Journal of Cell Science 112, 263-272 (1999) 263
Printed in Great Britain © The Company of Biologists Limited 1999
JCS0092

Absence of integrin  a11 in the mouse causes loss of feedback regulation of
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SUMMARY

Integrin al1pl is a collagen receptor predominantly found seen in theal null dermis and in collagen gel suspended
in mesenchymal tissues. Mice lacking this receptor are fibroblasts. While dermal thickness is normal in theal
viable. We have previously suggested thatt1fl might  null animals, an increase is seen in skin thickness ot null
participate in the down-regulation of collagen gene but not al heterozygote animals on a background of
expression observed in cells suspended inside collagen gelscollagenase resistant collagen. Increased expression of
The results presented here demonstrate that integrin131  both collagen and collagenase mRNA are seen in
acts as a feedback regulator of collagen synthesis both in experimental granulation tissue inal null animals, but
vitro and in vivo. Firstly, al null animals show a higher their ultimate accumulation of collagen is normal,
rate of collagen synthesis in the dermis in vivo. Secondly, probably due to nonal dependent paracrine regulators of
fibroblasts derived from al null cutaneous wounds show a collagen turnover.

reduced sensitivity to collagen gel induced downregulation

of collagen mRNA synthesis, as compared to their wild-type

counterparts. An increase in collagenase synthesis is also Key words: Collagen, Integrin, Dermis, Wound, Collagenase

INTRODUCTION Four integrin heterodimers are known to be collagen
receptorsp1B1,02B31,03B1 ando10B1 (Gullberg et al., 1992;
Integrins are transmembrane receptors for a myriad ofamamoto et al., 1995; Camper et al., 1998). Of the3p]l
extracellular matrix proteins. They provide for cell attachmentis predominantly epithelial in distribution (Wu and Santoro,
motility, and sensing of the extracellular environment. Thel994).a3B1 is widely distributed and binds a broad range of
different integrin heterodimers are well characterised as to thdigands including fibronectin, laminin 5 (Carter et al., 1991),
specificity for different ECM components (Hynes, 1992), andand collagen, along with cell surface protease systems (Xue et
some integrins are known to have their affinity for ligandal., 1997). a10p31, recently discovered, is expressed in
modulated by intracellular events, so called ‘inside outchondrocytes.alf3l, while having a dynamic pattern of
signalling. Responses to the ECM mediated by integrins, sexpression in the embryo (Duband et al., 1992), is confined to
called ‘outside in’ signalling, such as attachment dependembesenchymal and endodermal tissues in the adult, notably
response to growth factors or avoidance of apoptosis (Ruoslaktnooth muscle, fibroblasts, the liver, and microvascular
and Reed, 1994), have also been demonstrated in a varietyasfdothelium (Voight et al., 1995; Belkin at al., 1990). All
model systems. However, the actual in vivo outside irreceptors excemi1l0B1 are present in dermal fibroblasts, and
signalling roles of each individual integrin heterodimer are lesall three contribute to collagen | binding (Gardner et al., 1996),
well delineated. Gene targeting experiments of the individualthougha3B1 may serve only an accessory role (DiPersio et
subunits have revealed both spectacular and subtle phenotyags 1995). Targeted null mutations fofl anda3 have been
(Hynes, 1996). Embryonic lethal phenotypes have usually beafescribed. al null mutant animals show no gross
associated with specific adhesive deficiencies, suaba®  developmental deficits, but null fibroblasts show a specific
fibronectin (Yang et al., 1993) o4 to VCAM (Yang et al., deficiency in attachment to collagen type IV (Gardner et al.,
1995) both crucial in embryogenesis. The subtle phenotyped®96) along with a deficiency in collagen dependent
found in some other targeting experiments, suchaas proliferation (Pozzi et al., 1998)3 null animals are not viable
(Gardner et al., 1996) and? (Mayer et al., 1997) suggest that beyond birth, and show specific deficits in epidermal basement
a group of integrins are concerned with sensing of the ECivhembrane formation (DiPersio et al., 1997) and in branching
without being absolutely required for structural integrity. morphogenesis in lung and kidney (Kreidberg et al., 1996).
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While fibroblasts from thetl null animal show a striking MATERIALS AND METHODS
absence of adhesion to collagen type IV, they show no
appreciable deficit in adhesion to collagen | unless they afetegrin al deficient mice
functionally deficient ina2 or a3 (Gardner et al., 1996; H. A detailed report about generation and analysisodf integrin
Gardner and A. Pozzi, unpublished observations). Thdeficient mice has been published (Gardner et al., 1996). All animals
deficiency in collagen IV binding byl null fibroblasts was used in the study werel nulls or controls on the inbred 129svi/ter
curious, as the location most abundantly supplied with collage*i’f'mkgr_of””d' Au experiments “?edla”'mals bet";’]eg”fz and 5 rgomhs
IV is the epidermal basement membrane, and keratinocytes afig9€- for €ach experiment animals were matched for age and sex.
other epithelial cells are normally devoid of integrl.  cross of the al null to the collagenase resistant strain

