different layers, real-time PCR was per-
formed and showed significantly higher mRNA levels for
CTGF in the deepest cell layer compared to the most su-
perficial cell layer (Figure 3d). As well, CTGF mRNA levels in
fresh tissue from deep layer were significantly higher than the
superficial layer (Figure 3e). However, when treated with a
TGF-b1 neutralizing antibody, mRNA levels for CTGF in cells

from layer 5 were significantly downregulated (Figure 3d)
indicating the difference in CTGF expression in fibroblasts
from different layers may at least partially result from
TGF-b1.

Cells from Deep Dermis Produce more Collagen and less
Collagenase
We have previously reported that there is an imbalance in
collagenase and collagen production in HTS.28 In this study,
we measured collagenase activity in cells from different layers.
As shown in Figure 4a, collagenase activity decreased with
increasing cell layer depth. To check collagen content, we
took cells from layers 1 through 5 of donor 2 and measured
hydroxyproline using mass spectrometry. Interestingly, as
shown in Figure 4b, increasing amounts of hydroxyproline
were produced by cells from increasingly deeper layers again
suggesting that fibroblasts from the deepest layer more clo-
sely resemble HTS fibroblasts.

Cells from Deep Dermis have Upregulated HSP47 mRNA
HSP47 is a heat shock protein that is also reported to be a
molecular chaperone for some types of collagen including
type 1.29,30 mRNA levels for HSP47 in cells from different
layers were assessed by a real-time PCR. Results in Figure 4c
indicate a more than four fold increase in HSP47 expression
in fibroblasts from the deepest dermal layer compared to the
most superficial layer.

Figure 2 Proliferation of fibroblasts. (a) Measurement of cell proliferation using a coulter counter. Dermal fibroblasts from different layers of normal skin

were seeded at 10 000 cells per well in 10% FBS DMEM in 24-well plates. At each time point cells were trypsinized and counted by Coulter Counter in

triplicate (N¼ 3). (b) Measurement of cell proliferation by a [3H]thymidine incorporation assay. Dermal fibroblasts from different layers of donor 2 were

seeded at 25 000 cells per well in 10% FBS DMEM in a 24 well plate overnight, then changed into DMEM/1% FBS, cultured for 24 h, and then pulsed with

[3H]thymidine for 4 h. The incorporation of [3H]thymidine was assessed. Data shown represent the mean±s.e. (**Po0.001).
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Cells from Deep Dermis Express more a-SMA and
Contract Collagen Lattice Gels
An important part of wound healing is wound contraction
and myofibroblasts are believed to play a crucial role in this
process.31,32 Myofibroblasts are characterized by the expres-
sion of a-SMA and are thought to be derived from the
fibroblast population under profibrotic growth factor
stimulation.33 When protein from the same number of
dermal fibroblasts from different layers is analyzed for a-SMA
expression by western blot, a higher level of a-SMA was
detected in fibroblasts from the deeper layers (Figure 5a). To
confirm this observation, fibroblasts from different layers of
the dermis from donor 2 were subjected to a-SMA expression
analysis by FACS. As shown in Figure 5b, about 10% of
a-SMA positive cells were detected in layer 1. The number of

a-SMA positive cells increased with depth, such that 25%
of fibroblasts were a-SMA positive in layer 5. Im-
munohistochemistry analysis demonstrated that the deep
dermis has enhanced a-SMA staining compared to the su-
perficial dermis (Figure 5e). To determine whether these cells
were functional and could contribute to wound contraction,
fibroblasts from layer 1 and 5 were seeded in collagen lattices
and contraction was measured for 72 h. As shown in
Figure 5c, lattices populated with fibroblasts from layer 1
showed 48±7.0%, 68±5.8% and 79±8.4% contraction over
24, 48 and 72 h respectively. A significant increase (Po0.003)
in contraction was observed at time points for cells from layer
5: they were 63±7.6%, 81±6.0% and 91±6.8% respectively.
Figure 5d shows a significant increase in a-SMA expression in
fibroblasts from HTS compared to normal skin tissue in the

Figure 3 Dermal fibroblast TGF-b1 and CTGF production. Levels of TGF-b1 in dermal fibroblast conditioned medium (a) and different layers of tissue (b)

were assessed by an ELISA assay. TGF-b1-producing cells were measured by FACS (c). Dermal fibroblasts from different layers were seeded and serum

starved, then treated with a TGF-b1 neutralizing antibody, the total RNA was extracted, and real-time PCR was performed to analyze CTGF mRNA expression

(d). Total RNA was extracted from different layers of skin of donor 2, CTGF mRNA levels was assessed by real-time RT–PCR (e). Data are expressed as the

mean±s.e. (N¼ 3) (**Po0.001).
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same patients. This data indicates that deep dermal fibro-
blasts more closely resemble fibroblasts in HTS in terms of
a-SMA expression than superficial layer fibroblasts.

