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Abstract

The highly ordered process of wound healing involves the
coordinated regulation of cell proliferation and migration
and tissue remodeling, predominantly by polypeptide
growth factors. Consequently, the slowing of wound
healing that occurs in the aged may be related to changes
in the activity of these various regulatory factors. To gain
additional insight into these issues, we quantified the
absolute copy numbers of mRNAs encoding all the
fibroblast growth factors (FGFs), their receptors (FGFRs)
and two other growth factors in the dorsal skin of young
and aged mice during the healing of full-thickness skin
excisional wounds. In young adult mice (8 weeks old),
FGF7, FGF10 and FGF22 mRNAs were all strongly
expressed in healthy skin, and levels of FGF7 and 10 but
not 22 increased 2- to 3-5-fold over differing time courses
after wounding. The levels of FGF9, 16, 18 and especially
23 mRNAs were moderate or low in healthy skin but

increased 2- to 33-fold after wounding. Among the four
FGFRs, expression of only FGFR1 mRNA was aug-
mented during wound healing. Expression of transforming
growth factor-f3 and hepatocyte growth factor was also
high in healthy skin and was upregulated during healing.
Notably, in aged mice (35 weeks old), where healing
proceeded more slowly than in the young, both the basal
and wound-induced mRNA expression of most of these
genes was reduced. While these results confirm the
established notion that FGFR2 IIIB ligands (FGF7 and
FGF10) are important for wound healing, they also suggest
that decreased expression of multiple FGF ligands con-
tributes to the slowing of wound healing in aged mice and
indicate the potential importance of further study of the
involvement of FGF9, 16, 18 and 23 in the wound healing
process.
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Introduction

Wound healing is a highly ordered process that involves
cell proliferation and migration, matrix protein synthesis
and deposition, and tissue remodeling. This process has
been divided into an inflammatory phase, a proliferative
phase and a remodeling phase (Martin 1997, Singer &
Clark 1999), although the divisions are arbitrary and the
phases overlap. Recently, a variety of cytokines and
polypeptide growth factors have been shown to play key
roles in each of these phases, with the latter involved in the
regulation of cell migration, proliferation and differentia-
tion, synthesis of matrix proteins, and secretion of matrix
proteases and protease inhibitors (Martin et al. 1992,
Martin 1997, Singer & Clark 1999, Powers et al. 2000).

Among these mediators are several members of the
fibroblast growth factor (FGF) family, which is comprised
of twenty-two members in both human and mouse
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(Powers ef al. 2000, Itoh & Ornitz 2004). The import-
ance of these factors in wound healing was revealed,
in part, by the finding that knocking out Fgf2 delays
re-epithelialization following full-thickness excisional
wounding (Ortega et al. 1998). Moreover, FGF7 (or
keratinocyte growth factor, KGF), FGF10 (or KGF2), and
possibly FGF22 act in concert via FGF receptor 2 IIIb
(FGFR2 IIIb) to stimulate keratinocyte proliferation in
both normal and wounded skin (Werner et al. 1994,
Marchese ef al. 1995, Igarashi et al. 1998, Ohuchi et al.
2000, Beyer et al. 2003), and overexpression of a dominant
negative form of FGFR2 IIIb severely delays wound
re-epithelialization in the transgenic mice (Werner et al.
1994). In addition, FGF1 (or acidic FGF), 2 (or basic
FGF), 13 (or FGF-homologous factor-2; FHF2) and 18 are
reportedly expressed in dermal and hair follicular cells
(Marchese et al. 1995, Ortega et al. 1998, Kawano et al.
2004, 2005) and regulate skin regeneration and hair
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growth, although the activity of FGF13 is not yet clear.
Finally, the overlapping but differential binding specificity
of FGF family members to their respective receptors
suggests that as yet uncharacterized FGFs may also
contribute to wound healing.

Other growth factors expressed in tissues during wound
healing include transforming growth factor- (TGF-f),
hepatocyte growth factor (HGF), vascular endothelial cell
growth factor and platelet-derived growth factor, all of
which are thought also to be critical regulators governing
the process of wound healing (Reed et al. 2003).

The changes in wound healing that occur in the aged
are not fully understood. Unlike such pathological con-
ditions as infection and diabetes, which impair wound
healing, aging may simply reduce the speed at which an
individual normally heals. In that case, it is likely that
levels of regulatory factors and/or their responsiveness to
wound-related stimuli are diminished. Indeed, decreased
circulating and tissue levels of various regulatory factors
have been reported with increasing age and are thought
to contribute to alterations in angiogenesis that would
ultimately lead to altered healing (Reed ef al. 1998, Rivard
et al. 1999).

