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Transforming growth factor (TGF)-� regulates many
aspects of wound repair including inflammation, che-
motaxis, and deposition of extracellular matrix. We
previously showed that epithelialization of incisional
wounds is accelerated in mice null for Smad3, a key
cytoplasmic mediator of TGF-� signaling. Here, we
investigated the effects of loss of Smad3 on healing of
wounds in skin previously exposed to ionizing radi-
ation, in which scarring fibrosis complicates healing.
Cutaneous wounds made in Smad3-null mice 6 weeks
after irradiation showed decreased wound widths,
enhanced epithelialization, and reduced numbers of
neutrophils and myofibroblasts compared to wounds
in irradiated wild-type littermates. Differences in
breaking strength of wild-type and Smad3-null
wounds were not significant. As shown previously for
neutrophils, chemotaxis of primary dermal fibro-
blasts to TGF-� required Smad3, but differentiation of
fibroblasts to myofibroblasts by TGF-� was indepen-
dent of Smad3. Previous irradiation-enhanced induc-
tion of connective tissue growth factor mRNA in wild-
type, but not Smad3-null fibroblasts, suggested that
this may contribute to the heightened scarring in
irradiated wild-type skin as demonstrated by Picro-
sirius red staining. Overall , the data suggest that at-
tenuation of Smad3 signaling might improve the heal-
ing of wounds in previously irradiated skin
commensurate with an inhibition of fibrosis. (Am J
Pathol 2003, 163:2247–2257)

Transforming growth factor (TGF)-� regulates many cel-
lular processes including embryogenesis, inflammation,

immune responses, and tissue repair. In wound healing,
diverse effects of TGF-� on the many individual partici-
pating cell types, including keratinocytes, fibroblasts, in-
flammatory cells, and endothelial cells, are integrated
into a specific temporal sequence of events within a
defined tissue architecture.1–3 Although TGF-� is re-
leased from degranulating platelets at the time of wound-
ing, all of the participating cells can both produce and
respond to TGF-� during the course of the healing pro-
cess.4,5 TGF-� stimulates the chemotaxis of fibroblasts,
neutrophils, and macrophages within the wound bed,
alters the pattern of cytokine production by macro-
phages, and induces fibroblasts to secrete extracellular
matrix proteins such as collagens and fibronectin.1

Added exogenously to a wound, TGF-�1 can increase
wound breaking strength and matrix deposition.6–8

TGF-� signals through transmembrane receptor
serine/threonine kinases that activate a family of cyto-
plasmic proteins called Smads, which translocate to the
nucleus to regulate expression of target genes.9 Al-
though Smad2 and Smad3 are each phosphorylated di-
rectly by the TGF-� type I receptor kinase, Smad3 plays
a unique role in the cellular and tissue responses to
wounding. Thus cutaneous wounds in Smad3-null (KO)
mice show enhanced rates of epithelialization and re-
duced inflammation compared to wild-type (WT) litter-
mates.10 These findings suggested that KO mice may
also display an enhanced wound healing response in
compromised wounds characterized by increased in-
flammation, as we have shown to be characteristic of
irradiated tissues.11

Radiation therapy and surgery are frequently com-
bined in the clinical treatment of malignancies, such that
impaired or delayed healing of wounds in irradiated tis-
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sue may present clinical complications.12,13 Models of
impaired healing use irradiation of a skin flap with shield-
ing of the rest of the animal to avoid effects on bone
marrow.14–16 Impaired healing of irradiated skin is be-
cause of, in part, toxic effects on dermal fibroblasts re-
sponsible for deposition and remodeling of the collagen
matrix, resulting in decreased wound bursting strength of
linear incisions.14,17,18 TGF-� levels are increased in ir-
radiated mouse skin19,20 and remain elevated for long
periods after irradiation in both pig and human skin.21,22

We have shown that enhanced expression of TGF-�1 as
well as epidermal hyperplasia and acanthosis seen in
skin of mice after irradiation are all severely attenuated in
KO mice.11

Based on these observations, we investigated whether
loss of Smad3 would also improve the healing of radia-
tion-impaired wounds. We show that the acute tissue
response to irradiation is markedly attenuated in KO mice
and that incisional wounds made in skin 6 weeks after
irradiation are narrower and show an increased rate of
epithelialization and reduced inflammatory cell infiltrate
compared to WT littermate controls. Reduced expression
of connective tissue growth factor (CTGF) both in vivo and
in vitro may contribute to the reduced scarring in KO
mice. These data implicate Smad3 as a potential target of
therapeutic intervention in the healing of compromised
wounds.