Furthermore, the deficiency in collagen IV binding was Nnotrpe collagenase resistant collagen mouse (Liu et al., 1995) has a point
seen im1 null smooth muscle cells, suggesting that the affinitymutation in the primary collagenase cleavage site. Animals
of another integrin for collagen IV may be modulated by celheterozygous for this mutation develop mild dermal thickening at ages
type. Theal null animal did not show any increase in greater than 1 year; homozygotes develop extensive early dermal
expression ofilB1l’s closest relativeq2Bl (Gardner et al., fibrosis and female infertility after the first litter due to a failure of
1996; Hughes, 1992). resolution of uterine implantation sites. Collagenase resistant

Several lines of evidence have suggested regulatory rol®@§térozygotes andal nulls were crossed to obtain double
for a1B1 anda2Bl. In osteosarcoma cells the level of cell heterpzygote animals. These were crossed to give the full range of
surfacea2f31 integrin correlates with the expression level ofpOSSIbIe genotypesal genotyping was performed as described

. - . (Gardner et al., 1996). Collagenase resistant animals were genotyped
native collagenase (MMP1 in humans, or MMP13 in rodentsmy restriction digest of the targeted region after nested PCR (protocol

Shingleton et al., 1996), wheread1 integrin seems to be g gift of Dr Xin Liu, UCLA), as follows: Round 1; forward primer
responsible for downregulation of collagen | mMRNA levelss TGAGACACGAGGCATGGGACCS reverse SSCATGTCTGA-
seen when the cells are suspended in collagen gels (RiikoneRGAAGAGGTCT. Round 2; forward 'STGAGTATCTGTGG-

et al., 1995a; Langholz et al., 1995). The use of specific antfiFTCTGGA3, reverse LAGGGGGACTGGCTAGGAGGTS3 Each
integrin antibodies supports a role o1 as a regulator of PCR was performed with a hot start, 35 cycles of
collagen synthesis in that a presumably activating @hti- 94°30s/62°40s/72°120s, in a §0volume with 25 picomoles each
antibody accentuates the normal downregulation of'imer and 2 mM MgGl Template for the first round was iy
fibroblast collagen expression in response to collagen ge nomic DNA, and for the second wasillfrom the first round. 10

. of the second round product were digested \8igii. The wild-
(Langholz et al., 1995). Thus, the data available SuppOﬁ/pe allele gave an uncut product of 986 bp; while the targeted allele

the role of alBl integrin in the regulation of collagen gaye digest fragments of 562 and 428 bp. Animals were sacrificed at
production and suggest that this mechanism may be @f months of age, and dorsal skin frerh null/collagenase resistant

importance in fibrotic diseases. Indeed, lvarsson et al. (1998t anda1 het/collagenase resistant het animals were processed for
have shown that in cell culture, scleroderma skin-derivedlistology. In order to ensure that sections were matched for their plane
fibroblasts show a relative decrease in the expressioh3if  of sectioning, skin samples froml het andal null animals were

integrin  concomitantly with enhanced collagen geneprocessed, embedded, and analysed back to back, together, in pairs.
expression and reduced response to extracellular cgllage@asein zymography of skin explants
Thus theal null animal may be a model for one step in theSX 3 cm segments of depilated dorsal skin from two wild-type and
pathogenesis of scleroderma, and may be relevant to ottgr 9 P yp

. I . S ol null adult animals were cut into 2 mm square pieces and
fibrotic diseases such as retroperitoneal and radiation '”ducﬁ{fubated in 109%FCS for 48 hours in a 25 cm flask to allow fragment

fibrosis. attachment. Fragments were washed repeatedly with PBS, and 5 ml
At the tissue level, however, growth factors and cytokine®Fci (Band and Sager, 1989) was added to the flask. After 6 or 12

are also powerful regulators of collagen accumulationhours the medium was recovered, dialyzed against water for 24 hours,

Transforming growth factorB-(TGFs{f3) are often present at lyophilized, and resuspended in 1p0 Laemmli’s sample buffer

the site of inflammation and tissue injury and they are veryvithout mercaptoethanol or Bromophenol Blue. Protein concentration

potent enhancers of collagen synthesis (Massague, 199@js measured by micro-BCA (Amersham)..gDtotal proteins were

Similarly, cytokines, like interferog-and tumor necrosis !0aded for zymography on 10% SDS-PAGE containing 1 mg/ml

factoro, can inhibit collagen gene expression in Vivocasein (Miyazaki et al., 1990), and run at 10 mA for 3 hours in non-

