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Transforming growth factor-gB (TGF-B1, -2, and
-33) has been implicated in the ontogenetic transi-
tion from scarless fetal repair to adult repair with
scar. Generally, TGF-f3 exerts its effects through
type I and II receptors; however, TGF-f3 modulators
such as latent TGF-$ binding protein-1 (LTBP-1),
decorin, biglycan, and fibromodulin can bind and
potentially inhibit TGF-f activity. To more fully ex-
plore the role of TGF-f ligands, receptors, and po-
tential modulators during skin development and
wound healing, we have used a rat model that tran-
sitions from scarless fetal-type repair to adult-type
repair with scar between days 16 and 18 of gestation. We
showed that TGF- ligand and receptor mRNA levels did
not increase during the transition to adult-type repair in
fetal skin, whereas LTBP-1 and fibromodulin expres-
sion decreased. In addition, TGF-31 and -33; type I, II,
and III receptors; as well as LTBP-1, decorin, and bigly-
can were up-regulated during adult wound healing. In
marked contrast, fibromodulin expression was initially
down-regulated in adult repair. Immunostaining dem-
onstrated significant fibromodulin induction 36 hours
after injury in gestation day 16, but not day 19, fetal
wounds. This inverse relationship between fibromodu-
lin expression and scarring in both fetal and adult rat
wound repair suggests that fibromodulin may be a bio-
logically relevant modulator of TGF-f activity during
scar formation. (Am J Pathol 2000, 157:423—433)

Fetal repair is fundamentally different from adult repair.
Adult skin wounds heal by scar formation, whereas fetal
skin wounds heal by regeneration with restoration of nor-

mal skin architecture. This transition from scarless fetal
repair to adult-type healing with scar occurs at specific
times during gestation.” The mechanism for scarless fetal
repair is unknown, but it does not require systemic factors
such as the fetal immune system, fetal serum, or amniotic
fluid.2~* Isolated human fetal skin transplanted into adult
athymic mice can heal without scar.® Thus the capability
for scarless repair is inherent to fetal skin itself.

Fetal skin contains fetal fibroblasts and fetal extracel-
lular matrix (ECM) that is distinct from adult fibroblasts
and ECM.® For instance, the fetal ECM has a higher ratio
of type lll to type | collagen,®” as well as a different profile
of proteoglycan and glycosaminoglycan synthesis.® It is
probable that both the fetal skin cells and the ECM they
synthesize are critical in scarless repair. In addition, fetal
cells and fetal ECM likely have a dynamic and reciprocal
relationship whereby fetal cells secrete a fetal ECM that
can, in turn, modulate fetal cell migration, proliferation,
and collagen synthesis.® These results suggest that cel-
lular gene regulation rather than the external (amniotic)
environment is the critical factor in scarless repair.

We hypothesize that fundamental differences in gene
expression govern the transition to adult-type repair in
fetal skin, whereby profibrotic molecules will be up-reg-
ulated and antifibrotic molecules will be down-regulated
during the onset of adult-type repair. The transforming
growth factor-g (TGF-B1, -B2, and -B3) ligands have
been implicated in the ontogenetic transition from scar-
less fetal repair to adult repair with scar. Specifically,
TGF-B1 and TGF-B2 may promote scar formation,
whereas TGF-B3 may reduce scarring.'® The addition of
exogenous TGF-B1 to normally scarless fetal wounds
results in scar,’"'? while neutralizing antibodies against
TGF-B1 and TGF-B2 in adult wounds, decreases scar-
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ring.'® Although the addition of TGF-B alone is enough to
induce scarring in the fetus, TGF-B neutralizing antibod-
ies alone do not entirely prevent scarring in the adult,
suggesting that factors other than TGF-B may also be
important for scarless fetal repair.

TGF-B ligands have a wide range of effects on cellular
motility, proliferation, matrix production, and differentia-
tion."® Most cells secrete TGF-g in an inactive latent form
that undergoes proteolytic cleavage for activation or as-
sociates with one of several latent TGF-B-binding pro-
teins (LTBP) that may function in ECM storage, secretion,
and activation of TGF-8."®'* Once activated, TGF-8 ex-
erts its biological effects through binding to type Il and
type | receptors.’ Type Il receptor (also known as be-
taglycan) is a membrane-anchored proteoglycan that fa-
cilitates TGF ligand binding to the type Il receptor.’
Besides betaglycan (type Il receptor), several small
ECM proteoglycans of the decorin family, including bi-
glycan and fibromodulin, can bind activated TGF-8 and
suppress TGF-B activity.'® The addition of decorin to a rat
model of glomerulonephritis decreased TGF-B-mediated
matrix accumulation and glomerular injury.'® Further-
more, both decorin and fibromodulin, in addition to mod-
ulating TGF-B activity, can regulate collagen fibril forma-
tion and tensile strength.’”~'°

In the present study, we have used a rat model that
makes the transition from scarless fetal-type repair to
adult-type repair with scar between days 16 (E16) and 18
(E18) of gestation (term = 21 days).* To address our
hypothesis, we first confirmed the existence of the tran-
sition period through histology and confocal microscopy
of E16 and E19 fetal wounds. Next, we analyzed the
expression of potential profibrotic molecules (eg, TGF-B1
and -B2 and type |, Il, and Ill receptors) and potential
antifibrotic molecules (eg, TGF-B3, LTBP-1, decorin, bi-
glycan, and fibromodulin) during rat fetal skin develop-
ment. Surprisingly, we found that fetal skin levels of
TGF-B ligand and receptor levels did not increase during
the transition period. Instead, we showed that levels of
LTBP-1 and fibromodulin, two possible modulators of
TGF-B, decreased with the onset of scar formation in the
fetus. Diminished fetal expression of LTBP-1 and fibro-
modulin during the transition to adult-type repair with scar
suggests that LTBP-1 and fibromodulin may have antifi-
brotic roles in fetal wound repair.

