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Abstract We have generated transgenic mice harboring
the murine matrix metalloproteinase 9 (MMP-9) promoter
cloned in front of human TIMP-1 cDNA. The transgenic
mice were viable and fertile and exhibited normal growth
and general development. During wound healing the mice
were shown to express human TIMP-1 in keratinocytes
that normally express MMP-9. However, the healing of
skin wounds was significantly retarded with slow migra-
tion of keratinocytes over the wound in transgenic mice.
In situ zymography carried out on wound tissues revealed
total blockage of gelatinolytic activity (i.e., MMP-9 and
MMP-2). The results confirm studies with MMP-9
knockout mice showing that MMP-9 is not essential for
general development, but they also demonstrate an
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important role of keratinocyte MMP-9, as well that of
other keratinocyte MMPs that are inhibited by TIMP-1, in
wound healing. The transgenic mice generated in this
study provide a model for the role of MMPs in MMP-9-
producing cells in other challenging situations such as
bone fracture recovery and cancer invasion.
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Introduction

Wound healing is a multiple step process involving
regeneration of the epithelium at the wound site, and
recovery of the underlying dermal connective tissue.
During the wound healing process, the epithelial edges of
the wound also migrate towards each other to create a
new uniform layer. The full process requires several days
to weeks, depending on the size of the wound, and the
large number of growth factors and matrix components
that need to proceed in the right order.

During skin wound healing, keratinocytes at the wound
edges participate in the proteolysis of matrix proteins, a
prerequisite for the epithelial cells to migrate into the
wound. In the case of intact basement membrane (BM),
e.g., burn wounds of the first degree, the BM remains
unaffected with complete recovery as a consequence
(Clark 1996). Modulation of the subepithelial BM and
further processing of the granulation tissue requires the
presence of several matrix metalloproteinases (MMPs)
and their tissue-specific inhibitors (TIMPs) (Madlener
1998; Madlener et al. 1998; Vaalamo et al. 1999; Soo et
al. 2000), in addition to the serine protease plasmin
(Mignatti et al. 1996) and cathepsin K (Abbott et al.
1998).

MMPs are a family of zinc-dependent endopeptidases
that are either secreted or plasma membrane-bound latent
enzymes. They consist of collagenases, gelatinases,
stromelysins (Birkedal-Hansen et al. 1993), matrilysin
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(MMP-7) (Woessner and Taplin 1988; Quantin et al.
1989) and matrix metalloelastases (MMP-12) (Shapiro et
al. 1993), and membrane-type matrix metalloproteinases
(MT-MMPs) (Sato et al. 1994; Will and Hinzmann 1995;
Hernandez-Barrantes et al. 2002). MMPs are known to be
important in embryonic development, tissue morphogen-
esis and repair, inflammation and cancer (Nelson et al.
2000; Sternlicht and Werb 2001).

The subgroup of gelatinases includes MMP-2 and
MMP-9. Expression of mMMP-9 is normally found in
osteoclasts of the bone growth plate (Reponen et al.
1994), in migrating keratinocytes during wound healing
(Madlener et al. 1998; Lund et al. 1999), in macrophages
(Mainardi et al. 1984; Opdenakker et al. 2001) and in
invading trophoblasts (Reponen et al. 1995). Type IV
collagen, which is abundant in the BM and type VII
collagen, an anchoring fibrillar collagen in the dermis,
can be cleaved by MMP-9. This enzyme is thought to
have multiple roles in wound healing, by contributing to
the detachment of keratinocytes from the BM, promoting
migration of the cells over the matrix, and remodeling the
granulation tissue (Salo et al. 1994). In addition to MMP-
9, other MMPs that have been found to be expressed by
mouse keratinocytes include MMP-3, MMP-10 and
MMP-13 (Madlener 1998; Agren 1999). In humans,
interstitial collagenase MMP-1 is expressed only in the
basal keratinocytes migrating over the free edge of the
basal lamina (Saarialho-Kere et al. 1992), the induction
being mediated by type I collagen (Sudbeck et al. 1997).
The expression pattern for the newly identified mouse
MMP-1 (Balbin et al. 2001) in wound healing is not yet
known.