. . reducing conditions. Gel proteins were renatured in 50 mM Tris pH
(Granstein et al., 1987; Rapala et al., 1991). Thus, th§e_5/0_1 M NaCl/2.5% Triton X-100 for 2 hours at room temperature,

importance of integrin-mediated regulation of collagen,ashed with water, and then incubated for 17 hours in 50 mM Tris/10
synthesis and breakdown cannot be interpreted as long as 1 caCh/0.02% NaAzide. Gels were stained with Coomassie blue
relation to the cytokine-dependent effects remains unsolvednd destained in 5% acetic acid/10% methanol. Control gels were
Here, we have taken a series of complementary approachiesubated in the presence of 10 mM EDTA instead of calcium, to rule
to analysis of collagen synthesis and breakdown in theut serine protease activity.

integrin al null animal. In vivo analyses include proline

. . . . . rimental granulation ti inmi
labelling of newly synthesized collagen in skin, a genetic tes'%XIOe Imental granulation tissue in mice

of the role of native collagenase, northern and proteift ViScose cellulose sponge (Cellomeda Oy, Turku, Finland) was used
analysis of experimental granuloma tissue over a time cour as an inductive matrix for granulation tissue (I\_Iumkoskl et al., 1971)
SPhe sponges were cut to 5 mmd mmx 10 mm pieces (weight about

and histologic evaluation of incisional wounds. We have|5 ) decontaminated by boiling for 30 minutes in physiological
further studied, ex vivo, primary fibroblast lines derived fromsajine and implanted under the back skin of anesthetized animals

embryos and granulation tissue af integrin deficient and using an aseptic technique. After 4, 7, 14, or 21 days the animals were
control mice. killed and sponges analysed for dry weight, nitrogen content (Minari
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and Zilversmit, 1963) and hydroxyproline content (Woessner, 1961for loading controls. Autoradiograms were quantified with
Histological samples were prepared and total RNA was isolated favlicrocomputer Imaging Device version M4 (Imaging Research Inc.),
northern blot analyses. and normalised to GAPDH levels.

Granulation tissue derived primary cell lines
Two week old cellulose sponge induced granulation tissue massegESULTS
were cut into small pieces, which were air dried on plastic cell culture
dishes, and medium (DMEM/10% fetal calf serum) was added. Cell . .
were allowed to migrate out of sponges for two weeks before theal null dermis ShOV.VS increased steady state levels
were detached by trypsin and subcultured. Cells were suspendedésﬂco”agen synthesis
floating, nonstressed collagen gels as previously described (Riikondh order to determine whether the level of collagen production
et al., 1995a,b). was altered in thexl null skin, we undertook an in vivo
) labelling experiment (Fig. 1). &1 null and 5 control animals
Experimental cutaneous wounds were injected intraperitoneally with 50Ci 3H-proline, and
cm long full thickness transverse skin incisions on the dorsums,ecific activity of extracted collagen was determined relative

Incisions were immediately closed with three interrupted 5/0 prolen s - . . .

sutures. Animals were killed 12 days postoperatively, and the dors 1 ttf;]e dspefc IfIIBC algt'V'tty (I)f titgégklnppr?telns, accord|?g to. t?e
skin excised and fixed in neutral buffered 10% formalin. Wounds werd'€th0d 0T ‘buck et al. ( . )- roline mcorporoa ion 1nto
embedded in paraffin and sectioned in the saggital plane. Sectiof€!l2gen relative to total proteins was increased 20% inthe

were stained with H&E and Masson’s Trichrome. Normal skinnull animals, indicating higher steady state levels of collagen

samples were processed similarly. synthesis in the null animals. This suggestsdiftl normally
) 5 o o provides inhibitory feedback upon collagen | synthesis.
Incorporation of - “H-proline into collagen in vivo Northern analysis showed thatL(l) collagen mRNA levels

Analysis of dermal®*H-proline incorporation was carried out varied widely between sites in intact skin (not shown), and was
essentially as described by Buck et al. (1996). Briefly, five Wlld-typthe|pfu| in determining overall levels of synthesis.

and five al-null mice (129sv/ter male, 60 days old) were given

intraperitoneal injections of §Ci [5-H] proline (Amersham) in 0.2 pDermal thickness in o1 null animals is not altered,

ml of sterile PBS. After 3 hours, the animals were Kkilled, a”d%robably due to increases in collagenase levels
completely shaved. The truncal skin was then removed and placed . . . . .
immediately in ice-cold buffer, containing 50 mM Tris-HCI, pH 7.5, esplte the increased levels of cpllagen synthes_|s, hlstolog_lcal
15 mM EDTA, 1 M NaCl, and 1 mM phenylmethylsulfonyl fluoride. S€ctions ofal null and control skin showed no differences in
The skin was homogenized for 2 minutes at high speed with a tiss@€rmal thickness (Fig. 2A, upper). However, northern blot
homogenizer (Tissue Tearor, Fisher). A portion of the skinanalysis of skin samples showed increased levels of
homogenates was used to determine the total amount of proteins @sllagenase mRNA il null animals when compared to the
follows: skin proteins were precipitated from 1/10 of the totalwnd-type animals (Fig. 2A, middle). Furthermore, explants of

homogenate three times with 65% ethanol. The precipitates, collecteg ny| skin produced native collagenase activity not seen in
at 3000g for 10 minutes at 4°C, were solubilized with 0.2 N NaOH.

