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Abstract
Hypertrophic scars are a major clinical problem, yet there are few therapeutics available to prevent
or treat scar formation. One of the oldest known and most effective treatments is occlusion with
silicone gel. However, little is known about its mode of action. It is hypothesized that occlusion
increases the hydration state of the epidermis, and that this affects the epidermal and dermal cell
behavior. This study investigated that possibility. Using the rabbit hypertrophic scar model, we
determined that occlusion was able to increase the hydration state of the epidermis in a dose
dependent manner, and significantly reduced the scar hypertrophy. Quantitative RT-PCR and
immunohistochemistry demonstrated that occlusion altered the keratinocyte behavior, including
keratin expression. Furthermore, occlusion significantly decreased the epidermal expression of the
pro-fibrotic cytokine IL-1β and increased the epidermal expression of the anti-fibrotic cytokine
TNF-α. Those alterations in epidermal gene expression resulted in concomitant changes in the
expression of TGF-β family members by cells in the dermis, resulting in a decrease in pro-fibrotic
signaling within the dermis. In summary, the results of this study indicate that occlusive therapy
was able to decrease dermal fibrosis by hydrating the epidermis and altering the pro- and anti-
fibrotic signals produced following injury.
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Introduction
Cutaneous wounds frequently heal with the formation of a clinically significant scar, such as
hypertrophic scars or keloids. Such scars are a major concern, as they can be painful or
pruritic, are less elastic and less strong than unwounded skin, and may profoundly affect a
patient’s psychosocial state. One of the few accepted clinical modalities for reducing the
incidence of hypertrophic scarring in susceptible individuals is the occlusion of an injury site
with silicone gel sheeting (1–3) or with topical silicone gel (4) (review). Silicone gel has
also been shown to be effective in the rabbit ear model of hypertrophic scarring (5,6), and
supplementation of this treatment with additional occlusive dressings has been shown to
increase its efficacy (7). Furthermore, non-silicone based occlusion methods alone have
been shown to reduce epidermal hyperproliferation (as measured by thickness, cellularity,
and mitotic activity) in a rat incision model (8) as well as in the rabbit hypertrophic scar
model (6). These findings suggest that the mechanism of action of silicone gel sheeting is its
ability to occlude the skin (4,9), and not due to the chemistry of the material or due to its
oxygen permeability (7). This hypothesis is supported by the observation that silicone oil
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alone, which is not occlusive, is not an effective therapeutic, but silicone oil when combined
with an occlusive dressing is effective at reducing the thickness and improve the appearance
of pre-existing hypertrophic scars and keloids without surgical intervention (10).
Nonetheless, the mechanism of action of occlusive therapy is poorly understood.

There is an increasing body of evidence that suggests that keratinocytes may influence
fibroblast behavior, and that this cellular interaction is affected by the hydration state of the
keratinocytes. Investigations in this laboratory (11) and others (12) have determined that
fibroblasts reduce their rate of collagen synthesis when co-cultured with keratinocytes in
vitro (11,12). Furthermore, this effect was enhanced when the keratinocytes were hydrated,
but not when non-occlusive materials such as silicone oil or paraffin were added to the
keratinocytes (12). Additional investigations have determined that hydrated keratinocytes
secrete less interleukin-1 beta (IL-1β) and more tumor necrosis factor-alpha (TNF-α) than do
air-exposed keratinocytes (11).

Taken together, the clinical, in vivo, and in vitro data support the hypothesis that
keratinocytes regulate fibroblast behavior through the production of pro- and anti-fibrotic
soluble factors, and that the production of those factors is dependent on the hydration state
of the keratinocytes. The current study was designed to investigate this hypothesis using an
established animal model of hypertrophic scarring, the New Zealand White rabbit ear punch
model. We investigated the hydration state of the epidermis, the degree of keratinocyte
differentiation, and the expression of pro- and anti-fibrotic signals by the epidermis
following varying amounts of occlusive therapy. We have also correlated those effects with
the expression of pro-fibrotic growth factors and signaling molecules in the dermis. These
studies provide new information on the role of silicone gel and other occlusive therapeutics
in regulating scar formation, and on how the epidermis may regulate dermal extracellular
matrix synthesis in vivo.

