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Fetal rat skin transitions from scarless fetal-type re-
pair to adult-type repair with scar between day 16
(E16) and day 18 (E18) of gestation (term � 21.5
days). Deficient transforming growth factor (TGF)-�1
and -�2 injury response has been proposed as a
mechanism for scarless fetal-type repair. However,
previous fetal studies have inconsistently reported
the degree of TGF-� induction after injury. To mini-
mize developmental variables in fetal versus adult
TGF-� regulation, we narrowed our study to wounded
fetal animals. We hypothesize that TGF-� ligand and
receptor expression will be differentially regulated
during the transition from early gestation (E16)
wounds manifesting scarless fetal-type repair to late
gestation (E19) wounds manifesting adult-type repair
with scar. In this study, decreased and rapidly cleared
TGF-�1 and -�2 expression accompanied by increased
and prolonged TGF-�3 levels in wounded E16 animals
correlated with organized collagen deposition. In
contrast, increased and prolonged TGF-�1 and -�2
expression accompanied by decreased and delayed
TGF-�3 expression in wounded E19 animals corre-
lated with disorganized collagen architecture. Simi-
larly, expression of TGF-� receptors type I and II
were also increased or prolonged in E19 animals. Our
results implicate increased TGF-�1, -�2, and de-
creased TGF-�3 expression, as well as increased type
I and II receptor expression in late gestation fetal scar
formation. (Am J Pathol 2003, 163:2459–2476)

Fetal rat skin transitions from scarless fetal-type repair to
adult-type repair with scar between day 16 (E16) and day
18 (E18) of gestation (term � 21.5 days).1 The transform-
ing growth factor-� (TGF-�) family of molecules has been
implicated in this ontogenetic transition. TGF-�s are mul-
tifunctional cytokines with widespread effects on cell
growth and differentiation, embryogenesis, immune reg-
ulation, inflammation, and wound healing.2 In terms of
repair, TGF-�1 and TGF-�2 are known to promote scar,
while TGF-�3 may reduce scar.3,4 Exogenously added
TGF-�1 is able to amplify its own expression and to
induce scar in a normally scarless human model of fetal
skin repair.3 In addition, scar formation in adult wounds
may be reduced by the early application of neutralizing
antibodies specific for TGF-�1 and TGF-�2, or the exog-
enous addition of TGF-�3.4,5

Deficient TGF-�1 and -�2 injury response has been
proposed as a mechanism for scarless fetal-type repair.
However, previous fetal studies have inconsistently re-
ported the degree of TGF-� induction after injury. For
instance, many studies found no TGF-� mRNA or protein
induction in early gestation fetal mouse,6 rabbit,7 and
human3,8 wound models. In contrast, Martin et al9 have
demonstrated rapid TGF-�1 mRNA induction within 1 to 3
hours after wounding and rapid protein clearance to near
background levels by 18 hours in a mouse model of
embryonic limb repair. Moreover, research to date has
primarily focused on differences between fetal and adult
wounds and does not account for developmental
changes in TGF-� expression.10 To decrease the devel-
opmental variables in fetal versus adult TGF-� regulation,
we narrowed our study to wounded fetal animals. We
hypothesized that TGF-� ligand and receptor expression
will be differentially regulated during the transition from
scarless fetal-type repair to adult-type repair with scar in
early and late gestation animals. In this study, we ana-

Supported by the Wunderman Family Foundation, American Association
of Orthodontists Foundation, Oral and Maxillofacial Surgery Foundation
Grant, NIH/NIDCR DE10598, CRC/NIH RR00865, and NIDCR
K23DE00422 and Smile Train Cleft Research Initiative and Plastic Surgery
Education Foundation.

P. L. and K. T. are co-senior authors.

Accepted for publication September 4, 2003.

Address reprint requests to Kang Ting, D.M.D., D.M.Sc., UCLA School
of Dentistry, Room 30–113 CHS, 10833 Le Conte Avenue, Los Angeles,
CA 90095. E-mail: kting@ucla.edu.

American Journal of Pathology, Vol. 163, No. 6, December 2003

Copyright © American Society for Investigative Pathology

2459



lyzed the expression of TGF-�1, -�2, and -�3 and type I,
II, and III receptors (TGF-�RI, -�RII, and -�RIII, respec-
tively) during cutaneous fetal repair by immunohisto-
chemistry and reduced cycle-specific primer polymerase
chain reaction (PCR). We showed that early (E16) and
late (E19) gestation fetal rats exhibited markedly different
patterns of TGF-� ligand and receptor expression. In
addition, we demonstrated distinct differences between
the collagen architecture of early and late gestation fetal
wounds. Our result suggest that the ontogenetic transi-
tion from scarless fetal-type repair to adult-type repair
with scar correlate with distinct patterns of TGF-� ligand
and receptor expression and collagen deposition.

Materials and Methods

Animal Surgical Procedure

Female Sprague Dawley rats (�300 grams) were mated
with corresponding males. Detection of a vaginal plug as
evidence of pregnancy was considered day 0.5 of ges-
tation (term � 21.5 days). For creation of the fetal
wounds, pregnant rats were anesthetized on days 16 and
19 of gestation. E19 fetal rats were chosen to avoid
potential overlaps with the E16 to E18 transition period.
Anesthesia consisted of 1% ketamine at a dose of 10 to
20 mg/kg and 0.1% xylazine at a dose of 0.3 mg/kg. The
pregnant animals were shaved and a midline laparotomy
performed. Each uterine segment was externalized and a
7–0 nylon purse-string suture was placed through all
layers of the uterine wall on the non-placental surface.
The myometrium and amniotic sac was then incised
within the purse-string using microsurgical scissors. Sub-
sequently, a 2-mm excisional wound was made on the
dorsum of the fetuses by grasping the skin with micro-
surgical forceps and excising the skin with scissors. Blue
or green vital stain was applied to the excisional sites for
later wound identification. Warm sterile normal saline was
then applied through the hysterotomy and the purse-
string closed (Figure 1). The maternal fascia and skin was
then closed in two layers using 2–0 synthetic absorbable
sutures. All animal protocols were performed under
guidelines approved by the Animal Research Committee
at UCLA (protocol number 99–055-02).

Preparation of Fetal Tissue

For histology, E16 and E19 fetal wounds were harvested
at 12, 24, 36, 48, and 72 hours postoperatively. Non-
wounded skin from each of the wound harvest time points
were used as controls (eg, E17 control skin for E16 �
24-hour wounds). A total of four animals from two sepa-
rate pregnancies were used for each time point. All tissue
specimens were fixed in 4% paraformaldehyde, dehy-
drated through graded ethanol, embedded in paraffin,
and cut into 5-�m sections for hematoxylin and eosin
(H&E) staining and immunohistochemistry, or into 7-�m
sections for confocal microscopy.

For RNA analysis, E16 and E19 fetal wounds were
harvested at 24 and 72 hours after injury. Non-wounded
skin from each of the wound harvest time points were
used as controls (eg, E19 control skin for E16 � 72-hour
wounds). A total of 20 wounds were used for each time
point. The isolated tissue was immediately frozen in liquid
nitrogen and stored at �70°C until RNA extraction.

Confocal Laser Scanning Microscopy (CLSM)

For analysis of collagen architecture, sections from E16-
and E19-wounded animals at 12, 36, 48, and 72 hours
after injury were stained by the modified picrosirius red
(PSR) techniques described by Dolber and Spach.11

Briefly, sections of healing and completely healed
wounds were deparaffinized in xylene and rehydrated
with 100%, 95%, 70% ethanol, and distilled water. After a
1-minute treatment in 0.2% aqueous phosphomolybdic
acid (PMA) to render the cytoplasm colorless, sections
were stained in a 0.1% solution of sirius red F3BA (CT No.
35780; Pfaltz and Bauer, Stamford, CT) in saturated
aqueous picric acid for 90 to 120 minutes. Sections were
then washed in 0.01 N HCl for 2 minutes, dehydrated,
cleaned, and mounted. All sections were examined on a
Carl Zeiss LSM 310 Laser Scanning Confocal micro-
scope which was equipped with two lasers, an external
argon ion blue laser (488/514 nm) for excitation of green
fluorophores and a helium-neon green laser (543 nm) for
excitation of red fluorophores. The wound sites were first
identified with a �40 Plan-Neofluar multi-immersions objec-
tive (numerical aperture 0.75) by conventional light. The
system was then switched to the frame mode and confocal
pictures were generated with the 543-nm line of the helium-
neon laser (attenuation � 1) with a Plan-Neofluar 63x/1.25
NA oil-immersion objective for the fluorescent imaging. The
emission light beam was recorded by a photomultiplier after
passing a pinhole aperture and emission filter. The depth of
the optical section (confocal z resolution) was kept constant
by holding the size of the aperture pinhole constant in the
emission pathway. The scanning time setting for image
collection was 8 seconds with average set to reduce photon
noise. The bandwidth filter was set as 1 to clean up the
images. Sections were scanned and collected with 0.5-�m
increments to the entire section thickness of 7 �m. Data of
frame-mode images were recorded and stored for 512 �
512 pixel images.

Total collagen density per healed wound site was cal-
culated using Image Pro Plus by dividing total collagen

Figure 1. Operative procedures. A: A small part of the anti-mesenteric
surface of the uterus is incised and a purse-string suture is placed around the
incision. B and C: A full-thickness wound is created on each embryo by
excising a 2-mm disk of tissue. Blue or green vital stain is applied immedi-
ately after wounding for later wound identification.
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surface area by total wound surface area (Media Cyber-
netics, Silver Spring, MD) for both E16 (n � 10) and E19
(n � 8) wounds at 72 hours after injury. For comparison,
total collagen density in non-injured skin from age-mated
controls [eg, E19 (E16 � 72 hours) and neonatal day 1
(E19 � 72 hours) animals] was also determined. Means
and standard deviations (SD) were calculated and un-
paired two-tailed Student’s t-test was performed to detect
statistically significant differences in total collagen den-
sity. A P value of �0.05 was considered significant.