The remainder of the skin homogenate was used to purify collagen
as described by Buck et al. (1996). Briefly, homogenates wer
digested with pepsin (10 mg/g) in 0.5 N acetic acid at 4°C for 6 hour: 0.12
clarified, and the supernatants from two rounds of digestion wer
neutralised and precipitated with 176 mg/ml (\eSQs. Precipitates

were washed with 70% ethanol and redissolved in 0.1 N NaOF - £ 01— — — — 90— —
Protein concentrations were measured with the Micro BCA proteil & g
assay (Pierce, Rockford, IL), standardised with BSA for the tota =3 = 0104— — — — - —

protein measurements and Vitrogen 100 for the collagel
measurements. Equal amounts of total proteins and collagen we
used to determine incorporated radioactivity by liquid scintillation
counter (LS 5801, Beckman Instruments Inc,). The specific activit
of dermal collagen was expressed as a proportion of specific activi
of total proteins to normalize for variations in bioavailability of the
injections.

Northern blot hybridization 0.06 -

Total RNA was isolated by using the guanidium thiocyanate/CsC.

method (Chirgwin et al., 1979). Skin samples were snap frozen arfelg. 1. Specific in vivo incorporation of tritiated proline into collagen
ground in liquid nitrogen prior to guanidium lysis. For cells embeddedy wild-type andxl null animals. Five wild-type and fivel null

in collagen gels, the gels were briefly treated with 0.5 mg/mkdult male 129sv mice were injected intraperitoneally with tritiated
collagenase (type Il, Sigma) in phosphate buffered saline (PBS, pptoline three hours prior to sacrifice. Truncal skin was removed and
7.4) with 1 mM CaCl. 10ug of total cellular RNA was separated in homogenized. Portions of the homogenates were used to prepare
formaldehyde-containing 1% agarose gels, transferred to nylototal proteins, and the remainder subjected to collagen preparation by
membranes (ZETA-probe, Bio-Rad), and hybridized Whlabeled  an acid extraction protocol (see Materials and Methods). Results are
(Amersham) cDNAs for mouseal(l) and al(lll) collagen  expressed as specific activity of extracted collagen/specific activity of
(Metsaranta et al., 1991) and mouse MMP13 (gift of P. Soloway). Rdbtal proteins. Circles indicate results from individual animals, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Fort et ablack dot and bars indicate mean and standard devi&n0007

1985) or mous@-2 tubulin (gift of K. Sullivan) were used as probes by two tailedt-test assuming equal variances.

WT KO
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wild type, as assayed by casein zymogram (Fig. 2A, lower}hree dimensional collagen for two to five day$(l) collagen
Thus, even as collagen | synthesis is increased inthaull, mMRNA levels were remarkably lower in control mice-derived
expression of the major native collagenase is also increasex®ll lines than inal null cell lines (Fig. 3A, Fig. 4). This
This would appear to prevent the increase in collagen synthesiglicates that the collagen gel-dependent downregulation of
from causing an increase in dermal thickness. To test thizl(l) collagen mRNA levels requires, at least in part, the
possibility, we crossed tteel null to the collagenase resistant presence ol integrin. Collagera1(lll) mRNA levels were
collagen mouse (Liu et al., 1995), which is engineered in thslightly higher inal null cell lines, as well, although the
COL1Al gene to give a point mutation in the primarydifference was less pronounced than that seafi(if) collagen
collagenase cleavage site. Heterozygotes for this mutation hameRNA levels (Fig. 3B). By day 5, while collagen expression
essentially normal skin thickness at ages under 1 year, whileas still higher inal nulls than wild type, thel null cells
homozygotes develop dramatic skin thickening early in lifealso showed an appreciable increase in collagenase expression
Analysis of six pairs of dorsal skin samples from age and sesompared to wild type (Fig. 3C). No differences in collagen
matchedal heterozygotes andl nulls on a collagenase gel contraction were observed between wild-type @hdull
resistant heterozygous background showed a striking increakees.

in skin thickness in thel nulls (Fig. 2B). Thus, when the )

effects of collagenase are reduced in vivo by partially resistaticreased collagen gene expression at an early

collagen, the increased collagen synthesis imfheull results ~ stage of granulation tissue formation does not affect

in skin thickening. the normal development of experimental granulation

tissue
al deficient embryonic and granulation tissue The formation of new connective tissue in mice was studied by
derived fibroblasts show blunted responses to implanting viscose cellulose sponges subcutaneously. The
exogenous collagen in vitro overall histology of the granulation tissue and capillary