To further clarify the role of LTBP-1 and fibromodulin in
scar formation, we examined their expression relative to
TGF-B1, -B2, and -B3; TGF-B type |, I, and Il receptors;
and decorin and biglycan in an adult rat model of wound
repair. We demonstrated that TGF-B81 and -B3; type |, I,
and Il receptors; as well as LTBP-1, decorin, and bigly-
can, were up-regulated during adult wound healing. The
up-regulation of LTBP-1 in an adult model of repair with
scar is inconsistent with its role as a possible antifibrotic
molecule. Fibromodulin expression, however, in marked
contrast to that of the other molecules, was initially down-
regulated in adult repair (consistent with its role as a
possible antifibrotic molecule).

After this, we examined fibromodulin protein expres-
sion in E16 and E19 fetal wounds. We showed significant
induction of fibromodulin expression in 16-day fetal

wounds and only minimal induction in 19-day wounds.
Thus our findings revealed a consistently inverse relation-
ship between fibromodulin expression and scar formation
in both fetal and adult rat models of wound repair. This
suggests that fibromodulin may be a biologically relevant
modulator of TGF-B activity during scar formation. Relative
abundance of fibromodulin compared with TGF-B in early
gestation wounds may partly effect scarless fetal repair
through decreased TGF-B bioavailability. In addition, in-
creased fibromodulin induction in fetal wounds offers a
novel explanation of how, mechanistically, fetal wound col-
lagen is deposited in a more organized fashion than colla-
gen in adult wounds. Potential strategies for the manipula-
tion of adult wounds into being more “fetal-like” may include
the addition of fioromodulin to modulate both TGF-B activity
and ECM assembly.

Materials and Methods

Animals

Sprague-Dawley rats were housed in a controlled animal
facility at the University of California, Los Angeles, and
fed food and water ad libitum.

Preparation of Fetal Tissue

Female Sprague-Dawley (SD) rats (~300 g) were mated.
The time of detection of a vaginal plug as evidence of
pregnancy was considered day 0.5 of gestation. To ex-
amine cutaneous gene expression during development,
pregnant rats were anesthetized on days 14, 16, 17, 18,
19, 20, and 21 of gestation. After this, the animals were
shaved and a midline laparotomy was performed to ex-
pose the uterine segments. Uterine myotomies were then
made, and full-thickness dorsal fetal skin from between
the articulation of the hindlimbs and the articulation of the
forelimbs was excised (N = 10-15 fetuses/time point).
The isolated tissue was immediately frozen in liquid nitro-
gen and stored at —70°C until RNA extraction.

For fetal wound tissue, pregnant rats were anesthe-
tized on days 16 and 19 of gestation. The laparotomies
were performed (as described above). A 7-O nylon
pursestring suture was placed before each uterine myot-
omy. Two-millimeter punch biopsies were then used on
the dorsum of each fetus to create full-thickness exci-
sional wounds. Wounds were then stained with blue vital
dye for later identification, and the amniotic fluid was
replaced with normal saline before uterine closure.
Wounds were harvested 12, 36, and 72 hours postoper-
atively and fixed in 4% paraformaldehyde (N = 4 wounds
per time point, two separate pregnancies). Nonwounded
skin from E16 and E19 embryos, as well as from each
wound harvest time point, was used as controls.

Preparation of Adult Tissue

To assess gene expression during cutaneous wound
repair, 20 rats were anesthetized and shaved. To mini-
mize regional cephalocaudal and dorsoventral differ-



ences in wound healing, spatial landmarks such as the
forelimb and hindlimb articulation sites as well as the
spine were used to consistently mark excisional wound
locations.?® Eight full-thickness, excisional skin wounds,
including the panniculus carnosus, were made (7 mm?;
N = 128 wounds) on the backs of 16 animals. All wounds
were separated by at least 2 cm to minimize any effects
from neighboring wounds. Two animals at a time were re-
anesthetized, and all eight wounds on each animal were
excised in their entirety (including the base) at 12 hours and
1,2,3,5,7,10, and 14 days after injury (N = 16 wounds per
time point). Controls consisted of nonwounded skin (0 hour)
from identical locations in four animals. To minimize possi-
ble wound healing responses to shaving with an electric
clipper, nonwounded control animals underwent skin har-
vest within 1 minute of hair removal. Tissue for RNA isolation
was immediately frozen in liquid nitrogen and stored at
—70°C until RNA extraction.

RNA Isolation

Total RNA was extracted using a monophasic solution of
phenol and guanidine isothiocyanate (TRIzol Reagent;
Gibco BRL, Gaithersburg, MD) and treated with at least
1 U of DNase | (Gibco)/1.5 ug RNA to remove chromo-
somal DNA contamination.?"