Materials and Methods
Hypertrophic scar model

A reproducible model of hypertrophic scar formation in the New Zealand White rabbit was
utilized as previously described (13), with minor modifications outlined below. All animal
investigations were performed in compliance with institutional guidelines and under the
National Research Council’s criteria for humane care as outlined in the “Guide for the Care
and Use of Laboratory Animals”. Briefly, female animals (3.5–5kg, N=3) were anesthetized
with ketamine (45mg/kg) and xylasine (7mg/kg). Following depilation and a surgical scrub,
local anesthetic (1% lidocaine HCl and 1:100,000 epinephrine) was injected subcutaneously
at six sites on the ventral surface of each ear. At each site, a 7mm diameter biopsy punch
was used to score the skin to the depth of the cartilage, and the epidermis and dermis was
removed, leaving the perichondrium intact. All wounds were dressed with one layer of
adhesive Tegaderm dressing (3M, St Paul, MN), and the animals were given post-operative
analgesia (buprenorphine 0.05mg/kg) every 8–12 hours for 24 hours post-surgery. The
wounds were monitored daily for infection, and the dressings were replaced as necessary
until complete re-epithelialization was observed on post-operative day 18 (POD18).

Scar treatments
Following complete re-epithelialization (POD 18), all dressings were removed. The wounds
were randomized into treatment groups and graded levels of occlusion were applied to the
scars (N=9 wounds per treatment). One group of control wounds remained un-occluded. The
second group of wounds had a single layer of adhesive semi-occlusive Tegaderm dressing
applied so as to cover all of the wounds. A third group had five layers of Tegaderm applied
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on top of one another, and applied to the ear to cover the wounds. The Tegaderm dressings
were changed every two days from POD18 until POD28, at which time maximal scar
hypertrophy is typically observed (13).

In vitro validation of graded occlusion
The model of graded occlusion was validated in vitro by measuring the water vapor loss
from a water-saturated sponge (35mm × 25mm × 2mm biopsy foam pad, Fisher Scientific,
Houston, TX) covered with increasing numbers of layers of Tegaderm semi-occlusive
dressing (1 layer to 6 layers, applied on top of one another, 5cm × 5cm in size). One sheet of
silicone gel sheeting (Cica-Care, Smith & Nephew) held down by one layer of Tegaderm
was used as the standard-of-care control. Water vapor loss through the dressings was
measured using a TEWAMETER TM210 (Courage + Khazaka Electronic GmbH). All
measurements were performed under standardized environmental conditions (21°C, 35%
humidity). Specifically, the TEWAMETER probe was applied to the relevant surface for a
period of no less than 1.5 minutes and no more than 7 minutes. When the measurement for
moisture loss (reported in g/m2/hour) achieved stability (standard deviation <0.1 g/m2/hour),
the values were recorded. All measurements were repeated five times.

In vivo skin hydration and trans-epidermal water loss (TEWL) measurements
At day 28 post-wounding, the Tegaderm dressings were removed and all wounds were
blotted dry. The skin hydration at each wound site was measured using a Skicon-200 skin
surface hygrometer (I.B.S. Co., Hamamatsu, Japan). This instrument measures the
conductance of the skin, and values are reported in μ·s. Specifically, the animals were
subjected to gentle restraint, and the Skicon-200 probe was applied to the center of each
wound site for a total of three seconds. Each measurement was repeated five times and the
mean of the five readings was used. The wounds were then allowed to acclimatize to room
air for 2 hours, to allow any additional surface water to evaporate. The animals were then
anaesthetized as described for the initial surgeries, and the trans-epidermal water loss
(TEWL) of each wound was measured using the TEWAMETER TM210 (Courage +
Khazaka Electronic GmbH) as described above.

Tissue harvest and preparation
Following the completion of the skin hydration and TEWL measurements, the anesthetized
animals were euthanized via an overdose of intracardiac Euthasol (pentobarbital sodium and
phenytoin sodium). All wounds were photographed and harvested using a 10 mm biopsy
punch. Half of each wound was snap frozen in liquid nitrogen for molecular analysis and
half was fixed overnight in 10% zinc formalin for histological analysis. Samples from
normal, unwounded skin were harvested and processed in the same manner.