Our aim in the present study was to use a mouse model
to examine additional ways in which the FGF system is
involved in wound repair, as well as the age-related
changes in those processes. To accomplish this, we used an
experimental system that enabled us to quantify absolute
copy numbers of mRNAs encoding FGFs and their
receptors, and to comprehensively profile the expression of
all twenty-two FGFs (Itoh & Ornitz 2004) and four FGF
receptors (FGFRs) (Jaye ef al. 1992) in the dorsal skin of
young and aged mice at various stages of the healing
process after full-thickness wounding.

Materials and Methods

Wound healing experiments: mice and skin sample preparation

Throughout this study, all animals received humane care
that was in accordance with the guidelines of the National
Institute of Advanced Industrial Science and Technology
(AIST), and all protocols were approved by the animal
experiment committee of AIST Central 6. For each set of
wound healing experiments involving mRNA isolation,
twenty-four 7- or 33-week-old male hairless ("/") mice
were obtained from Japan SLC (Hamamatsu, Japan) and
were maintained on a standard laboratory diet and water
which were available ad libitum. After conditioning (one
week for 7-week-old and two weeks for 33-week-old
mice), four mice were killed, and four dorsal skin samples
(8 X 8 mm squares) were isolated and examined as the ‘day
0’ sample. In the remaining twenty mice, after anestheti-
zation with an intraperitoneal injection of pentobarbital,
four full-thickness round sections of dorsal skin, each
6 mm in diameter, were excised using a pair of scissors.
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Figure 1 Healing of full-thickness excisional wounds in young and
aged mice. Eight-week-old (young adult) or 35-week-old (aged)
male hairless mice (") were used in this study. (A) Eight mice
were anesthetized, after which four portions of full-thickness
dorsal skin (6 mm diameter) were excised from each mouse. The
mice were then allowed to recover while being maintained on a
standard laboratory diet and water available ad libitum in isolated
cages. On the indicated days after wounding, the major (a, mm)
and minor (b, mm) axes of the wound were measured. These
mice were kept alive throughout the entire experimental period. In
a separate group of mice, the same procedure was followed,
except that on the indicated days four mice were killed, and
full-thickness skin samples (8 X 8 mm) containing the wound
were excised as shown and immediately processed for mRNA
isolation. (B) The post-excision wound size was calculated using
the formula, wound area (mm?)=(a x b) x m/4. The area was
then presented as percent closure by defining the initial area as
0% closure. Symbols represent means =+ sk (n=8). The experiment
was carried out twice to confirm the results.
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Table 1 Levels of expression of FGF and FGFR mRNAs in skin during wound healing in

young mice (8 week old)

Highest mRNA expression

The day of the wound healing
process at which highest mRNA
expression was attained

275

Copy number (/ng mRNA) % of day 0 (days after wounding)

Gene

Fgf1 396 100 0
Fgf2 1577 109 15
Fgf3 151 100 0
Fgf4 18 100 0
Fgf5 638 147 2
Fgf6 139 124 21
Fgf7 13 325 354 2
Fefs 3 193 2
Fgf9 870 210 2
Fgf10 3038 207 2
Fgf11 1333 163 4
Fgf12 140 168 15
Fgf13 6525 121 2
Fgf14 10 106 2
Fgf15 17 885 2
Fgf16 1609 261 15
Fgf17 10 100 0 & 21
Fgf18 995 361 15
Fgf20 74 239 7
Fgf21 236 137 4
Fgf22 2,780 100 0
Fgf23 1,634 3296 2
Fgfr1 50 457 159 15
Fgfr2 6,603 100 0
Fgfr3 19 563 100 0
Fgfr4 2,175 121 15
Gapdh 1584 644 100 0
b-actin 963 809 113 2

The wounds were not covered and each mouse was
allowed to recover in a separate clean cage. Then, on
selected days (days 2, 4, 7, 15 and 21 after wounding) four
mice were killed, and full-thickness skin samples (four
8 X8 mm squares per mouse containing the healing
wounds (Fig. 1A)) were excised and processed for mRINA
isolation. For the 8-week-old mice, the entire set of
experiments was performed twice to confirm the repro-
ducibility of the results. For the 35-week-old mice, only
one set of experiments was performed due to the limited
availability of the aged mice.