Immunohistochemistry

To determine TGF-� isoform expression, E16 and E19
animal wound sections were immunostained at 12, 24,
36, 48, and 72 hours after injury. After deparaffinization
and rehydration of the tissue sections, endogenous per-
oxidase activity was quenched with 1% hydrogen perox-
ide (H2O2) for 30 minutes then 2% H2O2 for 15 minutes
followed by rinses in phosphate-buffered saline (PBS),
pH � 7.4. Sections were blocked with normal goat serum
(initial concentration: 20 �g/�l; 1:50 dilution in PBS for
final concentration: 0.4 �g/�l; Vector Laboratories, Bur-
lingame, CA) overnight at 4°C in a humidified chamber to
reduce background staining. The primary antibodies
used for indirect immunostaining were obtained from
Santa Cruz Biotechnologies (Santa Cruz, CA) and are
detailed in Table 1. Initial concentration of all primary
antibodies was 200 �g/ml and diluted 1:100 in PBS to a
final concentration of 0.002 �g/�l. The only exception
was TGF-�3 which was diluted 1:75 for a final concen-
tration of 0.0027 �g/�l as no discernable staining was
observed at 1:100 dilution. The tissue sections were in-
cubated with primary antibodies for 1 hour at room tem-
perature, followed by three rinses in PBS. Secondary
antibodies consisting of biotinylated goat anti-rabbit IgG
or biotinylated rabbit anti-goat IgG (for TGF-�RIII only)
(1:50 dilution with PBS; Vector Laboratories, Burlingame,
CA) were added for 1 hour at room temperature. After
washing, the sections were further incubated with VEC-
TASTAIN ABC reagent (1:50 dilution with PBS, avidin
biotin immunoperoxidase labeling (ABC) kit, Vector Lab-
oratories) for 30 minutes. Sections were developed with
diaminobenzidine tetrahydrochloride (DAB) for 5 min-

utes, washed with distilled water, counter-stained with
hematoxylin, and cover-slipped. Negative control sec-
tions were reacted with pre-immune rabbit serum or goat
serum (for TGF-�RIII only) at 10-fold higher concentra-
tions than the primary test antibodies (Vector Laborato-
ries; initial concentration: 20 �g/�l; final concentration:
0.02 �g/�l after 1:1000 dilution). The intensity of immu-
nostaining was semi-quantitatively analyzed by two
blinded reviewers using the following criteria: �5% � no
staining (“�”), 5 to �25% � minimal staining (“�”), 25 to
50% � moderate staining (“��”), �50% � strong stain-
ing (“���”).

To further confirm the reliability of our observations,
computerized immunolocalization intensity analyses was
conducted on TGF-�1, -�2, and -�3-stained wound and
control sections. Digital images (�200) of the dermal
wound sites were taken under the same exposure con-
ditions using a Zeiss Digital Microscope (Germany). The
degree of positive immunostaining in dermal wound and
control sections was calculated using an automatic im-
age analyzer (KS300; Zeiss, Germany) as previously de-
scribed.12 Five sections were used for each experimental
group. The results were graphically depicted as the
mean � the SD. Mean percent staining was compared
using one way analysis of variance (ANOVA) methods on
the wound minus control paired differences. Statistical
significance was computed using the Tukey-Fisher LSD
criterion based on the post-hoc t statistics. A P value of
�0.05 was considered significant.

Reverse Transcriptase-Polymerase Chain
Reaction

RNA isolation, reverse transcriptase-polymerase chain
reaction (RT-PCR), and Southern blotting were performed
as previously described.13 At least two or more RT reac-
tions from which at least four separate sets of cycle
optimized PCR reactions were performed for each PCR
primer set. Primer sequences, PCR reaction tempera-
tures, and PCR cycle number were as previously de-
scribed.13

To compare general trends in mRNA expression for
TGF-� ligands and receptors, membranes were analyzed

Table 1. Description of Primary Antibodies Used for Indirect Immunostaining

Antibody
Initial

concentration Origin Epitope recognition
Final concentration

(dilution in PBS)

TGF-�1 200 �g/ml Rabbit polyclonal IgG Extreme carboxy terminus of TGF-�1
(region of mature peptide)

0.002 �g/�l (1:100)

TGF-�2 200 �g/ml Rabbit polyclonal IgG Extreme carboxy terminus of TGF-�2
(region of mature peptide)

0.002 �g/�l (1:100)

TGF-�3 200 �g/ml Rabbit polyclonal IgG Extreme carboxy terminus of TGF-�3
(region of mature peptide)

0.0027 �g/�l (1:75)

TGF-� RI (R-20) 200 �g/ml Rabbit polyclonal IgG Carboxy terminus of TGF-� RI
(region of mature peptide)

0.002 �g/�l (1:100)

TGF-� RII (L-21) 200 �g/ml Rabbit polyclonal IgG Amino terminus of TGF-� RII
(region of signal and mature peptide)

0.002 �g/�l (1:100)

TGF-� RII (H-567) 200 �g/ml Rabbit polyclonal IgG Full length TGF-� RII (entire peptide) 0.002 �g/�l (1:100)
TGF-� RIII (C-20) 200 �g/ml Goat polyclonal IgG Carboxy terminus of TGF-� RIII

(region of mature peptide)
0.002 �g/�l (1:100)
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by phosphorimagery. Densitometry values for each
TGF-� ligand or receptor were corrected to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) expression
at each time point and normalized by setting the highest
value to one and graphically depicted as the mean � the
SD. Unpaired two-tailed Student’s t-test was performed to
detect statistically significant differences in gene expres-
sion between wounded E16 and E19 animals and their
non-wounded, age-matched controls. A P value of �0.05
was considered significant.

Results

Hematoxylin and Eosin Histology and Confocal
Microscopy

E16 Fetal Wounds

H&E staining showed minimal inflammatory infiltrates
in E16 fetuses 12 hours after wounding with some visible
hemorrhage at the wound margin. Lymphocytes com-
prised the majority of the inflammatory cells present,
followed by a few monocytes, neutrophils, and platelets
(data not shown). At 24 hours after injury, there was
minimally increased inflammation relative to the 12-hour

wounds although increased neutrophil numbers were
noted at the wound periphery (Figure 2, A and C). Pe-
ripheral wound re-epithelialization was evident at 24
hours after injury with complete re-epithelialization by 72
hours (Figure 2, A, B, D, and E). By 36 hours, neutrophil
numbers declined dramatically while lymphocyte num-
bers decreased moderately (data not shown). Negligible
inflammation was observed at 48 hours (data not shown)
and none by 72 hours post-wounding (Figure 2, D and E).
Dermal cell numbers did not change significantly
throughout. Hair follicle regeneration was apparent be-
ginning at 48 hours. The wound was completely re-epi-
thelialized by 72 hours and identified through the pres-
ence of blue vital stain (Figure 2, D and E). Except for a
minimal degree of epithelial hypertrophy, the healed
wound was indistinguishable from non-wounded skin
with complete restoration of normal skin architecture and
hair follicles. Overall, E16 fetal wounds exhibited minimal
inflammation and dermal cellularity at all time points as-
sayed.

Confocal microscopy revealed initial collagen fibril ac-
cumulation at the wound borders that reached the wound
center by 48 hours after injury (Figure 2Fa). After 72
hours, the collagen deposition pattern in completely re-
paired E16 wounds was comparable to normal, un-
wounded skin (Figure 2, Fb and Fc). Both wounded and
unwounded (control) dermis manifested similar-sized
collagen bundles woven into a reticular, network-like pat-
tern (Figure 2, Fb and Fc). Fine, reticulating, and branch-
ing fibrils were found in the papillary dermis forming a
subepidermal network (Figure 2Fb). Digital imaging anal-
ysis verified that 72 hour post-injury E16 wounds and
non-injured E19 (E16 � 72 hours) skin did not display
significantly different collagen densities (P �0.05) (Fig-
ure 2G).

E19 Fetal Wounds

In contrast to E16 wounds, H&E histology of E19 fe-
tuses showed moderately increased (25 to 50%) inflam-
matory infiltrate at the wound edge and wound bed as
early as 12 hours post-injury (data not shown). In addi-
tion, the preponderance of inflammatory cells were
monocytes, with a few neutrophils, rather than lympho-
cytes (data not shown). Platelet numbers did not appear
to be significantly increased relative to E16 wounds. By
24 hours post-injury, E19 wounds demonstrated strongly
increased (�50%) inflammatory infiltrate that was primar-
ily monocytic in origin as well as increased vascularity
(Figure 3, A and C). Similar to E16 wounds re-epithelial-
ization was also noted beginning at 24 hours (Figure 3, A
and B). Increased dermal cells were observed initially at
24 hours post-injury and became more prominent at 36
hours (data not shown). Starting at 36 hours, inflamma-
tory cell numbers decreased (data not shown) and had
entirely disappeared by 72 hours (Figure 3, D and E). E19
fetal wounds also re-epithelialized completely at 72 hours
after injury. However, there was increased cellularity,
neovascularity, and epithelial hypertrophy in the repaired
wound along with disorganized collagen architecture and
absent hair follicle regeneration (Figure 3, D and E).

