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The lack of �1 integrins on chondrocytes leads to severe
chondrodysplasia associated with high mortality rate around
birth. To assess the impact of �1 integrin-mediated cell-ma-
trix interactions on the function of adult knee joints, we con-
ditionally deleted the �1 integrin gene in early limb mesen-
chyme using the Prx1-cre transgene. Mutant mice developed
short limbed dwarfism and had joint defects due to �1 inte-
grin deficiency in articular regions. The articular cartilage
(AC) was structurally disorganized, accompanied by acceler-
ated terminal differentiation, altered shape, and disrupted
actin cytoskeleton of the chondrocytes. Defects in chondro-
cyte proliferation, cytokinesis, and survival resulted in hypocellu-
larity. However, no significant differences in cartilage erosion, in
theexpressionofmatrix-degradingproteases, or in theexposureof
aggrecan and collagen II cleavage neoepitopes were observed
between control and mutant AC. We found no evidence for dis-
turbed activation of MAPKs (ERK1/2, p38, and JNK) in vivo. Fur-
thermore, fibronectin fragment-stimulated ERK activation and
MMP-13 expressionwere indistinguishable in control andmutant
femoralheadexplants.Themutant synoviumwashyperplastic and
frequently underwent chondrogenic differentiation.�1-null syno-
viocytes showed increased proliferation and phospho-focal adhe-
sion kinase expression. Taken together, deletion of�1 integrins in
the limb bud results in multiple abnormalities of the knee joints;
however, it does not accelerate AC destruction, perturb cartilage
metabolism, or influence intracellularMAPK signaling pathways.

Chondrocytes of the articular cartilage (AC)2 secrete a
unique set of extracellularmatrix (ECM)molecules that assem-
ble into interactive associates composed of collagens, proteo-
glycans (PGs), and non-collagenous glycoproteins (1). The
fibrillar collagen meshwork supplies cartilage with its tensile

strength, whereas the hydrated glycosaminoglycan (GAG)
chains of PGs (mainly aggrecan) generate an osmotic swelling
pressure that resists compressive forces. In diarthrodial joints,
the molecular composition and the physical properties of the
cartilage are principal determinants for the shock-absorbing
function of articular surfaces uponmechanical loading. During
the development of osteoarthritis (OA), an imbalance between
anabolic and catabolic processes increases the proteolysis of
PGs and collagens (2, 3), which eventually leads to themechan-
ical weakening of the AC and culminates in its progressive
destruction. Physiological and pathological remodeling of the
AC ECM is primarily attributed to the activities of matrix met-
alloproteinases (MMPs) and a disintegrin and metalloprotein-
ase with thrombospondin-like repeat (ADAMTS) proteases (4,
5) and is controlled by the communication between the cells
and their environment.
An increasing amount of evidence suggests that interactions

between chondrocytes and the ECM through the integrin fam-
ily of heterodimeric (��) transmembrane receptors play a cen-
tral role in cartilage function (6). Integrins connect the pericel-
lular matrix to cytoskeletal and intracellular signaling
complexes and modulate various cellular functions, including
survival, proliferation, differentiation, andmatrix assembly and
metabolism (7, 8). Chondrocytes express several integrin recep-
tors for cartilagematrix ligands, such as�1�1,�2�1, and�10�1
(for collagen II); �5�1, �v�3, and �v�5 (for fibronectin); and
�6�1 (for laminin) (6, 9). We have previously demonstrated
that �1fl/fl-Col2a1cre� mice, in which the floxed �1 integrin
gene (�1fl/fl) was deleted using the chondrocyte-specific
Col2a1cre transgene, display severe chondrodysplasia and a
high mortality rate at birth (10). Homozygous mutant mice
exhibit multiple growth plate abnormalities during endochon-
dral bone formation, characterized by defects in chondrocyte
adhesion, shape, proliferation, cytokinesis, and actin organiza-
tion. In addition, the cartilage matrix shows a sparse, distorted
collagen network. Similar, butmilder abnormalities were found
in mice lacking the collagen-binding integrin �10�1 or inte-
grin-linked kinase in cartilage (11, 12).
Although these works have identified �1 integrins as essen-

tial regulators of growth plate development, the role of inte-
grins in joint morphogenesis, adult joint function, and pathol-
ogy is incompletely understood. In the embryonic mouse limb
culture system, administration of �1 and �5 blocking antibod-
ies or RGD peptides induced ectopic joint formation between
proliferating and hypertrophic chondrocytes of the growth
plate, suggesting that �5�1 integrin controls the decision
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between cartilage differentiation and joint formation during
development (13). In adult joints, increased immunostaining of
�1 integrin was reported in osteoarthritic monkey cartilage
comparedwith normal cartilage (14) and in humanOAsamples
at minimally damaged locations compared with areas with
more severe lesions (15). In another study, the neoexpression of
�2, �4, and �2 integrins was observed in osteoarthritic human
femoral head cartilage (16). In vitro experiments have suggested
that signaling through the fibronectin (FN) receptor �5�1 inte-
grin is pivotal to prevent cell death of normal and osteoarthritic
human articular chondrocytes (17). FN fragments (FN-fs) pres-
ent in synovial fluid and cartilage of OA patients have been
implicated in cartilage breakdown (18–21). Human AC chon-
drocytes treated with the central, 110–120-kDa cell-binding
FN-f but not with intact FN were shown to increase MMP-13
synthesis through the stimulation of�5�1 integrin and the sub-
sequent activation of the proline-rich tyrosine kinase-2 and
mitogen-activated protein kinases (MAPKs) ERK-1/2, JNK,
and p38 (22, 23). Similarly, an adhesion-blocking antibody
against �2�1 integrin induced the phosphorylation of MAPKs
in human AC chondrocytes (22). Treatment of cultured rabbit
synovial fibroblasts with central FN-fs or activating antibodies
against �5�1 integrin elevatedMMP-1 andMMP-3 expression
(24). Although these experiments suggest that blocking inte-
grin signaling through �2�1/�5�1 in response to degradation
fragments may attenuate OA, mice lacking �1�1 integrin are
prone to osteoarthritis (25). Knee joints of �1-null mice display
precocious PG loss, cartilage erosion associated with increased
MMP-2 and MMP-3 expression, and synovial hyperplasia.
To further explore the role of �1 integrins in joint biology,

here we report the deletion of the floxed �1 integrin gene in
embryonic limb bud mesenchymal cells using the Prx1cre
transgene (26). �1fl/fl-Prx1cre� mice were born alive with short
limbs due to the lack of �1 integrin heterodimers on chondro-
cytes. We found that �1 integrin deficiency in knee joints leads
to multiple abnormalities of the AC and the synovium, but it is
not associated with accelerated AC destruction, perturbed AC
metabolism, and MAPK signaling. Our data suggest that �1
integrins are required for the proper structural organization of
the AC by anchoring chondrocytes to the ECM, but signaling
through �1 integrins is less important for normal cartilage
homeostasis.