Histology
All samples were embedded in paraffin (Paraplast X-tra, Fisher Scientific, Houston, TX) and
were sectioned at 5μm thickness through the center of each wound. Serial sections were
deparaffinized and stained with either hematoxylin and eosin (14), Sirius red in picric acid
(15), safranin O and fast green (16), or alcian blue (pH 2.5) (17). The hematoxylin and eosin
stained sections were photographed under 10x and 20x magnification and were used for
quantifying the total scar area (scar elevation index, SEI) (13) using ImageJ software (NIH,
Bethessa, MD). A SEI value of 1 indicates that the scar dermis is of an equivalent height to
the dermis of the adjacent normal, unwounded skin. A SEI value of 2 indicates that the
height of the scar dermis is twice that of unwounded skin. The Sirius red stained sections
were photographed under cross-polarized light microscopy at 20x magnification and were
used for evaluating the density of dermal collagen fibers (15). Mature collagen fibers stain

Gallant-Behm and Mustoe Page 3

Wound Repair Regen. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



orange/red, and immature collagen fibers stain yellow/green. The safranin O/fast green and
alcian blue stained sections were photographed under 20x magnification and were used to
evaluate the density of dermal proteoglycan deposits. Safranin O stains proteoglycans red
and alcian blue stains proteoglycans blue. In all cases, qualitative analysis was performed by
3–8 blinded observers experienced in performing histologic analysis of human and rabbit
skin wounds and hypertrophic scars. In addition, quantitative analysis of the Sirius red
staining intensity was performed using ImageJ.

Immunohistochemistry
Immunohistochemistry for keratin 5 and keratin 10 was performed. Five-micron thick
paraffin sections were deparaffinized, rehydrated, and antigen retrieval was performed in 1x
citrate buffer (Lab Vision Corp, Fremont, CA) at 100°C for 20 minutes. The slides were
allowed to cool and were rinsed three times in PBS, pH 4.7. CytoQ Background Buster
(Innovex Biosciences, Richmond, CA) was used to block for 30 minutes at room
temperature in a humid chamber. All slides were then incubated with a 1:100 dilution of
rabbit monoclonal anti-cytokeratin 5 (clone EP1601Y, Abcam, Cambridge, MA) and a 1:50
dilution of monoclonal mouse anti-human cytokeratin 10 (clone DE-K10, Dako, Carpinteria,
CA) in primary antibody diluting buffer (Biomeda Corp, Foster City, CA) overnight at 4°C.
The slides were washed three times in PBS and then incubated with 1:250 dilutions of the
secondary antibodies Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 555 goat anti-
rabbit IgG (Invitrogen, Eugene, OR) for 1 hour at room temperature, in the dark. Following
three final washes in PBS, the slides were mounted with ProLong Gold antifade reagent with
DAPI (Invitrogen, Eugene, OR). Negative controls had one or both primary antibodies
omitted, and no non-specific staining was observed (results not shown). All slides were
photographed under identical conditions at 20x magnification using a fluorescent
microscope.

RNA extraction and quantitative RT-PCR
Frozen wound samples and control skin were removed from −80°C storage, and the ventral
epidermis was mechanically separated from the dermis using a single-edged razor blade
(18). The ventral dermis was further separated from the underlying cartilage, and the
cartilage and unwounded dorsal skin were discarded. Each tissue compartment (epidermis,
dermis) was homogenized independently in TRIzol Reagent (Invitrogen, Eugene, OR) using
2.5 mm zirconia/silica beads in a Mini-Beadbeater bead mill (Biospec Products, Inc.,
Bartlesville, OK). Total RNA was extracted and purified using the RNeasy kit (Qiagen,
Valencia, CA) as previously described (19). Reverse transcription was performed using one
microgram of total RNA and M-MLV Reverse Transcriptase (Promega, Madison, WI) as
per the manufacturer’s instructions. Quantitative real-time PCR was performed on an ABI
Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA). Each PCR
reaction was run in triplicate and contained 0.03μg cDNA template along with 900 nM
primers and 250nM probe (see Table 1 for sequences) and Taq Man Universal Master Mix
(Applied Biosystems, Foster City, CA) in a final reaction volume of 25 μL. Cycling
parameters were: 50°C for 2 minutes, 95°C for 10 minutes to activate DNA polymerase, and
then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. No-template controls were run
in parallel to evaluate for amplification of genomic DNA. After thermal cycling, the relative
mRNA expression of each amplicon was calculated by normalizing its Ct value relative to a
housekeeping molecule (18s) and then expressing the value as a proportion of baseline
levels (unwounded skin)(2−ΔΔCt).

