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Summary

It is becoming increasingly apparent that articular  Notch rescues this inhibition. The progenitor population

cartilage growth is achieved by apposition from the
articular surface. For such a mechanism to occur, a
population of stem/progenitor cells must reside within the
articular cartilage to provide transit amplifying progeny

for growth. Here, we report on the isolation of an articular
cartilage progenitor cell from the surface zone of articular
cartilage using differential adhesion to fibronectin. This
population of cells exhibits high affinity for fibronectin,

also exhibits phenotypic plasticity in its differentiation
pathway in an embryonic chick tracking system, such that
chondroprogenitors can engraft into a variety of connective
tissue types including bone, tendon and perimysium.
The identification of a chondrocyte subpopulation with
progenitor-like characteristics will allow for advances
in our understanding of both cartilage growth and
maintenance as well as provide novel solutions to articular

possesses a high colony-forming efficiency and expressescartilage repair.
the cell fate selector gene Notch 1. Inhibition of Notch

signalling abolishes colony forming ability whilst activated  Key words: Cartilage, Progenitor cell, Notch

Introduction diarthrodial joint via differential matrix synthesis (Ward et al.,
Articular cartilage is an avascular, aneural tissue with a high999), but the expression of many growth factors and their
matrix to cell volume ratio. The matrix comprises mainly typereceptors at the articular surface (Archer et al., 1994; Hayes et
Il collagen fibres and the high molecular weight aggregating!-, 2001) suggest that this region represents an important
proteoglycan aggrecan. The tissue is not, howevegignalling centre. In addition, it has been shown in vivo that
homogeneous with biochemical and morphological variationthe surface zone of articular cartilage is responsible for the
existing from the surface zone to the deeper calcified layer. THPpOsitional growth of articular cartilage and from these
surface zone of the tissue is characterised by flattened, disc&ittdies we hypothesised that the surface zone of articular
cells that secrete surface zone proteoglycan (proteoglycan qqrtilage contains a progenitor/stem cell population that allows
(Schumacher et al., 1994). The mid zone of the tissuf®r the appositional growth of the tissue (Hayes et al., 2001).
comprises rounded cells arranged in perpendicular columrgentification of such cells holds exciting possibilities in the
and in addition to type Il collagen and aggrecan, expresséi€ld of cartilage tissue engineering because the tissue has
cartilage intermediate layer protein (CILP) (Lorenzo et al.limited inherent reparative capacity after trauma (Hunziker,
1998). The deep zone and calcified zone chondrocytes exprés¥99). Here, we describe the isolation and partial
type X collagen and alkaline phosphatase (Schmid angharacterisation of a specific articular cartilage progenitor cell
Linsenmayer, 1985), and in the deep zone the chondrocytes &tging a previously described differential adhesion assay (Jones
considerably larger than in the other zones. and Watt, 1993).