EXPERIMENTAL PROCEDURES

Mice and Radiography—Conditional �1 integrin mutant
mice (�1fl/fl-Prx1cre�) were generated by intercrossing
homozygous floxed (fl) �1 integrin females (27) with males
double heterozygous for the �1 integrin (�1fl/�) and Prx1cre
transgenic alleles (26). �1fl/�-Prx1cre� and �1fl/�-Prx1cre�

mice were phenotypically indistinguishable; therefore, both
genotypes were used as controls. For x-ray analysis, 16-month-
old mice were euthanized, and radiographs were taken with a
sealed x-ray cabinet (Faxitron model 43855A) at 35 kV, 2 mA,
and 2 s of exposure time.
Histology, Histopathological Grading, and X-gal Staining—

Control and �1fl/fl-Prx1cre� mice were euthanized, and knee
jointswere harvested at various time points. For histology, sam-
ples were fixed in 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS, pH 7.4), decalcified in 10% EDTA-PBS,
and processed for paraffin embedding. Approximately 300 con-
secutive, 6-�m-thick sagittal sections were collected from each
specimen, and every 10th section was stained with hematoxy-
lin-eosin (HE) for general histology or safranin O-Fast green
(SO) to monitor PG depletion. Thus, about 30 serial sections
representing the entire knee joint were evaluated from every
mouse within each genotype and age group. Comparable sec-
tions for photography were chosen with the help of anatomical
structures of the joint, such as the position of themenisci or the
cruciate ligaments.
To determine cell density, digital images of HE-stained sec-

tions of the tibial plateau of each specimen were combined and
analyzed by Adobe Photoshop CS2. The number of cells in the
whole depth of the AC (from the surface to the osteochondral
junction) was counted in at least four optical sections, and cel-
lularity was expressed as a mean number of chondrocytes/0.01
mm2. Total articular cartilage thickness and thicknesses of
uncalcified and calcified cartilagesweremeasured on three rep-
resentative SO-stained sections at three different regions (lat-
eral, middle, and medial) in at least five animals of each geno-
type at each age.
To assess pathological changes of the articular cartilage, we

used a scoring system as follows: I, cartilage erosion (0–5; 0,
smooth cartilage surface; 1, surface irregularities; 2, cleft to
transition zone; 3, cleft to radial zone; 4, cleft to calcified zone;
5, exposure of subchondral bone; II, cellularity (0–3; 0, normal;
1, hypercellularity; 2, clustering; 3, hypocellularity); III, tide-
mark integrity (0–1; 0, normal; 1, loss of tidemark); IV, GAG
content in the pericellular matrix (PM) (0–2; 0, normal SO
staining intensity; 1, focally increased intensity; 2, increased
intensity throughout the cartilage); V, GAG content in the
interterritorialmatrix (ITM) (0–3; 0, normal SO staining inten-
sity; 1, reduced staining; 2, focal patchy loss of staining; 3, 50%of
cartilage without staining; VI, osteophyte formation (0–2; 0,
none; 1, formation of cartilage; 2, formation of bone). Total
scale (0–16) andOA severitywere as follows: 0–1, normal; 2–5,
mild OA; 6–11, moderate OA; 12–16, severe OA.
Picrosirius red and X-gal stainings were performed as

described elsewhere (28, 29). Picrosirius red-stained sections
were analyzed by polarization microscopy for collagen deposi-
tion. The intensity of the collagen birefringence in polarized
light is proportional with the amount of oriented collagen
molecules.
Ultrastructural Analysis—Knee joints, including the sub-

chondral bone, were isolated, and the tibial and femoral sides
were separated under a stereomicroscope. Specimens were
fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) for 3 days and processed for electron microscopy as
previously described (30).
Analysis of the Actin Cytoskeleton—Tibiae were freshly dis-

sected, and �80-�m-thick sagittal sections were obtained
using a vibratome (Microm). Sections were then fixed in 4%
PFA/PBS for 2 h at room temperature, permeabilized with 0.1%
TritonX-100, and stainedwith phalloidinAlexa488 (Molecular
Probes catalog number A12379; dilution 1:200) at 4 °C over-
night to visualize the actin cytoskeleton and subsequently with
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4�,6-diamidino-2-phenylindole (Sigma catalog number D9542;
100 ng/ml) for 5 min to visualize the nucleus.
Chondrocyte Proliferation and Apoptosis—To assess chon-

drocyte proliferation, proliferating cell nuclear antigen (PCNA)
immunostaining (see below) was performed on tissue sections.
To determine the labeling index, the percentage of immunore-
active nuclei per 100 cells, the numbers of brown-colored
nuclei were counted. To detect apoptotic cells, a TUNEL assay
was used as described in Ref. 10.
Reverse Transcription-PCR—Toexamine themRNA levels of

matrix-degrading enzymes, tibiae were harvested from 4-month-
old control and �1fl/fl-Col2a1cre� mice. Vibratome sections (100
�m) were cut, and the articular cartilages were dissected using a
sharp blade and a stereomicroscope. Cartilage pieceswere pooled,
and total RNAwas isolated using the RNeasy lipid tissue minikit
(Qiagen). The cDNA was synthesized using SuperScript III
RNase H� reverse transcriptase (Invitrogen). For semiquanti-
tative reverse transcription-PCR, the following primers were
used: Mmp2forward (5�-GACAAGTGGTCCGCGTAAAG) and
Mmp2reverse (5�-CATCTGCATTGCCACCCATG);Mmp3forward
(5�-CCTACTTCTTTGTAGAGGAC) and Mmp3reverse (5�-
GTCAAATTCCAACTGCGAAG); Mmp8forward (5�-GTAA-
ACTGTAGAGTCGATGC) and Mmp8reverse (5�-CATAGGG-
TGCGTGCAAGGAC); Mmp9forward (5�-CGAGTGGACGC-
GACCGTAGTTGG) andMmp9reverse (5�-CAGGCTTAGAG-
CCACGACCATACAG); Mmp13forward (5�-GTGTGGAGTT-
ATGATGATGT) and Mmp13reverse (5�-TGCGATTACTCC-
AGATACTG); Gapdhforward (5�-TCGTGGATCTGACGTGC-
CGCCTG) and Gapdhreverse (5�-ACCCTGTTGCTGTAGCC-
GTAT). PCRs were performed three times using two
independent cDNA preparations as templates.
Antibodies and Immunohistochemistry—Primary antibodies

and dilutions used were as follows: rabbit anti-ADAMTS4
(Chemicon catalog number AB19165; 1:500); rabbit anti-
ADAMTS5 (Abcam catalog number ab13976; 1:500); rabbit
anti-aggrecan (Chemicon catalog number AB1031; 1:1000); rat
anti-�1 integrin (Chemicon catalog number MAB1997; 1:400);
rabbit anti-C1,2C (IBEX catalog number 50-1035; 1:200); rat-
anti-collagen II (a gift from Rikard Holmdahl (Karolinska Insti-
tute, Stockholm); 1:400); rabbit anti-collagen VI (a gift from the
late Rupert Timpl (MPI for Biochemistry); 1:1000); rabbit anti-
collagen X (a gift from Björn Olsen (Harvard Medical School,
Boston,MA); 1:500); rabbit anti-G1-TEGE (Acris catalog num-
ber SP5418P; 1:500); rabbit anti-G1-PEN (a gift from Amanda
Fosang (University of Melbourne); 1:4000); mouse-anti-
MMP-1 (Calbiochemcatalog number IM35L; 1:50); rabbit anti-
MMP-2 (Chemicon catalog number AB19167; 1:400); mouse
anti-MMP-3 (Oncogene Research Products catalog number
IM70; 1:50); rabbit anti-MMP-9 (Chemicon catalog number
AB19016; 1:400); goat anti-MMP-13 (Chemicon catalog num-
ber AB8120; 1:400); mouse anti-PCNA (Dako catalog number
M879); rabbit anti-phospho-ERK1/ERK2 (catalog number
4376, 1:100), rabbit anti-phospho-JNK (catalog number 9251,
1:50), and rabbit anti-phospho-p38 (catalog number 4631; 1:50)
(all obtained from Cell Signaling); and rabbit anti-phospho-
FAK (pY397; Invitrogen catalog number 44624G; 1:100).
For immunohistochemistry, knee joints were fixed in 4%