Materials and Methods

Mouse Model

KO (Smad3ex8/ex8) mice were generated by targeted dis-
ruption of the Smad3 gene by homologous recombina-
tion.23 Genotyping was done by polymerase chain reac-
tion analysis of tail DNA.

Irradiation of Smad3 Mice

Local irradiation (30 or 45 Gy) of flank skin of WT het-
erozygous (HT), and KO littermates (5 to 6 weeks of age)
was performed as described.11 For some experiments,
both flanks were irradiated, for others one side was sham-
irradiated and served as a nonirradiated control. Protocols
for irradiation and wounding were approved by the National
Cancer Institute Animal Care and Use Committee.

Cutaneous Wounding Protocol

Six weeks after irradiation (30 Gy), mice were anesthe-
tized and 1-cm linear incisions were made through the
skin and panniculus carnosus muscle within the irradi-
ated region. At 1 to 5 days or 5 weeks after wounding,
mice were euthanized and wounds excised, fixed in 10%
buffered neutral formalin for 18 hours, and transferred to
70% ethanol before paraffin embedding and sectioning
(5 �m sections through the center of the wound).

Quantitation of Wound Histology and Cellularity

Hemotoxylin and eosin-stained sections were analyzed
using a Zeiss Axioplan microscope equipped with an MTI
CCD camera (Dage, Michigan City, IN) in conjunction
with Image Pro-Plus Version 2.0 software. Epithelial mi-
gration was determined by tracing the epithelial ad-
vancement from the wound edge. Wound width repre-
sents the linear distance between the margins of the
wound. Wound closure (percent epithelialization) is the
distance of epithelial migration divided by the wound
width. Cells were counted in three �400 magnification
fields in the wound bed in 12 sections of each genotype.
Mast cells, macrophages, and myofibroblasts were iden-
tified as described.11 Neutrophils were visualized by im-
munohistochemical staining with rat anti-mouse neutro-
phil antibody (Serotec, Raleigh, NC) at 0.5 �g/ml.
Isotype-matched normal IgG at the same concentration
as the primary antibody was used as a negative control.

To analyze the collagen content and architecture of
irradiated skin, deparaffinized sections were stained for 1
hour with a 0.1% solution of Sirius red F3BA (Chroma-
Gesellschaft, Munster, Germany) in saturated aqueous
picric acid, washed in 0.01 N HCl, and viewed under
polarized light. Images representing 70,000-�m2 areas of
dermis within or on either side of the wound bed were
analyzed by quantifying pixels representing strong or-
ange/red birefringence and weak yellow/green birefrin-
gence. The ratio of orange/red to yellow/green pixels is
referred to as the scar index with a higher number rep-
resenting increased fibrosis. Results are expressed as
mean � SEM. Significant intergroup differences were
determined by applying the two-sample assuming un-
equal variance t-test.

Analysis of Gene Expression by
Immunohistochemistry

Immunolocalization of extracellular TGF-�1 using the an-
tibody CC 1-30-1 (1 �g/ml) was performed as de-
scribed.11 CTGF was detected using an affinity-purified
goat anti-human CTGF antibody.24 For CTGF staining
deparaffinized sections were blocked with Tris-buffered
saline and 10% rabbit serum and incubated overnight at
4°C with the primary antibody (14 �g/ml) in blocking
buffer. Sections were washed, incubated with biotinyl-
ated rabbit anti-goat IgG, washed again, incubated with
alkaline phosphatase-conjugated streptavidin followed
by Vector Red alkaline phosphatase visualization sub-
strate (Vector Laboratories, Burlingame CA), and photo-
graphed under bright-field illumination. Negative con-
trols, which included replacing primary antibody with
antibody plus blocking peptide or with normal IgG,
showed no staining.