Clearly, the differentiation and proliferation events occurring
during the development of articular cartilage must, therefore,
be strictly controlled both temporally and spatially in order forMaterials and Methods
the distinct zonal architecture of the tissue to be establishedel isolation, differential adhesion assay and tissue culture
Various studies have shown that the surface zone of articulpgy gishes (35 mm) were coated withymi- bovine fibronectin
cartilage is centrally involved in the regulation of tissuerN; Sigma, UK) in 0.1 M phosphate buffered saline (PBS, pH 7.4)
development and growth. Not only does the surface of articul@ontaining 1 mM MgGl and 1 mM CaGl(PBS+) overnight at 4°C.
cartilage play a major role in the morphogenesis of th®ishes were blocked with 1% bovine serum albumin (BSA) in PBS+
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before chondrocytes were added. Control dishes were treated witlalibrated grid was then used to count the number of cells @#H00
PBS+ containing 1% BSA overnight at 4°C. and 101-20Qum from the articular surface. Results were analysed
Previous studies have utilised differential adhesion to fibronectin imsing the Student’s t-test.
vitro to identify epidermal stem cells (Jones and Watt, 1993). In separate experiments, explants were excised and cut in half. Half
Fibronectin is expressed in developing mammalian articular cartilagef each explant was maintained in 50 nM DAPT and the other half
in addition to the classic fibronectin receptor integrin suburitand  was maintained in control media as described above for 7 days. On
B1 (Hynes, 1992). We therefore utilised fibronectin in an in vitrodays 4, 5 and 6, the thymidine analogue bromodeoxyuridine (BrdU;
adhesion assay to identify and partially characterise articular cartilagmal concentration 50 mM) was added to control and experimental
progenitor cells. Chondrocytes were isolated from the surface, middimedia in order to identify s-phase chondrocytes. Explants were
and deep zones of articular cartilage of 7-day-old calves by sequenti@moved after 24, 48 and 72 hours’ incubation in BrdU, fixed in 10%
pronase/collagenase digestion as previously described (Archer et dormalin  and wax embedded. Dewaxed sections were then
1990). After isolation, chondrocytes (4000-Hilwere seeded onto 35 immunolabelled with monoclonal anti-BrdU (& mt?1in PBS) and
mm plastic Petri dishes at 37°C for 20 minutes in 1:1 DMEM/F12ocalised using goat anti-mouse fluorescein-conjugated secondary
containing 0.1% Gentamycin (DMEM/F12-). After 20 minutes, antibody.
media (and non-adherent cells) was removed and placed in a second
dish for 40 minutes at 37°C before this media (and non-adherent cells) )
was removed and placed in a third dish. After removal of media at 20hmunocytochemistry
and 40 minutes, fresh 1:1 DMEM/F12 containing 0.1% GentamycinChondrocytes were labelled with antibodies raised agabsind1
0.5 ug mi! ascorbate, uig mi1 glucose and 10% foetal calf serum integrin subunits after sequential pronase/collagenase digestion and at
(FCS; DMEM/F12+) was added to the remaining adherent cells whicharious time points after differential adhesion. Briefly, chondrocytes
were maintained in culture for up to 10 days. In all experiments, si2x1( cells mtl) were fixed in 95% ice-cold ethanol for 10 minutes
fibronectin-coated dishes and six untreated dishes were used for eantd washed in PBS. The cells were incubated with primary antibodies
time point and for each zone of cartilage. Controls comprised celidiluted in PBS (21g mI?) for 1 hour at room temperature, washed three
subjected to differential adhesion on dishes coated with 1% BSA itimes in PBS and incubated with appropriate FITC-conjugated
PBS+. secondary antibodies (& mt?Y) diluted in 20% heat inactivated foetal
For Notch 1 selection, magnetic tosyl-activated Dynal Beadsalf serum in PBS. Cells were washed in PBS and mounted in
(Dynal, UK) were coated with polyclonal anti-Notch 1 antibodug5  Vectashield containing 1.0 mg Thipropidium iodide. Cells were then
ml-%; Santa Cruz, CA) following the manufacturer’s instructions.observed and photographed using a fluorescent microscope. To
Freshly isolated chondrocytes from the surface, middle and deep zodetermine integrin, FN-extra domain A (EDA) and Notch 1 expression
were incubated with antibody-coated beads for 30 minutes at 4°C aimlvivo, full-depth articular cartilage was excised from 7-day-old bovine
separated from Notch-negative cells using a powerful magnet. Nometacarpal-phalangeal joints and chilled by precipitate immersion in n-
magnetic cells were aspirated and Notch-positive cells washed thréexane at —80°C. Cryostat sections ({f)) were cut on a Bright's