Figure 2. H&E stain of wounded E16 rat skin. A: 24 hours post-injury;
magnification, �100. There is minimal inflammatory infiltrate. B: 24 hours
post-injury; magnification, �400. The presence of blue vital dye in hair
follicles near the migrating epithelial edge suggests concurrent hair follicle
regeneration with wound re-epithelialization (black open arrow). C: 24
hours post-injury; magnification, �400. Neutrophils (black solid arrows)
and lymphocytes (black open arrow) are the predominant cells of the
wound periphery and the center of the wound, respectively. D: 72 hours
post-injury; magnification, �100. The wound is entirely healed with com-
plete regeneration of the normal skin architecture. Normal distribution of hair
follicles (black open arrows) are observed in the dermis. E: 72 hours
post-injury; magnification, �400. At higher magnification, the previous
wound site, as indicated by the presence of blue vital stain in the dermis
(black open arrows) is indistinguishable from the non-wounded skin. F:
Confocal microscopic view of wounded E16 rat skin and control. (Fa through
Fc). Fa: 48 hours post-injury; magnification, �630. Note the organized
appearance of the collagen fibers with a reticular lattice structure. Fb: 72
hours post-injury; magnification, �630. The wound site is completely re-
epithelialized with complete restoration of normal skin collagen architecture
and hair follicle regeneration. Fc: Non-wounded E19 skin [ie, E16 � 72
hours]; magnification, �630. No difference is observed between E16 skin, 72
hours post-wounding, and non-wounded E19 skin. e, epidermis; h, hair
follicle; d, dermis. Bars: A and D, 200 �m; B, C, and E, 50 �m; Fa–Fc, 32 �m.
G: There is no significant difference in total collagen density between E16
fetuses 72 hours post-injury and non-wounded E19 (E16 � 72 hours) fetuses
(P �0.05).
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Overall, E19 wounds exhibited increased and prolonged
inflammation as well as increased dermal cellularity at all
of the time points assayed.

Confocal microscopy on 12-hour, E19 wounds also
revealed initial peripheral wound collagen deposition
(data not shown). By 48 hours, however, it was evident
that the collagen architecture in E19 wounds exhibited
larger interfibril distances than E16 wounds (Figure 3Fa).
In addition, a thin, dense aggregate of collagen fibrils
was apparent under the newly forming epidermal layer
(Figure 3Fa). After 72 hours, the previous large, interfibril
spaces were filled with a disorganized collection of
dense, heterogeneous collagen fibrils in the completely
healed wound (Figure 3Fb). Digital imaging analysis ver-
ified that there was significantly increased collagen den-
sity in E19 wounds 72 hours after injury relative to non-
wounded neonatal day 1 skin (E19 � 72 hours) (P �
0.00043) (Figure 3G).

Immunohistochemistry and RT-PCR

TGF-�1

The specific intensities for TGF-�1 staining in the epi-
dermis, dermis, and hair follicles are listed in Table 2.
Both E16 and E19-wounded fetuses exhibited increased
epidermal TGF-�1 staining beginning 12 hours after in-

jury (Table 2). Epidermal TGF-�1 levels then peaked at
24 hours and returned to baseline levels by 36 hours in
E16 animals (Figure 4, A to D; Table 2), while TGF-�1
expression remained elevated to varying degrees in E19
animals until at least 72 hours (Figure 4, E to H; Table 2).
In E16-wounded fetuses TGF-�1 expression was up-reg-
ulated at 24 hours in the ECM and at 12 hours in dermal
cells, but rapidly returned to minimal baseline levels by
36 hours post-injury (Figure 4, A to D; Table 2). In con-
trast, E19-wounded fetuses showed elevated ECM and
dermal TGF-�1 expression beginning 24 hours after in-
jury that continued until 36 to 48 hours after injury, re-
spectively (Figure 4, E to H; Table 2). Interestingly, al-
though E16-wounded fetuses contained far less
inflammatory cells than E19-wounded fetuses, the inten-
sity of TGF-�1 staining within inflammatory cells was
greater at 24 hours in injured E16 animals than E19
animals (Figure 4C; Table 2). Regenerated hair follicles in
E16 animals did not demonstrate increased TGF-�1 ex-
pression (Table 2). Computerized quantitation of dermal
TGF-�1 immunostaining in E16- and E19-wounded fe-
tuses generally correlated with visual quantitation (Figure
4I, a and b). Dermal TGF-�1 was significantly elevated in
both E16 and E19 animals at 24 hours after injury (P �
0.0000 and 0.0000, respectively). By 36 hours however,
dermal TGF-�1 levels were indistinguishable from base-
line in E16 wounds while E19 wounds had persistently
elevated TGF-�1 (P � 0.0002). RT-PCR analysis revealed
significantly increased steady-state TGF-�1 mRNA levels
in wounded E19 relative to E16 animals at 24 hours
(1.67-fold; P � 0.0353) and 72 hours (2.68-fold; P �
0.0006) after injury (Figure 4Ic). When compared to non-
wounded, gestation-matched controls, both E16 and E19
wounds demonstrated increased TGF-�1 expression at
24 hours after injury (P � 0.0346 and 0.0116, respec-
tively) that returned to near baseline levels by 72 hours in
E16 animals and slightly lower than baseline levels in E19
animals (P � 0.0338) (Figure 4Ic).

TGF-�2

The specific intensities for TGF-�2 staining in the epi-
dermis, dermis, and hair follicles are listed in Table 2.
Epidermal TGF-�2 expression increased in both E16 and
E19 fetuses 24 hours after injury (Figure 5, A, B, E, and F;
Table 2). However, by 36 hours epidermal TGF-�2 levels
declined markedly in E16-injured animals, while reaching
maximal levels in E19-injured animals (Table 2). For ECM
TGF-�2 expression, up-regulation was present only at 24
hours in E19-wounded fetuses and not at all in E16-
wounded fetuses (Figure 5, A, C, E, and G; Table 2).
Moreover, dermal cell TGF-�2 expression was more sig-
nificantly increased in E19 relative to E16-wounded ani-
mals at 24 hours after injury (Figure 5, A, C, E, and G;
Table 2). The intensity of TGF-�2 staining within inflam-
matory cells was similar for both E16- and E19-wounded
fetuses, although increased TGF-�2 expression per-
sisted until at least 72 hours in E19-wounded animals
(Table 2). Like TGF-�1, TGF-�2 expression was not in-
creased in regenerated hair follicles from E16-wounded
fetuses (Table 2). Computerized quantitation of dermal

Figure 3. H&E stain of wounded E19 rat skin. A: 24 hours post-injury;
magnification, �100. There is moderate inflammatory infiltrate and increased
red blood cells. B: 24 hours post-injury; magnification, �400. Re-epithelial-
ization is also noted at 24 hours after injury (black open arrow). C: 24 hours
post-injury; magnification, �400. Monocytes (black open arrows) com-
prises most of the inflammatory cells. D: 72 hours post-injury; magnification,
�100. The wound is completely re-epithelialized with increased cellularity
and neovascularity. Hair follicles (black open arrows) are not observed in
the repaired wound site (far left) compared with unwounded site (far
right). E: 72 hours post-injury; magnification, �400. At higher magnification,
blue vital dye (black open arrows) within the repaired wound is visible. F:
Confocal microscopic view of wounded E19 rat skin and control. (Fa through
Fc). Fa: 48 hours post-injury; magnification, �630. Large spaces among
newly formed collagen fibers within the dermis are noticeable. A thin layer
of dense collagen fibers is seen as basement membrane (white open
arrows). Fb: 72 hours post-injury, magnification, �630. Disorganized col-
lagen deposition pattern with heterogeneously sized collagen fibers is ap-
parent in the healed dermal scar tissue. Note the absence of hair follicle
regeneration. Fc: Non-wounded neonatal day 1 (N1) skin [ie, E19 � 72
hours, E21 � term]; magnification, �630. Non-wounded N1 skin exhibited an
organized collagen deposition pattern that is significantly different from E19
skin, 72 hours post-wounding. e, epidermis; h, hair follicle; d, dermis. Bars:
A and D, 200 �m; B, C, and E, 50 �m; Fa–Fc, 32 �m. G: There is significantly
increased total collagen density in wounded E19 fetuses 72 hours post-injury
relative to non-wounded N1 controls (P � 0.00043).
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TGF-�2 immunostaining in E16 and E19-wounded fe-
tuses generally correlated with visual quantitation (Figure
5I, a and b). E16 animals did not demonstrate significant
dermal TGF-�2 staining at any of the time points studied,
while dermal TGF-�2 staining was significantly elevated
in E19 animals at 24 hours after injury (P � 0.0000).
Interestingly, RT-PCR analysis revealed significantly in-
creased TGF-�2 mRNA levels in E16 relative to E19
wounds at 24 hours (2.11-fold; P � 0.0000) and 72 hours
(2.52-fold; P � 0.0000) after injury (Figure 5Ic). TGF-�2
expression was also increased 24 hours after injury in
E16 animals relative to controls (P � 0.0002), while
TGF-�2 expression did not change significantly in E19
animals at 24 hours post-wounding (Figure 5Ic). By 72
hours, TGF-�2 levels in E16 wounds were not significantly
different from controls, while E19 wounds actually dem-
onstrated lower than control levels of TGF-�2 expression
(P � 0.0346) (Figure 5Ic).