PFA/PBS overnight, decalcified in 10% EDTA-PBS, and pro-

cessed either for paraffin embedding or cryoembedding. Sec-
tions (6 �m) were deparaffinized and/or rehydrated and
digested with bovine testicular hyaluronidase (2 mg/ml in PBS,
pH 5.0) at 37 °C for 30min to enhance antibody penetration. In
the case of phospho-ERK, -JNK, and -p38 and PCNA, antigen
retrieval was performed in 6 M guanidine hydrochloride, 50mM

Tris-HCl (pH 7.6) for 15min at room temperature, followed by
permeabilization in a solution containing 0.5% Triton X-100 in
PBS for 15 min. The sections were than submerged in 0.3%
hydrogen peroxide/methanol solution for 30 min to quench
endogenous peroxidase activity and blocked with 1.5% normal
serum, 1% bovine serum albumin for 60 min at room tempera-
ture. Afterward, the slides were incubated with primary anti-
bodies at 4 °C overnight in the blocking solution and immuno-
stained by the avidin-biotin complex method using the
appropriate Vectastain ABC Elite kit (Vector Laboratories cat-
alog number PK-6101 for rabbit IgG, PK-6104 for rat IgG, and
PK-6105 for goat IgG) or the VectorM.O.M. peroxidase immu-
nodetection kit (Vector Laboratories catalog number PK-2200
formouse IgG) and 3,3�-diaminobenzidine (Sigma) as chromo-
genic substrate. Sections were counterstained with hematoxy-
lin andmounted with Aquatex (Merck). Images, representative
of those obtained from the knee joints of at least 4 mice/group
at each age, were taken by a Zeiss Axioskop light microscope
attached to a Leica DC500 digital color camera. The specificity
of the reactions was controlled by omitting the primary anti-
body (negative control) or by incubating sections with non-
immune IgG (IgG control) in the same concentration as the less
diluted primary antibody (Vector Laboratories; rabbit IgG
I-1000, goat IgG I-5000, rat IgG I-4000, andmouse IgG I-2000).
Enzyme-linked Immunosorbent Assays—Commercial enzyme-

linked immunosorbent assay kits were used to detect the levels
of collagen II degradation products either in urine samples
(CTX-II, which measures C-telopeptides fragments; Nordic
Bioscience catalog number 2CAL4000) or in serum samples
(C2C, which measures the carboxyl-terminal three-fourths
fragment collagen II cleavage neoepitope; IBEX catalog number
60-1001-001). The CPII enzyme-linked immunosorbent assay
kit (IBEX catalog number 60-1003-001) was used to measure
the serum level of collagen II C-propeptide, which correlates
with collagen II biosynthesis. Urine samples obtained by gentle
abdominal pressure from each mouse were collected into plas-
tic tubes and frozen at �20 °C until use. Blood samples were
than collected individually from the vena cava inferior of each
mouse, allowed to coagulate at room temperature for 1 h, and
centrifuged at 600 � g for 10 min. Sera were aliquoted, rapidly
frozen, and stored at�70 °C until the assay. Analyses were per-
formed by keeping the same gender ratio of control andmutant
mice at each age.
Cartilage Explant Culture—Femoral heads were harvested

from 4-week-old control and mutant mice and cultured in 300
�l of serum-free Dulbecco’s modified Eagle’s medium supple-
mented with streptomycin-penicillin in a 48-well plate for 4
days. Treated cartilages received a 1 �M fibronectin fragment
(40.1-kDa FNIII7-10RGD) from the beginning of the culture.
At the end of the culture period, the femoral headswere fixed in
4% PFA/PBS and cryoembedded. Sections from treated and
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untreated as well as from day 0 samples were immunostained
for phospho-ERK1/ERK2 and MMP-13.
Statistical Analysis—Nonparametric Mann-Whitney U test

was used to compare the median of total histopathology and
cartilage erosion scores. All other data were expressed as the
mean � S.D. or the means � S.E. Significance was assessed
using unpaired Student’s t test.

RESULTS

Generation of the �1fl/fl-Prx1cre� Mice—To assess the func-
tion of �1 integrins in joint biology, we deleted the floxed �1
integrin gene in embryonic limb budmesenchyme by using the
Prx1cre transgenic line (26). Since the ablation of the �1fl allele
activates a promoterless LacZ gene (10), we performed X-gal
staining to demonstrate �-galactosidase activity and monitor
the deletion of the gene. Forelimb sections of �1fl/fl- Prx1cre�

mice at embryonic day 18.5 showed �-galactosidase activity in
tissues ofmesenchymal origin, including cartilage, periosteum/
perichondrium, ligaments, tendons, synovium, and vessels (Fig.
1, A–D). Although �-galactosidase-negative chondrocytes
were occasionally observed in the growth plate, the developing
AC contained only �-galactosidase-positive chondrocytes,
indicating very high deletion efficiency of �1 integrin in this
region (Fig. 1B).

�1fl/fl-Prx1cre� mice recapitulate the embryonic skeletal
phenotype of �1fl/fl-Col2a1cre� mice (not shown) and survive
after birth. Immunostaining of control knee joints at 1 month
showed abundant expression of �1 integrin on AC chondro-
cytes, whereas little if any expression was detected in �1fl/fl-
Prx1cre� AC (Fig. 1E). Similarly, �1 integrin was largely absent
in the synovium (Fig. 1F), meniscus, patella, and joint ligaments
(not shown). Adult mutant mice exhibited shortened long
bones and abnormal gait, which were associated with reduced
flexibility of the knee joints from7months. X-ray analysis of the
hind limb at 16 months (Fig. 1G) demonstrated misaligned
bones, irregular joint surfaces, joint space narrowing, and the
appearance of radio-dense plaques in the vasculature of �1fl/fl-
Prx1cre� mice. Themutant mice were able to walk at all stages;
however, their mobility was apparently reduced from 8months
of age comparedwith control littermates. The frequency of vas-
cular calcification increaseswith age and is associatedwith high
mortality rate between 8 and 12 months of age.
Histopathological Changes of the Articular Cartilage—At

birth, the forming AC in control and mutant tibiae was
unstratified, with rounded chondrocytes exhibiting a random,
isotropic distribution pattern (Fig. 2A). At 2 weeks of age, con-
trol mice developed well formed secondary ossification centers
in both the femur and the tibia, whereas only some hypertrophy
but no ossification of the epiphyses was visible in mutants (not
shown). At 1 month, ossification appeared in the mutant fem-
oral epiphysis, whereas the secondary ossification center of the
tibia was narrowed and entirely composed of chondrocytes
(Fig. 2B). Control AC displayed structural anisotropy charac-
terized by the appearance of flattened chondrocytes at the
superficial layer and formation of columns in deeper regions. In
contrast, themutant ACwas still isotropic, lacking flat cells and
column-like structures and showed a broad, acellular surface
area facing the joint cavity (Fig. 2C). After 1 month of age, ossi-

fication was also evident in the mutant tibia, and the AC exhib-
ited several abnormalities, including thickening (Fig. 2I), disor-
ganized cell arrangement with frequent clustering, flattening of
the tibial plateau, and formation of less subchondral bone (Fig.
2D). In 1- and 4-month-old control and mutant mice, the AC
surface was largely intact with slightly increased roughening in
mutants (Fig. 2C) (data not shown). At 7 months, we found