Reverse Transcriptase-Polymerase Chain
Reaction

To confirm DNA removal, specific primer polymerase
chain reaction (PCR) was carried out using total RNA
(without reverse transcription) and a control primer set
that is known to flank an intron-containing region (see
below for PCR methods). Relative RNA integrity and
quantitation accuracy were assessed by fractionating 2
g of total RNA in a glyoxal/dimethyl sulfoxide gel and
visualizing more prominent 28S versus 18S ribosomal
RNA bands.?? First-strand cDNA synthesis was accom-
plished using 1 ug of total RNA with 100 pmol of oli-
go(dT),5 and 1 ul (200 U) of SUPERSCRIPT Il (Gibco) in
a 40-pl reaction volume at 42°C for 60 minutes. The
SUPERSCRIPT was then inactivated by heating at 72°C
for 15 minutes. To relatively quantify differences in gene
expression during gestation, reduced cycle-specific
primer PCR was carried out. Reduced cycle PCR is
based on the principle that, in the linear amplification
cycle range, the resultant number of PCR molecules re-
flects the number of starting mMRNA molecules.?® For
each candidate molecule, we determined the cycle num-
ber most likely to fall within the linear amplification range
by successively reducing the number of cycles (range =
30 to 10 cycles). PCR was carried out using the following:
1.5 ul (1/40) of the first-strand reverse transcriptase (RT)
reaction, 2 pmol of each forward and reverse amplifica-
tion primers, and 0.2 ul (1 U) of Tag DNA polymerase
(Gibco) in a 20-ul reaction volume. All PCR reactions
were performed using the GeneAmp PCR System 9600
(Perkin Elmer, Branchburg, NJ). PCR temperatures were
95°C for 1 minute (one time only), followed by the anneal-
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ing temperature (variable among different primer sets) for
1 minute, 72°C for 1 minute, and 95°C for 30 seconds for
a variable number of cycles. Concomitant glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) PCR was
also performed in separate tubes for each RT reaction as
a control (Figures 2D and 3D). The PCR products were
separated by size on a 1.2% agarose gel and blotted
onto a nylon membrane by capillary diffusion for Southern
analysis.

At least two or more RT reactions from which at least
four separate sets of cycle-optimized PCR reactions were
performed for each PCR primer set. Primer sequences,
PCR reaction temperatures, and PCR cycle number are
listed in Table 1. Primers were designed using the Prime
program (version 8.0) from the Wisconsin Sequence Anal-
ysis Package (Genetics Computer Group, Madison, WI).

Probes, Hybridization Conditions, and
Autoradiography

Correct PCR product amplification was confirmed by
probing the nylon membrane with a 3°P-labeled oligonu-
cleotide probe specific for a given gene. The sequences
of the probes are described in Table 1. Oligonucleotides
were end-labeled with T4 kinase (Gibco). Each mem-
brane was placed in 10 ml prehybridization solution (hy-
bridization buffer tablets; Amersham Life Science) and
shaken at 42°C in a hybridization oven (Amersham Life
Science) for 2 hours. After this, individual membranes
were hybridized overnight at 42°C with specific probes.
Membranes were then washed in 5X standard saline
citrate, 0.1% sodium dodecy! sulfate for 20 minutes, fol-
lowed by two 20-minute rinses in 0.1X standard saline
citrate, 0.1% sodium dodecyl sulfate at 42°C. Autoradio-
grams were then generated from the radioactive mem-
branes.

To compare general trends in mRNA expression for
TGF-B ligands, receptors and modulators, autoradiograms
were scanned and analyzed on a Macintosh computer us-
ing the public domain NIH Image program. Densitometry
values for each TGF-B ligand, TGF-B receptor, and TGF-B8
modulator were corrected to GAPDH expression at each
time point, normalized by setting the highest value to 1, and
graphically depicted as the mean = the SD.

Statistical Analysis

An unpaired two-tailed Student’s t-test was performed to
detect statistically significant differences in gene expres-
sion between E16 (beginning transition) and E18 (end
transition) fetal skin, as well as statistically significant
differences in gene expression between controls and
adult wounds at different postinjury time points. A P value
of <0.05 was considered significant.

Histology

Wounded fetal skin and nonwounded control skin were
fixed overnight in 4% paraformaldehyde. The tissues
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Table 1. PCR Primer and Probe Sequences and Reaction Conditions

Gene (Genbank no.)

Forward primers (5’ to 3')

Reverse primers (5’ to 3')

TGF-B1 (X52498) TATCCCGGTGGCATACTGAG CCCAAGGAAAGGTAGGTGATAGTC
TGF-p2 (X71904) TCCTGCTAATGTTGTTGCCC AGCAATTATGCTGCACATTCC
TGF-B3 (U03491) CAAAGCAACAGACCTCACCC ATCTCTTCTCTACCCCACCACC
Type | receptor (L26110) CAAATGGCGGGGAGAAGAAG TGATAATCCGACACCAACCACAG
Type Il receptor (LO9653) GGAGGAAGAACGACAAGAAC TGGATAATGACCAGCAACAG

Type Il receptor (M77809) ACACCAACTCCAAAAGTGCC ATCACCCTGCTAATCCCCTC
LTBP-1 (M55431) TCCCCAGCCACCATTTTTTC TCCTCCATTTCCACCCAAGTAAG
Decorin (X59859) CACCAACATAACTGCTATTCCTC AGACTGCCATTTTCCACAAC
Biglycan (U17834) AGTTCACTACCTGTCCATCC AGAGAGAGAGAGAGAGAGAGAGAG
Fibromodulin (X82152) AACCATCACACACACACACAC AGCATTTGACCCTTCTCTCC
GAPDH (AF106860) CACCACCATGGAGAAGGC CCATCCACAGTCTTCTGA

were then embedded in paraffin and cut into 5-um sec-
tions for hematoxylin and eosin (H&E) staining or immu-
nohistochemistry.