TGF-�3

The specific intensities for TGF-�3 staining in the epi-
dermis, dermis, and hair follicles are listed in Table 2.
Epidermal TGF-�3 expression was continuously elevated
in E16-wounded animals from 24 to 36 hours after injury,
while E19-wounded animals demonstrated increased
TGF-�3 expression at 12 hours, 36 hours (basal layer
only), 48 hours, and 72 hours (basal layer only) (Figure 6,
A, B, E, and F; Table 2). Increased ECM TGF-�3 signals
were observed in E16-wounded fetuses from 24 to 36
hours post-injury, while ECM TGF-�3 remained un-
changed in E19-wounded fetuses (Figure 6, A, C, D, E, G,
and H; Table 2). Similarly, dermal cell TGF-�3 was up-
regulated in E16-injured animals beginning 12 hours after
injury and maximally up-regulated between 24 to 36
hours after injury (Figure 6, A, C, and D; Table 2). In
marked contrast, E19-injured animals exhibited only tran-

Table 2. Relative Immunostaining Intensity of TGF-� Ligands in Wounded and Non-Wounded Fetal Skin

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-�1

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. �� �� N/A N/A ��� ��� N/A N/A �� ��� N/A N/A � ��� N/A N/A N/A N/A N/A N/A

Outer layer �� �� � � ��� ��� � � �� ��� �� �� � �� � �� � �� � �

Basal layer �� �� � � ��� ��� � � �� ��� ��� �� � �� � � � �� � �

Dermis

ECM � � � � �� �� � � � �� � � � �� � �� � � � �

Fibroblasts �� � � � �� �� � � � �� � � � �� � � � � � �

Inflammatory cells* � �� � � ��� �� � � �� �� � � �� �� � �� � � � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-�2

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. �� � N/A N/A ��� �� N/A N/A �� ��� N/A N/A � �� N/A N/A N/A N/A N/A N/A

Outer layer �� � �� � ��� �� �� � �� ��� � �� � �� � �� �� �� � ��

Basal layer �� � �� � ��� �� � � �� ��� �� �� � �� � �� �� �� �� ��

Dermis

ECM � � � � � �� � � � � � � � �� � �� � � � �

Fibroblasts � � � � � �� � � � � � � � � � � � � � �

Inflammatory cells* � � � � �� �� � � �� �� � � �� �� � � � �� � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-�3

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. � �� N/A N/A �� � N/A N/A �� �� N/A N/A �� ��� N/A N/A N/A N/A N/A N/A

Outer layer � �� � � �� � � � �� �� � �� �� ��� �� � �� � �� �

Basal layer � �� � � �� � � � �� �� � � �� ��� �� � � � �� �

Dermis

ECM � � � � �� � � � �� � � � � �� � �� � � � �

Fibroblasts �� � � � �� � � � �� � � � � �� � � � � � �

Inflammatory cells* � �� � � ��� � � � ��� �� � � � � � � � � � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

W, Wound; C, Control; N/A, not applicable; �, no staining (�5%); �, minimal staining (�25%); ��, moderate staining (25% to 50%); ���, strong staining (�50%). Peak
expression time points for a given tissue component are highlighted for wounded E16 (bold) and E19 (underlined) animals.

*In general, non-wounded control skin and E16-wounded fetuses contained very few inflammatory cells. The chart reflects the intensity of intracellular TGF-� staining and
not the actual number of inflammatory cells present.
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siently increased dermal cell TGF-�3 expression at 48
hours after injury (Table 2). Notably, TGF-�3 was more
strongly expressed in inflammatory cells from E16 rather
than E19 wounds (Figure 6, C and D; Table 2). Regener-
ated hair follicles in E16 animals also did not exhibit
increased TGF-�3 expression (Table 2). Computerized
quantitation of dermal TGF-�3 immunostaining in E16-
and E19-wounded fetuses generally correlated with vi-
sual quantitation (Figure 6I, a and b). TGF-�3 levels were
significantly increased in E16 animals at 36 hours after
injury (P � 0.0001) and not at all in E19 animals. RT-PCR
analysis demonstrated significantly increased TGF-�3
transcripts for E16 wounds at 24 and 72 hours relative to
E19 wounds (1.82-fold; P � 0.0481 and 2.45-fold; 0.0428,
respectively) (Figure 6Ic). In contrast, TGF-�3 expression
did not vary significantly between age-matched controls
and corresponding E16 and E19 wounds at 24 hours
post-injury and in E16 wounds at 72 hours post-injury
(Figure 6Ic). E19 wounds, however, demonstrated signif-
icant down-regulation of TGF-�3 transcripts at 72 hours
after wounding (P � 0.0003) (Figure 6Ic).

TGF-� Type I Receptor

The specific intensities for TGF-� type I receptor (TGF-
�RI) staining in the epidermis, dermis, and hair follicles
are listed in Table 3. In E16-wounded animals, increased
TGF-�RI staining was evident 12 hours after injury in the
epidermis and maximally expressed at 24 hours (Figure
7, A and B; Table 3). E19-wounded animals on the other
hand, exhibited increased epidermal TGF-�RI expres-
sion at 12 and 36 hours, but not at 24 hours after injury
(Figure 7, E, F, and H; Table 3). Neither E16- nor E19-
injured animals exhibited any ECM staining, except for
some minimal staining observed in E19 wounds at 36
hours post-injury (Figure 7, D and H; Table 3). Dermal cell
TGF-�RI expression increased at 24 hours only in E16
animals (Figure 7, A and C) and at 12 and 48 hours in E19
wounds (Table 3). Elevated TGF-�RI expression was
seen from 12 to 36 hours in both E16-and E19-injured
fetal inflammatory cells (Figure 7, C and G; Table 3).
Regenerated hair follicles in E16 animals did not reveal
increased type I receptor expression (Table 3). RT-PCR
analysis revealed a small, but statistically significant, in-
crease in TGF-�RI mRNA at 24 hours after injury in E16
relative to E19 wounds (2.07-fold; P � 0.0272) (Figure 7I).
By 72 hours post-wounding, however, no significant dif-
ference was observed between E16 and E19 wounds for
TGF-�RI expression. Neither E16 nor E19 wounds dis-
played any significant differences from age-matched
controls at 24 hours after injury (Figure 7I). At 72 hours
after injury, E16 animals continued to show no difference
between controls while E19 wounds demonstrated signif-
icantly decreased TGF-�RI transcripts (P � 0.0262) (Fig-
ure 7I).

TGF-� Type II Receptor

The specific intensities for TGF-� type II receptor (TGF-
�RII) staining in the epidermis, dermis, and hair follicles

using antibody (L-21) prepared from peptide human
TGF-�RII sequences are listed in Table 3. Antibody (H-
567) prepared from full-length human TGF-�RII se-
quences demonstrated slightly increased staining inten-
sity (less than 25% overall) on some sections relative to
the L-21 antibody. However, staining intensities for both
control and wound sections increased coordinately; and
absolute differences between control and wound sec-
tions did not change significantly with either L-21 or
H-567 antibody. Epidermal TGF-�RII levels remained un-
changed in E16-wounded animals at all time points as-
sayed (Figure 8, A and B; Table 3). In contrast, epidermal
TGF-�RII expression increased in E19-wounded fetuses
from 24 to 48 hours after injury with peak expression
between 24 to 36 hours (Figure 8, E and F; Table 3).
Elevated TGF-�RII expression was not present in the
dermal cells of wounded E16 animals at any of the time
points examined, although down-regulation was ob-
served at 24 hours post-injury (Figure 8, C and D; Table
3). E19-injured fetuses did not demonstrate any dermal
TGF-�RII up-regulation until 48 hours after injury, but did
exhibit higher basal levels of TGF-�RII than E16-injured
animals at 12 and 36 hours after injury (Figure 8H; Table
3). Inflammatory cell TGF-�RII expression was un-
changed in either E16 or E19 animals in the first 24 hours
after injury, but increased in E16-injured animals from 36
to 48 hours and in E19-injured animals at 36 hours only
(Figure 8, C and G; Table 3). TGF-�RII expression was
not increased in the regenerated hair follicles of E16-
injured animals (Table 3). RT-PCR analysis did not
reveal any significant changes in steady-state TGF-
�RII mRNA levels between E16 and E19 wounds at
either 24 or 72 hours after injury (Figure 8I). In addition,
TGF-�RII levels did not vary significantly from controls
at 24 and 72 hours post-injury in E16 wounds, while
E19 animals demonstrated significantly increased lev-
els at 24 hours after injury (P � 0.0002), followed by
significantly decreased levels at 72 hours (P � 0.0013)
after wounding (Figure 8I).

TGF-� Type III Receptor

The specific intensities for TGF-� type III receptor
(TGF-�RIII) staining in the epidermis, dermis, and hair
follicles are listed in Table 3. As for TGF-�RII, epidermal
TGF-�RIII levels also remained unchanged in E16-
wounded animals at all time points assayed (Figure 9, A
and B; Table 3). Meanwhile, E19-injured animals displayed
TGF-�RIII up-regulation at 12 and 36 hours, but not at 24
hours after injury (Figure 9, E and F; Table 3). ECM and
dermal TGF-�RIII expression, on the other hand, increased
to moderate levels in E16-wounded fetuses at 24 hours, but
no up-regulation was observed in any of the E19-wounded
fetuses (Figure 9, A, C, E, and G; Table 3). At 48 hours
post-injury, ECM TGF-�RIII was down-regulated in both E16
and E19-wounded animals (Table 3). Inflammatory cell
TGF-�RIII levels increased in E16-injured animals at 36
hours only (Figure 9D), and not at all in E19-injured animals
(Table 3). TGF-�RIII expression remained unchanged in
regenerated hair follicles (Table 3). RT-PCR analysis re-
vealed significantly increased steady-state TGF-�RIII
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mRNA levels for E19 wounds relative to E16 wounds at 24
hours after injury (2.63-fold; P � 0.0031) (Figure 9I). When
compared to age matched controls, however, neither E16
nor E19 animals demonstrated any difference at 24 hours
after wounding, while both demonstrated significantly de-
creased TGF-�RIII expression at 72 hours after injury (P �
0.0100 and 0.0346), respectively) (Figure 9I).