FIGURE 1. Deletion of the �1 integrin gene in mice using the Prx1-cre
transgenic line. A, X-gal staining of a forelimb section from �1fl/fl-Prx1cre�

embryonic day 18.5 embryo shows Cre recombinase activity in cartilaginous
and bony tissues of the elbow and in muscle fibroblasts (h, humerus; r, radius;
u, ulna). B, distal epiphysis of the humerus exhibits Cre activity in all chondro-
cytes (blue) of the presumptive articular cartilage (ac), whereas in the growth
plate (gp), some chondrocytes (red) are negative. C and D, X-gal staining dem-
onstrates Cre activity in the forming synovium (sy) (C) and in the vessels (v) (D).
E and F, �1 integrin immunostaining at 1 month of age demonstrates the
absence of �1 integrin on articular cartilage chondrocytes of mutant tibia (ti)
(E) and on synoviocytes of the synovium (sy) (F). The bars on F indicate the
intimal (i) and subintimal (si) layers of the synovium. G, x-ray of the hind limb
at 16 months indicates short bones, joint space narrowing, and blood vessel
calcification (arrows) in mutants.
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obvious signs of cartilage erosion in both experimental groups,
ranging from surface irregularities to the exposure of the sub-
chondral bone (Figs. 2 (D and E) and 3B). We have noticed that
female mice displayed milder destruction than male mice (Fig.
3B). At 12months, clefts typically extended into the radial zone
in controls, whereas mutants surprisingly exhibited less severe
erosion with clefts usually not extending below the transition
zone (Figs. 2F and 3B). In general, SO staining indicated com-
parable levels of negatively charged PGs in control and mutant
AC (Fig. 2, G and H). At 1 month, the tidemark separating the
uncalcified and calcified AC was only detectable in controls
(Fig. 2G). At later stages, the tidemark appeared in themutants;
however, it was irregular and often discontinuous (Fig. 2H).
Typically, extended PM staining was observed in the calcified

zone of mutants. Furthermore, the length of the uncalcified
zones with strong SO staining in the ITM is decreased, whereas
the length of the calcified zone with less intense staining in the
ITM is increased inmutants (Fig. 2,G,H, and J). The abnormal-
ities of the mutant AC were not restricted to the knee region.
Similar features (e.g. structural disorganization, AC thickening,
and chondrocyte rounding) were also prominent in the hip
joint and in the ankle (not shown).
Quantification of the histopathological changes of the knee

joint revealed that the total score (the sum of subscores; see
“Experimental Procedures”) is increased in each age group (4, 7,
and 12 months) of mutants compared with controls (Fig. 3A).
Separate evaluation of cartilage erosion, however, did not reveal
significant differences in AC destruction between control and

FIGURE 2. Comparison of the articular cartilage from the knee joints of control and �1fl/fl-Prx1cre� mice. A–D, photomicrographs of hematoxylin-eosin-
stained sections (Ti, tibia). A, in newborn (NB), both control and mutant articular cartilage (ac) chondrocytes are rounded and exhibit an isotropic distribution
pattern (ec, epiphyseal cartilage; gp, growth plate). B, at 1 month (1m), �1fl/fl-Prx1cre� joints show a delay in the formation of the secondary ossification center
(so) and display flat tibial surface. C, closer view from B indicates fewer chondrocytes, a broad, cell-free superficial layer (upper right inset), and the lack of
column-like structures (upper left inset) in mutant AC. Subchondral bone (sb) does not form in the mutant tibia at this age. D, micrographs demonstrate surface
irregularities (arrows) of control and mutant articular cartilage of female mice at 7 months of age. Chondrocyte columns are missing, and less subchondral bone
forms in mutants. E, 7-month-old male mice display AC defects exposing the subchondral bone. F, at 12 months, erosion typically extends into the radial zone
of control AC and into the transition zone of mutant AC. G and H, photomicrographs of safranin orange-Fast green-stained sections through the medial tibial
plateau. At 1 month (G), chondrocyte clustering, structural disorganization, and the lack of tidemark are characteristic for the mutant articular cartilage. In
control, the tidemark (arrowheads) separates the calcified zone (cz) from the upper uncalcified region. At 7 months (H), the mutant articular cartilage is thicker
with expanded calcified and reduced uncalcified zones. Note the enlarged pericellular matrix staining around mutant chondrocytes (ellipses) in the calcified
zone. I, quantification of the AC thickness. J, quantification of the ratio of uncalcified and calcified zones. The total AC thicknesses were set as 1. Bars in I and J
represent the mean � S.D.; n � 8/8 at 4 months, n � 10/10 at 7 months, and n � 9/8 at 12 months (where n � number of control mice/number of mutant mice).
In each control and mutant animal, three comparable regions of the tibial AC were analyzed. Statistical significance was determined by an unpaired t test.
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mutant mice (Fig. 3B). Although the median score was slightly
higher inmutants at 4 and 7months, it moderately decreased at
12 months compared with controls.
Ultrastructural and Cytoskeletal Abnormalities of the

Mutant Articular Cartilage—Electronmicroscopy at 4 months
revealed abnormalities throughout the mutant AC (Fig. 4A).
Compared with controls, mutant mice displayed an enlarged
superficial zone with extra layers of disorganized collagen
fibrils and rounded chondrocytes. In all AC zones, the PMcom-
partment was expanded, most prominently in the lower radial
and the calcified zones; the chondrocytes were frequently
binucleated and extended longmicrovilli into thematrix. In the
ITM compartment, the fibrillar network was less organized,
with a high variation of fibril density (not shown), whereas in
the PM, thick collagen bundles occasionally appeared near the
chondrocyte surface (Fig. 4A).
To test the impact of �1 integrin deficiency on the actin

cytoskeleton of AC chondrocytes, we analyzed phalloidin-
stained tissue sections by confocal microscopy. At 4 months,
the actin network was only mildly affected in mutants (not
shown); however, by 11 months, marked abnormalities of the
cytoskeleton were observed in chondrocytes located at the
weight-bearing regions of the tibial plateau (Fig. 4B). Whereas

control chondrocytes in the uncal-
cified zones exhibited a strong and
even cortical actin staining, mutant
chondrocytes showed a faint and
punctate actin distribution, indicat-
ing a disrupted actin cytoskeleton in
the absence of �1 integrins.
Chondrocyte Proliferation and