Immunohistochemistry

To determine fibromodulin expression in fetal wounds,
immunohistochemistry was performed on E16 and E19
wounds 36 hours after injury, as well as on nonwounded
E17.5 (E16 + 36 hours) and E20.5 (E19 + 36 hours) fetal
skin. After deparaffinization and rehydration of the tissue
sections, endogenous peroxidase activity was quenched
with 1% hydrogen peroxide (H,O,) for 30 minutes, fol-
lowed by 2% H,O, for 15 minutes, and then the sections
were rinsed with phosphate-buffered saline. To reduce
nonspecific binding, sections were incubated overnight
at 4°C in a humidified chamber with a 1:50 dilution of goat
blocking serum (Vector Laboratories, Burlingame, CA).
Subsequently, sections were incubated with anti-fibro-
modulin antibody (from Anna Plaas)®* for 1 hour at room
temperature, rinsed three times with phophate-buffered
saline, and then incubated with a 1:50 dilution of goat
anti-rabbit IgG (Vector Laboratories) for 1 hour. After this,
the sections were rinsed, and Vectastain ABC reagent
(Vector Laboratories) was applied for 30 minutes before
diaminobenzidine tetrahydrochloride was applied for
5 minutes. Last, the sections were washed with distilled
water and counterstained with hematoxylin. Negative
controls were incubated with 1:1000 dilution preimmune
serum instead of anti-fibromodulin antibodies.

Confocal Microscopy

Confocal microscopy was performed to determine the
collagen deposition pattern in E16 versus E19 wounds,
72 hours after injury. First, slightly thicker 7-um tissue
sections were obtained. Next, the sections were depar-
affinized, rehydrated, and treated with 0.2% aqueous
phosphomolybdic acid for 1 minute and then stained with
0.1% Sirius red F3BA (Pfaltz and Bauer, Stamford, CT) in
saturated aqueous picric acid solution for 90-120 min-
utes. Subsequently, sections were washed in 0.01 N HCI
for 2 minutes and then dehydrated, cleaned, and
mounted. All sections were analyzed on a Carl Zeiss LSM
310 laser scanning confocal microscope equipped with

both an argon ion blue laser (488/514 nm) and a helium-
neon green laser (543 nm). After identification of the
wound sites by conventional microscopy, confocal pic-
tures were obtained in the frame mode, using a Plan-
Neofluar 63%/1.25 NA oil immersion objective with the
543-nm line of the helium-neon laser (attenuation = 1).
The emission light beam was recorded with a photomul-
tiplier after passing through a pinhole aperture and emis-
sion filter. The depth of the optical section (confocal z
resolution) was maintained by keeping the size of the
aperture pinhole in the emission pathway constant. The
scan time for image collection was 8 seconds. Sections
were scanned and collected in 0.5-um increments for the
entire thickness of 7 um.

Results

Fetal Wounds at Gestation Day 16 Heal without
Scar, and Gestation Day 19 Wounds Heal
with Scar

To confirm scarless healing in our model, we compared
the effects of full-thickness excisional wounds on E16 and
E19 fetal rats, 12 and 72 hours after injury (Figure 1, A-C
and A'-C’). Minimal inflammatory infiltrate was present at
12 hours postwounding in E16 rats (Figure 1A). By 72
hours there was complete healing, with restoration of
normal dermal architecture and hair follicle development
(Figure 1B). The original excision site was identified by
the presence of blue vital dye within the dermis. Laser
scanning confocal microscopy of day 16 fetal wounds 72
hours after injury revealed restoration of normal skin col-
lagen architecture with no difference between E16
wounds (E16 + 72 hours postwounding = E19) and E19
control skin (Figure 1, C and D). To minimize possible
overlap with the end of the transition period (gestation
day 18), excisional wounds were made on E19 fetal rats.
There was increased inflammatory infiltrate relative to the
gestation day 16 wounds after 12 hours (Figure 1A’). In
addition, E19 fetal wounds healed with disorganized der-
mal collagen deposition and lack of hair follicle regener-
ation in the wound site at 72 hours (Figure 1B’). Confocal
microscopy of day 19 wounds at 72 hours postinjury
revealed increased density and disorganization of colla-



Fibromodulin in Scarless Fetal Repair 427

AJP August 2000, Vol. 157, No. 2

Optimal PCR cycle #

PCR temp.

(°C) Fetal Adult Probes (5’ to 3')
62 15-20 18-20 ATAATTTGAGGTTGAGGGAG
62 15-18 18-20 AAAGCAATAGGCGGCATCC
62 18-20 18-20 TTCCCCTAACCAACCCACAC
62 15-20 18-20 ATTGTCTTTGTTGTCTGCTG
62 20-22 15-20 GAAGGAAAAGAAAAGGGCGG
60 13-16 18-20 CGTTTTCAGTTTCTGTGTGCC
62 10-12 12-15 GTTTAACAGTCACTGCCTGCTCC
57 10-13 10-12 ACCCAGCTTAGACAAATTAGAC
57 12-15 12-15 CAACTCTGTTATGCTTCCTG
61 20-22 20-23 CACCATTATACTGTTCAATACGCTG
61 18-20 18-20 CACGATGCCAAAGTTGTC

gen fibers within the scar when compared to control skin
of the same age (ie, neonatal day 1; E19 + 72 hours
postwounding = N1) (Figure 1, C" and D").