Discussion

TGF-�s are a family of multifunctional cytokines with key
roles in embryonic development and wound healing.
While the biological functions of TGF-�1, -�2, and -�3
appear to be similar in most in vitro studies, murine knock-
outs of TGF-�1, -�2, or -�3 indicate isoform-specific func-
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tions for TGF-�.14 In tissue repair, TGF-�1 and -�2 are
known to promote scar, while TGF-�3 may reduce
scar.3,4

Although prior studies had reported a lack of TGF-�
induction in fetal wounds,3,6–8 our study showed an on-
togenetic transition in the onset, degree, and duration of
TGF-� induction that was accompanied by correspond-
ing changes in collagen architecture. In addition, we
observed a distinct difference in the inflammatory profile
of E16- versus E19-injured animals. E16-injured animals
exhibited decreased inflammatory cell numbers and a
profile that was predominantly lymphocytes and neutro-
phils. E19-injured fetuses, on the other hand, exhibited
increased inflammatory cell numbers and a profile that
was predominantly monocytes with some neutrophils, in
keeping with the post-injury profile observed by Hopkin-
son-Woolley et al in late gestation fetal mice15 and by
Levine et al16 in adult animals.

Even though we did not detect major differences in
TGF-� ligand or receptor expression between E16- and
E19-wounded animals on an individual cellular basis, it is
possible that the increased monocyte/macrophage pop-
ulation in E19 wounds, as well as in adult wounds, elab-
orate other factors involved in scar formation.17 Given the
central role of the macrophage in adult wound repair, the
association between monocyte/macrophage appear-
ance in E19 wounds and the transition to and adult-type
repair phenotype may be more than coincidental. Inter-
estingly, TGF-�1 has also been implicated in monocyte/
macrophage18,19 and lymphocyte20,21 differentiation.

In terms of ligand expression, both E16- and E19-
injured animals evidenced increased epidermal TGF-�1
immunostaining at 12 and 24 hours, which by 36 hours,
had returned to control levels in E16 animals while E19
animals continued to exhibit increased TGF-�1 staining
until 72 hours. Dermal TGF-�1 expression followed a
similar pattern with E16-injured animals exhibiting in-
creased ECM and fibroblast staining at 12 and 24 hours
and a rapid return to baseline by 36 hours. E19-injured
animals, on the other hand, demonstrated elevated fibro-

blast TGF-�1 staining until 48 hours. Rapid TGF-�1 in-
duction and clearance by E16-injured animals concur
with Martin et al’s study9 showing rapid TGF-�1 induction
and clearance in early gestation (E11.5) murine limb bud
wounds. Meanwhile, RT-PCR analysis revealed in-
creased TGF-�1 transcripts in both E16 and E19 animals
at 24 hours after wounding with albeit lower expression
(by 0.60-fold) in E16 animals. We hypothesize that while
the initial inflammatory infiltrate may contain enough
TGF-�1 to activate AP-1 mediated TGF-�1 autoinduc-
tion22 in both E16 and E19 animals, the diminished in-
flammation characteristic of E16 wounds decreases the
stimulus for further TGF-�1 autoinduction. In addition,
continued TGF-�1 expression in E19 wounds may also
reflect increased TGF-�1 gene transcription by more
“adult-like” fibroblasts.23 This suggests that persistent
transcriptional up-regulation of TGF-�1 in E19 wounds is
important for scar development.

Compared to TGF-�1, overall TGF-�2 staining was
less, but still more predominant in E19 relative to E16
animals. Both wounded E16 and E19 animals exhibited
increased epidermal TGF-�2 staining at 24 hours post-
injury, but by 36 hours levels in E16-injured fetuses had
significantly declined while TGF-�2 levels in E19-injured
fetuses were maximal. In general, ECM and fibroblast
TGF-�2 staining was more prominent in E19-wounded
animals. Interestingly, RT-PCR demonstrated increased
TGF-�2 transcripts in only E16 wounds at 24 hours post-
injury. This suggests that the majority of TGF-�2 immu-
nostaining in adult-type E19 wounds may originate from
the inflammatory infiltrate rather than new transcription
and that transcriptional up-regulation of TGF-�2 is not
important for scar development. Comparison of fetal ver-
sus adult fibroblast TGF-�2 mRNA expression by Broker
et al23 also did not reveal increased TGF-�2 levels in
adult fibroblasts which presumably would be more similar
to the E19 fibroblasts.

In general, increased and sustained TGF-�1 and -�2
expression in E19-injured animals correlated closely with