The TIMPs act as local inhibitors for MMPs and they
are believed to control the MMP-induced breakdown of
the extracellular matrix (Carmichael et al. 1986; Stetler-
Stevenson et al. 1989; Apte et al. 1994; Leco et al. 1994,
1997). TIMP-1 is a 29-kDa protein synthesized by
keratinocytes, fibroblasts, smooth muscle cells and endo-
thelial cells (Gomez et al. 1997). It is capable of inhibiting
the activity of most known MMPs, although it is known to
prefer MMP-1 (Vaalamo et al. 1999) and does not
significantly inhibit MT1-MMP or MMP-19.

By using a 7.7-kb upstream region and the first exon of
the mouse MMP-9 gene, we have been able to direct the
expression of a reporter gene into migrating keratinocytes
(Munaut et al. 1999). In this study, we generated
transgenic mice carrying the human TIMP-1 cDNA under
the mouse MMP-9 promoter to examine the effect of
caused overexpression of TIMP-1 in keratinocytes in the
wound region. Overexpression of human TIMP-1 in the
migrating epithelial tip of the wound in transgenic mice
led to impaired wound healing, which emphasizes the
importance of MMP-induced proteolysis in this process.

Materials and methods
Plasmid constructs

A promoter-lacZ reporter gene construct (Munaut et al. 1999) was
created by using the pKK2480 vector (kindly provided by Mikkel
Rohde, University of Copenhagen, Denmark). The vector contained
the lacZ-reporter gene fused with a 7.7-kb fragment containing the
promoter region, the first exon and a part of the first intron. In this
study the construct was made by fusing the human TIMP-1 gene
under the control of the same 7700ExIn-promoter that was used for
previous reporter gene studies (Munaut et al. 1999).

Generation and analysis of transgenic mice

Transgenic mice were generated by injection of the linearized
fusion gene constructs into pronuclei of fertilized mouse oocytes
C57BL/6 x DBA/2 F1 (Hogan 1986). Microinjected eggs (15-20)
were then transferred into the oviduct of CD-1 pseudopregnant
mice and the mice were allowed to develop to term. At 3 weeks
of age, tail DNA was isolated (Hanley and Merlie 1991)
and transgenic animals were identified by PCR analysis using
two internal primers of hTIMP-1. The primers for hTIMP-1 were
named TIMP1-370 (5’-CACAACCGCAGCGAGGAGTTT-3’) and
TIMP1-732rev  (5’-CACTGTGCAGGCTTCAGCTTC-3’). An-
nealing temperature for the reactions was 60°C. The length of the
product was 362 bp. To avoid the background of a hybrid genotype,
the mice were backcrossed to C57/BL6 for four to six generations.
All experiments involving mice were approved by the Animal Use
and Care Committee at the University of Oulu before commencing
the studies.

Wound healing studies

The mice were anesthetized prior to wounding, and the area of the
wound site was shaved. A punch wound 3 mm in diameter was
made into the dorsal skin of both transgenic and control mice. For
pain treatment, the mice were injected twice subcutaneously with
1.5 pg of buprenorphine hydrochloride at 12-h intervals following
the anesthesia. The wounds were allowed to recover for 1-14 days,
after which the wound outlines were traced on object glasses. The
outlines were then scanned, and the areas calculated by using
analySIS software (Soft Imaging System GmbH). The mice were
sacrificed and the wounds were collected by taking larger, 6-mm
punch biopsies. For histology, immunohistochemistry and in situ
hybridization studies, a total amount of 20 transgenic wound
samples and 8 control wound samples of non-transgenic littermates
were analyzed. In addition, 24 punch biopsies of non-wounded
transgenic mouse skin and 7 control skin samples of non-transgenic
mice were studied.

Histological analyses

Tissues taken from transgenic mice were fixed for 2 h or overnight
at 4°C in 4% paraformaldehyde-0.2% glutaraldehyde in PBS.
Samples taken for cryosections were snap frozen immediately in
liquid nitrogen. Wound samples from lacZ-positive mice were
stained with X-gal (5-bromo-4-chloro-3-indolyl-j3-galactopyrono-
side) as described by Behringer et al. (1993). All tissues were rinsed
several times in PBS, dehydrated and embedded in paraffin.
Sections of 5-8 pum were stained either by hematoxylin and eosin
(Bancroft and Stevens 1990) or by plain hematoxylin (Zymed
Laboratories Inc., San Francisco, CA). Mounting was done by
Mountex (Histolab Products Ab, Sweden).