Cell Culture and Treatment

WT and KO dermal fibroblasts were isolated and cultured
as described.11 For examination of differentiation to myo-
fibroblasts, fibroblasts (passages 1 to 3) were cultured in
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DMEM/ITS � 1 (Sigma Chemical Co., St. Louis, MO)/1%
Pen-Strep in the presence or absence of 5 ng/ml of
TGF-�1, which was replaced on day 2. Cells were rinsed
and scraped into RIPA buffer for Western blot analysis on
day 4. For analysis of RNA expression, cells were grown
in media containing 10% serum until confluent, trans-
ferred to media containing 0.2% serum and incubated
overnight before being exposed to 0 to 20 Gy of �-irra-
diation from a 60Co source, after which fresh media con-
taining 0.2% serum was added. TGF-�1 (5 ng/ml) or
vehicle control was added 24 hours later and the incu-
bation continued for another 24 hours. Cells were
scraped into RNeasy lysis thiocyanate (RLT) buffer (pro-
vided by the manufacturer) and RNA was isolated using
a Midi RNeasy kit according to the manufacturer’s proto-
col (Qiagen, Santa Clarita, CA). Other cells were treated
identically and scraped into RIPA buffer for Western blot
analysis.

Fibroblast Chemotaxis Assay

Cell migration studies were performed using a 48-well
microchemotaxis chamber (NeuroProbe, Gaithersburg,
MD). A 10-�m-pore size polycarbonate filter was im-
mersed in a solution of 0.1 mg/ml of Vitrogen 100-purified
collagen (Cohesion, Palo Alto, CA) and dried. Cells and
chemotactic factors were diluted in Dulbecco’s modified
Eagle’s medium/0.2% bovine serum albumin. Chemotac-
tic factors, including assay buffer alone (negative con-
trol), 10 and 25 pg/ml of TGF-�1, and 10% serum (posi-
tive control) (27.5 �l) were placed in the lower
compartment of the chamber, covered with the filter and
45 �l of cell suspensions (1 � 106 cells/ml) were pipetted
into the upper chambers. After incubation at 37°C for 4
hours, the filter was removed, fixed in 100% methanol,
and stained with Protocol (Biochemical Science,
Swedesboro, NJ). Nonmigrated cells were wiped from
the top side of the filter that was mounted on a micro-
scope slide. Cells that had migrated to the underside of
the filter were counted at �200 magnification. For each
experimental condition four to six wells were analyzed
with data presented as mean number of cells per field �
SEM.

Western Blotting

Protein lysates (10 �g) were run on 10% Tris-glycine
sodium dodecyl sulfate gels (Invitrogen, Carlsbad, CA)
and transferred onto nitrocellulose membranes (Bio-Rad,
Hercules, CA). After blocking in Tris-buffered saline/0.1%
Tween-20/3% bovine serum albumin, membranes were
incubated overnight with anti-smooth muscle actin (SMA)
Ab-1 (Neomarkers, Fremont, CA) at 0.2 �g/ml in the same
buffer. After washing, the blots were incubated for 1 hour
in peroxidase-conjugated goat anti-mouse secondary
antibody (0.16 �g/ml) from Jackson Immunoresearch
Labs (West Grove, PA). Other blots were blocked with
TBST/5% dry milk, probed overnight with anti-CTGF (kind
gift of Dr. D. Abraham, London, UK) at a 1:1000 dilution
and incubated for 1 hour with peroxidase-conjugated

anti-rabbit IgG (Vector, UK) at a 1:2000 dilution. After
additional washes the signal was detected using the
Super Signal enhanced chemiluminescence kit from
Pierce (Rockford, IL). Blots were reprobed using rabbit
anti-actin(20-33) (Sigma Chemical) that recognizes all
actin isoforms to confirm equal protein loading.

Northern Blotting

Total RNA (10 �g) was electrophoresed through a 1%
agarose/formaldehyde gel containing ethidium bromide.
After UV photography, RNA was transferred onto a Nyt-
ran membrane with buffer containing 1.5 M NaCl/0.1 M
NaH2PO4/0.01 M EDTA using the Turboblotter method
(Schleicher and Schuell, Keene, NH). The membrane
was cross-linked with a UV Stratalinker (Stratagene, Me-
nasha, WI). The CTGF vector containing a 1.5-kb CTGF
insert cloned into the EcoRI/KpnI site of pBluescript SK
was provided by Dr. A. Holmes (Royal Free Hospital,
London, UK). The TGF-�1 insert corresponded to the
HindIII-XbaI fragment of rat TGF-�1.25 cDNA insert (25
ng) was labeled with [�-32P]dCTP by random priming
performed according to Life Technologies (Rockville,
MD) RTS labeling procedures. Blots were prehybridized,
hybridized, and washed26 before exposure to XAR-2 film.
Densitometric scans of the films were quantitated with
ImageQuant software. Data were normalized based on
the intensity of the 18S and 28S RNA bands.