Figure 4. TGF-�1 expression in wounded E16 and E19 rat skin. A: Immunostained E16 skin, 24 hours post-injury; magnification, �100. Increased TGF-�1
expression is evident in both wounded epidermal and dermal layers. Non-wounded E17 [ie, E16 � 24 hours] control skin is also shown (inset, A, yellow
rectangle). B: Immunostained E16 skin, 24 hours post-injury; magnification, �400. Higher magnification view of wounded epidermis demonstrating strong
TGF-�1 staining in both outer and basal as well as migrating (black open arrow) epidermal layers after injury. C: Immunostained E16 skin, 24 hours post-injury;
magnification, �400. Moderately increased TGF-�1 staining is observed in dermal fibroblasts (blue open arrows) as well as the surrounding ECM after
wounding. Strong TGF-�1 staining is present in inflammatory cells (red open arrows). D: Immunostained E16 skin, 36 hours post-injury; magnification, �400.
Minimal staining in dermal ECM and fibroblasts (blue open arrows), not significantly different from control, is observed 36 hours after wounding. Non-wounded
E17.5 [ie, E16 � 36 hours] control skin is also shown (inset, D, yellow rectangle). E: Immunostained E19 skin, 24 hours post-injury; magnification, �100. Similar
to wounded E16 skin, wounded E19 skin also demonstrated increased epidermal and dermal TGF-�1 localization relative to non-wounded control skin.
Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset, E, yellow rectangle). F: Immunostained E19 skin, 24 hours post-injury; magnification,
�400. Strong epidermal staining is also observed in the migrating (black open arrow) as well as the outer and basal layers after injury. G: Immunostained E19
skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows), fibroblasts (blue open arrows), and dermal ECM all demonstrate
moderately increased TGF-�1 staining after injury. H: Immunostained E19 skin, 36 hours post-injury; magnification, �400. In contrast to injured E16 skin,
wounded E19 skin demonstrates persistent dermal fibroblast (blue open arrows) and ECM TGF-�1 staining 36 hours after injury. Non-wounded, E20.5 [ie, E19
� 36 hours] control skin (inset, H, yellow rectangle) exhibits minimal dermal TGF-�1 staining. Bars: A and E, 200 �m; B–D, F–H, 50 �m. I: Computerized
quantitation of dermal TGF-�1 immunostaining in E16- and E19-wounded fetuses. Ia: Dermal TGF-�1 staining is significantly increased in E16 animals 24 hours
after wounding relative to non-wounded controls (P � 0.0000). By 36 hours, however, no significant difference was noted between injured animals and controls
(P �0.05). Ib: Dermal TGF-�1 staining is significantly increased in E19 animals at 24 hours (P � 0.0000) and at 36 hours (P � 0.0002) after wounding relative
to non-wounded controls. Ic: RT-PCR of TGF-�1. The light gray bars represents E16 wounds while the white bars represents E19 wounds at 24 hours (left)
and 72 hours (right) after injury. The narrow dark gray bars indicate relative mRNA levels in non-wounded, age-matched controls for each group of wounded
animals. A P value, if present, next to the narrow dark gray bars, represents significant differences in relative mRNA expression between wounded E16 or E19
animals and their respective non-wounded controls at 24 and 72 hours post-injury. P values �0.05 are not shown. P values for significant differences between
wounded E16 and E19 animal mRNA levels at 24 or 72 hours after injury, when present, are shown below the bar graphs as well as the corresponding ratio of
E16 to E19 wound mRNA levels (inverse E19 to E16 ratio shown in parentheses). No ratios are shown for values �0.05. Also depicted below are representative
Southern blots of with non-wounded, age-matched controls (left, odd numbers) and E16 wounds at 24 and 72 hours (2 and 6, respectively) and E19 wounds at
24 and 72 hours (4 and 8, respectively). The top series of blots represents TGF-�1; the bottom GAPDH.
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Figure 5. TGF-�2 immunostaining of wounded E16 and E19 rat skin. A: E16 skin, 24 hours post-injury; magnification, �100. Up-regulated TGF-�2 expression
is primarily present in epidermal cells and in dermal inflammatory cells. Non-wounded E17 [ie, E16 � 24 hours] control skin is also shown (inset, A, yellow
rectangle). B: E16 skin, 24 hours post-injury; magnification, �400. Strong TGF-�2 staining is present in outer and basal epidermal layers in addition to the
migrating epidermis (black open arrow) after injury. C: E16 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows) stain
moderately for TGF-�2, while fibroblasts demonstrate minimal (blue open arrows) and ECM exhibit no TGF-�2 staining. D: E16 skin, 36 hours post-injury;
magnification, �400. Minimal TGF-�2 staining that is not significantly different from control is noted in fibroblasts (blue open arrows) and the ECM.
Non-wounded E17.5 [ie, E16 � 36 hours] control skin is also shown (inset, D, yellow rectangle). E: E19 skin, 24 hours post-injury; magnification, �100.
Increased epidermal and dermal TGF-�2 localization relative to control skin are noted. Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset,
E, yellow rectangle). F: E19 skin, 24 hours post-injury; magnification, �400. Moderate TGF-�2 staining is present in outer and basal epidermal layers in addition
to the migrating epidermis (black open arrow). G: E19 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows), fibroblasts (blue
open arrows), and ECM TGF-�2 expression are all increased to moderate levels after injury. H: E19 skin, 36 hours post-injury; magnification, �400. Wounded
E19 skin demonstrate persistent inflammatory cell TGF-�2 staining 36 hours after injury (red open arrows) whereas minimal TGF-�2 staining is observed in
fibroblasts (blue open arrows) and the ECM. Non-wounded, E20.5 [ie, E19 � 36 hours] control skin (inset, H, yellow rectangle) exhibit minimal dermal
TGF-�2 staining. Bars: A and E, 200 �m; B–D, F–H, 50 �m. I. Computerized quantitation of dermal TGF-�2 immunostaining in E16- and E19-wounded fetuses.
Ia: Dermal TGF-�2 staining does not increase significantly in wounded E16 animals at any of the time points studied (P �0.05). Ib: In contrast, dermal TGF-�2
staining increases significantly in E19 animals 24 hours after wounding relative to non-wounded controls (P � 0.0000). Ic: RT-PCR of TGF-�2. Please refer to the
Figure 4Ic legend for an explanation of the bar graphs and representative Southern blot data.
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Figure 6. TGF-�3 immunostaining of wounded E16 and E19 rat skin. A: E16 skin, 24 hours post-injury; magnification, �100. Up-regulated TGF-�3 expression
is evident in both epidermal and dermal layers after wounding. Non-wounded E17 [ie, E16 � 24 hours] control skin is also shown (inset, A, yellow rectangle).
B: E16 skin, 24 hours post-injury; magnification, �400. Higher magnification view of wounded epidermis demonstrating strong TGF-�3 staining in both outer and
basal as well as migrating (black open arrow) epidermal layers. C: E16 skin, 24 hours post-injury; magnification, �400. Moderate TGF-�3 staining is observed
in dermal fibroblasts (blue open arrows) as well as the surrounding ECM. Strong TGF-�3 staining is present in inflammatory cells (red open arrows). This is
contrasted with the minimal degree of TGF-�3 staining in control skin (inset, A). D: E16 skin, 36 hours post-injury; magnification, �400. Persistent TGF-�3
up-regulation is present in inflammatory cells (red open arrows), fibroblasts (blue open arrows), and the ECM 36 hours after wounding. Non-wounded E17.5
[ie, E16 � 36 hours] control skin is also shown (inset, D, yellow rectangle) demonstrating minimal to no TGF-�3 staining for the ECM and fibroblasts,
respectively. E: E19 skin, 24 hours post-injury; magnification, �100. In contrast, to wounded E16 skin, wounded E19 skin does not reveal increased epidermal
or dermal TGF-�3 localization when compared with non-wounded control skin. Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset, E,
yellow rectangle). F: E19 skin, 24 hours post-injury; magnification, �400. Minimal intracellular epidermal staining is observed in the migrating (black open
arrow) as well as the outer and basal layers. G: E19 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows), fibroblasts (blue
open arrows), and dermal ECM does not demonstrate any TGF-�3 up-regulation after injury. H: E19 skin, 36 hours post-injury; magnification, �400. Wounded
E19 skin demonstrate minimal dermal fibroblast (blue open arrows) and ECM TGF-�3 staining 36 hours after injury that is comparable to non-wounded control
levels, while inflammatory cells (red open arrows) demonstrate moderately increased staining. Non-wounded, E20.5 [ie, E19 � 36 hours] control skin (inset,
H, yellow rectangle) exhibit minimal dermal TGF-�3 staining. Bars: A and E, 200 �m; B–D, F–H, 50 �m. I: Computerized quantitation of dermal TGF-�3
immunostaining in E16- and E19-wounded fetuses. Ia: Dermal TGF-�3 staining is significantly increased in E16 animals 36 hours after wounding relative to
non-wounded controls (P � 0.0001). Ib: Dermal TGF-�3 staining does not increase significantly in wounded E19 animals at any of the time points studied (P
�0.05). Ic: RT-PCR of TGF-�3. Please refer to the Figure 4Ic legend for an explanation of the bar graphs and representative Southern blot data.
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the observed transition from fetal-type to adult-type
wound repair. Mechanistically, relatively higher TGF-�1
and -�2 levels in E19 wounds can account for overall
matrix accumulation and scar formation. This is sup-
ported by the observation that TGF-�1 alone was enough
to induce scar when added to a normally scarless human
fetal wound model,3 and that exogenous addition of neu-
tralizing antibody to TGF-�1 and -�2 decreased scar
formation in an adult wound model.4,5 The orientation,
spacing, and size of collagen bundles in anti-TGF-�1 and
-�2 antibody treated wounds more closely resembled
that of non-wounded skin.4 In a similar fashion, our con-
focal data demonstrated a clear distinction in collagen
architecture between E16 (low TGF-�1, -�2 expression)
and E19 (high TGF-�1, -�2 expression) wounds.

The lack of TGF-�1 and TGF-�2 induction seen in other
fetal wound studies may reflect inherent differences in

animal wounds systems, antibody recognition epitopes,
and time points analyzed. For example, Whitby and Fer-
guson6 used non-sutured, 2-mm lip incisions in E16 mice
as their model. And though they analyzed multiple time
points (eg, 1, 6, 12, 18, 36, 48, and 72 hours), they used
a non-isoform-specific antibody that recognized both
TGF-�1 and -�2, and possibly -�3. In contrast, Nath7

used sutured, 1-cm full-thickness incisions in E23 rabbits
(term � 31 days) and immunostained for TGF-�1 and -�2
at 3, 5, and 7 days. The absence of TGF-�1 and-�2 in
their study may reflect xenogeneic differences (eg, lack
of wound contraction in rabbit wounds) or the lateness of
the time points assayed. In addition, while their TGF-�2
antibody recognized both intracellular and extracellular
forms, their TGF-�1 antibody recognized only intracellu-
lar ligand. Thus, the lack of wound TGF-�1 in Nath’s
study7 may also reflect inherent limitations in their TGF-�1

Table 3. Relative Immunostaining Intensity of TGF-� Receptors in Wounded and Non-Wounded Fetal Skin

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-� RI

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. �� �� N/A N/A ��� ��� N/A N/A � �� N/A N/A � � N/A N/A N/A N/A N/A N/A

Outer layer �� �� � � ��� �� �� �� � �� � � � � � � � � � �

Basal layer �� �� � � ��� �� �� ��� � �� � � � � �� �� � �� � ��

Dermis

ECM � � � � � � � � � � � � � � � � � � �

Fibroblasts � � � � �� � � � � �� � � �� � �� � � � � �

Inflammatory cells* � � � � �� �� � � � �� � � � � � � � � � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-� RII

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. � � N/A N/A � �� N/A N/A � �� N/A N/A � � N/A N/A N/A N/A N/A N/A

Outer layer � � � � � �� � � � �� � � � � � � � � � �

Basal layer � � � � � �� � � � �� � � � � � � � � � �

Dermis

ECM � � � � � � � � � � � � � � � � � � � �

Fibroblasts � � � � � � � � � � � � � � � � � � � �

Inflammatory

cells*

� � � � � � � � �� �� � � � � � � � � � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

After injury 12 hours 24 hours 36 hours 48 hours 72 hours

TGF-� RIII

W C W C W C W C W C

E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19 E16 E19

Epidermis

Migrating epi. � �� N/A N/A � � N/A N/A �� �� N/A N/A � � N/A N/A N/A N/A N/A N/A

Outer layer � �� � � � � � � �� �� �� � � � � � � � � �

Basal layer � �� � � � � � � �� �� �� � � � � � � � � �

Dermis

ECM � � � � �� � � � �� � �� � � � � �� � � � �

Fibroblasts � � � � �� � � � �� � �� � � � � � � � � �

Inflammatory cells* � � � � � � � � �� � � � � � � � � � � �

Hair follicles N/A N/A � � N/A N/A � � N/A N/A � � N/A N/A � � � N/A � �

W, Wound; C, Control; N/A, not applicable; �, no staining (�5%); �, minimal staining (�25%); ��, moderate staining (25% to 50%); ���, strong
staining (�50%). Peak expression time points for a given tissue component are highlighted for wounded E16 (bold) and E19 (underlined) animals.

*In general, non-wounded control skin and E16-wounded fetuses contained very few inflammatory cells. The chart reflects the intensity of
intracellular TGF-� staining and not the actual number of inflammatory cells present.
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antibody, since we found definite evidence of ECM
TGF-�1 expression. The TGF-� antibodies used in our
study were designed using peptides corresponding to
the extreme carboxy terminus of human TGF-�1, -�2, and
-�3 precursor protein and should recognize both intra-
cellular and extracellular forms of TGF-�. Lastly, Sulli-
van’s model8 used full-thickness human fetal and adult
skin implanted into nude mice. After 7 days, the im-
planted skin graft was incised and assayed for TGF-�1
and -�2 expression from 1 hour to 28 days. In their study,
they show convincingly that TGF-�1 and -�2 are induced
in adult, but not fetal wounds, and that the amniotic

environment is not critical for scarless repair.8 However,
isolated human skin grafted into immunocompromised
mice may mask moderate levels of TGF-�1 or -�2 induc-
tion that could potentially occur after injury to intact hu-
man fetuses. Although our model did not show a mark-
edly significant difference between TGF-�1 or -�2
staining per inflammatory cell, the total number of inflam-
matory cells was markedly greater in wounded E19 rela-
tive to E16 animals. Thus, a considerable amount of
wound TGF-�1 and -�2 were derived from immune cells,
and immunocompromised animals would presumably ex-
press less TGF-� overall.