For wound closure analyses, eight mice were used for
each set of experiments, and all the mice were kept alive
throughout the entire experimental period. After wound-
ing, the major (a, mm) and the minor (b, mm) axes of the
32 wounds on the eight mice (four wounds per mouse)
were measured on the indicated days (Fig. 1A) (except on
day 21, when 16 wounds on four mice were measured).
The post-excision wound area was evaluated using the
formula: wound area (mm?)=(a X b) X /4. The average
size of the four wound areas on each mouse was then

Iwww.endocrinology-journa[s.org

calculated, and the data from the eight mice were sub-
jected to statistical analysis. The area was then presented as
percent closure by defining the initial area as 0% closure.
Symbols represent means = standard errors (SE; n=38).
The experiment was carried out twice for the 8-week-old
mice and once for the 35-week-old mice.

For analysis of age-dependent changes in gene expres-
sion in healthy (i.e. unwounded) skin, sixteen 7-week-old
male hairless mice were obtained from Japan SLC and
were maintained on a standard laboratory diet and water
which were available ad libitum. Four mice each were
killed when they were 8, 10, 12 or 14 weeks old, after
which dorsal skin samples were isolated and processed for
mRNA isolation.

mRNA preparation and reverse transcription

Total RNA was prepared from skin samples using Isogen
(Nippon Gene, Tokyo, Japan) according to the manu-
facturer’s instructions, after which the mRNA was puri-
fied from the total RNA using an Oligotex-dT30 Super
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Figure 2 Strong expression of some FGF mRNAs in skin during wound healing.
Twenty-four mice (8 or 35 weeks old) were used in each set of experiments. Initially, four
mice were killed, and four portions of full-thickness dorsal skin (8 x 8 mm) were excised
from each mouse and examined as the ‘day 0" sample. Wounds were made on the
remaining 20 mice as described in the legend to Fig. 1; on the indicated days four mice
were killed, and four dorsal skin samples containing the wounds (8 X 8 mm) were
isolated and processed for mRNA purification. Real-time PCR was then carried out as
described in the Materials and Methods section. The experiment was carried out twice to
confirm the results. Shown are levels of FGF mRNAs strongly expressed (over 4000
copies/ng mRNA at the respective peak level) during wound healing. The results for young
mice are shown in the left panels and for aged mice in the right panels. Note that the
Y-axis for Fgf7 is different from the others. Symbols represent means =+ sk of
quadruplicate samples; *P<0-05, ** P<0-01 compared with the respective value before
wounding (day 0). The same set of experiments was carried out twice for each 8- or

35-week-old mouse to confirm the results.

mRNA purification kit (Takara Bio Inc., Osaka, Japan).
Aliquots (400 ng) of the purified mRINA were then
reverse-transcribed in a total volume of 30 ul using
SuperScript IT with Oligo (dT),,_;5 as the primer (Gibco
BRL, Tokyo, Japan).

Quantification of mRNA copy number by real-time PCR

Specific primer sets were designed so that the levels of
FGF mRNAs could be quantitatively analyzed using
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real-time PCR. The specificity of the primers was mainly
ensured by using the whole mouse cDNA sequence as the
background sequence (a new algorithm developed by Dr
Akira Suyama at Tokyo University), and the same sets of
primers were also used to clone the respective cDNA
fragments that served as copy number references for
quantification.

Real-time PCR was carried out in a Light Cycler
(Roche Diagnostics, Basel, Switzerland) using 2 ul RT
product diluted 1:10 as a template. The absolute copy
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Figure 3 Moderate expression of some FGF mRNAs in skin during wound healing. Shown are levels of FGF mRNAs moderately
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twice for each 8- or 35-week-old mouse to confirm the results. Note that the Y-axes are different from those in Fig. 2. Symbols and bars
represent means =+ sk of quadruplicate samples for all the genes presented; *P<0-05, **P<0:01 compared with the respective value
before wounding (day 0).
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numbers of each FGF were determined using each respec-
tive plasmid DNA as a copy number reference (M Suzuki,
J Oki & T Imamura, unpublished observations). Cyber
Green was used for quantification of the amplified DNA.
Highly specific primers, as well as optimized annealing
temperatures, elongation times and acquisition tempera-
tures were employed in the Light Cycler reaction. To
further ensure the specificity of the reaction conditions, at
the end of the individual runs, the melting temperature
(Tm) of the amplified product was measured to confirm
its homogeneity. After the quantification procedure, the
products were resolved by 2-0% agarose gel electrophoresis
to confirm that the reaction had amplified DNA fragments
of the expected size.