Statistical analysis
All parameters were assessed using a one-sided ANOVA or using a paired t-test, with a p
value of <0.05 indicating significance.
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Results
In vitro validation of graded occlusion

In order to elucidate whether epidermal occlusion affects dermal hypertrophy (scarring), an
in vitro method was needed to quantify the occlusive properties of the dressings to be used
in vivo. A novel model was generated in which increasing numbers of layers of a semi-
occlusive dressing (Tegaderm) were applied to a surface to achieve a graded level of
occlusion. This model was validated by measuring the moisture vapor loss from a water-
saturated sponge in vitro. The application of a single layer of the dressing resulted in a
decrease in moisture loss of 30.5g/m2/hour (p<0.01, Figure 1), a value equivalent to the
manufacturer’s specifications for the dressing. Increasing numbers of layers resulted in a
logarithmic reduction in the moisture loss through the dressings. Maximal occlusion was
achieved with 5 layers of semi-occlusive dressing, and this value was equivalent to silicone
gel, which is used as the standard-of-care in reducing scarring in a clinical setting. In all
cases, there remained some slight moisture loss through the dressing, indicating that the
silicone gel (and the equivalent 5-layer dressing) is not completely occlusive, a finding
which is consistent with previous studies (7).

In vivo skin hydration and trans-epidermal water loss (TEWL) measurements
Using the rabbit hypertrophic scar model (13), the effects of graded occlusion were tested in
vivo. The three treatment groups selected were 1) no occlusion, 2) partial occlusion (1 layer
of Tegaderm), and 3) maximal occlusion (5 layers of Tegaderm). Following 10 days of
occlusive treatment, the dressings were removed and the skin hydration was measured using
a Skicon-200 skin surface hygrometer. The Skicon-200 measures the hydration of the
stratum corneum via high frequency conductance (20). The application of a single layer of
semi-occlusive dressing significantly increased the hydration of the stratum corneum, and
that maximal occlusion was marginally more efficacious (Figure 2A). To determine whether
this increase in stratum corneum hydration was associated with an increase in overall skin
hydration, the skin was allowed to equilibrate to room air for 2 hours, and the trans-
epidermal water loss was measured. As with the surface hydration, partial occlusion was
sufficient to significantly increase the overall skin hydration and TEWL, and maximal
occlusion was marginally more efficacious (Figure 2B).

Effect of occlusion on scar formation
Under normal experimental conditions, 7mm full-thickness wounds created on the rabbit ear
reliably heal with the formation of a hypertrophic scar after 28 days (13). In the current
study, histological sections of control wounds were analyzed and the scar area was
measured. Control wounds had a scar elevation index (SEI) of 1.62 (Figure 3), indicating
that the scar dermis was 1.62 times thicker than normal dermis. Further, the control scars
demonstrated marked epidermal thickening, dermal fibroplasia as well as extensive
disorganization of the dermal extracellular matrix, as compared to normal skin (Figure 4).

Both methods of occlusive treatment were effective in reducing the dermal hypertrophy by
50%, as compared to the untreated controls (p<0.05, Figure 4). This amount of scar
reduction is consistent with that observed previously using silicone gel as the therapeutic
(results not shown). Within the time frame of this study, however, occlusion did not have a
significant effect on the dermal collagen density, organization, or proteoglycan deposition
(quantitative and qualitative analysis performed, results not shown). Further, occlusion did
not affect the overall thickness of the epidermis. However, the proportion of keratinocytes
demonstrating a less differentiated phenotype was found to be increased in occluded
wounds. Keratin 5 is expressed by basal, undifferentiated keratinocytes, while keratin 10 is
expressed by differentiating keratinocytes in the stratum spinosum and outer epidermal
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layers (21). In histological sections co-stained with antibodies to both keratins, the ratio of
keratin 5 to keratin 10 was increased in wounds treated with an occlusive dressing, and that
this response was dose-dependent (Figure 5).

Quantitative RT-PCR
Total RNA was independently extracted from the epidermis and dermis of unwounded skin
as well as control and occluded wounds, and mRNA expression was evaluated using
quantitative reverse-transcriptase PCR. All expression was normalized to the housekeeper
18S RNA (Table 1), and unwounded skin was used as the calibrator. Specificity of the
epidermal and dermal extractions was confirmed by comparing the ratio of expression of
keratin 5 and vimentin (results not shown).

Epidermal samples were evaluated for the production of mRNA for keratin 5 and keratin 10
(Figure 6). As observed by immunohistochemistry, the expression of both keratins was
increased in control scars as compared to unwounded skin. This indicates an increased
metabolic activity in the scars. Notably, keratin 5 expression was further upregulated in
occluded wounds, which corroborates the immunohistochemistry results.