The Transition from Scarless Fetal Repair to
Adult-Type Healing with Scar Correlates with
Decreased LTBP-1 and Fibromodulin Levels,
but Not Increased TGF-B1 and -B2, or Type I, |,
and Ill Receptor Levels in Fetal Skin

To determine whether significant differences in gene ex-
pression are present before, during, and after the transi-
tion period, RT-PCR was performed on gestation day 14,
16, 17, 18, 19, and 21 (term) fetal RNA, using primer sets
for TGF-B1, -B2, and -B3; type I, I, and lll receptors;
LTBP-1; and decorin, biglycan, and fibromodulin. We
hypothesized that molecules promoting scar will be up-
regulated and that molecules reducing scar will be down-
regulated during the onset of adult-type repair. Student’s
t-test was performed to detect statistically significant dif-
ferences in steady-state mRNA levels between E16 (be-
ginning transition) and E18 (end transition) fetal skin. A P
value of <0.05 was considered significant.

Our results show that TGF-B1 levels did not change
significantly between gestation days 16 and 18 (P =
0.3324), whereas TGF-B2 and -B3 levels were approxi-
mately twofold higher at day 16 relative to day 18 (P =
0.0021 and 0.0447, respectively) (Figure 2, A and A").
Type | and Il receptor expression, on the other hand, did
not change significantly during the transition period (P =
0.1329 and 0.7343, respectively), although type Il recep-
tor was elevated by 2.2-fold at day 16 as compared to
day 18 (P = 0.0020) (Figure 2, B and B’). In terms of
TGF-B modulator expression, LTBP-1 mRNA was 2.0-fold
(P = 0.0032) and fibromodulin was 3.4-fold (P = 3.6 X
107°) higher at day 16 versus day 18 (Figure 2, C and C").
Decorin levels, however, were increased by 1.5-fold in
E18 relative to E16 embryos (Figure 2, C and C’). Finally,
biglycan expression was not significantly changed dur-
ing the transition (P = 0.4723) (Figure 2, C and C’).
Overall, we found that potential profibrotic molecules
TGF-B1 and -B2 and type |, Il, and Il receptors were not
up-regulated during the transition period, although three
potential antifibrotic molecules, TGF-B3, LTBP-1, and fi-

bromodulin, decreased with the onset of adult-type repair
in the fetus.

LTBP-1, Decorin, and Biglycan Are
Up-Regulated, and Fibromodulin Is Initially
Down-Regulated during Adult Wound Repair

To further clarify the role of LTBP-1 and fibromodulin in
scar formation, we examined their expression relative to
TGF-B1, -B2, and -B3; type |, Il, and Il receptors; and
decorin and biglycan during adult rat wound repair. RT-
PCR was performed on RNA isolated from 0-, 0.5-, 1-, 2-,
3-, 5-, 7-, 10-, and 14-day wounds. We hypothesized that
potential antifibrotic molecules would be minimally ex-
pressed or down-regulated during actual adult repair.
Student’s t-test was performed to detect statistically sig-
nificant differences in steady-state mMRNA levels between
nonwounded controls and adult wounds at different
postinjury time points. A P value of <0.05 was considered
significant.

As expected from previous work,?® TGF-81 and -3 as
well as type | and Il receptors were up-regulated up to
threefold in adult repair, although we did not demonstrate
a significant change in TGF-B2 expression (Figure 3, A,
A’, B, and B’). In addition, we also showed up-regulation
of the type Il receptor (Figure 3, B and B’). Surprisingly,
all of the potential TGF-B modulators, LTBP-1, decorin,
and biglycan were up-regulated in adult repair, except
for fiboromodulin, which was initially down-regulated 12
hours after injury (Figure 3, C and C’) (P = 0.0366).
Fibromodulin levels then returned to baseline by 24 hours
with a slight 1.3-fold elevation above control at days 3
and 5 (P = 0.0145 and 0.0318, respectively) (Figure 3, C
and C').

Fibromodulin Is Significantly Up-Regulated in
Gestation Day 16 Fetal Wounds, but Not in
Gestation Day 19 Wounds