Quantitation of Wound Breaking Strength

Wound breaking strength was determined using the BTC-
2000 Dynamic Skin Analyzer (SRLI Technologies, Nash-
ville, TN). Mice were sacrificed immediately before anal-
ysis, shaved, and a 1-cm test chamber secured to the
wound. Negative pressure was applied at a rate of 10
mmHg/second, increasing until the wound bursting point.
Bursting strength (mean � SEM) was measured 7 days
after wounding on 8 to 18 wounds of each genotype from
11 WT or KO mice each having one to two wounds on the
irradiated and nonirradiated flank.

Results

To model wounds made in skin of patients treated previ-
ously with radiation therapy, we made full-thickness inci-
sions 6 weeks after irradiation of an isolated skin flap of
mice with a single dose from an X-ray source.

Effects of Irradiation on Skin of WT and KO Mice

KO mice showed a scarred but completely healed epi-
dermis 30 days after irradiation with a single 45-Gy dose
(Figure 1B), whereas WT littermates showed severe injury
to the skin and evidence of scabbing and moist desqua-
mation (Figure 1A). Because of the severity of the injury to
the skin of WT mice, the dose of radiation was reduced to
30 Gy, and the response to irradiation was monitored, so
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Figure 1. Smad3-null mice are resistant to the injurious effects of ionizing irradiation. A and B: Dramatic differences are apparent in the appearance of skin
exposed to 45 Gy of ionizing radiation dependent on the Smad3 genotype at 30 days after irradiation. C and D: Histology of wounds 3 days after making 1-cm
incisions in skin irradiated with 30 Gy 6 weeks before wounding as visualized by H&E staining. Blue arrow marks the edge of the wound; green arrow marks
the edge of the migrating epithelial tongue. A and C, WT; B and D, KO. E: Phenotypic score19 of effects of 30-Gy irradiation on flank skin of mice of different
Smad3 genotypes. �/� (KO, black bars), �/� (HT, gray bars), and �/� (WT, striped bars) mice were irradiated with 30 Gy as described. At the indicated
time after irradiation, mice were evaluated for a skin reaction according to a phenotypic scale. 1, normal; 2, hair loss; 3, erythema; 4, dry desquamation; 5, �30%
moist desquamation; 6, �30% moist desquamation. Values were averaged from 10 KO, 6 HT, and 9 WT mice scoring two irradiated flanks per mouse. Original
magnifications, �50.

2250 Flanders et al
AJP December 2003, Vol. 163, No. 6



that a time point for wounding could be chosen when
healing of skin lesions was complete.

Erythema and hair loss result from radiation injury to
the basal keratinocytes and hair follicle epithelium and
from changes in the dermal vasculature resulting in influx
of inflammatory cells and activation of immune cells. De-
pending on the extent of injury to the basal keratinocytes,
this will progress to either dry desquamation in which
remaining basal keratinocytes differentiate to corneal
layer components, or to moist desquamation in which
basal keratinocytes are lost and the dermis is exposed.13

Onset of hair loss and erythema was delayed in skin of
KO mice exposed to a single 30-Gy dose and the lesions
did not progress to either the dry or moist desquamation
seen in littermate WT mice (Figure 1E). Phenotypic
scores19 of HT mice fell between results obtained with
WT and KO mice, suggesting that expression levels of
Smad3 were directly related to the response. Based on
these observations, mice were wounded 5 to 6 weeks
after irradiation with 30 Gy, understanding that the model
is complicated by the more favorable skin phenotype in
KO mice at the time of wounding.

Re-Epithelialization of Wounded Irradiated
Cutaneous Wounds

Histological examination of linear 1-cm incisional wounds
of the irradiated flank 3 days after wounding showed that
wounds in KO mice exhibited greater migration of the
epithelial tongue (Figure 1, C and D) and were narrower,
with a smaller area and reduced cellularity of granulation
tissue compared to wounds in WT littermates. Wounds in

either HT or KO mice were �70% the width of wounds in
WT littermates at 3 days after wounding (Figure 2A, P �
0.05). Epithelial migration was �1.3- and 1.8-fold (P �
0.05) greater in KO mice compared to HT or WT litter-
mates, respectively (Figure 2B) such that KO wounds
were 64% re-epithelialized 3 days after wounding (P �
0.05), compared to 27% in WT littermates (Figure 2C). A
comparative time-course analysis of wound closure in KO
and WT mice showed that wounds in nonirradiated skin
epithelialize more quickly than those in irradiated skin
within the same genotype (data not shown). These data
corroborate our previous findings10 and suggest that the
beneficial effects of loss of Smad3 for closure of wounds
are retained in previously irradiated skin.