For the evaluation of the mRINA, we included serially
diluted DNA samples having the target cDNA sequence
in the same Light Cycler run. This enabled the absolute
copy number of the mRINA of interest to be calculated for
the individual samples. We also evaluated the copy
number of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) using the same pro-
cedures and confirmed that its abundance was within the
expected range. The mRNAs prepared from each mouse
were individually subjected to reverse transcription using
Oligo (dT);,_;3 as the primer, and the absolute copy
number was independently analyzed by real-time PCR as
described above. From the results obtained from four mice
under the same conditions, the means = s.E. of the mRINA
copy numbers were calculated and presented in graphs.
The significance of differences between groups was
analyzed using Student’s f-test.

Results

Healing of excisional full-thickness skin wounds in young and
aged hairless mice

Earlier studies have shown that FGF1, 2, 5, 7, 10, 13 and
22 are all highly expressed in the skin of C3H/HeN mice
and that many of them play important roles in skin and/or
hair dynamics (DuCros et al. 1993, Hebert et al. 1994,
Danilenko et al. 1995, Guo et al. 1996, Rosenquist &
Martin 1996, Mitsui ef al. 1997, Ortega et al. 1998, Suzuki
et al. 1998, Nakatake ef al. 2001, Beyer et al. 2003, Steiling
& Werner 2003, Kawano et al. 2004, 2005). Moreover,
we have found that expression of these factors is strongly
affected by the progress of the hair growth cycle (Kawano
et al. 2004, 2005). For that reason, we examined wound
healing in the hairless mouse to eliminate the effect of

the hair growth cycle on FGF expression. In addition,
to eliminate the effect of menstruation, we used only
male mice.

When we evaluated the closure of full-thickness
excisional skin wounds on the dorsum of young adult
(8-week-old) and aged (35-week-old) hairless mice, we
found that the wounds closed to 50% of their original area
by about day 3 in young mice and about day 6 in aged
mice (Fig. 1B). Thus, even though at 35 weeks the life
span of hairless mice is only partially completed, wound
closure is substantially slower than in young adult mice. By
day 15 after wounding, the wounds of both young and
aged mice were completely closed (Fig. 1B).

Expression profiles of FGFs and FGFRs in skin during
wound healing

To quantify the expression of mRNAs encoding all the
various FGFs and FGFRs, we utilized an experimental
system that involved designing a set of highly specific
primers for each gene and using real-time PCR to
measure the absolute copy number of the respective
mRNAs (Table 1). We found that each gene studied was
expressed at a distinct level in the healthy skin (day 0) of
young adult hairless mice (Figs 2-6, left panels). FGF
ligands that were previously shown to be expressed in skin
(FGF1, 2, 5, 7, 10, 13 and 22) were indeed strongly
expressed in the healthy skin of young mice (Figs 2, 3 and
4, day O in the left panels); in particular, levels of FGF7,
10, 13 and 22 mRNA were very high (3760, 1469, 5375
and 2780 copies/ng mRINA respectively). FGF2, 11 and
16 were also expressed at >500 copies/ng mRNA in
healthy skin (Fig. 3, day 0 in the left panels). In addition,
we found that levels of mRNAs encoding FGF7, 10
(Fig. 2, left panels), and FGF9, 11, 16, 18 and 23 (Fig. 3,
left panels) were all significantly upregulated at various
times during wound healing in young mice (within 21
days following wounding). As compared with the levels on
day 0, FGF5, 7, 9, 10 and 23 mRNAs were increased
on day 2 after wounding, FGF11 mRINA was increased on
day 4, and FGF7, 10, 11, 16 and 18 mRNAs were
increased on day 15. Among these, increased levels of
FGF7, 10 and 11 mRNA were observed on both day 2
(day 4 for FGF11) and day 15 (Figs 2 and 3, left panels). By
contrast, levels of FGF2 and 22 mRNA were signifi-
cantly reduced after wounding, but had returned to the
levels seen before wounding by day 15 (Figs 3 and 2
respectively).