times in PBS before isolated cells were resuspended in DMEM/F1&yostat and collected on APES (3-aminopropyltriethoxysilane)-coated
and the purified cells counted using a haemocytometer. Notch Hlides and stored at —20°C. Sections were defrosted, post-fixed in ice-
positive cells were then subjected to differential adhesion owrold acetone for 5 minutes, washed in PBS and incubated with primary
fibronectin for 20 minutes (4000 cells Thiin 35 mm dishes as antibody diluted in PBS/0.01% Tween 20 (PBST) for 1 hour at room
described above), and initial adhesion and colony forming efficienciemperature. After washing in PBST, sections were incubated with
assayed up to 10 days as described below. relevant FITC-conjugated antibodies diluted in 20% heat-inactivated
Within 3 hours of plating, initial chondrocyte adhesion was assayeBCS in PBST for 1 hour before washing three times with PBST and
by counting the total number of cells adhering to the bottom of thenounting in Vectashield. Labelled sections were examined and
dish using an inverted microscope equipped with phase contrast optigsotographed using either a Zeiss or an Olympus photomicroscope
and expressed as a percentage of the initial seeding density. Coloniitgd with epifluorescent optics.
(defined as consisting of more than 32 chondrocytes) were counted
using the same microscope at 3, 6 and 10 days. Thirty-two cells were
chosen as this represents a population of cells derived from more thEPW Cytometry
5 population doublings of a single cell, thereby discounting a transifo assess integrin expression before differential adhesion, freshly
amplifying cell (Jones and Watt 1993). Colony forming efficiencyisolated chondrocytes were incubated in fresh DMEM/F12— at 37°C
(CFE) was calculated by dividing the number of colonies by the initiabn a roller prior to labelling for FACS analysis. After differential
number of adherent cells. In some experimemt8), the number of adhesion, chondrocytes were removed from dishes non-enzymatically
cells per colony was counted to determine the average number of cel8igma) and labelled for FACS analysis. All samples were counted
per colony. Results were analysed using the Student’s t-test. Howevand %10° cells were incubated for 3 hours with antibodies%oand
for comparative purposes, we also analysed the data in terms Bi integrin subunits and Notch 1 in sextuplicate at room temperature.
colonies comprising more than 4 cells. Cells were centrifuged at 50, supernatants removed and cells
Fory-secretase inhibition studies, cells were isolated and subjectedashed three times in PBS with centrifugation between each wash.
to differential adhesion to fibronectin as described above. Cell€ells were then incubated with relevant FITC-conjugated secondary
were maintained in media containing 50 nM N-[N-(3,5- antibodies for 1 hour at room temperature and washed three times in
diflurophenylacetate)-L-alanyl]-(S)-phenylglycine  t-butyl  ester PBS as described above. Finally, labelled cells were re-suspended in
(DAPT) (Dovey et al., 2001) in 0.1% DMSO for 7 days with media200 pl PBS and subjected to single channel FACS analysis.
changes every 48 hours. Initial adhesion and CFE were assayed as
described.
For explant cultures, full-depth cartilage chips were removed andlotch intracellular domain (NICD) transfection
bisected. One half of each explant was cultured in the presence of B@tivated Notch constructs (Notch ICv) were obtained from Raphael
nM DAPT in DMEM/F12+ and 0.1% DMSO for 7 days, whereas theKopan (University of Washington) (Schroeter et al., 1998). Surface
other half of the explant was cultured in DMEM/F12+ and 0.1%zone chondrocytes were subjected to differential adhesion to
DMSO. Media was changed every 48 hours and samples fixed in 10flbronectin and grown in the presence of 50 nM DAPT for 3 days.
NBFS, wax embedded and stained with toluidine blue. Sections wekexcess (lug) plasmid DNA was transiently transfected into surface
examined using brightfield optics and digital images obtained. A&one chondrocytes 3 days after differential adhesion using Effectene
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plasmid DNA (1 pug VSV-G and 1lug lacz) was
resuspended in 148 condensation buffer and vortexed,
16 pl of enhancer reagent was added, mixed and
incubated at room temperature for 5 minutes. Following
incubation, 50ul of Effectene reagent was added to the
solution, mixed and after 10 minutes’ incubation at room
temperature, 1 ml of DMEM/F12+ was added. The
solution was mixed and the suspension added drop-wise
to 293GP cells. Transfected cells were cultured for 3 days
in DMEM/F12+ and viral supernatants collected after 3
days and frozen at —80°C.