Cellularity of Wounded Irradiated Tissue

The early stages of wound healing are characterized by
active migration of macrophages, neutrophils, lympho-
cytes, and fibroblasts into the wound bed.1 At 3 days
after wounding, numbers of mast cells and macrophages
per unit area of wound granulation tissue of irradiated KO
mice were only slightly less than WT, being on average,
81 and 89% that of WT mice, respectively (Table 1). In
contrast, there were highly significant (P � 0.0001)
Smad3 dosage-dependent reductions in the number of
neutrophils (KO 48% of WT) in the wound bed, although
the fold-increase in neutrophils in the wound bed com-
pared to surrounding, unwounded irradiated tissue was
similar for all genotypes (approximately eightfold). For
myofibroblasts, both the total number (KO 27% of WT)
and the fold-increase compared to unwounded skin were
dependent on the Smad3 dosage, with values for HT
mice lying nearly midway between KO and WT. These
differences are evident in sections of the wound bed
stained to visualize neutrophils (Figure 3, A and B) and
myofibroblasts (Figure 3, C and D). The overall reduced
cellularity of the granulation tissue of the KO mice is also
appreciated in these sections.

To ascertain whether the striking decrease in the num-
ber of myofibroblasts in the granulation tissue of wounds
of the KO mice was because of decreased recruitment of
fibroblasts into the wound bed or to a role for Smad3 in
differentiation of fibroblasts to myofibroblasts, we treated
primary neonatal dermal fibroblasts with TGF-� and as-

Figure 2. Smad3-null mice show a smaller wound width, accelerated epi-
thelial migration, but reduced bursting strength compared to littermate con-
trols. WT, HT, and KO mice were irradiated with 30 Gy and wounded as
described. A–C: Three days after wounding, wounds were excised and
samples were prepared as described. Wound width (A), epithelial migration
(B), and the percent epithelialization (C) were determined as described in
Materials and Methods. n � 9 to 13 wounds for each genotype for all
measurements. *, P � 0.05 versus WT. D: Bursting strength of wounds in
irradiated (30 Gy, black bars) or sham-irradiated (gray bars) skin was
determined 7 days after wounding as described. n � 8 to 18 wounds
analyzed.

Table 1. Quantitative Analysis of Cellular Composition of the
Granulation Tissue 3 Days after Wounding of
Previously Irradiated Flank Skin Compared to
Nonwounded, Irradiated Skin (in Parentheses)

Number of cells/high-power field � SEM

WT HT KO

Mast cells 24 � 4 (22)* ND 19 � 3 (13)
Macrophages 31 � 3 (17) ND 28 � 3 (9)
Neutrophils 64 � 4† (8) 40 � 4‡ (5) 31 � 5 (4)
Myofibroblasts 38 � 4† (16) 22 � 1†‡ (13) 10 � 1 (12)

*Numbers in parentheses are taken from Flanders et al11 for
nonwounded, irradiated skin.

†P � 0.0001 versus KO.
‡P � 0.003 versus WT.
ND, not determined.
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sessed their expression of �-SMA. The ability of TGF-� to
induce expression of �-SMA was independent of Smad3
(Figure 3E), consistent with a report demonstrating that
either Smad2/4 or Smad3/4 complexes can stimulate the
activity of the �-SMA enhancer element27 and the finding
that Smad2 is expressed at normal levels in KO mice.23

Because fibroblasts respond chemotactically to TGF-�,28

and because the chemotaxis of neutrophils,23 macro-
phages, and keratinocytes10 to TGF-� was shown to be
Smad3-dependent, we examined the chemotaxis of pri-
mary WT and KO dermal fibroblasts to TGF-� (Figure 3F).
KO fibroblasts showed a severely reduced chemotactic
response to TGF-� (10 to 25 pg/ml)(P � 0.0002), while
they retained the ability to migrate toward a gradient of
10% serum (P � 0.00007 compared to vehicle). To-
gether, these data suggest that recruitment of fibroblasts

into the granulation tissue, rather than differentiation of
fibroblasts to myofibroblasts is dependent on Smad3.