Survival—Quantification of AC
cellularity in the tibial plateau
revealed that �1fl/fl-Prx1cre� mice
have reduced chondrocyte density
(Fig. 5A). 1-month-old samples
showed only a moderate reduc-
tion, whereas at later stages the
mutants showed significantly
fewer chondrocytes per unit area
compared with controls. To study
the underlying mechanism of
hypocellularity, chondrocyte pro-
liferation and death were investi-
gated. Using PCNA immuno-
staining, we observed a normal
proliferation rate at day 4; however,
at 2 weeks, the fraction of PCNA-
positive cells was reduced by about
25% in mutants (Fig. 5B). At 1 and 4
months of age, the PCNA index was
very low and comparable in mutant
and control samples. A closer view
at 2 weeks revealed that in controls,
most PCNA-positive cells were
located throughout the AC, includ-
ing the most superficial layer,
whereas in mutants, PCNA-labeled

chondrocytes were more prominent in deeper zones and were
frequently binucleated (Fig. 5C). Because abnormal cytokinesis
could also contribute to the reduced cell density, the binucle-
ation rate of tibial plateau chondrocytes was quantified (Fig.
5D). The percentage of binucleated chondrocytes increased
with age from 0.89% (1 month) to 1.62% (4 months) and to
2.19% (10 months) in control, whereas in the mutant, the
binucleation rate was 5% at 1 month, and it increased to 7.66
and 10.57% by the age of 4 and 10months, respectively. Assess-
ing cell death by a TUNEL assay, we observed no difference in
the apoptotic rates at 4 and 12months; however, the percentage
of TUNEL-positive chondrocytes was significantly higher at 7
months in the mutants (Fig. 5E).
The Expression of CollagenXandCollagenVI Is Altered in the

Mutant AC—IHC showed that the expression and deposition
of most ECM molecules, including aggrecan and collagen type
II, were apparently normal in themutant tibial plateau cartilage
(not shown). In contrast, collagen X, which is produced by
hypertrophic chondrocytes and present in the calcified zone of
the AC, displayed an abnormal staining pattern (Fig. 6A). In
controls, collagen X was detectable below the tidemark at a
distance of 6–7 cell layers from the surface, whereas in �1fl/fl-
Prx1cre� AC, collagen X appeared at a distance of 2–3 cell

FIGURE 3. Quantification of the histopathological changes of the knee. A, total score indicates increased
severity of joint histopathology in mutants at 4 and 7 months of age. By 12 months, the differences between
controls (ctr) and mutants (mt) are not significant (ns). Open symbols, female mice; filled symbols, male mice.
B, quantification of cartilage erosion reveals no significant difference in articular cartilage destruction between
controls and mutants. Horizontal lines in A and B represent the median values; n � 8/8 at 4 months, n � 10/10
at 7 months, and n � 10/10 at 12 months (where n � number of control mice/number of mutant mice). For each
animal, 30 HE- and SO-stained sections representing the entire knee region were analyzed. Statistical differ-
ences between genotype groups were evaluated using the Mann-Whitney U test.
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layers, consistent with the reduced depth of the uncalcified car-
tilage. Occasionally, mutant cells in the uncalcified zone dis-
played strong collagen X deposition, suggesting premature dif-
ferentiation of �1fl/fl-Prx1cre� chondrocytes. Furthermore,
collagen VI was detectable in the PM of all control cells in the
uncalcified zones, but it was apparently missing at certain loca-
tions around mutant chondrocytes (Fig. 6B).
The Lack of �1 Integrin on Chondrocytes Does Not Lead to

Detectable Changes in Articular Cartilage Metabolism—To
assess the expression of matrix-degrading enzymes, first the
mRNA levels of Mmp2, Mmp8, Mmp9, and Mmp13 were
examined by semiquantitative reverse transcription-PCR at 4
months of age. In three independent experiments, we found
comparable levels of MMP mRNAs in control and �1fl/fl-
Prx1cre� mice (Fig. 7A). Next, we performed immunostaining
forMMP-1,MMP-2,MMP-3,MMP-9,MMP-13, ADAMTS-4,
and ADAMTS-5. In general, the expression of MMPs was low
or undetectable in the AC, and no significant differences were
observed between mutant and control samples at 4, 7, and 12
months of age (Fig. 7B) (data not shown). ADAMTS-5 and
ADAMTS-4 were evident around chondrocytes in the non-
mineralized AC, and their expression was indistinguishable
between control and �1fl/fl-Prx1cre� mice (Fig. 7B) (data not
shown). To further examine matrix catabolism, collagen and
aggrecan degradation products were investigated on tissue sec-
tions by IHC (Fig. 7C). The aggrecan neoepitope G1-IPEN341

(generated byMMPs) was predominantly detectable in the cal-
cified zone, whereas the G1-TEGE373 (generated by aggre-

canases) was abundant in the peri-
cellular matrix of chondrocytes in
the uncalcified zones. We noticed
no apparent changes in the amount
of degraded aggrecan in �1fl/fl-
Prx1cre� mice compared with con-
trols at 7 and 12 months. Similarly,
there was no obvious difference in
type II collagen degradation in situ
judged by the C1,2C polyclonal
antibody, which recognizes the
Col2–3/4Cshort neoepitope upon
cleavage by collagenases, such as
MMP13 (Fig. 7C). Finally, serum or
urine samples were investigated by
enzyme-linked immunosorbent
assays to detect type II collagen deg-
radation (C2C and CTX-II) or syn-
thesis (CPII) products. Again, no
statistically significant differences
were found between mutant and
control samples (Fig. 7, D–F).

�1 Integrin Null Chondrocytes
Display Normal Activation of
MAPKs—Signaling pathways via
MAPKs are activated by extracel-
lular stimuli and may play an
important role in joint destruction
by regulating the expression of
proinflammatory cytokines and

MMPs (31). To check the activity of “classical” MAPKs in
�1-deficient AC chondrocytes, we performed IHC using anti-
bodies that specifically recognize the phosphorylated forms of
ERK-1/2, p38, and JNK. At 1 month of age, numerous femoral
head AC chondrocytes stained positive, and we observed no
obvious differences in activation of MAPKs between controls
and mutants (Fig. 8A). Next, femoral head articular cartilage
was removed fromcontrol andmutantmice, cultured in serum-
free medium with or without the central, cell binding fragment
of fibronectin (FNIII7-10). After 4 days in culture, the explants
were investigated for ERK phosphorylation and MMP-13
expression by IHC (Fig. 8B). In untreated samples, no ERK acti-
vation and MMP-13 deposition were observed in the articular
cartilage. In contrast, both control and mutant articular carti-
lage that received FN-f exhibited comparable ERK phosphoryl-
ation and MMP-13 expression. These data indicate that
FNIII7-10 fragments could stimulate MMP-13 expression via
MAPK activation in the absence of the major FN-binding inte-
grin �5�1. Finally, we analyzed the activation of the focal
adhesion kinase (FAK), a central player of integrin signaling
pathways, by using an antibody that recognizes the autophos-
phorylated Tyr397 residue. In agreement with previous results
on growth plate chondrocytes (10), mutant AC chondrocytes at
2 weeks of age showed moderately decreased immunostaining
compared with controls (not shown).
Histopathological Changes of the Synovial Tissue—Midsagit-

tal sections through the developing knee joint at embryonic day
16 showed poorly differentiated synovium, collateral, and cru-