Granulation tissue cell lines were established by enzymatiagrowth appeared similar in bottL null and control animals
digestion of 14 day old viscose cellulose sponge inducethot shown). Dry weight and total protein content of the
experimental granulomas. Embryonic lines were derived bgranulation tissue masses increased in the same way regardless
trypsinization of eviscerated E14.5 embryos. Cell lines weref the presence or absencedfintegrin (not shown). Collagen
derived from bothol integrin null and control animals. The gene expression was studied at different stages of developing
basal level ofnl(l) collagen mRNA was studied in cell lines granulation tissue by northern blot hybridizations. Collagen
cultured on normal tissue culture plastic in the presence of 10#6L(I) mMRNA levels were compared to levels of GAPDH
fetal calf serum. In repeated experiments with cell lines froomRNA and to rRNA. At an early stage (day 4) of granulation
different animals no differences were detected between wildissue developmentyl deficient animals showed 2.1-fold
type andal null lines (Fig. 3A). Similarly there were no higher al(l) collagen mRNA levels than the controls (Fig.
differences inal(lll) collagen mRNA levels (not shown). 5A,C), consistent with the findings in granulation tissue
mMRNA for murine collagenase was undetectable in all cell lineBbroblasts suspended in collagen gels. A very slight increase
(not shown). When the same cell lines were cultured insiden al(lll) mMRNA was also present (Fig. 5A). Histological

A monolayer gel

wl w2 kI k2 we ke wl k1 w2 k2 we ke
Fig. 3.mRNA levels in primary granulation tissue cells

- r &
-~
Collagen 1 2.“ .. -. g ‘ - .
in monolayer culture derived from two wild-type ' '
(wl,w2) and twanl integrin deficient mice (k1,k2),
and in embryonic fibroblasts from a wild-type (we) and GAPDH m . - “

anal null (ke) embryo. (A) Collageal(l) in cells in

monolayer culture (monolayer) or from the same cell~

suspended in three-dimensional collagen gels (gel) f

two (w1, we, k1 and ke) or five (w2 and k2) days. gel C gel
(B) Collagena1(lll) mRNA from cells suspended in wl ki
gels for 2 days. (C) Murine collagenase 1 (MMP13) wl kI we ke
MRNA levels from cells suspended in collagen gels f 3 g
5 days. Total RNA was isolated from cells and ‘ MMP13 1. .
separated in formaldehyde-containing agarose gels, ~ Cellagen 111 - .. - S
transferred to nylon membranes and hybridized with

32p-labeled cDNAs for mousel(l) collagenal(lll)

collagen, rat collagenase (MMP13), and rat

glyceraldehyde-3-phosphate dehydrogenase (GAPD GAPDH . . “ GAPDH -

a ‘house keeping’ enzyme used as a control) probes
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Fig. 4.a1(l) collagen mRNA levels in wild-type (Wild type) and integrin null 1 deficient) granulation tissue cells (A) and fetal (B) cells
in monolayer and inside collagen. Cells were cultured in monolayer or inside collagen for 2 days before recovery of mRitfeend no
analysis as described in Fig. 3. Collagen mRNA levels were normalised with the GAPDH mRNA level, and the level in geld axpreate
of the level in monolayer. (A) Two experiments done with two independent isolatésimigrin deficient granulation tissue cells (mean and
range) compared to a wild-type granulation tissue line. (B) Four independent experiments done aithiWdetal cell lines (mean and s.d.)
compared to two independent experiments done with two wild-type fetal lines (mean and range).

examination of day 4 granulation tissue indicated that ddth ol null animals. Accumulation of collagen was studied by
deficient and control animals had some cells throughout th@easuring the amount of hydroxyproline in granulation tissue
sponge, but more than 90% of cells were within 1 mm of théFig. 6A). While initially the increase in the amount of collagen
edge of the sponge (not shown). However, the relative levefsllowed the increase in collagen mRNA levels, by day 21 the
of al(l) collagen RNA increased about 10-fold from day 4 tocollagen content of the granulomas had decreased while the
day 21 in control animals and to a similar maximuralmull  collagen mRNA levels were still high, suggesting that collagen
animals (Fig. 5B), and at these later stages of granulation tissdegradation was also occurring. Indeed, by day 7, collagenase
formation (days 7, 14 and 21) no major differences werenRNA, already detectable in wt and ko granulation tissue,
detected in the collagen mRNA levels between wild-type andeached approximately twofold higher levels in the nulls

A wt clko B g C
g 4-
=14
= =0.015
- g p=0.01:
Collagen o1(I) - N = 34
=} =
| = - 200 4
2 2 :
Collagen o1(I1I) - - —— wt e
Z =
[ % 1 —o— oalko 2100
@ s
GAPDH - - =
é 0
T T T T 1 .
0 5 10 15 20 25 «lko ki

Age of granulation tissue (days)

Fig. 5.Collagenal(l) mRNA levels in different stages of granulation tissue formation. (A) Representative experiment stiq#yingllagen

mRNA anda1(lll) collagen mRNA levels at day 4 in wild-type aad integrin deficient mice. Total RNA from four granulation tissue masses