Bursting Strength of Wounds

Although more rapid epithelialization might increase
wound bursting strength, the decreased cellularity of the
granulation tissue and the presumed reduced extracel-
lular matrix deposition by fibroblasts in wounds in KO
mice might have the opposite effect. To address this, we
measured the bursting strength of wounds made in the
irradiated flanks of WT and KO mice, with contralateral
sham-irradiated flanks serving as controls (Figure 2D).
Bursting pressure (in mmHg)— a direct measurement of
in vivo wound strength—was reduced �25% by previous
irradiation of the skin in WT mice, in agreement with a
previous report.17 This difference was not seen in
wounds in KO mice, consistent with the reduced effects
of irradiation on the skin of these mice. The bursting
strength of wounds in KO mice was similar to that in
irradiated WT mice.

Expression of TGF-�1 and CTGF Is Reduced in
Wounds of KO Mice

We previously reported enhanced TGF-�1 staining in
irradiated, unwounded WT compared to KO skin.11 Con-
sistent with impaired autoinduction of TGF-�1 in cells
derived from KO mice,10,29 immunohistochemical ex-
pression of TGF-�1 in the wound bed of irradiated WT
skin (Figure 4, A and C) was significantly higher than in
KO wounds, even though previous irradiation caused a
slight increase in TGF-�1 staining in the wound bed in
both genotypes, compared to wounds in contralateral
unirradiated skin (Figure 4, B and D). To see whether this
effect might also hold for other genes responsive to
TGF-� and implicated in wound healing, we examined
the expression of CTGF, a target of TGF-� in fibroblasts
suggested to mediate its effects on collagen deposi-
tion.30 CTGF staining was also stronger in the WT wound
bed (Figure 4, E and G) as compared to the KO (Figure
4, F and H), but, like TGF-�, was increased in irradiated
wounds of both genotypes (Figure 4; E to H).

Dermal Fibroblasts Derived from KO and WT
Mice Show Different Responses to Irradiation
and TGF-�

To address mechanisms underlying the enhanced ex-
pression of TGF-�1 and CTGF in irradiated wounds, we
assessed induction of their mRNAs in primary fibroblasts
treated with TGF-�1, irradiated with 5 Gy, or both with
TGF-�1 added 24 hours after irradiation (Figure 5, A and
B). Irradiation of the cells did not itself induce expression
of TGF-�1, and had little effect on autoinduction of TGF-
�1, independent of the genotype. The fold-induction by
TGF-� was reduced in KO compared to WT cells, similar
to the reduced autoinduction seen previously in KO mac-
rophages10 and mouse embryo fibroblasts.29 In contrast,

Figure 3. The number of neutrophils and myofibroblasts is significantly
reduced in wounds of irradiated KO mice compared to WT. Sections from
wounds in irradiated flank skin of WT (A, C) and KO (B, D) were stained
with rat anti-mouse neutrophil antibody (A, B) or anti-�-SMA to identify
myofibroblasts (C, D). Peroxidase, with Carazzi hematoxylin counterstain. E:
Dermal fibroblasts prepared from WT or KO neonatal mice were treated with
TGF-�1 (5 ng/ml) for 4 days. Cell lysates were subjected to Western blotting
using anti-SMA or antibody that recognizes all actin isoforms as described in
Materials and Methods. F: Smad3 WT fibroblasts (gray bars) migrate in
response to TGF-�, whereas KO fibroblasts (black bars) do not. Results are
representative of four experiments in which 3.2 to 3.8 times more WT
fibroblasts migrated in response to TGF-� than to vehicle, whereas KO
fibroblasts did not migrate in response to TGF-�, but did migrate toward 10%
serum. n � 4 to 6 wells/treatment. *, P � 0.0002 versus WT, vehicle treated.
�, P � 0.00007 versus KO, vehicle treated. Original magnifications, �400
(A–D).
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although TGF-� enhanced expression of CTGF mRNA in
both WT and KO fibroblasts, previous irradiation dose-
dependently enhanced the induction of CTGF by TGF-�
up to a maximum of threefold by 20 Gy in WT cells, with
little effect on the response of the KO cells to TGF-�
(Figure 5; A, C, and D). Western blotting of cells irradi-
ated with 5 Gy confirmed the mRNA results (Figure 5E).