We found that mRNA encoding FGF23 (Fig. 3, left
panel), which was expressed at low levels in healthy skin,

Figure 4 Weak expression of some FGF mRNAs in skin during wound healing. Shown are levels of FGF mRNAs weakly expressed (less
than 1000 copies/ng mRNA at the respective peak level) during wound healing. The same set of experiments was carried out twice for
each 8- or 35-week-old mouse to confirm the results. Note that the Y-axes are different from those in Fig. 3. Symbols and bars represent
means = sk of quadruplicate samples for all the genes presented; *P<0-05, **P<0-01 compared with the respective value before

wounding (day 0).
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Figure 5 Expression of FGFR mRNAs in skin during wound healing. Symbols represent
means =+ sk of qaudruplicate samples. The same set of experiments was carried out twice
for each 8- or 35-week-old mouse to confirm the results. *P<0-05, **P<0-01 compared
with the respective value before wounding (day 0).

was dramatically upregulated during wound healing.
FGF23 mRNA was present in young healthy skin (day 0)
at only 50 copies/ng mRNA, but by day 2 after wounding
it was upregulated 33-fold to 1634 copies/ng mRNA, a
level exceeding that of FGF2, which is considered import-
ant for wound healing (Fig. 3). Similarly, FGF18 mRNA
was present in healthy skin at 275 copies/ng mRNA on
day 0, but was upregulated to 995 copies/ng mRNA on
day 15. It was noted that many of the genes showed peaks
in their expression on day 2 and/or day 15 after wounding
(Figs 2-6). As expression levels of the housekeeping
genes GAPDH and B-actin also changed during the
healing process in young mice (Fig. 6, left panels),
we present all the data on FGF expression without
normalization (Figs 2—0).

FGF1, 3, 6, 12 and 20 are expressed at moderate levels in
the young healthy skin and are not upregulated during
wound healing (Fig. 4, left panels); in fact, FGF1 expression
was downregulated during days 2—7 (Fig. 4). Other FGF

Journal of Endocrinology (2005) 186, 273-289

ligand genes - i.e. FGF4, 8, 14, 15 and 17 - were nearly
undetectable in both healthy and healing skin (Fig. 4).

Among the FGFR genes, Fgfrl was most abundantly
expressed in healthy skin, and was upregulated on days 2
and 15. Fgfr3 was also expressed at high levels, but its
expression declined during the initial stage of healing.
Fgfr2, a gene encoding the epithelium-specific receptor
FGFR2¢, was expressed at moderate levels in healthy
skin, but was down-regulated during wound healing.
Finally, Fgfr4 was the least abundantly expressed of the
FGFR genes, and its level of expression did not change
significantly during healing (Fig. 5, left panels).

Both TGF-B1 and HGF are known to contribute
significantly to wound healing. When we quantified their
mRINA expression to determine whether it was upregu-
lated during wound healing, we found that both TGF-$1
and HGF mRNAs were expressed at high levels in healthy
skin, and were then upregulated in response to wounding.
Like that of FGF10 (Fig. 2, left panel), the expression of
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TGF-f1 mRNA peaked on days 2 and 15 (Fig. 6),
whereas expression of HGF was upregulated early
(day 2) and then remained elevated until day 15 (Fig. 6,
left panel).

In aged mice, expression of many of the genes studied
was downregulated in both healthy skin and after wound-
ing (Figs 2—0, right panels and Table 2). All the FGFs that
were upregulated during wound healing of young mice
(FGF5, 7, 9, 10, 11, 16, 18 and 23) showed weaker
expression in healthy skin and after wounding (Figs 2—4).
Only expression of FGF21 was higher in aged mice than
in young mice (Fig. 3). For some FGFs whose expression
peaked on day 2 after wounding in young mice, the peak
expression in aged mice was reduced, and the significant
upregulation developed more slowly (FGF7 and 23; Figs 2
and 3 respectively). Furthermore, for FGF10 (Fig. 2), and
for FGF2, 9 and 11 (Fig. 3), there was no clear upregu-
lation in aged mice. Similarly, whereas a wound-induced

Iwww.endocrinology-journa[s.org

increase in the expression of FGFR 1, the dominant FGFR.
isoform in skin, was clearly observed on days 2 and 15
following wounding in the young mice, the change in its
expression was much less clear in aged mice (Fig. 5).
Likewise, the expression of both HGF and TGF-B1 in
healthy skin and after wounding was reduced in aged mice
(Fig. 6), as was reported previously (Reed ef al. 1998).

Age-dependent changes in the expression of FGFs and
FGFRs in healthy skin

Because we observed that not only wound responses but
also basal expression levels of many FGF and FGFR genes
differed between 8- and 35-week-old mice, we analyzed
the age-dependent changes in their basal expression over
the course of 6 weeks, from the time they were 8 weeks
old until they were 14 weeks old. Seven-week-old mice
with the same birthday were obtained and kept until they

Journal of Endocrinology (2005) 186, 273-289

Downloaded from Bioscientifica.com at 08/22/2022 08:43:59PM
via free access


http://www.endocrinology-journals.org

282

A KOMI-kURAMOCHI and others - FGF in wound healing of young and aged mice

Table 2 Levels of expression of FGF and FGFR mRNAs in skin during wound healing in

aged mice (35 week old)