(from four separate animals) was pooled together for northern blot analysis. (B) The remarkable increase seeruityetatilegen mRNA

levels seen during the first three weeks of granulation tissue formation. (C) Mean and standard deviation ofi&@l)lagBNA inal null

granulomas expressed as a percentage of that seen in wild type from three independent experiments at day 4. Total R4 fr@m isola
granulomas and separated in formaldehyde-containing agarose gels, transferred to nylon membranes and hyb##HzAatelétts CDNAS

for mousen1(l) collagen and rat glyceraldehyde-3-phosphate dehydrogenase. Autoradiograms were quantified with an image analyser and the
resultant measurements corrected for GAPDH mRNA levels. For each data point total RNA from four granulation tissue maesgs (from
separate animals) was pooled together for northern blot analysis.
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Fig. 6. (A) Accumulation of collagen to the experimental granulation tissue in wild-type hinttegrin deficient mice. Viscose cellulose

sponges were implanted subcutaneously into the animals. The collagen content, measured as the amount of hydroxyprdijredvaas ana
indicated time points. The data represents mean and standard deviation of six measurements from separate animals. & hedtiffeténc

was statistically significant by 2 taileédest assuming equal variances, with-aalue of 0.049. (B) Collagenase (MMP-13) mRNA levels in
granulation tissues. Quantification of day 4, 7, and 14 northern blots. (C) Example northern blot of day 7 granulationpissué3aMean

and standard deviation of collagenase mRNAImull granulation tissue masses expressed as a percentage of that seen in wild type from three
independent experiments at day 7. Total RNA was isolated from granulomas and separated in formaldehyde-containing ajansserggsls,

to nylon membranes and hybridized wi#i?-labeled cDNAs for mouse collagenase (MMP13) and rat glyceraldehyde-3-phosphate
dehydrogenase. Autoradiograms were quantified with an image analyser and the resulted measures were corrected for GAPRHEMRNA lev
For each data point the total RNA from four granulation tissue masses (from four separate animals) were pooled togeteenfblonor

analysis.

(Fig. 6B,C,D) and the difference persisted to day 14. Th&ieson's (not shown) stains; in the wild-type animals, the
collagen content of granulomasaf integrin null animals was collagen was distributed evenly between the granulation tissue
slightly lower than in controls (Fig. 6A), indicating that the fibroblasts. In the1 null animals, however, collagen staining
higher collagen mMRNA levels detected at early stage of thehowed a variegated, nodular pattern. Small darkly stained
granulation tissue formation did not cause an increase in tlaeas alternated with nearly lucent areas, suggestive of an
ultimate accumulation of collagen, or in the temporal patterexaggeration in the normal process of collagen synthesis and

of the accumulation. remodelling. This appearance is consistent with the findings in
granulation tissue fibroblasts, of both increased synthesis and

Incisional wounds showed altered morphology in al breakdown of collagen.

null animals

We determined whether the alterations in collagen metabolism

seen in collagen gels and sponges were reflected in vivo BISCUSSION

performing full thickness incisional wounds. Trichrome . ] .

staining of wounds at day 7 (not shown) revealed similattegrin al1pl mediates feedback regulation of

morphologies in wild-type and1 null animals, with a similar ~ collagen synthesis

pattern of granulation tissue infiltration and vascularisation athe interaction of integrins with matrix and with intracellular
the site of incision. By day 12, however, the distribution ofcomponents may mediate structural strength, and continuity
collagen fibrils appeared to be alterediinnull wounds at the between the cytoskeleton and ECM, or may be responsible for
site of incision as revealed by trichrome (Fig. 7) and vanransmission of other signals from inside out or outside in.
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Fig. 7.Masson’s trichrome stain of
12 day wounds from 2 wild-type
(left, WT) and twoa 1 null (right,
KO) animals. Photographs show
the dermis at the point of the
incision. Theal null animals show
marked variegation in trichrome
staining intensity of the fibrillar
collagen, suggestive of irregular
deposition or organisation in the
wound. Objective magnification
x40.