Cells from Deep Dermis make Less Decorin
Decorin is small proteoglycan involved in collagen fiber or-
ganization in dermis and has been reported to play a role in
modulating the in vivo activity of fibrogenic cytokines such as
TGF-b1.34 Fibroblasts from HTS have been shown to pro-
duce less decorin.34 We first analyzed decorin expression in
conditioned media in cells from different dermal layers by
ELISA (Figure 6a) and then assessed decorin gene expression
in cells from different dermal layers by northern blot
(Figure 6b). As it is has been shown that decorin expression
by fibroblasts from the deeper layers in two donors was
significantly lower than that by fibroblasts from the super-
ficial layers; FACS analysis (Figure 6c) demonstrated that
fibroblasts from superficial layers were able to produce dec-
orin (B98.7%), but decorin production gradually decreased
with increasing dermal depth, only about 75% of cells from
layer 5 expressed decorin. This further suggests that reduced
decorin expression in occurs in fibroblast of deep dermal
layers, another feature shared with HTS fibroblasts.

Cells from Deep Layer Generate more Versican
Versican is a large proteoglycan, known to promote a variety
of functions in cells including adhesion, migration and
proliferation.35 Versican can also enhance attachment of
hyaluronic acid to cell membranes,36 between glycosami-
noglycans and versican ligands (eg collagen I, fibronectin,
etc), and between the ECM and cell surface glycoproteins
(ie cell recognition). In a porcine wound healing model,
mRNA levels for versican were observed to be upregulated.37

We examined versican expression by flow cytometry. As
shown in Figure 7, 19% of fibroblasts from superficial layers
are versican positive cells; versican expression increases with
cell depth, whereas, in cells from the deepest layers of the
dermis, versican expression increases to 82% of the total
number of fibroblasts from layer 5.

DISCUSSION
The development of HTS involves a complex interplay
between cells and cytokines, as well as local and systemic
factors exerted on dermal fibroblasts, resulting in a distinctive
HTS fibroblast phenotype. Although the mechanism under-
lying its pathogenesis is not well understood, four factors—
genetics, epithelial and mesenchymal interaction, inflamma-
tion, and mechanic pressure—are suggested to account for

Figure 4 Collagenase and collagen content measurement in dermal fibroblasts. (a) Collagenase activity in dermal fibroblasts. Dermal fibroblasts from

different layers were grown to about 70% confluency in DMEM/10% FBS and washed. They were then changed to DMEM/0.2% FBS. After 3 days, the media

was collected and collagenase activity was measured as described in the Materials and Methods section. (b) Collagen content in dermal fibroblasts. Dermal

fibroblasts from different layers were grown to about 70% confluency in DMEM/10% FBS, washed, and then changed to DMEM/0.2% FBS. After 3 days, the

media was collected and hydroxyproline analysis was assessed by a mass spectrometry. (c) Dermal fibroblasts from different layers were seeded, serum

starved, the total RNA was extracted, and real-time PCR was performed to analyze HSP47 mRNA expression. Data are expressed as the mean±s.e. (N¼ 3)

(**Po0.001).
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much of the altered phenotype of fibroblasts in HTS fol-
lowing thermal injury.38 Here we report that fibroblasts from
different skin depths are significantly different from cells
located at more superficial regions in dermis in terms of cell
proliferation, size, TGF-b1, collagen, collagenase, a-SMA,
decorin and versican production. Moreover, our data
strongly suggests that the phenotype of deeper layer fibro-
blasts resembles that of HTS fibroblasts and that intrinsic
properties of dermal fibroblasts from deep layers in the
dermis may play a critical role in development of HTS after
thermal injury.