Because fibromodulin is down-regulated during both fe-

tal skin transition to adult-type repair and in actual adult
repair, we hypothesized that the absence of fibromodulin,
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Figure 1. H&E staining and confocal scanning laser microscopy of gestation day 16 and 19 fetal rat skin wounds. A: Gestation day 16 excisional skin wound, 12 hours after injury.
Original magnification: X200. The wound edge (solid black triangles) and wound base (open red triangles) are indicated. There is minimal inflammatory infiltrate. Note the
presence of blue vital dye used to mark the location of the fetal wound (open black triangles). B: Gestation day 16 excisional skin wound, 72 hours after injury. Original
magnification: X100. There is complete healing, with restoration of normal dermal architecture and regeneration of hair follicles. Small areas containing blue vital dye are visible
in the dermis (open black triangles). A’: Gestation day 19 excisional skin wound, 12 hours after injury. Original magnification: X200. The wound edge (solid black triangles)
and wound base (open red triangles) are indicated. There is moderate inflammatory infiltrate. Note again the presence of blue vital dye in the wound (open black triangles).
B': Gestation day 19 excisional skin wound, 72 hours after injury. Original magnification: X100. To the right of the wound is a small area of nonwounded skin with intact hair
follicles. There is complete epithelialization over the wound, but the normal dermal architecture has been disrupted by unorganized collagen deposition with no regeneration
of hair follicles. Small areas of blue vital dye are also visible in the dermis (open black triangles). C: Confocal microscopy of nonwounded E19 fetal skin. Original magnification:
X630. The epidermis (E), dermis (D), and a portion of a hair follicle (open white triangles) are indicated. D: Confocal microscopy of an E16 embryo excisional wound,
72 hours after injury. Original magnification: X630. In addition to hair follicle regeneration (open white triangles), collagen architecture is indistinguishable from nonwounded
gestation day 19 skin (E16 + 72 hours postinjury = E19). C": Confocal microscopy of nonwounded N1 fetal skin. Original magnification: X630. The epidermis (E), dermis (D),
and a portion of a hair follicle (white triangles) are again indicated. D’: Confocal microscopy of an E19 embryo excisional wound, 72 hours after injury. Original magnification:
approximately X630. There is no hair follicle regeneration, and the collagen architecture is disorganized and denser when compared to nonwounded neonatal day 1 controls
(E19 + 72 hours postwounding = N1).
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Figure 2. RT-PCR of TGF- ligands, receptors, and modulators during fetal skin development. RT-PCR was performed on RNA isolated from day 14, 16, 17, 18,
19, 20, and 21 fetal dorsal skin (N = 10-15 fetuses per time point). To determine relative changes in mRNA levels during development, densitometry values for
each blot were corrected to GAPDH expression at each time point and normalized by setting the highest value to 1. The results are depicted graphically as the
mean & SD (A—C). The transition period is highlighted in gray. An unpaired two-tailed Student’s #test was performed to detect statistically significant differences
in gene expression between E16 (beginning transition) and E18 (end transition) fetal skin. A representative blot is shown for each TGF-B ligand (A"), receptor
(B'), or modulator (C"), with the corresponding P value on the right and the transition period highlighted in gray. Statistically significant differences in gene
expression between day 16 (beginning transition) and day 18 (end transition) fetal skin are underlined (A'—C"). Statistically significant P values (< 0.05) are
marked with an asterisk. A representative fetal GAPDH PCR reaction is shown (inset).

a potential antifibrotic molecule, may promote scar for-
mation. To further test this hypothesis, we immunolocal-
ized fibromodulin expression in E16 and E19 fetal
wounds, 36 hours after injury. Our data revealed higher

basal fiboromodulin localization to the epidermis and der-
mis in control, nonwounded, gestation day 17.5 (E16 +
36 hour) relative to day 20.5 (E19 + 36 hours) fetal skin
(Figure 4, A and A"). Fibromodulin expression, however,
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Figure 3. RT-PCR of TGF-B ligands, receptors, and modulators during adult cutaneous wound repair. RT-PCR was performed on RNA isolated from 12-hour to
14-day wounds and nonwounded controls (N = 16 wounds per time point). To determine relative changes in mRNA levels after wounding, densitometry values
for each blot were corrected to GAPDH expression at each time point and normalized by setting the highest value to 1. The results are depicted graphically as
the mean = SD (A—C). An unpaired two-tailed Student’s ttest was performed to detect statistically significant differences in gene expression between
nonwounded controls and adult wounds at different postinjury time points, which are underlined (A’'—C"). A representative blot is shown for each TGF-p ligand
(A", receptor (B"), or modulator (C"), with the corresponding range of P values on the right. All of the underlined time points represent statistically significant
increases in gene expression relative to nonwounded controls, except for the 12-hour fibromodulin time point (in bold), which represents decreased expression
levels relative to the control (C"). The range of Pvalues is shown and is marked with an asterisk if 7 < 0.05. A representative adult GAPDH PCR reaction is shown
(inset).

significantly increased 36 hours after injury in E16 skin,

I . , , Discussion
especially in the dermis surrounding the wound (Figure
4B). In marked contrast, wounded E19 skin had minimal TGF-Bs are multifunctional cytokines with diverse effects
fioromodulin localized to the dermal wound site 36 hours on cell motility, proliferation, differentiation, and ECM pro-

after injury (Figure 4B’). tein expression.®® In terms of wound repair, TGF-81 and
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Figure 4. Immunolocalization of fibromodulin in gestation day 16 and 19 fetal wounds. Fibromodulin immunostaining was performed on wounded E16 and E19
fetal skin, 36 hours after injury (V= 4 fetuses per time point, two separate pregnancies). A: Nonwounded gestation day 17.5 (E16 + 36 hours) fetal skin. Original
magnification: X200. There is moderate fibromodulin localization (dark brown staining) to the epidermis (open white triangles) as well as to the extracellular
(open red triangles) and intracellular (open black triangles) components of the dermis. B: Gestation day 16 excisional skin wound, 36 hours after injury.
Original magnification: X200. The blue vital dye used to mark the location of the fetal wound is visible at the wound edge and base. There is significantly increased
dermal extracellular fibromodulin localization (open red triangles, dark brown staining) relative to nonwounded day 17.5 (E16 + 36 hours) skin, as well
as increased dermal intracellular fibromodulin staining (open black triangles) within spindle-shaped, fibroblast-like cells. There is continued fibromodulin
staining (dark brown) in the epidermis (open white triangles). A’: Nonwounded gestation day 20.5 (E19 + 36 hours) fetal skin. Original magnification: X200.
There is minimal fibromodulin localization to the epidermis and dermis. B': Gestation day 19 excisional skin wound, 36 hours after injury. Original magnification:
X200. There is increased epidermal staining (open white triangle, dark brown staining), but still minimal fibromodulin localization to the surrounding dermal

wound site.