Highest mRNA expression

Copy number (/ng mRNA)

The day of the wound healing
process at which highest mRNA
expression was attained

% of day 0 (days after wounding)

Gene
Fgf1 164 100 0
Fgf2 558 100 0
Fgf3 41 100 0
Fef4 8 100 0
Fef5 93 417 2
Fgf6 39 100 0
Fgf7 5973 472 4
Fef8 9 1330 4
Fgf9 167 100 0
Fgf10 612 191 21
Fgf11 310 100 0
Fgf12 65 204 21
Fgf13 2311 100 0
Fef14 3 233 21
Fgf15 2 981 4
Fgf16 558 351 15
Fgf17 9 139 21
Fgf18 281 277 15
Fgf20 50 134 15
Fgf21 660 100 0
Fgf22 1071 111 21
Fgf23 652 3858 4
Fgfr1 19 748 128 7
Fgfr2 1797 100 0
Fgfr3 8857 100 0
Fgfr4 428 138 4
Gapdh 1119569 100 0
b-actin 845 131 100 0
were 8, 10, 12 or 14 weeks old, after which the levels of Discussion

mRNA expression in their healthy skin were analyzed. As
shown in Figs 7-9, even within this short period, the
expression of some of the genes changed significantly,
although others did not. The mRNA expression of
FGF11, 13 (Fig. 7), 1 and 5 (Fig. 8) and FGFR1, R2 and
R3 (Fig. 9) was significantly lower at 14 weeks than at 8
weeks, which is in good agreement with the difference
seen between the healthy skin of 35-week-old and
8-week-old mice (Figs 2, 3 and 5). A similar decline was
also seen in the expression of FGF22 mRNA (not shown).
It thus appears that the age-dependent decline in mRNA
expression of some FGF and FGFR genes begins relatively
early in life.

The healing of skin wounds progresses through sequential
and overlapping phases of inflammation, tissue repair,
formation of new tissue, re-epithelialization and remod-
eling (Paddock et al. 2003). At the cellular level, each
phase is directed by the coordinated interaction of several
types of cells, including inflammatory cells and such native
skin cells as fibroblasts, keratinocytes and vascular endo-
thelial cells. At the molecular level, cytokines regulate
inflammatory cells during the early stages of wound
healing, and throughout the process polypeptide growth
factors play dominant roles in the regulation of the
proliferation and differentiation of native skin cells and the

Figure 7 Age-dependent changes in the levels of strongly and moderately expressed FGF mRNAs in healthy skin. Seven-week-old male
hairless mice were maintained on a standard laboratory diet and water available ad libitum for varying periods. When they reached 8, 10,

12 or 14 weeks of age, four mice were killed, and dorsal skin samp

les were separately collected and processed for mRNA purification and

quantification as described in the legend to Fig. 2. The same FGFs that are presented in Figs 2 and 3 are shown. Symbols represent means
+ sk of quadruplicate samples; *P<0-05, **P<0-01 compared with the value at 8 weeks.
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synthesis of extracellular matrix. Among these mediators,
the importance of several FGFs and their receptors is
already established. But not all FGF family members have
been analyzed qualitatively and/or quantitatively for their
contribution. Furthermore, the dynamic aspects of their
contribution, reflected by the time-dependent changes in
their expression during wound healing, and during aging,
have not yet been systematically addressed.

Quantification of mRNA copy numbers for all twenty-
two FGFs in untreated and wounded mice revealed those
members that are strongly expressed in healthy skin and/or
healing skin. The utility of this experimental system in the
pursuit of healing-related growth factors is supported by
our results with growth factors already known to be
involved in wound healing (TGF- and HGF). Indeed,
TGF-B is one of the most studied growth/differentiation
factors in the field of wound healing research. One study
on TGF-B1-deficient mice demonstrated that the absence
of this mediator can be compensated for at early stages of
wound repair but not at late stages (Brown et al. 1995), and
mice treated with a neutralizing anti-TGF-B1 antibody
showed severely impaired late stage wound repair (Shah
et al. 1999). In addition, neutralization of HGF led to
retardation of wound healing with decreased neovascular-
ization and granulation tissue formation (Yoshida et al.
2003). These results are consistent with our finding that
expression of both TGF-B1 and HGF mRNA is strongly
enhanced after wounding. Furthermore, our finding that
the first peak in post-wound expression occurred on day 2,
when inflammatory cells are abundant within the wounds,
is consistent with the earlier finding that large amounts of
TGF-B1 are found in platelets, macrophages, fibroblasts
and keratinocytes which are all present within wounds at
that time (Roberts & Sporn 2001). Thus, quantification of
growth factor mRINA levels provides significant infor-
mation about the possible involvement of these cells in the
wound healing process.