FIGURE 4. Electron and confocal microscopy of articular cartilage from control and �1fl/fl-Prx1cre� mice.
A, representative electron micrographs of the cartilage surface (superficial zone) reveal additional disorganized
layers of collagen fibrils (double arrow) in the mutant sample. The superficial chondrocytes are more rounded
and extend long microvilli into the matrix (arrows). In the lower radial zone, the mutant cartilage displays
frequent binucleation, an enlarged PM compartment, and large collagen bundles near the chondrocyte sur-
face (ellipse). B, confocal micrographs of 80-�m-thick vibratome sections stained for phalloidin (to visualize
actin; green) and 4�,6-diamidino-2-phenylindole (Dapi) (to visualize nuclei; blue) from tibial plateau of
11-month-old mice demonstrate a reduced and irregular cortical actin network in �1fl/fl-Prx1cre� chondro-
cytes. The dashed lines demarcate the surface of the articular cartilage. The insets show magnified images of
control and mutant chondrocytes. The pictures are representative of experiments performed with tissues
obtained from three different control and mutant animals.
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ciate ligaments in�1fl/fl-Prx1cre�mice comparedwith controls
(Fig. 9A). In newborns, the control synoviumwas compact, and
the joint ligaments were well developed, whereas in mutants,
the synovial tissue had a loose appearance, the cruciate liga-
ment was disorganized, and the collateral ligament was
thinned (not shown). At 2 weeks, the control synovium was
composed of a narrow lining layer and a large adipose com-
partment. The mutant synovium was hyperplastic (Fig. 9B)
and showed fibrosis with extensive collagen deposits,
revealed by strong birefringence under polarization micros-
copy (Fig. 9C). At 1 month, SO-stained sections through the
nonarticular area of the control joints showed non-cartilag-
inous surfaces of the tibia and the femur interconnected by
the cruciate ligaments, whereas the intercondylar surface
of the mutant tibia was still cartilaginous (Fig. 9D). In
mutant, the fibrotic synovial tissue invaded the joint space
and began to undergo chondrogenic differentiation revealed
by PG deposits, and by 7 months of age, the joint cavity was
frequently filled with chondrophytes (Fig. 9,D and E). IHC at
2 weeks demonstrated increased numbers of PCNA-positive
cells in the mutant synovium (Fig. 9F). In contrast to carti-
lage, increased phosphorylation of FAK was observed in the
�1fl/fl-Prx1cre� synovial tissue (Fig. 9G).

FIGURE 6. Abnormal deposition of collagens X and VI in the mutant artic-
ular cartilage. Immunohistochemical analysis of paraffin-embedded tissue
sections. A, at 7 months, collagen X, a marker of the calcified zone (cz), appears
closer to the cell surface in mutant compared with control. The arrow indi-
cates mutant cells in the uncalcified zone depositing collagen X into the
matrix. B, collagen VI is abundant in the pericellular matrix of control chon-
drocytes in the uncalcified zone. However, areas (boxes) with mutant chon-
drocytes in the uncalcified zone are devoid of immunoreactivity. Results are
representative of those seen in five mice of each genotype.

FIGURE 5. Chondrocyte cellularity, proliferation, and survival in control and �1fl/fl-Prx1cre� articular cartilage. A, quantification of cell density at the
tibial plateau demonstrates fewer chondrocytes per unit area in mutant than in control. Bars, mean � S.D., unpaired t test, n � 5 at each age and genotype.
B, percentage of PCNA-positive cells (mean � S.D., unpaired t test). n � 3 at each age and genotype; ncontrol � 707/2852 (24.78%) and nmutant � 518/1925
(26.90%) at 4 days, ncontrol � 862/2497 (34.52%) and nmutant � 779/2980 (26.14%) at 2 weeks, ncontrol � 16/742 (2.15%) and nmutant � 48/1018 (4.71%) at 1
month, and ncontrol � 24/1194 (2.01%) and nmutant � 8/998 (0.80%) at 4 months (where n � number of PCNA positive cells/number of total cells). Note the
moderately reduced proliferation rate in mutant at 2 weeks of age. C, PCNA immunostaining reveals the depletion of proliferative chondrocytes close to the
articular surface compared with controls. The arrows indicate binucleated, PCNA-positive mutant chondrocytes in deeper regions of the articular cartilage.
D, diagram showing the percentage of binucleated chondrocytes in control and mutant articular cartilage (mean � S.D., unpaired t test; n � 5 at each age and
genotype). E, percentage of apoptotic chondrocytes throughout the uncalcified articular cartilage (mean � S.D., unpaired t test). n � 3 at each age and
genotype; ncontrol � 74/1688 (4.38%) and nmutant � 56/1406 (3.98%) at 4 months, ncontrol � 101/3876 (2.60%) and nmutant � 125/2285 (5.47%) at 7
months, ncontrol � 77/2818 (2.73%) and nmutant � 55/1558 (3.53%) at 12 months (where n � number of TUNEL-positive cells/number of total cells).
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FIGURE 7. Characterization of articular cartilage metabolism. A, representative reverse transcription-PCR analysis at 4 months of age indicates that the
levels of MMP mRNAs are comparable in control and mutant articular cartilage samples. B, immunohistochemistry on paraffin sections at 7 months reveals no
changes in the deposition of MMP-13, MMP-3, and ADAMTS-5 in mutants compared with controls. C, immunohistochemistry on frozen sections at 7 months
demonstrates that the degradation neoepitopes for collagen II (C1,2C) and aggrecan (G1-IPEN341 and G1-TEGE373) are exposed similarly in mutant and control.
The immunohistochemical results (B and C) are representative of those seen in five mice of each genotype. D–F, at 7 months, comparable levels of collagen
degradation (C2C and CTX-II) and synthesis (CPII) products were found in serum (C2C, CPII) or urine (CTX-II) samples of control and �1fl/fl-Prx1cre� mice. Values
are expressed as the mean � S.E. of experiments carried out twice in duplicates (NC2C � 5/7 at 4 months, NC2C � 10/10 at 7 months, and NC2C � 5/7 at 12 months;
NCTX-II � 4/6 at 4 months, NCTX-II � 10/9 at 7 months, and NCTX-II � 6/6 at 12 months; NCPII � 4/6 at 4 months, NCPII � 8/6 at 7 months, and NCPII � 7/8 at 12
months).
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DISCUSSION

Previous in vivo studies in mice revealed that the loss of �1
integrins on chondrocytes results in severe growth plate defects
and perinatal lethality (10), whereas ablation of the �1�1 inte-
grin leads to accelerated knee OA (25). Here we report the gen-
eration of �1fl/fl-Prx1cre� mice and demonstrate that targeting
�1 integrin in limb skeletal precursor cells leads to a complex
knee joint phenotype characterized by multiple AC and syno-
vial abnormalities but is not accompanied by altered cartilage
metabolism.