-B2 are known to promote scarring.®'%'" Conversely,
TGF-B3 has been shown to decrease scarring in a rat
incisional wound model by Shah et al.’® Our results dem-
onstrated that profibrotic molecules such as TGF-B1 and
-B2 were expressed in skin from E16 animals, and that
their levels did not increase significantly during the tran-
sition from fetal (E16) to adult-like (E18) repair. TGF-B2
levels in fact were significantly lower in E18 animals rel-
ative to E16 animals. Thus we did not find a direct corre-
lation between TGF-B1 and-B2 expression and the onset
of adult-type repair in the fetus.

Similarly, we found no correlation between TGF-B3
expression and scarless fetal-type repair. Although we
showed significant TGF-83 mRNA down-regulation in
E17 and E18 transition period embryos (in keeping with
its role as a possible antifibrotic peptide), this down-
regulation was not maintained, and TGF-B83 was up-reg-
ulated from E19 until term. TGF-B3’s role in epidermal-
mesenchymal transformation and epithelial differentiation
may explain its increased expression in late gestation®®;
however, this up-regulation is inconsistent with the role of
TGF-B3 as a possible antifibrotic molecule. Wu et al also
did not observe TGF-B3 to have any antifibrotic effects
when applied to a rabbit dermal ulcer model.?” This
concurs with our adult rat data revealing increased
TGF-B3 expression after injury and with other reports of
TGF-B3 up-regulation in adult mouse® and porcine®®
wound models that repair with scar. Overall, TGF-83

up-regulation in adult wounds argues against a general-
ized antifibrotic role for TGF-B3.

Because TGF-B ligand levels did not increase during
the fetal skin transition to adult-type repair with scar, we
hypothesized that the degree of TGF-B induction after
injury may be more relevant than basal TGF-B levels.
Earlier immunohistochemistry studies had reported a lack
of TGF-B induction in fetal mice,?® and in human'2° and
rabbit wound models.®" However, Martin et al had dem-
onstrated rapid TGF-B1 mRNA induction within 1-3 hours
after wounding and rapid protein clearance to near-back-
ground levels by 18 hours in a mouse model of embry-
onic limb repair.3® We have shown by immunostaining
that TGF-B1 and -B2 are present in rat embryo skin
wounds and that the degree of expression after injury
directly correlated with gestational age. Specifically, E16
(fetal-type repair) fetuses displayed decreased TGF-B1
and -B2 induction, whereas E19 (adult-type repair) ani-
mals exhibited increased TGF-B1 and -B2 induction (data
in submission). Although decreased induction and in-
creased clearance of TGF-B may be one mechanism
regulating scarless fetal repair, TGF- is nonetheless still
present in fetal wounds.

To determine whether TGF-B receptor down-regulation
in E16 relative to E18 embryos may further account for
scarless fetal repair in the presence of TGF-B, we exam-
ined the expression of TGF-B type |, II, and Ill receptors
during the transition period. Type | and Il receptors are
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transmembrane serine/threonine kinases that are essen-
tial for TGF-B activity (reviewed in Massague'?). In con-
trast, the type Ill receptor (betaglycan) is a membrane-
bound proteoglycan that has no intrinsic signaling
function but it may modulate TGF-B access to the signal-
ing receptor.” Our data revealed that type Il receptor
levels significantly decreased during the fetal transition to
adult-type repair, whereas type | and lll receptor levels did
not change significantly. Thus we demonstrated that neither
basal TGF-B ligand nor receptor levels positively correlated
with scar formation during the transition from scarless fetal
repair (E16) to adult-type repair with scar (E18).

Because profibrotic molecules were not up-regulated
in the transition to adult-type repair, we then determined
whether potential antifibrotic molecules such as LTBP-1,
decorin, biglycan, and fibromodulin would be down-reg-
ulated. LTBPs are a relatively new class of molecules that
may function to sequester and regulate extracellular
TGF-B activity through their dual ability to bind both ECM
components and TGF-B.%® We observed a significant
decline in LTBP-1 steady-state mRNA in E18 as opposed
to E16 animals. This substantial drop in LTBP-1 expres-
sion in late gestation may ultimately increase TGF-8 bio-
availability and potentially account for scar formation in
late-term fetuses. To determine whether LTBP-1 will be
correspondingly down-regulated in a model that repairs
through scar, we examined LTBP-1 expression in adult
rat excisional wounds. Surprisingly, we found up-regula-
tion of LTBP-1 mRNA up to 3.5-fold between 12 hours
and 3 days after injury. The up-regulation of LTBP-1
suggests that TGF-B expression may be coordinately
linked with LTBP-1 in adult repair. Dallas et al have shown
concomitant TGF-B1 and LTBP mRNA expression in hu-
man foreskin fibroblasts in vitro.>* Overall, despite de-
creased LTBP-1 levels in E18 embryos exhibiting adult-
type repair, markedly increased LTBP-1 levels in adult
wounds argue against a fundamental antifibrotic role for
LTBP-1.