The keratinocyte-specific FGFs (FGF7, 10 and 22)
were all strongly expressed in the healthy skin of young
mice (>1400 copies/ng mRNA on day 0; Fig. 2);
however, following wounding only FGF7 and FGF10
mRNA expression increased, while expression of FGF22
mRNA declined to approximately half its level in healthy
skin (Fig. 2). This might reflect a difference in their
expressing cells. Whereas FGF22 is expressed by epider-
mal and hair follicular keratinocytes, FGF7 and 10 are
normally expressed by dermal fibroblasts and other mes-
enchymal cells (Nakatake ef al. 2001, Beyer ef al. 2003).
After wounding, FGF7 is strongly expressed by dermal
fibroblasts at the wound edge and by hypodermal cells
(Werner et al. 1994). FGF7 1s also expressed by dendritic
epidermal T cells that may recognize damaged keratino-
cytes (Jameson et al. 2002). In periapical lesions FGF7-
expressing cells are found in the connective tissue stroma
close to the foci of inflammatory cells (Gao ef al. 1996).
Thus, while large numbers of native skin cells are normally
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lost at the site of full-thickness wounding, inflammatory
cells, cells adjacent to granulation tissue or inflammatory
cells and newly proliferating cells may become the major
source of growth factors. This notion is supported by our
observation that the first peak in the expression of FGF7
and 10 was on day 2 (Fig. 2), when inflammation is
prominent, although it is not yet established whether
FGF10 is expressed by the same cell population as FGF7.
The second peak in the expression of FGF7 and 10
mRNA occurred on day 15 and may reflect their expres-
sion by a large number of newly formed dermal fibroblasts.
In that regard, whereas inhibition of signaling via FGFR2
IIIb, the receptor for FGF7 and FGF10, severely delayed
wound re-epithelialization in transgenic mice (Werner
et al. 1994), FGF7-deficient mice showed no defect in
incisional wound healing (Guo ef al. 1996). Taken
together with the present findings, this suggests that in
wild-type mice FGF7 and 10 act in concert to stimulate
FGFR2 IIIb signaling to keratinocyte proliferation.

We found that the mRINA expression of FGFR1, the
primary receptor mediating FGF mitogenic signaling, was
the highest among FGF receptors in healthy skin, and that
its expression was upregulated in response to wound
healing. The degree to which FGFR1 is required for
wound healing has not been well studied in mice because
deletion of Fgfrl or Fgfr2 is lethal in utero. In a zebrafish
wound model, however, it was found that Fgfrl is
expressed in mesenchymal cells underlying the wounded
epidermis during blastema formation, and that inhibition
of Fgfrl expression blocks blastema formation without
obvious effects on wound healing (Poss ef al. 2000). It is
therefore suggested that, in mouse cutaneous wound
healing, FGFR1 plays an important role in granuloma
formation and the subsequent regeneration of dermis,
including fibroblasts and vascular cells, but not in
re-epithelialization, which is governed by FGFR2 IIIb. If
that is the case, the observed reduction in basal FGFR 1
mRNA expression and its sluggish response to wounding
may account, at least in part, for the delayed wound
healing seen in aged mice. FGFR3 and FGFR4 are
expressed at lower levels than FGFR1, and their involve-
ment in cutaneous wound healing is less well understood,
although FGFR3 is thought to play crucial roles in bone
development and repair (Nakajima ef al. 2003).

Remarkably, expression of FGF23 mRNA was
increased 33-fold on day 2 after wounding in young mice,
but although we performed both in situ mRINA hybrid-
ization and immunohistochemical staining of FGF23,
we have not yet located the site of its expression (A
Komi-Kuramochi & T Imamura, unpublished observa-
tions). Still, the observation that its expression peaked on
day 2 after wounding, like that of FGF7, suggests that
FGF23 mRNA may also be expressed by cells adjacent to
inflammatory cells or by the inflammatory cells recruited
to wound sites. The gene encoding FGF23 (fgf23) was first
identified using mutations associated with autosomal
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dominant hypophosphatemic rickets, an inherited phos-
phate wasting disorder (Bai ef al. 2003). FGF23 was shown
to inhibit renal tubular phosphate transport and to be a
substrate of the endopeptidase PHEX (phosphate-
regulating gene with homologies to endopeptidases on the
X-chromosome); the phosphate wasting is the result of
mutations at the cleavage site (Bowe ef al. 2001). Although
the timing of its strong expression in wounds may suggest
arole at the early stages of wound healing, whether FGF23
regulates growth and differentiation of local cells or acts as
a humoral messenger, exerting some remote effect on
phosphate waste or vitamin D metabolism, is currently
unknown and is a subject for future study.