Immunohistochemistry

Immunohistochemical staining was carried out on paraffin sections
(5-10 pm) from either non-wounded or wounded mouse skin.
Deparaffinized sections were boiled for 4 min in a 10 mM citrate
buffer (pH 6.0) in a microwave oven for retrieval of the antigens.
Endogenous peroxidase activity was quenched by treatment with
3% H,0, for 10 min. This was followed by first incubating with
1.5% BSA, and then overnight at 4°C with 1:500 diluted rabbit
antisera raised against the laminin p2-chain. As a secondary
antibody biotinylated swine anti-rabbit IgG (Dako A/S, Denmark)
(1:300 dilution) was applied for 30 min at room temperature.
Following PBS washes, a 20-min incubation with ABComplex/
HRP was carried out by Vectastain Elite (Vector Laboratories,
Burlingame, CA). Peroxidase activity was revealed by incubation
with the chromogen substrate DAB (3, 3-diaminobenzidine tetra-
hydrochloride, Amresco, Solon, OH). Sections were counterstained
with hematoxylin and mounted by GVA mount (Zymed). Prior to
cytokeratin immunostaining, the skin sections were treated with
pepsin (0.4% pepsin in 0.01 M HCIL, 5-10 min, +37°C). The
immunostaining with rabbit polyclonal pan-cytokeratin (Zymed)
(1-2 h, RT) was performed according to the manufacturer’s
instructions. AEC (aminoethyl carbazole, Zymed) was used as a
chromogen for cytokeratin stainings.

Immunostaining with the cell proliferation marker Ki-67 was
performed on 6-um cryosections, fixed with ethanol (30 min at
—20°C). The sections were incubated with 5% non-immune rat
serum (30 min at RT) prior to addition of the 1:50 diluted rat
polyclonal antibody against mouse Ki-67 (Dako) (1 h at RT). The
secondary antibody was rabbit anti-rat (Dako), 1:500 dilution
(30 min at RT).

RNA purification and RT-PCR

Prior to RNA purification by Trizol (Gibco, Invitrogen Co.,
Carlsbad, CA), the tissue samples from transgenic mice were
homogenized in an Ultra-turrax type of homogenizer. Additionally,
bone samples of adult mice were frozen in liquid nitrogen and
pulverized before Trizol was added. Before the RT-PCR the RNA
samples were treated by DNasel (Invitrogen) to prevent false-
positive signals caused by remains of DNA from the purification
process. The RNase inhibitor (Invitrogen) was used to prevent
degradation of RNA. The RT-PCR for hTIMP-1 RNA detection
was performed by using a Qiagen OneStep RT-PCR kit according
to the manufacturer’s instructions. The primers used for the PCR
were TIMP1-139 (5’-CCACAGACGGCCTTCTGCAA-3’) and
TIMP1-482REV  (5’-ACAGTGTAGGTCTTGGTGAA-3’) when
the T, was 60°C.

In situ hybridization

Expression of the transgene in mouse skin sections was detected by
using a BamHI-HindlIll restriction fragment of human TIMP-1 as a
probe (Hurskainen et al. 1996). The length of the fragment was
626 bp. The 574-bp RNA probe for the mMMP-9 gene was
prepared from a Smal and EcoRI cDNA fragment as described
elsewhere (Reponen et al. 1994). In situ hybridization was carried
out as previously reported (Parikka et al. 2001). The antisense or
sense probes were diluted to 500 ng/ml and hybridized on the
sections overnight at 58°C.