Our results thus far demonstrate that the onset of adult-
type repair in the fetus does not directly correspond to
increased TGF-B ligand, receptor, or LTBP-1 expression.
Although the difference in TGF-B induction in E16 versus
E19 embryos may be a major determinant of scar forma-
tion, it does not entirely explain how fetal wounds heal
without scar despite the presence of TGF-B. Concur-
rently, the addition of anti-TGF-B antibodies against all
three isoforms fails to completely eliminate scar in adult
animals.'® This suggests that other molecules besides
TGF-B ligands, receptors, and binding proteins may reg-
ulate fetal scarless repair.

Compared to the LTBPs, more is known about the
decorin proteoglycan family, which includes biglycan,
fibromodulin, and lumican. Proteoglycans have key func-
tions in ECM assembly, cellular interactions, and growth
factor storage.®®> Decorin and fibromodulin, and to a
lesser extent biglycan, can bind fibrillar collagens (eg,
types |, I, Ill, V, and Xl) to delay fibrillogenesis and
decrease fibril diameter.®*¢37 Besides regulating colla-
gen assembly, decorin, biglycan, and fibromodulin can
all bind TGF-B1, -B2, and -B3, with fiboromodulin exhibit-
ing the greatest affinity for TGF-B1, as well as the latent

TGF-B1 precursor.'® Decorin added to an experimental
model of glomerulonephritis has ameliorated glomerular
injury associated with TGF-B overexpression.'® Thus the
decorin family is able to regulate both ECM assembly and
TGF-B bioactivity, making them possible candidates for
the regulation of scarless fetal repair.

Our data showed that decorin mRNA levels increased
significantly in E18 relative to E16 embryos, whereas bigly-
can levels did not change from E14 until term. Fibromodulin
mMRNA levels, on the other hand, declined dramatically, by
~3.5-fold in E18 relative to E16 fetuses. Moreover, exami-
nation of adult wounds demonstrated increased decorin
and biglycan expression by approximately two- to threefold,
whereas fibromodulin was initially down-regulated at 12
hours and minimally up-regulated by 1.3-fold between days
3 and 5. Decorin up-regulation in E18 embryos and in adult
repair, along with biglycan up-regulation in adult repair,
make decorin and biglycan unlikely candidates for mediat-
ing scarless fetal repair. In contrast, fiboromodulin expres-
sion inversely correlated with scar formation during both
fetal skin development and adult wound repair. To further
elucidate the role of fibromodulin in fetal repair, we immu-
nostained for fibromodulin in E16 and E19 fetal wounds 36
hours after injury. We showed that fiboromodulin expression
significantly increased 36 hours after injury in E16 but not in
E19 wounds. Thus abundant fibromodulin levels are asso-
ciated with scarless fetal repair, whereas adult-type fetal
repair with scar and adult repair are relatively deficient in
fioromodulin.

During scarless fetal repair, the combination of minimal
induction and rapid clearance of TGF-B, in association
with elevated basal and injury-induced fibromodulin lev-
els, may decrease overall TGF-B bioavailability. Dimin-
ished TGF-B bioactivity may in turn decrease ECM dep-
osition and scar formation and, more importantly, prevent
the activator protein-1 (AP-1)-mediated autoinductive
phenomenon that sustains TGF-B81 expression in adult
wounds.®® Concurrently, relative fibromodulin abun-
dance in fetal wounds may affect collagen fibrillogenesis
and architecture, as suggested by our confocal data on
E16 versus E19 wounds. Consequently, fioromodulin up-
regulation in fetal wounds not only elucidates how scar-
less repair may occur despite the presence of TGF-B; it
also explains mechanistically how organized fetal colla-
gen deposition may occur. On the other hand, the lack of
early fibromodulin induction in adult wounds may in-
crease overall TGF-B activity and autoinduction, leading
ultimately to scar and fibrosis. The small 1.3-fold increase
in adult wound fibromodulin expression at days 3 and 5
occurred late in the repair process and is unlikely to
contribute a significant antifibrotic effect. Furthermore,
the relative lack of fibromodulin in adult wounds also
potentially explains why neutralization of all three TGF-B
isoforms reduces but does not entirely eliminate scarring
in adult animals, inasmuch as adult wounds are deficient
in fiboromodulin for the regulation of ECM assembly. Fu-
ture strategies to manipulate adult wounds into being
more “fetal-like” may include the addition of fioromodulin
protein or virally mediated fibromodulin transfection into
wounds for the modulation of both TGF-B activity and
ECM assembly.



In summary, our data demonstrate that, just as the

macroscopic architecture of fetal skin changes during
development from a thickness of few cell layers to a
multilayered complex organ with glands and hair follicles,
the transcripts for growth factors, receptors, and ECM
biological modulators also undergo similar ontogenetic
transformation. This suggests that the biology underlying
the transition from scarless fetal repair to adult-type re-
pair with scar in late gestation may be governed by
dynamic shifts in relative levels of these transcripts at the
biomolecular level.
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