It has generally been thought that FGF2, perhaps the
most extensively studied FGF family member, is deeply
involved in wound healing. Indeed, FGF2 knockout mice
exhibit delayed healing and re-epithelialization when
challenged with full-thickness excisional wounding
(Bikfalvi et al. 1997). Although it is expressed at a
comparatively high level in the healthy skin (day 0, Fig. 3),
its expression significantly declined during the first week
after wounding, which paralleled the decline in GAPDH
expression, and then increased, so that by day 15 it
had reached its initial level. This suggests FGF2 may
contribute to wound healing at later stages.

The changes in wound healing that occur in the aged
have been extensively studied from many viewpoints, but
even the simple question of whether aging merely reduces
the speed at which an individual normally heals has not yet
been fully answered. Aging affects both the morphology
and function of skin. In aged humans, cells comprising the
epidermis become more variable in size, shape and orien-
tation, and their turnover time increases by about 50%
(Reed et al. 2003). There is also a generalized atropy and
thinning of the dermis due to reductions in cell number
and changes in the surrounding matrix (Reed et al. 2003).
In addition, it was found in aged animals that keratino-
cytes, fibroblasts and endothelial cells all show less prolifer-
ation and migration within wounds, and there is less
synthesis of matrix (Reed et al. 2003). Although the ‘aged’
mice we used were only 35 weeks old, which does not
put them at a terminal point in their life span, they
nevertheless exhibited a slowing in wound healing
(Fig. 1). As the healing of skin wounds involves a complex
system of integrated molecular signals and interactions
among many different cell types within the wound, an
analysis of growth factor expression may provide useful
information about age-dependent changes. We found that
expression of all of the keratinocyte-specific FGFs (FGF7,
10 and 22) is diminished in aged mice, even in healthy
skin, and that the post-wound upregulation of expression
was less pronounced and slower than in the young mice. In
that regard, the reduced expression of FGF7 seen in
glucocorticoid-treated mice and genetically diabetic mice
with impaired healing suggests that a defect in FGF7
regulation might underlie various wound-healing disorders

Iwww.endocrinology-journa[s.org

(Brauchie et al. 1995) and highlights the potential impor-
tance of reduced FGF7 expression in the slowed healing
seen in aged mice. Furthermore, expression of FGF10 was
not augmented in wounded skin of aged mice (Fig. 2),
which could contribute significantly to the slowing of
re-epithelialization seen in aged mice. The potent
mitogens for mesodermal- and neuroectodermal-
originated cells (FGF1, 2, 9, 16 and 18) were also only
weakly expressed in aged skin, and the increase in FGF2
expression seen in the late stage of healing (day 15) in
young mice was absent in aged mice (Fig. 3). Together
with the reduced expression of FGFR1, the major FGF
receptor in skin, which has the capacity potently to signal
for cellular proliferation, and the reduced expression of
FGFR?2, one subclass of which (FGFR2 IIIb) is the sole
receptor for FGF7 and 10, our findings suggest that
changes in FGF expression may significantly affect pro-
liferation of the keratinocytes, fibroblasts, preadipocytes
and vascular cells that constitute the epidermis, dermis and
hypodermis.

We found that an age-dependent decline in the expres-
sion of some FGF and FGFR genes in healthy skin could
be observed in mice as young as 14 weeks of age,
indicating that at least some of these changes occur
gradually, not abruptly, during the life span of the mouse.
On the other hand, expression of some genes (e.g. FGF10)
did not change during this short period (8 weeks to
14 weeks of age), although their levels were signifi-
cantly reduced by 35 weeks. Apparently, changes in the
expression of those genes begin at a later stage of life.

In summary, we observed striking declines in both the
number of wound-responsive FGF and FGFR genes and
the strength of the wound-induced expression of those
genes that remained responsive in aged mice. This large
change in FGF gene expression could account, at least in
part, for the age-related slowing of wound healing in mice.
The current study provides basic information on the
mRNA levels of FGFs and FGFRs in young and aged
adult mice. Using this information as the foundation,
functional studies aimed at clarifying the function of
each FGF in healthy skin and during wound healing will
be possible.
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