In situ zymography

In situ zymography was performed as previously described (Pirild
et al. 2001). Briefly, 10-um-thick serial frozen sections of
cutaneous wounds from control and transgenic mice were thawed,
warmed to room temperature and incubated for 30 min at 37°C with
either in situ zymography (ISZ) buffer (50 mM TRIS-HCI, pH 7.4;
1 mM CaCly), 500 uM CTT peptide in ISZ buffer or 500 uM
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control peptide (negative control for CTT peptide) in ISZ buffer.
Thereafter, the solution was discarded and the samples were
covered with a 1:1 mixture of 1 mg/ml Oregon green 488-
conjugated gelatin (Molecular Probes, Inc., Eugene, OR) and 1%
low melting temperature agarose (Sigma, St. Louis, MO) with or
without 500 uM CTT peptide or 500 uM control peptide. The
mixture was covered with a coverslip, allowed to gel at room
temperature for 1 h and thereafter the samples were incubated at
37°C for 7 h in a dark, humidified chamber. Gelatinolytic activity
was evidenced as black holes in the otherwise uniform green
fluorescence substrate layer.

Results

Transgenic mice containing a MMP-9
promoter/hTIMP-1 construct

To study the regulation of the MMP-9 gene, we have
previously generated transgenic mice harboring lacZ-
reporter gene constructs with different portions of the
murine MMP-9 promoter. We were able to show that a
construct containing 7.7 kb of the upstream region,
together with the first exon and intron (7700ExIn)
(Fig. 1A), yielded the same expression pattern as the
endogenous gene (Munaut et al. 1999), including expres-
sion in the migrating keratinocytes (Fig. 1C). Here, we
made transgenic mice containing the construct 7700ExIn-
hTIMP1 (Fig. 1B), to explore its overexpression of TIMP-
1 in MMP-9-expressing cells and its influences on wound
healing. Mice expressing hTIMP-1 in cells normally
expressing MMP-9 were generated. Integration of the
transgene was confirmed by PCR (not shown), and
expression of the transgene was verified by RT-PCR
(not shown) and in situ hybridization (see below). To
examine for expression of hTIMP-1 under the MMP-9
promoter, we isolated RNA from adult and newborn
transgenic mouse bone samples and performed RT-PCR
with hTIMP-1 primers and were able to show expression
of the transgene (not shown). The expression was more
prominent in newborn and young adult mice, whereas the
expression had diminished significantly at the age of
2 years. The transgenic mice appeared normal at birth,
their postnatal growth rate was normal, and there were no
apparent defects in their long bones or skin. However,
during the aging of second generation mice, they started
to present with manifestations in their skin. By age 6—
7 months, mice not living alone in their cage developed a
crust in the skin of their back, neck and head, poorly
healing scratches and ragged ears (Fig. 2). In particular,
aggressive and fighting males were more prone to this
phenotype than females, which developed the same
problems more slowly. Mice living alone in their cage
did not develop such problems.

Histology and hTIMP-1 expression in skin
of MMP-9 promoter/TIMP-1 transgenic mice

Expression of the hTIMP-1 transgene was studied in 6-
mm punch skin biopsies from control and transgenic mice



Fig. 1A-C Schematic illustration of the MMP-9 promoter con-
structs and expression of the 7700ExIn-lacZ in migrating ker-
atinocytes of healing skin wound. A 7700ExIn-lacZ reporter gene
construct. The number +/ on the constructs indicates the
transcription initiation site. The yellow box depicts the first exon
(141 bp) and the first intron (435 bp) of the MMP-9 gene. The
asterisk marks the site of point mutation at the ATG codon (ATG
mutated to ATC) to make the translation start from the ATG codon
of either the lacZ or hTIMP-1 gene. B 7700ExIn-hTIMP-1 gene
construct. C Immunostaining of a 2-day-old wound from the
7700ExIn-LacZ-expressing mouse. Cells expressing lacZ (arrows)
co-localize with keratinocytes, which are indicated by anti-
cytokeratin staining (brown color) at the migrating epithelial tip.
Scale bar 50 pym

carrying the MMP-9-promoter/hTIMP-1 construct. His-
tological examination revealed that the skin of transgenic
mice was clearly different from that in control mice, with
regional epithelium thickenings, several cyst-like struc-
tures and generally damaged areas that did not properly
recover (Fig. 3B). In the control mice no such thickenings
or cysts were observed (Fig. 3A). To verify expression of
hTIMP-1 in transgenic mice, we carried out in situ
hybridization analyses of skin biopsies from the trans-
genic mice. We were able to distinguish between the
endogenous and transgenic TIMP-1 expression by using a
human TIMP-1-specific probe that only detects expres-
sion of the transgene (the sequence identity of human and
mouse TIMP-1 sequences is 78.4%). The biopsies were
taken from dorsal skin. Normal, non-transgenic litter-
mates were used as a control. A strong signal was