Integrin a1f31 is one of two major collagen receptors, and isvidence to suggest that collagenase levels are directly
the sole collagen receptor of some mesenchymal tissuaggulated by integrinalPBl. Therefore, the activation of
notably smooth muscle. It was therefore a striking result thatollagenase expressiondi null animals may well be due to
the a1l null animal had no obvious structural deficit, andincreased levels of collagen interacting with the normal levels
suggested that the major role of the molecule is in signallingf a2f31 receptor.
In this regard, studies suggesting a role édf31l in the ) ) ) )
regulation of collagen production offered a clue as to thd he mechanism of collagen regulation by integrin
function of this integrin. The idea @f1p1 integrin being a a1P1
regulator of collagen synthesis has been based on thr&sth alpl and a2pl integrins might be important in cell
observations: skin fibroblasts from scleroderma patients shomigration and organization of collagen fibrils. However, their
upregulated collagen synthesis and a concomitargignal transduction function seems to be differerif31 is
downregulation ofi1 expression (lvarsson et al., 1993).a8h  distinct froma2p1 in being able to recruit Shc and activate
integrin negative osteosaroma cell line failed to downregulat®!AP kinase (Pozzi et al., 1998). MAP kinases and AP 1
collagen synthesis in collagen gels whilepositive lines were transcription factors have been implicated in the regulation of
able to do so (Riikonen et al., 1995a). Lastly, one @hti- collagen genes (Davis et al.,, 1996; Chung et al., 1996),
integrin antibody tested, when used in combination with aisuggesting a molecular route of connection betveeglfil and
anti1 antibody, was able to accentuate the normatollagen. However, tyrosine kinase inhibitors which prevent
downregulation of collagen synthesis by normal fibroblasts ithe signaling associated with231 integrin do not have an
collagen gels (Langholz et al., 1995). effect on collagen gel-dependent downregulation of collagen
We now demonstrate thatlf31 is a feedback inhibitor of al1(l) RNA levels (Broberg and Heino, 1996), and td§1
collagen synthesis in vivo using integdd null mice.al null  regulation of collagen gene expression may in fact be mediated
animals show raised steady state levels of collagen synthesiga a tyrosine kinase independent pathway.
and al null fibroblasts are deficient in downregulation of ]
collagen synthesis when exposed to collagen gels in assayéllagen receptors and wound healing
similar to those used in previously published experiment§Vhile the changes in collagen turnover in unwounalgchull
(Langholz et al., 1995; Ivarsson et al., 1993; Broberg andkin appear to be straightforward, the consequenceslof
Heino, 1996). Increased levels of collagen synthesis do nadgeficiency on wound healing are more complicated. The
however, cause an increase in dermal thickness, due to process of wound healing includes, in addition to epithelial cell
increase in the expression of collagenase. The effects of tipeoliferation and migration, the activation of stromal
collagenase can be partially overcome, in vivo, by a cross @bnnective tissue, the formation of granulation tissue, and the
the al null into a collagenase-resistant collagen backgroundyeneration of collagenous scar. The important role of integrins
and on this background an increase in skin thickness is evidein. different stages of epithelial cell migration is well studied
The preponderance of evidence suggests that 2Rl  (Clark, 1990; Larjava et al., 1993) whereas the role of integrins
activation which regulates collagenase expression (Riikonen &t scar formation is less well known. Of the collagen receptors,
al., 1995a,b; Langholz et al., 1995) and there is no publishet?31 has been subject to some analysis. While hardly
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detectable in normal pig skin and in wound granulation tissu&he nature of collagen mediated feedback

when the matrix is still rich in fibronectin, its expression iswhile these and previous studies offer an appealing summary
strongly upregulated with the formation of collagenous scapf the roles of integrinsalfl and a2l in collagen
and the beginning of the scar contraction (Xu et al., 1996). Thigietabolism, witha1Bl providing feedback inhibition on
is in accordance with observations suggesting t2fl  collagen synthesis, araB1 providing positive regulation of
integrin is the receptor required for collagen gel contractioollagenase, there remains some mystery as to the nature of the
(Riikonen et al., 1995a; Schiro et al., 1991; Klein et al., 1991)ollagen-receptor interaction that occurs. In the tissue culture
The role of alBl integrin has not hitherto been clearly system it is possible that there is simply an increase in ligand
established. However, growth factors like platelet-derivechvailable when cells are transferred from monolayer to
growth factor stimulatex21 integrin expression (Xu et al., collagen gel. We now show thanilfl dependent
1996; Ahlen and Rubin, 1994), and T@Btimulates both  downregulation of collagen synthesis also takes place in
a2B1 andalfl in cell culture (Riikonen et al., 1995b; Heino normal dermis, where most of the collagen would be expected
et al., 1989) and probably also in healing tissue. ~ to be in highly organised fibrils (Prockop and Kivirikko, 1984)
As well as affecting the expression of integrins, variousand thus likely largely inaccessible to receptor. In this context,
cytokines including TGB have direct effects upon collagen a simple extracellular ‘concentration’ of collagen | is unlikely
synthesis, and possibly other events in collagenous scg be meaningful. Instead it is likely that eitloei31 anda231
formation. Experiments done with isolated cells in culture deccupancy is altered by very localized concentrations of newly
not take into account other potential regulatory factors whickynthesized collagen, or that the orientation of adjacent fibrils
are present in tissues and might be more potent regulators @fght alter clustering of bound integrins. In either case, more
collagen biosynthesis and breakdown than extracellulagophisticated in vitro studies comparing the effects of linear

matrix alone. Here, we have taken an approach to study thigd crosslinked collagen arlf1 anda2p1 mediated effects
guestion, using the well characterized model of viscos@re warranted in the future.

cellulose sponge implants to test connective tissue activation.