Figure 7. TGF-�RI immunostaining of wounded E16 and E19 rat skin. A: E16 skin, 24 hours post-injury; magnification, �100. Up-regulated TGF-�RI expression
is evident in both epidermal and dermal layers after injury. Non-wounded E17 [ie, E16 � 24 hours] control skin is also shown (inset, A, yellow rectangle). B:
E16 skin, 24 hours post-injury; magnification, �400. Higher magnification view of wounded epidermis demonstrating strong TGF-�RI staining in outer, basal and
migrating (black open arrow) epidermal layers. C: E16 skin, 24 hours post-injury; magnification, �400. Increased TGF-�RI staining from minimal to moderate
levels is observed in dermal fibroblasts (blue open arrows) as well as in inflammatory cells (red open arrows) after injury. D: E16 skin, 36 hours post-injury;
magnification, �400. Except for some minimal TGF-�RI up-regulation in inflammatory cells, no epidermal or dermal components demonstrate any TGF-�RI
expression above control non-wounded skin. Note the complete absence of TGF-�RI staining in fibroblasts (blue open arrows). Non-wounded E17.5 [ie, E16
� 36 hours] control skin is also shown (inset, D, yellow rectangle). E: E19 skin, 24 hours post-injury; magnification, �100. Epidermal and dermal TGF-�RI
localization is not increased relative to non-wounded control skin. Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset, E, yellow rectangle).
F: E19 skin, 24 hours post-injury; magnification, �400. Moderate epidermal staining is observed in the migrating (black open arrow) as well as the outer and
basal layers. G: E19 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows) show moderate TGF-�RI staining whereas fibroblasts
(blue open arrows) and dermal ECM demonstrate no staining. H: E19 skin, 36 hours post-injury; magnification, �400. Wounded E19 skin demonstrate
up-regulated TGF-�RI expression in dermal fibroblasts (blue open arrows), inflammatory cells (red open arrows), and ECM. Non-wounded, E20.5 [ie, E19 �
36 hours] control skin (inset, H, yellow rectangle) exhibit minimal dermal TGF-�RI staining. Bars: A and E, 200 �m; B–D, F–H, 50 �m. I. RT-PCR of TGF-�RI.
Please refer to the Figure 4Ic legend for an explanation of the bar graphs and representative Southern blot data.
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Interestingly, previous work by Shah et al4 had sug-
gested an anti-fibrotic role for TGF-�3 when applied to
incisional adult rat wounds. Our immunohistochemistry
results also support a possible anti-fibrotic role for TGF-
�3. Although both E16- and E19-injured fetuses exhibited
increased epidermal TGF-�3 staining, only E16 animals
demonstrated elevated ECM and fibroblast TGF-�3 stain-
ing in the first 36 hours post-injury. In contrast, E19 fe-
tuses did not exhibit increased ECM TGF-�3 staining at
all, while fibroblast TGF-�3 staining was only transiently
increased at 48 hours after injury. RT-PCR analysis re-
vealed increased TGF-�3 expression in E16 wounds

(1.82-fold) at 24 hours relative to E19 wounds. The delay
in TGF-�3 induction that occurred in E19-wounded ani-
mals manifesting adult-type repair with scar, also paral-
leled the delay in TGF-�3 up-regulation reported in other
models of adult repair. For instance, Frank et al24 had
demonstrated rapid TGF-�1 mRNA induction (peaks at 1
to 3 days) and delayed TGF-�3 induction (peaks at 7
days) in a 6-mm, full-thickness, excisional wound model
in mice. We had also observed a similar pattern of de-
layed TGF-�3 transcript induction in a full-thickness,
1-cm, adult rat excisional wound model.13 Thus TGF-�3,
a potential anti-fibrotic molecule, was expressed more

Figure 8. TGF-�RII immunostaining of wounded E16 and E19 rat skin. A: E16 skin, 24 hours post-injury; magnification, �100. No TGF-�RII up-regulation is
observed in comparison with non-wounded E17 [ie, E16 � 24 hours] control skin (inset, A, yellow rectangle). B: E16 skin, 24 hours post-injury; magnification,
�400. Higher magnification view of wounded epidermis demonstrating minimal TGF-�RII staining in outer, basal, and migrating (black open arrows) epidermal
layers. C: E16 skin, 24 hours post-injury; magnification, �400. Minimal TGF-�RII staining is observed in dermal fibroblasts (blue open arrows) as well as
inflammatory cells (red open arrows). D: E16 skin, 36 hours post-injury; magnification, �400. No TGF-�RII staining is observed in dermal ECM and fibroblasts
(blue open arrows), whereas moderate staining is seen in inflammatory cells (red open arrow) 36 hours after wounding. Non-wounded E17.5 [ie, E16 � 36
hours] control skin is also shown (inset, D, yellow rectangle). E: E19 skin, 24 hours post-injury; magnification, �100. Wounded E19 skin demonstrates epidermal
TGF-�RII up-regulation in comparison with non-wounded control skin. Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset, E, yellow
rectangle). F: E19 skin, 24 hours post-injury; magnification, �400. Moderate epidermal staining is observed in the migrating (black open arrow) as well as in
the outer and basal epidermal layers. G: E19 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrow) show minimal TGF-�RII
staining whereas fibroblasts (blue open arrows) and dermal ECM demonstrate no staining. H: E19 skin, 36 hours post-injury; magnification, �400. Dermal
up-regulation of TGF-�RII receptor expression is observed solely in inflammatory cells (red open arrow). TGF-�RII receptor staining in fibroblasts (blue open
arrow) and the ECM does not differ significantly from control skin. Non-wounded, E20.5 [ie, E19 � 36 hours] control skin (inset, H, yellow rectangle) exhibit
minimal dermal TGF-�RII staining. Bars: A and E, 200 �m; B–D, F–H, 50 �m. I: RT-PCR of TGF-�RII. Please refer to the Figure 4Ic legend for an explanation
of the bar graphs and representative Southern blot data.
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rapidly and to a greater extent in the epidermis, ECM,
dermal cells, and inflammatory cells of E16-injured ani-
mals exhibiting scarless fetal-type repair, while TGF-�3
expression was generally delayed or diminished in E19
fetuses showing adult-type repair with scar. Interestingly,
fetal platelets have been described as a major source of
TGF-�3 and may account for the relative abundance of
TGF-�3 in E16 wounds.25

In disagreement with Shah et al,4 Wu26 reported that
TGF-�3 treatment of rabbit dermal ear ulcers at 0 and 3
days after injury did not decrease scar formation. How-
ever, the TGF-�3 treatment schedule used in Wu’s
study26 (days 0 and 3) may not be as effective as the

regimen used in Shah et al’s study4 (days 0, 1, and 2).
The early, consecutive TGF-�3 application in Shah et al’s
model4 more closely mimicked the early, sustained
TGF-�3 expression that we observed, especially in der-
mal cells, of scarless E16 wounds.

The exact mechanisms for how TGF-�3 may reduce
scar are unknown, and indeed, the exact function of the
different isoforms in wound repair and development are
still unclear. TGF-�3 null mice exhibit deficient palate and
lung morphogenesis, indicating the importance of
TGF-�3 in epithelial-mesenchymal interactions.27 We hy-
pothesize that increased levels of TGF-�3 expressed
early in fetal wounds, or applied early to adult wounds,

Figure 9. TGF-�RIII immunostaining of wounded E16 and E19 rat skin. A: E16 skin, 24 hours post-injury; magnification, �100. Dermal TGF-�RIII expression is
up-regulated while epidermal expression remain unchanged from non-wounded E17 skin levels [ie, E16 � 24 hours] (inset, A, yellow rectangle). B: E16 skin,
24 hours post-injury; magnification, �400. Higher magnification view of wounded epidermis demonstrating minimal TGF-�RIII staining in outer, basal, and
migrating (black open arrow) epidermal layers. C: E16 skin, 24 hours post-injury; magnification, �400. Moderate TGF-�RIII staining is observed in dermal
fibroblasts (blue open arrows) as well as in the ECM, while minimal staining is demonstrated in inflammatory cells (red open arrows). D: E16 skin, 36 hours
post-injury; magnification, �400. The moderate degree of TGF-�RIII up-regulation in dermal fibroblasts and ECM is not significantly different from non-wounded
skin levels, although inflammatory cell (open red arrows) TGF-�RIII expression is increased relative to control E17.5 skin [ie, E16 � 36 hours] (inset, D, yellow
rectangle). E: E19 skin, 24 hours post-injury; magnification, �100. There is no significant difference in TGF-�RIII localization between injured and non-injured
control skin. Non-wounded E20 [ie, E19 � 24 hours] control skin is also shown (inset, E, yellow rectangle). F: E19 skin, 24 hours post-injury; magnification,
�400. Similar to control skin, minimal epidermal staining is observed in the migrating (black open arrow) as well as in the outer and basal epidermal layers.
G: E19 skin, 24 hours post-injury; magnification, �400. Inflammatory cells (red open arrows) and dermal ECM for both wounded and non-wounded skin show
minimal TGF-�RIII staining whereas fibroblasts (blue open arrow) demonstrate no staining. H: E19 skin, 36 hours post-injury; magnification, �400. Dermal
TGF-�RIII expression does not differ significantly from E20.5 [ie, E19 � 36 hours] control skin (inset, H, yellow rectangle). Bars: A and E, 200 �m; B–D, F–H,
50 �m. I: RT-PCR of TGF-�RIII. Please refer to the Figure 4Ic legend for an explanation of the bar graphs and representative Southern blot data.
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may effectively compete with TGF-�1 and -�2 for binding
to the type II receptor. And because TGF-�3 may have
intrinsically less effects on matrix production than TGF-�1
or -�2,26 and correspondingly more effects on epidermal
development and regeneration,28 an “anti-scar” effect is
observed following early TGF-�3 induction in fetal
wounds or after early TGF-�3 application to adult
wounds. Alternatively, TGF-�3 regulation of mesenchy-
mal cell proliferation and migration may also promote
repair.25