Fig. 2A-C Adult mouse carrying the 7700ExIn-hTIMP-1 trans-
gene. A Transgenic mouse has a damaged look to its head and back
skin. In some areas hair grows poorly and the skin looks dry with a
thick layer of white crust. B Higher magnification of A. C View
from the side of the head and neck where the skin at the area of the
snout and ears is damaged, and also covered with a white layer

detected in the epithelial cells and in the cells under the
tissue with erosive outlook (Fig. 3C, D).

Delayed wound healing in mice expressing hTIMP-1
To explore the effects of hTIMP-1 overexpression on

wound healing, we studied the healing process of punch
wounds 3 mm in diameter made into the dorsal skin of



Fig. 3A-D Morphology and
hTIMP-1 expression of
7700ExIn-hTIMP-1 in skin of
an 8-month-old transgenic
mouse. A Cross section of nor-
mal mouse skin stained with
hematoxylin-eosin. B Trans-
genic mouse skin with thick-
ened areas of epithelium and
cyst-like structures. C In situ
hybridization (red color) of an
area with epithelial erosion.
Strong expression of hTIMP-1
can be seen surrounding the
damaged tissue. In addition to
keratinocytes at the migrating
epithelial tip, a positive signal
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for hTIMP-1 is also seen in
cells beneath the wound bed. D
Higher magnification of the
boxed area in C. Basal epithe-
lial cells at the edges of erosive
areas (arrows) show a strong

signal. Scale bars 50 um (A-C),
25 um (D)

control and transgenic mice. The wounds were allowed to
recover from 1 to 14 days before they were biopsied for
analysis. After 7 days of healing there was a remarkable
difference in the healing of the transgenic wound
compared to the control wound (Fig. 4A-C). By 7 days
postwounding, the reepithelialization was nearly com-
plete in the control mice, whereas in transgenic mice the
wound area had diminished only slightly (Fig. 4C).
Histochemical analysis of the wounds after different times
of healing revealed significant retardation in the healing
process in the transgenic mice. The thickened epithelial
tips had remained almost static at the 7-day-old wound
margins and had not migrated to cover the wound bed, as
in the control wounds. The wounds at 14 days of healing
in Fig. 5D looked more like wounds of controls that have
recovered for just 3 days. Even after a 2-week period of
healing, the keratinocytes have not been able to cover the
entire wound area. The surface of the skin of the wounded
area was dry and not uniform. Therefore, the wound area
was still easy to identify, in contrast to control wounds
after 14 days of healing (Fig. 5C). Furthermore, the
migrating epithelial edges had bent and the migrating
front was harder to distinguish than in wild-type mice
(Fig. 5A). Immunostaining of wounds with the Ki-67
proliferation marker did not reveal increased cellular
proliferation in the wounds of transgenic mice (data not
shown). This, in turn, indicates that the thickening may be
due to accumulation of cells caused by retarded migra-
tion.

Effects of hTIMP-1 expression by migrating
keratinocytes in wounds of transgenic mice

Stationary skin keratinocytes do not express MMP-9, but
during wound healing expression is induced in migrating
keratinocytes covering the wound (Munaut et al. 1999). In
situ hybridization studies of the biopsies showed strong
expression of hTIMP-1 in the wound area in the
transgenic mice (Fig. 6A-E). The probe for the in situ
hybridization analysis was specific for the human TIMP-1
gene and did not hybridize with the endogenous mouse
TIMP-1. The cells positive for hTIMP-1 were positioned
in the area of migrating keratinocytes. Expression of
hTIMP-1 was detectable from the Ist day of wound
recovery (Fig. 6A), and it could be observed 2 weeks after
the wound was made. Cells expressing hTIMP-1 under
the mouse MMP-9 promoter colocalized with endogenous
expression of MMP-9, which can be seen at the migrating
epithelial tip (Fig. 6F).