The epidermal samples were also evaluated for the production of mRNA for the pro-
inflammatory cytokines interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α)
(Figure 7). Both cytokines were significantly upregulated in control scars as compared to
unwounded skin. Occlusion significantly decreased the expression of IL-1β in a dose-
dependent fashion, and maximal occlusion by the application of 5 layers of Tegaderm
significantly increased the expression of TNF-α as compared to control wounds.

Dermal samples were evaluated for the expression of members of the pro-fibrotic
transforming growth factor-beta (TGF-β) family, and related signaling molecules (Figure 8).
Significant alterations in the TGF-β signaling pathway were observed. Control scars
demonstrated a significant increase in the expression of both TGF-β1 and TGF-β3, as
compared to unwounded skin. While occlusion had no significant effect on the expression of
TGF-β1, occlusion caused a dose-dependent increase in the expression of the anti-fibrotic
growth factor TGF-β3. Additionally, the expression of several TGF-β signaling molecules,
including SMAD3 and SMAD7, were increased in a dose-dependent manner in response to
occlusion. These findings therefore indicate that treatment of immature scars with an
occlusive dressing results in changes in the epidermal expression of pro- and-anti fibrotic
cytokines, and that these changes were associated with a concomitant reduction in pro-
fibrotic signaling in the dermis.

Discussion
In this study, we have utilized an accepted, established animal model of wound fibrosis
(New Zealand White rabbit ear hypertrophic scar model) to confirm that various levels of
occlusion are effective at reducing scar formation in vivo. We have confirmed that the
degree of occlusion affects the hydration state of the epidermis, and that this affects the
degree of epidermal differentiation, as indicated by keratin expression (keratin 5 and 10).
We also investigated the molecular expression pattern of the occluded and non-occluded
epidermis and dermis, and have confirmed that several of the factors that are altered upon
keratinocyte hydration in vitro (IL-1β, TNF-α) are also affected in vivo. Furthermore, this
results in concomitant changes in the expression of pro-fibrotic signaling molecules (TGF-β,
SMADs) within the dermis. Taken together, this data strongly supports the hypothesis that
the mechanism of action of silicone gel and other occlusive therapies is by increasing the
hydration of the epidermis and by reducing the production of pro-fibrotic signals by
activated keratinocytes.
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This investigation has confirmed that epidermal occlusion in vivo results in an increase in
epidermal hydration and in decreased keratinocyte activation, as demonstrated by an
increased expression of the “basal” keratins (keratin 5) relative to the “differentiated” and
“activated” keratins (keratin 10, 16 and others)(21). This may be important to the regulation
of fibrosis and scarring, as a link has been identified between keratinocyte activation, keratin
expression, and inflammation. In keratin 5 −/− mice and in a cell culture model of
epidermolysis bullosa simplex (HaCaT keratinocytes with a mutation in keratin 14, another
basal keratin), production of the pro-inflammatory cytokines IL-1β and IL-6 is increased
(22). Therefore, it is possible that the increased expression of the basal keratins in occluded
wounds allows for a down-regulation of pro-inflammatory and pro-fibrotic factors in the
skin following wounding. Other recent studies have shown that epidermal thickness may
decrease following treatment with various methods of occlusion (6, 7, Jia SX and Mustoe
TA, unpublished observations). In those studies, keratinocyte activation is also reduced
following occlusive treatment. Therefore, further investigations are required to further
elucidate the role of activated keratinocytes in scar formation.