The development of HTS is often linked to the over-
expression of TGF-b1.20 Elevated levels of TGF-b1 are found
in the serum of recovering burn patients.20,39 and HTS stain
more intensely for this cytokine than do normal skin samples
or mature scars.40 TGF-b1 is therefore a key cytokine in
wound healing and hypertrophic scarring.2 TGF-b1 is pro-
duced by all the major cell types participating in wound re-
pair, including T-lymphocytes, macrophages, smooth muscle
cells, endothelial cells, fibroblasts, epithelial cells and
fibrocytes.41,42 Fibroblasts are the predominant cell type
involved in healing wounds and may provide much of the

Figure 5 a-SMA in dermal fibroblasts and collagen lattice gel assay. Dermal fibroblasts from different layers of normal skin were grown to about 70%

confluency in 10% FBS DMEM, and washed, and then changed to DMEM/0.2% FBS. After 3 days, the cells were collected for a-SMA analysis by a western blot

(a) and FACS (b). (c) Dermal fibroblasts from different layers of normal skin of were seeded in collagen lattices. The contraction assay was performed as

described in the Material and Methods section (N¼ 3). (d) Comparison of a-SMA expression in paired fibroblasts from normal skin (open bar) and

corresponding HTS (closed bar) from the same donors by western blot (N¼ 4, **Po0.001). (e) Immunohistochemistry analysis of a-SMA expression in

normal skin. Original magnifications: � 20; bar¼ 500 mm.
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TGF-b1 in an active HTS, especially as its synthesis can be
auto-induced in these cells.43 We have previously reported
that fibroblasts from HTS produce significant amount of
TGF-b protein compared to fibroblasts from paired normal
fibroblasts.44 We show here that fibroblasts from deeper
dermal layers progressively produce increasing amounts of
TGF-b1 compared to superficial layers. Moreover, a large
proportion of TGF-b1 producing fibroblasts are observed in
the deeper layers of the dermis. This data suggests that fi-
broblasts from the deeper dermal layers resemble fibroblasts
in HTS in terms of TGF-b1 production and as such may
contribute substantially to the cell population in HTS.

Previous studies have shown that TGF-b1 and CTGF co-
ordinately function together to regulate wound healing.45

CTGF exhibits numerous biological properties that are of
potential importance in the wound healing response,
including stimulation of cell proliferation, cell adhesion,
chemotaxis, angiogenesis and production of ECM compo-
nents.46,47 In addition, like TGF-b1, CTGF has been linked to
several fibrotic disorders.27 CTGF mRNA expression was re-
ported to increase 20 fold in isolated fibroblasts from HTS
compared to normal fibroblasts. When stimulated with TGF-
b1, fibroblasts from HTS were seen to increase CTGF mRNA
expression more than 150 fold compared with normal fi-
broblasts.48 In this study, we show that fibroblasts derived
from the deeper dermis demonstrated a significantly in-
creased CTGF mRNA levels compared to cells from super-
ficial layers. This suggests that the fibroblasts from the deeper

dermal layers resemble HTS cells in terms of CTGF pro-
duction. In addition, mRNA levels for CTGF in TGF-b1
neutralizing antibody treated deep dermal cells is sig-
nificantly downregulated compared to IgG isotype-treated
cells, suggesting a difference in CTGF expression in fibro-
blasts from different layers may at least partially result from
TGF-b1 and be secondary results.

Following skin injury, fibroblasts differentiate into con-
tractile and secretory myofibroblasts that contribute to tissue
repair during wound healing.32 However, in HTS, due to an
increased number of myofibroblasts, contraction and ECM
protein secretion become excessive, severely impairing
skin function.32 Myofibroblasts are characterized by the ex-
pression of a-SMA and are thought to be derived from the
fibroblast population under stimulation by profibrotic
growth factors such as TGF-b1.49 In this study, using paired
fibroblasts, we have shown an increase in a-SMA expression
in fibroblasts derived from HTS compared to cells from
normal skin. Interestingly, fibroblasts derived from the
deeper dermal layers produce more a-SMA protein compared
to cells from the superficial layers, consequently, the per-
centage of a-SMA producing cells is higher in the deeper
layers. When cells are incorporated in collagen lattice gel,
fibroblasts from the deeper layers contract the lattice more
than cells from the superficial layers. Taken together, this
data strongly suggests that deep layer dermal fibroblasts re-
semble the phenotype of HTS fibroblasts in terms of a-SMA
expression.