In terms of the TGF-� receptors, overall immunostain-
ing intensity was less relative to the ligands. For the
TGF-�RI, increased epidermal and fibroblast staining
was present in E16-injured animals for only the first 24
hours. Wounded E19 fetuses, on the other hand, demon-
strated bimodally increased epidermal staining at 12 and
36 hours after injury and bimodally increased fibroblast
staining at 12 and 36 to 48 hours after injury. RT-PCR
analysis, however, revealed unchanged TGF-�RI tran-
script levels in both E16 and E19 animals at 24 hours after
injury, suggesting that differential transcriptional control
of TGF-�RI is not critical for scarless repair.

For TGF-�RII, increased immunostaining was com-
pletely absent in injured E16 epidermal cells and fibro-
blasts at all of the time points studied. Conversely, injured
E19 animals exhibited persistently increased epidermal
TGF-�RII staining from 24 to 48 hours and transiently
increased fibroblast staining at 48 hours. RT-PCR data
showed increased steady-state mRNA levels at 24 hours
after injury in E19 but not E16 wounds, indicating that like
TGF-�1, increased TGF-�RII mRNA levels may be impor-
tant for scar formation.

Cowin et al10 recently compared fetal versus adult
mice TGF-� ligand and receptor expression in an unsu-
tured, flank incisional wound model [2-mm linear (E16;
term � 19 to 20 days) or 1-cm linear (adult), full thick-
ness]. Consistent with our results, they also reported no
increased TGF-�RII immunostaining in wounded E16 an-
imals. However, in contrast to our data on E16-injured
animals, they observed neither increased type I immuno-
staining nor any detectable type I or II receptor mRNA
expression by non-isotopic in situ hybridization after E16
fetal skin injury. Different methodologies may explain in
part the discrepancy in our data. For instance, RT-PCR is
much more sensitive than in situ hybridization in detection
of low copy transcripts. In addition, other authors using
35S-labeled cRNA probes have reported definite TGF-
�RII mRNA levels in developing mouse skin although
long exposure times (5 weeks) were required.29

Although no other fetal wound studies are available for
comparison, a previous study by Gold et al30 using an
adult sheep excisional wound model (6-mm diameter, full
thickness) have shown delayed up-regulation of epider-
mal type I and II receptor protein by 3 to 5 days relative
to TGF-�1, -�2, and -�3 ligands. In the same study, Gold
et al30 also reported elevated TGF-� ligand and receptor
immunostaining in the adjacent wound epithelium, but no
TGF-� ligand or receptor staining in the migrating epithe-
lium until complete wound re-epithelialization. We did not
observe any delayed TGF-�RI up-regulation for wounded
E16 animals, or delayed TGF-�RI or TGF-�RII up-regula-

tion for wounded E19 animals. Moreover, in our study we
observed that all six TGF-� ligands and receptors were
expressed in the migrating epithelium of E16- and E19-
injured fetuses at levels comparable to the outer and
basal layers of wound edge epithelium.

The discrepancy between our data and theirs may
simply reflect inherent differences between fetal and
adult models of repair. As expected from the major roles
of TGF-� in embryogenesis, we have found basal TGF-�
ligand and receptor levels to be uniformly higher in non-
wounded fetal relative to adult skin (data not shown).
Alternatively, differences in antibody recognition
epitopes may also account for the difference in epithelial
staining. Only one of their antibodies for TGF-�RI (R-20)
was also used in our study. However, using an adult pig
split-thickness wound model, Levine et al16 have also
shown abundant staining for TGF-�2 and -�3, but not
TGF-�1, in the migrating epithelium. Thus, ligand expres-
sion in the migrating epithelium (at least for TGF-�2 and-
�3) does not appear to be an exclusively fetal phenom-
enon.

Of note, neither Gold et al nor Levine et al16,30 docu-
mented significant staining in adult stratum basalis after
injury. Gold et al30 found stratum basalis staining for type
I and II receptors to be “often negative”, while Levine et
al16 showed negative staining for TGF-�1, but not -�2 or
-�3 in the stratum basalis. Taken in total, their results
suggest an overall deficiency of TGF-�1 and type I and II
receptor expression in wounded adult stratum basalis.
TGF-�1 has demonstrated a concomitant ability to inhibit
keratinocyte proliferation and promote keratinocyte mi-
gration.31,32 Others have postulated that migrating epi-
dermal TGF-�1 expression may promote keratinocyte
motility, while the lack of basal epidermal TGF-�1 expres-
sion may promote epithelial proliferation.32 In contrast,
our data consistently show TGF-�1, as well as -�2 and
-�3, expression in the basal layer of wound epidermis.
This suggests that re-epithelialization in fetal wounds may
be more dependent on epithelial cell migration than pro-
liferation in accordance with previous work by Ihara and
Motobayashi,33 or that fetal cells are inherently less re-
sponsive to the anti-proliferative effects of TGF-�1. Addi-
tionally, we have observed more epithelial hypertrophy in
E19- relative to E16-wounded fetuses, and significantly
more epithelial hypertrophy in neonatal and adult wounds
(data not shown). Although E16- and E19-injured animals
did not exhibit marked differences in basal epithelial
TGF-�1 expression, it would be interesting to determine
whether basal epidermal TGF-�1 levels correlate in-
versely with the degree of epithelial hypertrophy.

We are not aware of any previous fetal or adult wound
studies on TGF-�RIII (betaglycan) protein. Unlike type I
and II receptors, the type III receptor is a membrane-
bound proteoglycan with no intrinsic signaling function,
but it may modulate TGF-� access to the signaling re-
ceptor.34 For instance, both TGF-�1 and -�3 bind to the
type II receptor with similar affinities, while TGF-�2 can-
not bind the type II receptor in the absence of betagly-
can.35 Thus, while bound betaglycan may increase over-
all TGF-�2 bioactivity, release of soluble betaglycan
(non-membrane bound) can bind and possibly inhibit
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generalized TGF-� activity.36 Our immunostaining data
showed a temporally and spatially distinct pattern of TGF-
�RIII expression with increased staining only in the ECM
and fibroblasts of E16 animals at 24 hours after injury.
Meanwhile, transiently increased staining was observed
only in the epidermis of E19 animals at 36 hours after
injury. RT-PCR revealed no significant increase at 24
hours after injury in either E16 or E19 animals although
higher basal levels were noted in E19 animals. The sig-
nificance of these findings is unclear, but increased sol-
uble betaglycan in the ECM of E16-injured animals may
contribute to scarless fetal repair by decreasing overall
TGF-� bioavailability.

Lastly, similar to previous immunohistochemistry stud-
ies on fetal mice by Pelton et al,37 we also noted an
overall pattern of more prominent TGF-�1, -�2, and -�3
staining in the epidermis rather than the dermis of non-
wounded control animals. In addition, type I and type II
receptor immunostaining were also more concentrated in
the epidermis relative to the dermis, while type III recep-
tor levels were more evenly distributed between the two
tissue layers.

In summary, our results implicate increased TGF-�1,
-�2, and decreased TGF-�3, as well as increased type I
and II receptors in late gestation fetal scar formation.
During scarless fetal repair, minimal induction and rapid
clearance of pro-fibrotic molecules such as TGF-�1 and
-�2, as well as type I, II receptors, in association with in-
creased expression of anti-fibrotic molecules such as
TGF-�3 and soluble betaglycan, may decrease overall
TGF-� bioavailability. The diminished TGF-� bioactivity may
in turn decrease ECM deposition and scar formation, and
more importantly, prevent the AP-1 mediated autoinductive
phenomenon that sustains TGF-�1 expression in adult
wounds.38 The ontogenetic transition in TGF-� regulation
that we report here likely represents a key event in the
phenotypic transition from a fetal-type to an adult-type
wound repair response. In addition, we show that this phe-
notypic change occurs at defined time points in gestation
and that it is intimately associated with collagen architec-
ture. However, it is likely that other factors, besides TGF-�
are involved. Recently we have determined that fibromodu-
lin, a proteoglycan of the decorin family, is also up-
regulated in scarless repair (manuscript in preparation).
Fibromodulin binds both fibrillar collagens and TGF-� li-
gands and is important in regulating ECM assembly.39–41

Thus, decreased TGF-�1 and -�2 coupled with increased
fibromodulin in E16 fetal wounds may not only decrease the
total amount of ECM synthesized, but it may also affect
collagen fibrillogenesis, and more importantly, dictate the
organized pattern of collagen deposition seen by confocal
microscopy on repaired E16 wounds. Future strategies to
minimize scar formation will likely use a multi-modality ap-
proach that combines anti-TGF-�1 and -�2 therapies with
TGF-�3, soluble betaglycan, and fibromodulin
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