Interleukin 1 (IL-1) is a pro-inflammatory cytokine that is involved in the initiation of
wound repair. Its two isoforms, IL-1α and IL-1β, are sequestered in pre-formed intracellular
pools within quiescent keratinocytes (23,24) and can be released or synthesized de novo by
activated keratinocytes (11,25). Both isoforms signal through the IL-1 type I receptor (26),
which stimulates the autocrine production of IL-1, IL-8, and other factors (21) (review). In
vivo studies performed in our laboratory have demonstrated that keratinocyte-produced IL-1
(and other cytokines) also diffuses through a mature, stratified epithelium, and affect
fibroblasts in a paracrine manner (11). IL-1 has been shown to affect fibroblast proliferation
and migration, as well as affecting the production of growth factors and extracellular matrix
components by fibroblasts (26,27). Of interest, the level of IL-1 expression has been shown
to directly correlate with the degree of fibrosis in other tissues as well, and bleomycin-
induced lung fibrosis may be reduced by blocking IL-1 via the production and release of
IL-1 receptor antagonist by mesenchymal stem cells (28). Additionally, there may be cross-
talk between IL-1β and transforming growth factor beta (TGF-β), whereby each may bind to
and activate the opposite receptors (IL-1R and TBRI and II, respectively) when the ligand is
present at very high concentrations (29). This reciprocal relationship may be another way in
which epidermal-secreted IL-1 may stimulate the production of extracellular matrix
molecules by dermal fibroblasts following a cutaneous injury. In this study, the level of
epidermal IL-1β mRNA expression directly correlates with the amount of dermal fibrosis in
our rabbit ear model. Untreated wounds, which form a hypertrophic scar, demonstrated a
high level of IL-1β expression in the dermis well after re-epithelialization was complete. In
contrast, occluded wounds, which form a significantly smaller scar, had a significantly lower
expression of IL-1β. This suggests that IL-1 may be a major factor that enables epidermal
keratinocytes to affect fibroblast activation and regulate fibrosis and scarring. We are in the
process of investigating the effect of IL-1 on dermal fibrosis; recent studies in our laboratory
indicate that increased IL-1β production by injured keratinocytes modulates dermal
fibroblast behavior and collagen synthesis in vivo in the absence of a dermal injury (Gallant-
Behm et al, manuscript in preparation). Furthermore, those studies have determined that an
IL-1 antagonist is effective at altering fibroblast gene expression and in reducing scar
formation in the absence of occlusive therapy (Gallant-Behm et al, manuscript in
preparation). Additional recent studies (30) have suggested that IL-1 inhibition may also
result in a better tissue architecture following wound repair.

The current study also revealed that tumor necrosis factor-alpha (TNF-α) expression was
increased in the epidermis of occluded wounds. TNF-α is highly pro-inflammatory, and is
upregulated in many chronic conditions including rheumatoid arthritis and inflammatory
bowel disease (31)(review). However, there is a growing body of evidence that suggests that
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TNF-α may have anti-fibrotic functions. Not only has TNF-α been shown to directly inhibit
alpha-2 (I) collagen (COL1A2) gene transcription (32,33), but TNF-α also suppress the
TGF-β-induced expression of CTGF protein in cultured normal fibroblasts (34).
Furthermore, TNF-α also stimulates the expression of the matrix metalloproteinases (35),
thereby contributing to collagen degradation. Taken together, this indicates that TNF-α may
act on multiple levels to reduce collagen synthesis and fibrosis by fibroblasts, and that IL-1
and TNF-α may act in concert to affect fibroblast behavior in vitro and in vivo. This may
help to explain how the cutaneous epidermis regulates dermal fibrosis following injury. This
hypothesis is supported by the observation that primary epidermal keratinocytes inhibit
fibroblast collagen synthesis in vitro by the secretion of soluble mediators, including TNF-α,
which is upregulated by hydration (11).

One major limitation of the current study is that the in vitro measurement of water vapor
loss does not completely correlate with the in vivo results. Specifically, five layers of
Tegaderm resulted in a significant drop in water vapor loss in vitro as compared to one layer
of Tegaderm (Figure 1), but the two treatments were not significantly different in terms of
epidermal hydration and TEWL (Figure 2) or in their effect on dermal scarring (Figure 3).
However, it is important to note that in our animal model, by the time the occlusive
treatment was applied the epidermis did have an immature stratum corneum that also
provided some water-retention capabilities. Therefore, multiple layers of Tegaderm applied
to the skin may not have increased the water content of the epidermis (as compared to a
single layer of Tegaderm) beyond the measurement capabilities of the devices and tests
used. It is important to note that the histologic and molecular analysis did identify some
differences between the two treatments, indicating that increasing levels of occlusion do in
fact affect the epidermal behavior. Furthermore, previous studies in this laboratory (7) have
demonstrated that complete occlusion does cause a significant decrease in hypertrophic
scarring, as compared to silicone gel (equivalent to 5 layers of Tegaderm in this study).

Another limitation of the current study is that we have only identified two mechanisms by
which keratinocytes may influence fibroblast activation and extracellular matrix production
(IL-1β and TNF-α). It is quite likely that there are other factors that also play a role in this
process. For instance, it has been suggested that keratinocyte-derived 14-3-3σ (stratifin) may
stimulate matrix metalloproteinase expression and decrease collagen expression in
fibroblasts (36). We are currently in the process of performing a microarray analysis on
epidermal samples to determine whether there are other novel factors produced by
keratinocytes that may regulate fibroblast function and scar formation.