Figure 6 Decorin production in dermal fibroblasts. Dermal fibroblasts from different layers of 3 normal skin were grown to about 70% confluency in DMEM/

10% FBS, and washed, and then changed into DMEM/0.2% FBS. After 3 days, the cells were collected for decorin production assessed by western blot (a),

northern blot (b) and FACS (c).
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Under physiological conditions, there is a balance between
the synthesis and degradation of collagen in human dermal
tissues.50 Extensive thermal injuries often disrupt this balance
and lead to abnormalities in collagen metabolism, a char-
acteristic feature of several forms of fibrotic conditions.51,52

HTS is characterized by increased collagen deposition.53

Thus, alteration in ECM composition is believed to be par-
tially responsible for the undesirable physical properties of

HTS tissue. We previously reported evidence that HTS fi-
broblasts express much less collagenase mRNA than normal
cells obtained from the same patients, but instead express
more collagen types I and III mRNA.28 This differential
synthesis of collagen and collagenase in HTS appears to be of
an important feature which leads to excessive accumulation
of collagen in this fibrotic condition. In this study, dermal
fibroblasts from deeper layers were observed to produce more
collagen but less collagenase, resembling the fibroblast phe-
notype from HTS. In addition, our results revealed that in-
creased collagen production observed in deeper layer skin
fibroblasts is accompanied by the upregulation of Hsp47
expression, a collagen chaprone. As Hsp47 plays an im-
portant role in collagen biosynthesis,29 this feature of fibro-
blasts from the deeper dermal layers is consistent with
increased synthesis and altered assembly of collagen. Thus, in
terms of ECM production, fibroblasts derived from deeper
dermal layers produced more collagen and less collagenase
than cells from superficial layers, which further suggests that
fibroblasts from deep dermal layers resemble HTS fibroblast
phenotype.

Proteoglycans influence physical properties of connective
tissues and influence cellular activity. The morphology of
collagen fibrils and their organization are profoundly affected
by the nature and amounts of proteoglycans present in the
connective tissue.3 In HTS after thermal injury, the content
of proteoglycan has been reported to be altered as compared
to normal skin. Decorin, a small dermatan sulfate pro-
teoglycan decorin, is the major proteoglycan found in normal
dermis. HTS contains on average only 25% of the amount of
decorin found in normal dermis. It also contains six fold
higher concentrations of the large proteoglycan, versican.54

Moreover, fibroblasts cultured from post-burn HTS contain
less decorin mRNA and synthesize less of the protein than do
normal fibroblasts.34 In this study, fibroblasts from the dee-
per dermal layers produce less decorin compared to cells
from superficial regions and there is a decreasing percentage
of decorin producing cells with increasing dermal depth. In
contrast, higher percentages of versican producing cells were
observed with increasing dermal depths. This again suggests
that fibroblasts from the deeper dermal layers are more si-
milar to HTS fibroblasts in terms of proteoglycan production
than are superficial fibroblasts.

When fibroblasts receive stimulation in the injured tissue
environment, cell spreading, nuclear extension, DNA synth-
esis and protein production will all increase cell size. Thus
stimulated fibroblasts demonstrate increased size and slower
rate of proliferation. Moreover, this increased size of fibro-
blasts is likely associated with the increased capacity of cells
to synthesize ECM. In this study, we have compared the cell
size of normal and HTS fibroblasts from the same patients
and found that HTS fibroblasts are much larger than those
from normal skin. Furthermore, cells from the deeper dermal
layers demonstrate significant increase in size and decreased
proliferation rate relative to superficial layers. This further

Figure 7 Versican production in dermal fibroblasts. Dermal fibroblasts

from different layers of 3 normal skin were grown to about 70% confluency

in DMEM/10% FBS, and washed, and then changed to DMEM/0.2% FBS.

After 3 days, the cells were collected for versican production, which was

measured by FACS. Figure is representative of three skins, which is from

donor 2.

Deep dermal fibroblasts dictate HTS

J Wang et al

1288 Laboratory Investigation | Volume 88 December 2008 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


suggests that the phenotype of cells from deeper dermal layer
in terms of size and proliferation is similar to that of HTS
fibroblasts.

Fibroblast heterogeneity has been very well documented
over the last two decades with respect to a variety of para-
meters including differences in proliferation rates,55

responses to prostaglandins,56 collagen synthesis,57 cytokine
production58 and cytokine receptors.59 Phenotypic diversity
also exists within fibroblast populations, along with differ-
ences in morphology60 and cell size.61,62 In this study, we
have presented evidence that dermal fibroblasts from differ-
ent depth of skin are highly heterogeneous and the deeper
layer cells most closely resemble the HTS fibroblast pheno-
type. Further examination of dermal fibroblast heterogeneity
in response to inflammatory stimulation will improve our
understanding of the pathogenesis of abnormal hypertrophic
scarring, and may eventually lead to novel treatments for this
form of fibroproliferative disorder.
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