Chondroprogenitor cell isolation and infection

Surface and deep zone chondrocytes were isolated from
7-day-old bovine articular cartilage using sequential
pronase/collagenase digestion and @ cells subjected

to differential adhesion to FN (1@ mt1in PBS+) in 60

mm dishes for 20 minutes. Non-adherent cells were
aspirated and chondrocytes were cultured for up to 5 days
prior to infection. Chondrocytes were infected with
pseudotyped retrovirus-conditioned media (&8 CFU

ml~1) containing 1Qug mt2 polybrene for 24 hours prior

H to injection. Media was removed and cells washed in

. =3 Beta 1, 4h DMEM containing no additives, trypsinised, centrifuged

B i = Alpha 5,4h  and resuspended ax1I0° cells 10pi-L.

2 zz1Beta 1, 72h

s =  Alpha 5, 72h L ) .

& 751 ;E: ; In ovo injections and tissue processing

£ I " After harvesting, 10pl aliquots of cell suspension

T 50114 = o containing k1C° cells (both surface and deep zone

> |HP 3 2 derived) were immediately injected into the proximal or

5 @Al | & al| H v distal wing bud of 3-day-old (Stage 12-14) (Hamburger

s | gl H 7/ H ;I and Hamilton, 1951) chick embryos which had been

& o LA / i e L 1A previously windowed. Eggs were resealed with adhesive
Surface  Middle eep tape and re-incubated for various times up to day 10

Region (Stage 36-37). Embryos were killed by cervical

dislocation, a note of their developmental stage taken and
Fig. 1.Frozen sections (A,B) and isolated chondrocytes (C-F) from 7-day bovingmbryos washed in 0.1 M PBS (pH 7.4). After washing,
articular cartilage immunolabelled fab (A,C,E) and31 (B,D,F) integrin embryos were fixed in 2.5% paraformaldehyde in 0.1 M
subunitsa5 andBl integrin subunits are localised throughout the depth of the  pBS (pH 7.4) for 1 hour at room temperature followed by
articular cartilage (A,B) although not every chondrocyte is labelled. Isolated  3x20 minute washes in 0.1 M PBS containing 2 mM
chondrocytes from surface zone immediately after sequential pronase/collagenggfCl,, 0.01% deoxycholic acid and 0.02% igepal
isolation labelled with antibody to alpk& (C) and31 (D) subunits. Labelling for [(Octy|phenoxy)po|yeth0xyethano|’ pH 7.4]. Embryos
a5 (E) andBl (F) is also present 72 hours after differential adhesion to fibronectjiere then reacted at 37°C overnight facZ in 0.1 M
Fibronectin-EDA was localised in frozen tissue sections to the surface 2-3 cell pBS containing 2 mM MgGJ 0.01% deoxycholic acid,
layers (G). Integrim5 andB1 subunit expression was assessed by flow cytometrp 029 igepal, 5 mM potassium ferricyanide, 5 mM
after sequential pronase/collagenase digestion (4 hours) and 72 hours after  potassium  ferrocyanide, 1 mM  spermidine
differential adhesion assay to fibronectin (H). At 4 hours and 72 hours, there waghydrochloride and 1 mg m# X-gal previously
no difference in integrin subunit expression between surface zone chondrocytesolubilised in DMSO. Embryos were washed extensively

(P>0.05), although during this time period the overall expressiors @hdp1 in 0.1 M PBS, post-fixed in 10% NBFS overnight and
subunits was significantly decreas@e.01). At 4 hours, middle zone wax embedded. Serial wax sections (§4h) were taken
chondrocytes had a higher expressiof®ubunits relative tB1 subunits onto 3-aminopropyl triethoxy silane-coated slides air

(P<0.01), although there was no difference in expression after 72 [Rr@95). dried overnight, dewaxed, stained with 1% eosin for 15
seconds and examined under bright field microscopy after
coverslipping. In separate experiments, immuno-

reagent (Qiagen), and colonies consisting of more than 32 cells weecgtochemistry using antibody to bacterial gene product was performed

counted 10 days after differential adhesion and colony formings a control against endogendigalactosidase activity and also to
efficiency calculated. co-localise bovine-specific type | collagen within engrafted tissues.

Culture and transient transfection of 293GP packaging cells

293GP cells expressing tigag andpol proteins (Burns et al., 1993) R_e;ults . . . . . Lo

were cultured to 70-80% confluency in DMEM/F12 containing 0.5/Nitially, we examined integrin and fibronectin expression in 7-
mg mit Gentamycin and 10% FCS. Cells were then transfected witflay-old bovine articular cartilage using immunocytochemistry
1 pg plasmid DNA encoding VSV-G anlécZ using the Quiagen and flow cytometry (Fig. 1). Both5 andB1 integrin subunits
Effectene kit following the manufacturer's instructions. Briefly, were expressed in the majority of chondrocytes at the surface
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Table 1. Initial adhesion of chondrocytes to fibronectin

Treatment
Adhesion time SFN SPBS MFN MPBS DFN DPBS
20 minutes 9.05%:+0.44* 3.83%+0.27 14.53%+0.861 3.94%+0.19 3.59%+0.22 3.68%+0.23
40 minutes 4.89%+0.43 4.12%+0.34 10.85%=+0151 4.2%+0.19 3.95%0.30 4.21%+0.36