Loss of Smad3 Reduces Scarring

Scarring is related not only to the quantity of collagen
produced, but to its quality as assessed by its organiza-
tion and state of aggregation, which is a reflection of
changes in dermal architecture and the presence of cells
such as myofibroblasts.22,31 Staining of histological sec-

Figure 4. Levels of immunohistochemical staining for TGF-� and CTGF are higher in the granulation tissue of irradiated WT compared to KO wounds 3 days after
wounding. Wound cross-sections from nonirradiated (A, E) and irradiated (C, G) WT and KO (B and F, D and H, respectively) mice were stained with antibodies
against extracellular TGF-�1 (A–D) or CTGF (E–H) as described. A–D are �200 magnification photographs taken immediately beneath the epithelium. The arrow
marks the edge of the migrating epithelium and S marks the position of the scab. Peroxidase with Carazzi hematoxylin counterstain. E–H are �400 magnification
photographs taken deeper in the dermis at the edge of the wound bed. Red alkaline phosphatase.
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tions with Picrosirius red and evaluation under polarized
light provides a measure of the organizational pattern of
collagen fibrils as well as their thickness.31,32 Normal
dermal architecture, similar in skin of WT and KO mice, is
characterized by thin, weakly birefringent yellow-green-
ish fibers in a basketweave pattern (Figure 6, A and B, left
of arrow). In contrast, 10 weeks after 30 Gy of irradiation,
the dermis of unwounded WT (Figure 6C), but not KO skin
(Figure 6D), was characterized by the prominent appear-
ance of thicker collagen fibers with a orange-red birefrin-
gence suggestive of a scarring fibrosis. The scar index of
unwounded WT irradiated skin was eightfold higher than
KO (12.9 versus 1.6)—evidence that intrinsic differences
in response to irradiation might contribute to the different
wound phenotypes observed. Surprisingly, the scar in-
dex in the wound bed 5 weeks after wounding is similar in
the WT and KO, irradiated and nonirradiated mice and
not different from that of nonwounded skin (Figure 6),
however the collagen architecture appears as a more
parallel pattern in the irradiated WT skin (Figure 6C, inset)
compared to the basketweave pattern in the other
wounds (Figure 6; A, B, and D, insets).

Discussion

Although both Smad2 and Smad3 are phosphorylated
directly by the TGF-� and activin type I receptors (ALK5
and ALK4, respectively), the selective DNA binding of
Smad3, and not Smad2 likely underlies their distinct cel-
lular targets and different requirements in embryogene-
sis.29,33 TGF-�-dependent synthesis of collagens 1, 3, 6,
and 7 and tissue-inhibitor of metalloproteinases-1 are
Smad3-dependent,34 as well as the more complex pro-
cesses of TGF-�-dependent chemotaxis and inhibition of
epithelial migration,10 implicating this pathway in both
wound healing and fibrosis. Other signaling pathways
including phosphoinositol-3 kinase and the mitogen-ac-
tivated protein kinases also mediate effects of TGF-� and
activin on cells.35 Based on the multiplicity of pathways
involved, it is remarkable that elimination of only one
specific signaling arm dependent on Smad3 can have
such profound effects.

Because activin also signals through Smad3, some of
the responses in the KO mouse may be because of
altered activin signaling. Expression of endogenous ac-
tivin is strongly up-regulated in skin after wounding and
its overexpression in skin causes dermal fibrosis and
epidermal hyperthickening.36 Overexpression of the ac-
tivin antagonist, follistatin, in skin delays wound healing,
but reduces scarring,37 suggesting that the reduced fi-
brosis and scarring in skin of irradiated KO mice could
result from blocking Smad3-dependent signaling from
not only TGF-�, but also activin.

Because Smad3 seems necessary for the TGF-�-de-
pendent chemotaxis of neutrophils, macrophages, and
fibroblasts into the wound bed10,23 (Figure 3F), analysis
of the cellularity of the wound bed of KO mice allows one
to deduce whether migration of particular cells is depen-
dent on TGF-� or on other signals. Thus whereas migra-
tion of macrophages into the wound bed in nonirradiated
wounds was clearly Smad3-, and likely TGF-�/activin-
dependent,10,38 this difference is not seen in wounds
made in irradiated skin (Table 1), suggesting that irradi-
ation produces signals other than TGF-� that are capable
of recruiting macrophages. For neutrophils, the absolute
number but not the fold-increase in the wound bed com-
pared to surrounding unwounded skin is dependent on
the Smad3 genotype. In contrast, the recruitment of fibro-
blasts into wounds in irradiated skin is strongly depen-
dent on Smad3/TGF-�/activin and likely contributes to the
wound phenotype in KO mice, and to the reduced num-
bers of myofibroblasts in the wound bed. Resultant re-
duced levels of TGF-� in the skin and wounds of KO mice
also likely contribute indirectly to the reduced numbers of
inflammatory cells.10,11