Histology of the knee joints
revealed increased AC depth and a
reduced ratio of uncalcified/calci-
fied cartilage thicknesses in mutant
mice compared with controls. This
phenomenon might be the conse-
quence of abnormal secondary ossi-
fication and subchondral bone for-
mation. Since the articular cartilage
and the underlying subchondral
bone together provide the joint with
its normal biomechanical proper-
ties, it is possible that the increased
thickness of the calcified zone in
mutant mice is due to a physiologi-
cal compensation of the reduced
subchondral bone mass to adopt
mechanical loading. Supporting this
hypothesis, it was recently reported
that C57Bl/6 mice with a thin sub-
chondral plate exhibit a higher cal-
cified/uncalcified ratio in the AC
than C3H/HEJ mice, which have a
thick subchondral plate (32). At the
molecular level, the increased calci-
fied thickness of the �1fl/fl-Prx1cre�

AC was also apparent from the
expression of collagen X, a hyper-
trophic chondrocyte marker that is
normally deposited below the tide-
mark (1). Several previous studies
have indicated an inductive role of
�1 integrins in hypertrophic differ-
entiation. Signaling via �1�1 and
�5�1 integrins was required for
hypertrophy of cultured AC chon-
drocytes induced by transglutami-
nases (33, 34), �1 integrin-blocking
antibody impaired chondrocyte
hypertrophy and collagen X deposi-
tion in sternal organ culture (35),
and misexpression of �5�1 integrin
in embryonic chick legs resulted in
joint fusion and initiation of the
hypertrophic differentiation pro-
gram (13). Finally, we have demon-
strated that hypertrophic differenti-
ation is delayed in �1fl/fl-Col2cre�

growth plate and epiphyseal cartilages (10). Here we show that
collagen X demarcates a broader calcified zone in �1fl/fl-
Prx1cre� knee joints and appears in cells above the tidemark,
suggesting that �1 integrin signaling may actually prevent ter-
minal differentiation of AC chondrocytes. This implies that
integrins have a complex role in chondrocyte hypertrophy,
which obviously depends on the tissue context.

�1fl/fl-Prx1cre� AC displays several abnormalities, which are
reminiscent of those found previously in the growth plate of the
�1fl/fl-Col2a1cre mice (10). In the normal growth plate, chon-

FIGURE 8. Normal activation of MAPKs in the mutant articular cartilage. A, immunostaining of paraffin
sections for phospho-ERK1/2 (P-ERK), phospho-p38 (P-p38), and phospho-JNK (P-JNK) shows no detectable
difference in the activation of MAPKs in control and mutant femoral head chondrocytes at 1 month of age.
Results are representative of those seen in five mice of each genotype. B, FN-f stimulation of ERK activation and
MMP-13 expression in femoral head explant culture. Shown is representative immunostaining performed on
frozen sections of four experiments. At day 0 (d0), ERK is phosphorylated in many control and mutant chon-
drocytes. MMP-13 staining is visible only in the center of secondary ossification (so) but not in the articular
cartilage (ac) of control samples. Due to the delay of terminal hypertrophic chondrocyte differentiation,
mutant explants show only restricted MMP-13 deposition in the area of secondary ossification. At day 4 (d4),
both control and �1fl/fl-Prx1cre� samples treated with FN-f show ERK reactivation and MMP-13 expression in
the articular cartilage.

FIGURE 9. Synovial abnormalities in �1fl/fl-Prx1cre� mice. A and B, photomicrographs of HE-stained mid-
sagittal sections of the knee joints. A, looser appearance of the developing synovial tissue (st) and the delayed
formation of the cruciate ligament (cl) were observed in 16-day-old mutant embryo (E16). Also note the thinner
collateral ligament (c) in mutant. B, at 2 weeks (2w), the control synovium consists of a thin lining layer (arrows)
and a large adipose (a) tissue. In mutant, the lining is hyperplastic with large vessels, and the amount of adipose
tissue is reduced. C, picrosirius staining followed by polarization microscopy of the boxed areas in B reveals
fibrosis of the mutant synovium, as shown by the strongly birefringent collagen deposits (white arrows). Also
note the reduced birefringence in the mutant cruciate ligament, demonstrating structurally abnormal, less
oriented, collagen fibrils in this tissue. D and E, photomicrographs of safranin orange-Fast green (SO)-stained
sections. D, at 1 month, the intercondylar tibial surface is cartilaginous in the mutant and covered by the
synovial tissue, showing signs of chondrification (asterisk). E, by 7 months, extensive chondrification (asterisks)
is observed in the joint space and in the synovial lining (arrows) of mutant. F, increased numbers of PCNA-
positive synovial cells are visible in the mutant. G, increased phosphorylation of FAK was evident in fibroblast-
like cells of the mutant synovium. All stains were performed on paraffin sections, and the results are represent-
ative of those seen in at least four mice of each genotype at each age.
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drocytes are flattened in the proliferative zone, where they
arrange into distinct vertical columns (36), whereas in the nor-
mal AC, flat chondrocytes are apparent in the superficial zone,
and column-like, vertical alignment of chondrocytes can be
observed in the radial and calcified zones of the condyles (37).
The growth plate of �1fl/fl-Col2a1cremice has rounded prolif-
erative chondrocytes that are unable to form vertical columns
due to a migratory block following cytokinesis (10). Similarly,
�1fl/fl-Prx1cre� chondrocytes were rounded in the superficial
zone and were not aligned into columns in deeper regions,
resulting in a more isotropic cell distribution compared with
the normal, structural anisotropy seen in the control AC. The
inability of �1 integrin-deficient chondrocytes to form orga-
nized structures in cartilage can be explained by the impaired
adhesion and by the disruption of the F-actin and the normal
matrix architecture. It has been shown that administration of
anti-�1 integrin-blocking antibody to chicken sternum organ
culture disrupts the cortical actin network and reduces chon-
drocyte-matrix interactions, revealed by fewer collagen fibrils
and filopodia-like cell projections in the PM (35). Interestingly,
our electron microscopic analysis of �1fl/fl-Prx1cre� AC
revealed an enlarged PM compartment with unusually thick
collagen fibrils closely associated with the plasma membrane
and with a large number of long microvilli. The normal PM
consists of proteins that bind to �1 integrins, such as collagens
II, VI, and fibronectin (1, 6). The observation that �1 integrin
deficiency results in abnormalities of the collagen II network
and deposition of collagen VI suggests that �1 integrins are
pivotal organizers of the collagenous architecture of thematrix.
Defects in pericellular collagen assembly could directly affect
the size of the compartment, leading to its expansion as
observed around�1fl/fl-Prx1cre� chondrocytes. The elongation
of the cell processes is probably due to the altered pericellular
environment, as suggested in a recent study demonstrating
multiple, elongated microvilli in human OA femoral head car-
tilage (38).
Finally, both growth plate and AC �1-null chondrocytes

exhibit proliferation defect, frequent binucleation, and
increased apoptosis. Since the current view suggests that AC
growth is primarily achieved by apposition from the surface
(39), the depletion of proliferative chondrocytes in this region
could be the primary cause of reduced cellularity seen in the
�1fl/fl-Prx1cre� mice. Binucleation, caused by cytokinesis fail-
ure, cell fusion, or amitosis, is relatively common in auricular
and articular chondrocytes (40). Since�1 integrins are localized
in the cleavage furrow (10) and adhesion-mediated pulling
forces are required to separate daughter cells (41), it is likely
that the high binucleation rate in �1-integrin-null chondro-
cytes is due to impaired cytokinesis. Interestingly, although the
number of binucleated cells is significantly higher in mutant
mice at each age (Fig. 5D), there is significant difference in the
number of PCNA-positive articular chondrocytes between
genotypes only at 2 weeks of age (Fig. 5B). We have previously
observed a progressive proliferation defect in postnatal but not
in embryonic�1 integrin-deficient growthplates (10). Thismay
indicate that maturation of the cartilage matrix triggers and/or
aggravates the proliferation phenotype of �1-null cells, result-
ing in an apparently normal PCNA index of AC chondrocytes