We wished to determine whether the MMP-9/hTIMP-1
transgenic mice express hTIMP-1 in keratinocytes. To
confirm the cell type expressing hTIMP-1, we performed
anti-cytokeratin staining at different time points of the
healing process in the wounds of transgenic mice
(Fig. 7A, B). An antibody against the epithelium-specific
p2-chain of laminin-5 was used as a marker for the
migrating keratinocytes and regenerating BM. Pan-cyto-
keratin antibody was used to mark all keratinocytes at the
wound area. Only a few anti-cytokeratin-positive cells
were found in the central area of the 5-day-old transgenic
wound (Fig. 7B). Those cells can be visualized also at the
5-day-old wound by in situ hybridization with the hTIMP-
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wound area (scanning units) ()

Fig. 4A-C Cutaneous punch wounds in the skin of a control mouse
and hTIMP-1 transgenic mouse. Dorsal punch wounds 3 mm in
diameter immediately after wounding (on left side) and after 7 days
of healing (right side). A Control mouse, B hTIMP-1 transgenic
mouse, C reepithelialization rate of 3-mm punch wounds. Wound
areas determined by scanning immediately after wounding (0 days)
and 7 days postwounding (7 days) in hTIMP-1 mice and control
mice. The data shown are the means = SEM of four to five
experimental wounds

1 probe (Fig. 7C) and still, 2 weeks after wounding, also
by anti-laminin y2 immunostaining (Fig. 7D). Laminin y2
chain staining showed a clear difference between controls
(Fig. 5A, C) and transgenic (Fig. 5B, D) animals
regarding regeneration of the BM. The antibody staining
is weaker with less positive cells in the transgenic sample,
and it is not continuous as in the control.

In situ gelatin zymography is a method used for
localization of gelatinolytic proteinases in the tissue
(Galis et al. 1995). When combining this method with the
use of a gelatinase (MMP-2 and -9)-specific inhibitor, the
synthetic CTTHWGFTLC (CTT) peptide (Koivunen et al.
1999), it is possible to discriminate between the gelati-

nolytic enzymes being active in the tissue of interest
(Pirila et al. 2001). In cutaneous wounds from control
mice, intense gelatinolytic activity was detected at the
epithelial edge of the healing wound (Fig. 8B). When
wounds from control mice were incubated with 500 uM
of the CTT peptide, most gelatinolytic activity was
abolished (Fig. 8C). However, slight gelatinolytic activity
could be detected around the hair follicles, indicating that
some other enzyme(s) than MMP-2 or MMP-9 are also
active in this area. In cutaneous wounds of transgenic
mice, no gelatinolytic activity could be detected (Fig. 8E),
indicating that MMP-9 is the major gelatinase active
during wound healing. Incubation of control mouse
wounds with 500 uM control peptide did not differ in
gelatinolytic activity from that seen in control mice (not
shown).

Discussion

The present study was carried out to explore the effects of
in vivo overexpression of TIMP-1 in cells normally
expressing MMP-9. This was achieved by generating
transgenic mice expressing human TIMP-1 under the
murine MMP-9 promoter and enhancers. The results
demonstrated that transgenic mice having the same
expression pattern for human TIMP-1 as that for mouse
MMP-9 are viable, fertile, and exhibit normal growth and
normal general development, including that of bones.
However, upon development of skin lesions, the healing
process is significantly retarded, which demonstrates a
significant role for MMPs in skin wound healing.

It was surprising to observe no defects at all with
regard to bone development in the transgenic mice that
overexpressed human TIMP-1 in bone. During normal
ossification of cartilage and remodeling and growth of
bone, osteoclasts express MMP-9 intensively (Reponen et
al. 1994), but also other proteinases such as cathepsin K
(Inaoka et al. 1995) and MT1-MMP (Sato et al. 1997).
Studies with MMP-9-deficient mice have demonstrated
that MMP-9 alone is not crucial for bone growth, as the
only bone defects observed in those mice were rather
minor abnormalities in the growth of metatarsals, tibia
and femur (Vu et al. 1998), but it has been postulated that
the MMP-9 function normally exerted by osteoclasts can
partially be replaced in such mice by other MMPs such as
collagenase-3 (MMP-13), stromelysin-1 (MMP-3) and
gelatinase A (MMP-2). However, the present results
indicate that other osteoclast MMPs may not be so
important either, since overexpression of TIMP-1 that
inhibits MMP activity quite broadly does not seem to
have much effect on bone development. Therefore, it is
likely that other types of proteinases, such as cathepsins
(Ohsawa et al. 1993; Inaoka et al. 1995; Rantakokko et al.
1996) and the plasminogen activator/plasmin system
(Daci et al. 1999), can, at least partially, overtake the
role of osteoclast MMPs.