Many of the effects of TGF-� on fibrosis are attributed
to the profibrotic peptide, CTGF, a cysteine-rich mito-
genic peptide belonging to the recently described CCN
gene family of immediate early response genes.30,39 Al-
though Smad3 has been implicated in induction of CTGF
expression by TGF-� in fibroblasts, other pathways in-
cluding ras/MEK/ERK and protein kinase C also contrib-
ute and may, in certain instances operate independently
of the Smad-binding site, as in the elevated expression of

Figure 5. Irradiation augments the effects of TGF-� on autoinduction and
induction of CTGF. Dermal fibroblasts prepared from WT or KO neonatal
mice were subjected to 5 Gy of �-irradiation (Irrad) followed 24 hours later
by treatment with TGF-�1 as described in Materials and Methods. A: North-
ern blotting of RNA isolated from these cells using the indicated probe;
bottom panel shows ethidium bromide staining of the gel. B and C: Fold-
change in TGF-� or CTGF mRNA levels. For each genotype the level of
hybridization of the nonirradiated, untreated cells was set to 1 and hybrid-
ization levels (normalized to correct for loading differences) were compared
to these levels. No irradiation, gray bars; with irradiation, black bars. D: WT
(gray bars) or KO (black bars) dermal fibroblasts were irradiated at the
indicated doses followed 24 hours later by treatment with TGF-�. Northern
blotting was performed on RNA prepared from these cells using a CTGF
probe and data normalized to the nonirradiated sample for each genotype. E:
Western blotting of lysates from dermal fibroblasts treated as indicated and
probed with anti-CTGF or anti-actin.
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Figure 6. Picrosirius-red staining shows similar matrix production in the wound bed of WT and KO mice 5 weeks after wounding, but a reduced scarring phenotype
in the dermis at the wound edge of KO mice after irradiation. Skin sections from wounded, nonirradiated (A) and irradiated (C) WT and KO (B and D, respectively)
mice were stained with Picrosirius red and photographed under polarized light. The arrow marks the edge of the wound. Inset is a higher magnification of the
granulation tissue. Scar index as described in Materials and Methods; three to five wounds analyzed per treatment with two edge measurements, one on either side of
the wound bed. *, P � 0.03 versus wound bed of WT Rad, edge of WT Non, and edge of KO Rad. Original magnifications: �200 (A–D); �400 (inset).
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CTGF in scleroderma.40,41 The strong activation of PKC
isoforms and MEK/ERK by ionizing radiation42 suggests
that this could contribute to observed dose-dependent
sensitization of CTGF induction by TGF-� in irradiated WT
but not KO fibroblasts (Figure 4). The markedly reduced
levels of TGF-�1 in injured or irradiated KO skin,10 likely
also contribute to the reduced levels of CTGF in KO
wounds and indirectly to the reduced scarring and ac-
cumulation of collagen.

The increasing use of ionizing radiation for treatment of
malignancy and its resultant unwanted acute and chronic
effects on skin, makes study of wound healing in irradi-
ated skin an important clinical problem. Surgery on pre-
viously irradiated skin poses problems based on the
degree of radiation dermatitis, damage to the microvas-
culature, and possible complications of fibrosis, each of
which is dependent, in part, on the radiation dosage and
the timing of surgery after irradiation.12,13 The desirable
outcome of more rapid wound closure, reduced inflam-
mation, and the potential for reduced scarring in irradi-
ated skin of KO mice suggest that development of small
molecule inhibitors of Smad3 may prove beneficial not
only in protection from radiation injury, but also in the
healing of surgical wounds in previously irradiated tis-
sues. Importantly, wound width and extent of epithelial-
ization appear to have a threshold requirement for Smad3
such that values for HT mice are not significantly different
from KO (Figure 2, A and C), suggesting that even partial
reduction of Smad3 levels might have a favorable clinical
effect on certain wound parameters.
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