Transforming growth factor-beta (TGF-β) is a pleiotropic growth factor that is produced by
numerous cell types including inflammatory cells, endothelial cells, keratinocytes, and
fibroblasts, and TGF-β plays a major role in the regulation of the wound healing process
(37) review. TGF-β has been shown to stimulate fibroblast chemotaxis, proliferation,
differentiation, cytokine production, extracellular matrix synthesis, and contraction (37)
through TGF-β receptor I and II. The resulting signaling cascade occurs via the
phosphorylation of SMAD 2, 3, and 4, whereas SMAD7 is an endogenous antagonist (37).
The primary TGF isoform, TGF-β1, is believed to be pro-fibrotic, and the expression of
TGF-β1 has been shown to be increased in hypertrophic scars (38). Another isoform, TGF-
β3, is believed to be anti-fibrotic, and TGF-β3 treatment has been shown to reduce
cutaneous scarring in an animal model (39). Therefore, skin fibrosis may be regulated not
only by the absolute level of TGF-β expression, but also by the ratio of TGF-β1 to TGF-β3,
and by the relative abundance of SMAD2/3/4 and SMAD7. In this study, the expression of
TGF-β1 and 3, of SMAD3 and 7 was measured in occluded and non-occluded rabbit ear
wounds. A highly significant observation was that the expression of TGF-β1 was unaffected
by occlusion, but that TGF-β3 was increased, thereby reducing the overall ratio of TGF-β1
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to TGF-β3 more than 2-fold. Similarly, while SMAD3 was upregulated following occlusion,
SMAD7 had a greater upregulation, resulting in an overall increase in the amount of
antagonist. Thus, the observed decrease in scar fibrosis following occlusive therapy was
likely affected by this altered TGF-β signaling in the scar dermis. Further work is needed to
determine if the changes in epidermal cytokine expression are acting via the TGF-β
signaling pathway, or if other pathways may be involved.

In summary, this study has confirmed that the application of an occlusive therapeutic to a
newly healed wound is indeed beneficial in preventing the formation of a hypertrophic scar.
The mode of action of this therapy is by the hydration of epidermal keratinocytes, which in
turn results in a decrease in the expression of pro-inflammatory cytokines (IL-1) and an
increase in the expression of anti-fibrotic cytokines (TNF-α) by the wound keratinocytes.
These signaling changes are correlated with alterations in the activation state of the dermal
fibroblasts, resulting in less extracellular matrix synthesis and less scarring. While occlusive
therapy alone remains moderately effective at reducing scar formation, it may be possible to
develop alternative therapeutics based on this research that will more selectively target the
keratinocyte signaling molecules and enhance scar prevention and treatment strategies.
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IL-1β Interleukin-1 beta

POD Post-operative day

SEI Scar elevation index

TEWL Trans-epidermal water loss

TGF-β Transforming growth factor beta

TNF-α Tumor necrosis factor alpha
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Figure 1.
In vitro validation of occlusive dressing treatments. The water vapor loss from a water
saturated sponge was measured under standardized environmental conditions (21°C, 35%
humidity). The application of a semi-occlusive film dressing (Tegaderm) resulted in a
decrease in 30.5g/m2/hour, a value equivalent to the manufacturer’s specifications for the
dressing. Maximal occlusion was achieved with 5 layers of semi-occlusive dressing, or with
the application of a silicone gel. Dashed line = baseline. ** p<0.01, * p<0.05, N=5.
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Figure 2.
In vivo skin hydration and TEWL measurement. On post-operative day 28, the occlusive
dressings were removed and the scars were allowed to acclimate to room air for two hours.
The skin hydration (A) and trans-epidermal water loss (B) were measured. Occlusive
treatment significantly increased the hydration of the scar, which in turn increased the
TEWL measurement. N=9 per treatment. ** p<0.01.
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Figure 3.
Quantification of scar volume. The scar elevation index (SEI) was measured using
hematoxylin and eosin stained histology sections of wounds harvested at postoperative day
28. An SEI of 1 indicates the scar is of equal height to the surrounding unwounded skin; an
SEI greater than 1 represents a raised, hypertrophic scar. All methods of occlusion
significantly reduced the amount of hypertrophic scarring to a level equivalent to that of
wounds treated with silicone gel. N=9 per treatment. * p<0.05.
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Figure 4.
Histology staining. Representative photomicrographs of control scars stained with
hematoxylin and eosin (A), sirius red (B), safranin O/fast green (C), and alcian blue (D).
Magnification 20X. Scale bar = 100μm. The scars (POD28) demonstrate a thickened
epidermis, dermal fibroplasia and dermal hypertrophy (A) as compared to unwounded skin.
The extracellular matrix consists of fine, disorganized collagen fibers (B), and small
amounts of proteoglycans, diffusely deposited in the dermis (C and D). Occluded scars do
not significantly differ from control scars except for their reduced hypertrophy.
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Figure 5.
Cytokeratin immunohistochemistry. Red = Keratin 5. Green = Keratin 10. Blue = DAPI. (A)
Normal, unwounded skin, (B) control scar, (C) 1 Tegaderm, (D) 5 Tegaderms.
Magnification 20X. Scale bar = 100mm. Occlusion increased the proportion of keratinocytes
expressing keratin 5 (basal keratinocytes) as compared to keratin 10 (differentiated
keratinocytes).
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Figure 6.
Epidermal mRNA expression of keratin 5 (A), keratin 10 (B). Expression of keratin 5 and 10
is elevated in hypertrophic scars, and expression of keratin 5 is further increased by
occlusion. N=9 per treatment. * p<0.05, ** p<0.01.
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Figure 7.
Epidermal mRNA expression of interleukin-1β (IL-1β) (A) and tumor necrosis factor-α
(TNF-α) (B). Expression of IL-1β is elevated in hypertrophic scars, and this elevation is
suppressed by occlusion. Expression of TNF-α is increased by occlusion. N=9 per treatment.
* p<0.05.