Under normal unchallenging circumstances, such as
when kept alone in a cage, the transgenic mice did not
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Fig. SA-D Polyclonal anti-laminin y2 immunostaining in dorsal
wounds of control and transgenic mice. A Cross section of a control
mouse wound after 3 days of healing. The cells stained by anti-
laminin p2 are seen at the migrating tip of the epithelium beneath
the fibrin clot (brown color). B Immunostaining of hTIMP-1-
positive mouse sample 3 days after wounding. Only a very weak
stain can be seen (arrows) at the edge of the wound. C Cross
section of a control wound after 2 weeks of healing, stained by anti-

develop any defects in their skin, neither visible nor
observable by histological examination. In situ hybrid-
ization did not reveal any expression of the transgene in
normally developed skin. However, upon skin damage the
transgenic mice exhibited retarded wound healing. Thus,
when living two or more together in a cage, most
transgenic mice gradually started to exhibit visible skin
alterations in the form of crust, poorly healing wounds
and ragged ears. This was presumably due to internal
“fighting” between the animals. Histological analysis of
the skin of such animals revealed significant expression of
TIMP-1 in epithelial cells and poorly healing wounds. A
similar finding was observed in the “standardized”
wounds. It was clear from these results that the ker-
atinocytes that migrate over the wound during its healing
and that normally express MMP-9 were affected by the
TIMP-1 overexpression. A reasonable explanation is that
the MMP-9 gelatinase was primarily affected, but inhi-
bition of other MMPs secreted by keratinocytes (such as
MMP-13 and MMP-10) is also likely to have contributed
to the decreased cellular migration.

The results of this study with in situ gelatin zymog-
raphy demonstrated the presence of intense gelatinolytic

laminin y2. Epithelial cells already cover the previously wounded
area and antibody staining can be seen in the basal cell layer. D
Cross section of the transgenic wound, 2 weeks of healing, anti-
laminin 92 staining. The epithelium is not yet covering the
wounded site, the epithelial front is bent and weak antibody
staining can be seen under the thick layer of the fibrin clot and at
the edges of the wound. Scale bars 100 um (A, B, C), 500 um (D)

activity in migrating keratinocytes at the wound edge in
wild-type animals. This confirmed the results obtained
from in situ hybridization of wound tissues. This study is
the first to show the use of such an in situ gelatin
zymography assay in healing wounds in vivo. The present
gelatin in situ zymography in combination with the CTT
peptide on samples from mice overexpressing TIMP-1
definitely showed that MMP-9 is the major gelatinase
active during wound healing, which has also been shown
in previous wound healing studies (Salo et al. 1994;
Okada et al. 1997). In addition, MMP-2 has been
proposed to be involved in keratinocyte-related proteol-
ysis during cell migration in wound healing (Mékelé et al.
1999). Since no gelatinolytic activity could be detected in
the wounds of mice overexpressing TIMP-1, this further
shows that MMP-2 did not compensate for MMP-9
activity. The results described above strongly suggest that
MMP-9 is essential for correct epithelialization during
wound healing.