In both wild-type andal null mice, the overall kinetics of H.G. and A.P. were supported by the Scleroderma
collagen accumulation were similar: mRNA levels began td-ederation/United Scleroderma Foundation and NIAMS AR44514 (to
rise at day 4, followed by detectable increases in collageH-G.). A.B., M.L. and J.H. were supported by the Academy of Finland
at day 14 and then decreased by day 21, despite a persistﬁ/ﬁno, and Paul Soloway for gifts of probes, Dr Xin Liu for the

L R agenase resistant collagen mouse, and Rudolf Jaenisch, Vito
{aI)S(terz;ZerlTl]Llj\l)ger :ﬁ\.’:\?rlisk T;#ds’ Irtnlg’trl;ieIé?:&g:g“ﬁ%ﬁgé th,["jrl]nQuaranta and Paul Soloway for valuable discussions. The technical

. , ssistance of Marita Potila, Heidi Pakarinen, and Liisi Salomaa is
synthesis and accumulation of collagen. BGR strong  gratefully acknowledged.

inducer of collagen synthesis, is the likely cytokine to
override the feedback functions afl, making the effect of
the presence ail negligible in this context. Furthermore, as
the amount of collagen in sponges decreased between days
and 21, while the c;orrespondmg ”.‘RNA levels were .S“” hlghAhIen, K. and Rubin, K. (1994). Platelet-derived growth factor-BB stimulates
collagen degradation may be, ultimately, the most important s inesis of the integrin alpha 2-subunit in human diploid fibroblBsfs.
regulator of collagen accumulation in granulation tissue. Cell Res215, 347-353.

However, despite the general similarity in the ‘envelope’ oBuck, M., Houglum, K. and Chojkier, M. (1996). Tumor necrosis factor-
collagen accumulation in wild-type amdl null granulation ~ aiPha inhibits collagen f}ﬂal}')p%fﬁﬁ3&’?32'3’546‘”(’ wound healing in a
tissue, th.e Qata assembled here.SUQQeSt t.hat overall Coua%ﬁd, V. and Sager, R(1989). Distinctive traits of normal and tumor-derived
turnover is increased in woundsaid null animals. It would human mammary epithelial cells expressed in a medium that supports long-
seem that the increase in collagen synthesis duelto  term growth of both cell type®roc. Nat. Acad. Sci. US86, 1249-1253.
deficiency is more than compensated for by the increase Rglkin, V. M., Belkin, A. M. and Koteliansky, V. E. (1990). Human smooth

i ; ; uscle VLA-1 integrin: purification, substrate specificity, localization in
collagenase activity also present, hence the ultimate reductlorf;mta’ and expression during developmanCell Biol 111, 2159-2170.

in hydroxyproline incorporation into granulation tissue in theg,operg A, and Heino, J. (1996). Integrin alpha2betal-dependent
ol null animal. While we have not observed alterations in the contraction of floating collagen gels and induction of collagenase are
structure of dermal collagen in the unwounded state, the inhibited by tyrosine kinase inhibitorxp. Cell Res228 29-35. '
histology of the healing wound may highlight histologically Cirg%‘?r:vg'-;nyes'ggazhclé ::gl ';!an(l?ffhnéA_ﬁ?églrU:,sEb (#_539a8|)prllz<fgtl<;n,betal
. . - . | u Al | | uouni y -
ImperCEp“ble alterations present in unwounde _nu_” associated collagen binding integrin expressed on chondrodyt&sol.
dermis. We have observed anecdotally thatnull skin is Chem.273 20383-20389.
weaker than wild type, and that exodus of fibroblasts fronTarter, W. G., Ryan, M. C. and Gahr, P. J.(1991). Epiligrin, a new cell
dermal explants is faster in the null animal. Both of these adhesion ligand for integrin alpha 3 beta 1 in epithelial basement
phenomena would be accounted for by an increase ipMembranesCell 65 599-610.

I - d | . . h I ehirgwin, J. M., Przybyla, A. E., MacDonald, R. J. and Rutter, W. J.
CQ age”a$e expression an .an alteration m, j[,e Cco agen(1979). Isolation of biologically active ribonucleic acid from sources
microarchitecture. We cannot ignore the possibility that we enriched in ribonucleas@iochemistryl8, 5294-5299.
have ablated one arm of a finely tuned mechanism, and thaftung, K. Y., Agarwal, A., Uitto, J. and Mauviel, A. (1996). An AP-1
the remaininga2[31 integrin, while expressed at normal Pinding sequence is essential for regulation of the human alpha2(l) collagen

: : o : (COL1A2) promoter activity by transforming growth factor-betaBiol.
levels, is somehow left uncontrolled. In this way, it is possible /- 271 3272-3278.

thata? mediated signalling may make a large contribution tQjark, R. A. (1990). Fibronectin matrix deposition and fibronectin receptor
the witnessed phenotype. expression in healing and normal skininvest. Dermatol4, 128S-134S.
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