Gallant-Behm and Mustoe Page 18

Wound Repair Regen. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Dermal mRNA expression of transforming growth factor-β1 (TGF-β1) (A), TGF-β3 (B),
SMAD3 (C), and SMAD7 (D). Expression of TGF-β1 and TGF-β3 is elevated in
hypertrophic scars, and expression of TGF-β3, SMAD3, and SMAD4 is increased by
occlusion in a dose-responsive fashion. N=9 per treatment. * p<0.05, **p<0.01.
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Table 1

Oligonucleotide primer and probe sequences used for real-time PCR.

Gene Sequence

18S Forward: 5′-GCCGCTAGAGGTGAAATTCTTG-3′
Reverse: 5′-CATTCTTGGCAAATGCTTTCG-3′
Probe: 5′-ACCGGCGCAAGACGGACCAG-3′

IL-1β Forward: 5′-CAGGCTCCAGGATGCACAA-3′
Reverse: 5′-AGGTGGAGAGCTTTCAGCTCAT-3′
Probe: 5′-AGAAATCCCTGGTGTTGTCTGGCACG-3′

Keratin 5 Forward: 5′-TGCCTCCTTCATTGACAAGGT-3′
Reverse: 5′-CAGCAGCTCCCATTTCGTTT-3′
Probe: 5′-CGGTTCCTGGAGCAGCAGAACCA-3′

Keratin 10 Forward: 5′-CAGGATGAAGTATGAGAACGAGGTT-3′
Reverse: 5′-TGCGCAGCCCGTTGAT-3′
Probe: 5′-CCCTGCGCCAGAGCGTGGAG-3′

TGF-β1 Forward: 5′-TGCGGCAGCTGTACATTGAC-3′
Reverse: 5′-GGCAGAAGTTGGCGTGGTA-3′
Probe: 5′-AAGGACCTGGGCTGGAAGTGGATCC-3′

TGF-β3 Forward: 5′-CGGCTCAAGAAGCAGAAGGA-3′
Reverse: 5′-CGGTGCGGTGGAATCATC-3′
Probe: 5′-CACCACAACCCTCACCTCATCCTC-3′

TNF-α Forward: 5′-TGGTCACCCTCAGATCAGCTT-3′
Reverse: 5′-CTTGCGGGTTTGCTACTACGT-3′
Probe: 5′-TCGGGCCCTGAGTGACGAGCC-3′

SMAD 3 Forward: 5′-CATCGAGCCCCAGAGCAATA-3′
Reverse: 5′-GTCTCTCCATCTTCGCTCAGGTA-3′
Probe: 5′-TGGCTTCTGTCCTGTGGACATTGGAG-3′

SMAD 7 Forward: 5′-GATTTTCTCAAACCAACTGCAGATT-3′
Reverse: 5′-TAATTCGTTCCCCCTGTTTCA-3′
Probe: 5′-TCCAGATGCTGTGCCTTCCTCCG-3′

Vimentin Forward: 5′-ACAACCTGGCCGAAGACATC-3′
Reverse: 5′-GCTTCCTCTCTCTGCAGCATCT-3′
Probe: 5′-TGCGGCTCCGGGAGAAGTTGC-3′
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