around birth (less mature cartilage) and in an obviously
decreased PCNA index at 2 weeks (more mature cartilage).
From 1 month of age, AC chondrocytes barely proliferate (Fig.
5B), but although the few PCNA positive cells in controls have
a single nucleus, themajority of PCNA-stainedmutant cells are
binucleated (not shown). We hypothesize that those binucle-
ated mutant chondrocytes are arrested in the cell cycle and
increase the PCNA index to a level comparable with that of the
controls. �1fl/fl-Prx1cre� AC also displays slightly elevated
numbers of apoptotic chondrocytes at 7months of age. Just like
the proliferation defect, the cell death seems to be progressive,
and it may be, at least partially, induced by mechanical stress,
since 12-month-oldmutantmicewith reducedmobility display
an apoptotic rate similar to that of control mice. Nevertheless,
the lack of massive cell death in the mutant AC suggests that
other integrins (e.g. �v�3) or non-integrin surface receptors
may also support cell survival and partially prevent chondro-
cyte apoptosis in the absence of �1 integrins.
Despite theAC abnormalities resulting in a high histopathol-

ogy score of �1fl/fl-Prx1cre� knee joints at each age (Fig. 3A),
histology and histochemistry did not indicate increased proteo-
glycan depletion (Fig. 2,G andH) and cartilage erosion (Fig. 3B)
in themutantACcomparedwith controlmice.Age-dependent,
progressive cartilage degradation was observed in control mice
at ages 4, 7, and 12 months. The cartilage erosion was more
severe in male than in female mice, suggesting that gender-
specific physical activities, such as fighting, might worsen AC
destruction. Mutant mice exhibited erosion scores similar to
that of the controls at 4 and 7 months of age, whereas at 12
months, they displayed a moderately lower median value of the
erosion grade than control mice. Because many severely
affected �1fl/fl-Prx1cre� mice died between 8 and 12months of
age due to the vascular phenotype and the survivors were less
mobile, we propose that 12-month-old mutants had relatively
milder AC erosion due to the lack of physical activities, espe-
cially in male mice.
At the molecular level, these results were corroborated with

the apparently normal expression of MMP and ADAMTS pro-
teases and their degradation products in the mutants, implying
that �1 integrins are dispensable for overall cartilage metabo-
lism in vivo. Mice lacking the major, chondrocyte-specific col-
lagen-binding integrin �10�1 have no obvious AC abnormali-
ties (11), further supporting the view that �1 integrins are less
important for cartilage homeostasis. However, these observa-
tions are in contrast with the phenotype of the �1�1 integrin-
deficient mice that display precocious PG loss and severe carti-
lage lesions associated with increased immunostaining of
MMP-2 andMMP-3 (25). In normal joints, �1 integrin expres-
sion is low, whereas in OA cartilage, �1 is significantly up-reg-
ulated (14), suggesting that this particular integrin heterodimer
might be required for cartilage matrix remodeling at the dam-
aged regions. Our findings, however, clearly show that the loss
of all�1heterodimers on chondrocytes does not phenocopy the
AC abnormalities of the �1-null mice. Could this contradiction
be attributed to the abnormal gait and reduced mobility of
�1fl/fl-Prx1cre� mice? The fact that we did not notice signifi-
cantly reduced mobility of mutant mice until 8 months of age,
whereas �1 knock-outmice develop severe AC degeneration as
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early as 4 months, argues against the possibility that reduced
joint usage would prevent physical activity-induced cartilage
damage in �1fl/fl-Prx1cre� mice. Alternatively, the lack of �1
integrin heterodimers may attenuate AC destruction. Several
studies indicate that integrins are involved in the regulation of
MMPs expression in response tomatrix degradation fragments
in AC chondrocytes. First, the 110–140-kDa cell-binding and
the 29-kDa, amino-terminal heparin-binding FN-fs are both
capable of interacting with �5�1 integrin and up-regulate
MMP-3 and/orMMP-13 via activation of the ERK1/2, p38, and
JNK MAPKs (18, 20). Second, engagement of �2�1 or �5�1
integrins by adhesion-blocking antibodies on humanAC chon-
drocytes increases ERK1/2, p38, and JNK phosphorylation, and
blocking antibody to �5�1 stimulates gelatinase production
(22). These studies implicate �1 integrins, particularly �2�1
and �5�1, as active participants in matrix degradation, and
their absencemay lowerMMPs expression.However, the phos-
phorylation of MAPKs was apparently indistinguishable
between �1fl/fl-Prx1cre� and control ACs, indicating that
either�1 integrins are not required forMAPK activation per se,
or their lack can be efficiently compensated via signaling
through �3/�5 integrins or growth factor receptors. More sur-
prisingly, we found that FNIII7-10 fragments in explant culture
were able to activate ERK and up-regulateMMP-13 expression
in both control and �1 integrin-deficient femoral heads. Since
not only �5�1 but also �v�3 and �v�5 integrins are capable of
binding FNIII7-10 (42), it is likely that FN-f-induced cartilage
degradation is a complex process involving signaling through
several integrin heterodimers.
Synovial changes, including hyperplasia and inflammation,

are often characteristics of OA joints and, via production of
various cytokines and proteinases, synovitis probably contrib-
utes to cartilage destruction (43). �1fl/fl-Prx1cre� mice display
synovial fibrosis accompanied by frequent chondrification, but
the mutant synovial tissue shows no clear sign of inflammatory
infiltrates, suggesting that the observed alterations are unlikely
to be linked to immunological processes. Recent findings indi-
cate that synovial lining cells in OA patients display enhanced
activation of FAK (44) that may lead to increased cell prolifer-
ation and/or migration. Indeed, and in contrast to chondro-
cytes, we detected up-regulation of phospho-FAKexpression in
mutant synovial tissue. Since FAK is tyrosine-phosphorylated
in response to �v�3 integrin ligation in osteoclasts (45), it is
tempting to speculate that �1-deficient synovial fibroblasts
may overuse �v�3-mediated signaling pathways, resulting in
altered FAK activation. However, the precise mechanism of
how altered cell-matrix interactions and integrin signaling con-
tribute to the synovial pathology of �1fl/fl-Prx1cre� mice
remains to be elucidated. Finally, interarticular ligaments were
severely affected in themutants, whichmight also contribute to
the general pathology of the knee joint. We cannot exclude the
possibility that joint instability caused by intra- and/or extra-
articular ligament abnormalities leads to secondary effects in
the kneeAC; however, other joints (e.g. the tibiotalar joint of the
ankle) that lack intrinsic ligaments exhibit similar AC defects
(not shown) in �1fl/fl-Prx1cre� mice.
Taken together, our study indicates that �1 integrins are piv-

otal for joint development regulating structural organization,

differentiation, and growth of the AC and the synovium. The
lack of �1 integrins in the AC, however, has no obvious impact
on cartilage homeostasis, excluding �1-integrin signaling as a
good candidate for intervention in degenerative cartilage dis-
eases. Due to the complex phenotype of �1fl/fl-Prx1cre� joints,
however, the generation of a transgenic line with AC-specific
deletion is required to precisely define the role of �1 integrin-
mediated chondrocyte-ECM interactions in AC destruction.
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