The tissue remodeling occurring during the recovery
and epithelialization of healing wounds requires a delicate
balance of synthesis and degradation of extracellular
matrix molecules. The present and previous studies have
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Fig. 6A-F Expression of hTIMP-1 and mMMP-9 in dorsal wounds
of transgenic mice. A In situ hybridization of a 1-day-old wound.
Epithelial cells at the wound edge are positive for hTIMP-1 (red
color). B Three-day-old wound. Expression can be seen at the edge
of the epithelium, but also under the fibrin clot. The asterisk marks
the clot. C hTIMP-1-expressing cells beneath the 3-day-old wound.
D An amplified region boxed in C. Not only the migrating
keratinocytes, but also the epithelial cells of hair follicles express

the transgene. E After 5 days of healing, expression can still be
seen at the same sites as before (B). The epithelium at the wound
edges is thick and has not invaded below the wound bed. F In situ
hybridization with mMMP-9 probe: a 3-day-old wound of the
transgenic mouse. Positive cells (arrows) can be seen at the
epithelial tip and they colocalized with the cells expressing hTIMP-
1in A, B and E. Scale bar 50 ym



Fig. 7A-D Keratinocytes in
dorsal wounds of hTIMP-1
transgenic mice. A Immuno-
staining by rabbit polyclonal
antibody against pan-cytokera-
tin in a 3-day-old wound of
hTIMP-1 mouse. Keratinocytes
have not invaded under the clot.
B Anti-cytokeratin staining of a
transgenic 5-day-old wound.
Single keratinocytes can be
found under the clot (arrows).
C In situ hybridization of a 5-
day-old wound from hTIMP-1
transgenic mouse . Cells ex-
pressing hTIMP-1 can be found
beneath the wound from the
same site as keratinocytes in B.
D Anti-laminin y2 stain at the
bottom of a 2-week-old wound
from the transgenic mouse. As-
terisk marks the clot. The cells
colocalize with the positive
cells in C. Scale bars 100 um
(A, B, D), 50 um (C)

Fig. 8A-E In situ gelatin zymography from wounds of control and
hTIMP-1 transgenic mice. Representative hematoxylin staining of
cutaneous wounds of control (A) and transgenic (D) mice. B In the
control mice, intense gelatinolytic activity, seen as dark areas in the
Oregon green-conjugated gelatin layer, is detected at the leading
edge of the epithelium (e) covering the wound in control mice.

Weaker activity is also seen in the dermis (d). C 500 uM of the
gelatinase-specific inhibitor CTT peptide abolished most gelatino-
lytic activity present in the wound area of the control mice, except
for the area around hair follicles (*). D Hematoxylin staining of a
skin wound in transgenic mice. E No gelatinolytic activity could be
detected in the wound of transgenic mice. Scale bar 50 um
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demonstrated a central role for keratinocyte-derived
MMP-9 in this process (Salo et al. 1994; Madlener et
al. 1998; Agren 1999). When applying GM6001, synthet-
ic broad-spectrum inhibitor of MMPs, topically to human
wounds, it has been found to prevent epidermal regener-
ation (Agren et al. 2001), leading to delayed wound
healing. The epidermic cell proliferation was not affected
by GM6001. In this study, observation of the epithelium
proximal to the wounded site revealed multiple layers of
epithelial cells, while the migratory tip of the epithelium
did not move actively towards the wound bed. It appeared
that the cells were capable of proliferating, but not
moving properly. However, it also became clear from our
study that overexpression of TIMP-1 did not totally
prevent the migration of keratinocytes and wound heal-
ing.

Our results together with those of previous studies
(Mignatti et al. 1996) suggest that two types of proteolytic
systems, MMPs and plasminogen/plasmin, are primarily
in charge of the extracellular proteolysis used for
keratinocyte migration during wound healing. Lund et
al. (1999) showed that mouse wound healing is retarded,
but not prevented, by a broad MMP inhibitor, GM6001. In
the same study, the use of GM6001 totally blocked wound
healing and keratinocyte coverage of a wound of a
plasminogen-deficient mouse during a 100-day follow-up
period, demonstrating that these two groups of enzymes
are the crucial proteinases in wound healing. Our present
study extends those findings by demonstrating that
cellularly targeted total blockage of keratinocyte gelati-
nases and probably other MMP activity as well is not
sufficient to completely block keratinocyte migration in
wound healing.

The transgenic mice developed in the study, with the
MMP-9 promoter/enhancer(s) in front of the TIMP-1, did
not affect normal development, but they showed that
MMP-9 activity is necessary in a challenging situation
such as wound healing. These mice can prove to be useful
tools to further explore the biological role of MMP-9 in
situations such as osteoclast function during bone fracture
recovery and in macrophage function during growth of
exogenous tumors.
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