Initial adhesion to fibronectin and PBS-coated dishes. Chondrocytes were plated as described in the Materials and Meslagedsl éordcal adhesion at 20
and 40 minutes. D, deep; FN, fibronectin-coated dishes; M, middle; PBS, PBS-coated dishes; S,Rafffi. tompared with 40 minutéd®<0.01
compared with 40 minute$9<0.001 compared with PBS contréP<0.01 compared with surface FN 28:<0.001 compared with deep FN 20.

of the tissue with decreasing label intensity and decreasirig any other cohort besides surface zone cells initially plated
numbers of chondrocytes labelled in the deeper zones of tloa fibronectin. Using 4 cells as being indicative of a colony for
cartilage (Fig. 1A,B). Using chondrocytes immediately aftercomparative purposes, the same trend is apparent with surface
isolation and at various times after differential adhesionzone cells subjected to differential adhesion to fibronectin for
surface, middle and deep zone chondrocytes were shown 20 minutes having a significantly enhanced CFE at both 6 and
expressa5 and B1 subunits at all time points analysed 10 days relative to all other cohorts (Fig. 2C,D). In addition,
regardless of substrate although differences in labellinthe average number of cells per colony was greater in surface
intensity and the number of labelled cells were noted (Fig. 1Czone cells initially grown on fibronectin for 20 minutes at both
F and data not shown). FN-EDA was localised pericellularly6 (Fig. 2E) P<0.05) and 10 (Fig. 2FP&0.01) days compared
within the surface 2-3 cell layers of the articular cartilage (Figwith all other samples.
1G). Using flow cytometry immediately after isolation and 4 These results suggest that a subpopulation of cells within the
hours after differential adhesion (Fig. 1HBl subunits were surface zone have the properties of a progenitor cell. Other
shown to be preferentially expressed by surface zonstudies in our laboratory using BALBc mice had identified
chondrocytes (88%z+4.8) compared with middle (67%+2.1Notch family members within the surface zone of developing
and deep (62%+3.7) zone chondrocytes. Substantially moegticular cartilage and that Delta was widely distributed
cells in the surface zone expresses subunits (79%z+4.8) through the remainder of the tissue (Hayes et al., 2003). These
compared with middle (5%+2.1) and deep (2.5%1.7) zonstudies suggested that Notch 1 was a suitable marker for the
chondrocytes. chondroprogenitor population and immunolabelling of bovine

Next, we assessed the degree of chondrocyte adhesiondartilage with a panel of antibodies to Notch family members
fibronectin (Table 1). Surface and middle zone chondrocyte®vealed the presence of Notch 1 in the surface 2-3 cell layers
were more adherent to fibronectin than the other cohortsf 7-day bovine articular cartilage (Fig. 3A), although not all
examined at 20 minutes. Initial adhesion ranged between 3.58glls within this layer were labelled. Another cohort of Notch
and 14.5% of the original cell number. Significant differenced-positive cells was also observed in the mid and deep zone of
in adhesion were evident between surface zone chondrocyté® tissue. Using flow cytometry, we showed that 86% of the
plated on fibronectin for 20 minutes and those plated osurface zone cells isolated by pronase/collagenase digestion
fibronectin for 40 minutesP&0.001) and cells cultured on were Notch 1-positive compared with 10% and 34% from the
BSA-coated dishes for 20 minuteB<Q.001). Middle zone middle and deep zone, respectively (Fig. 3B). Using Dynal
chondrocytes were significantly more adhesive at 20 minutedBead capture of Notch 1-positive surface zone chondrocytes,
than at 40 minutes when plated on fibronectin-coated dishe&ge showed that a Notch 1-enriched population of chondrocytes
(P<0.001). In addition, middle zone chondrocytes were morbad both an increased adhesion to fibronecBr0(01)
adhesive to fibronectin at both time points compared witl{fFig. 3C) and an increased CFE<(Q.05) (Fig. 3D) relative
BSA-coated dishesP&0.001). No differences in adhesion to unselected cells. These data suggest that the Delta/
were observed between deep zone chondrocytes regardlesNoftich signalling pathway may have a major influence in
substrate or time poinP¢0.05 in all cases). controlling both chondrocyte colony forming efficiency and

If these cells with a high affinity for fibronectin are a differentiation.
population of chondroprogenitor cells then they should have To determine the role of Notch signalling in the colony
the ability to form large numbers of colonies from an initiallyforming ability of surface zone chondrocytes we cultured
low seeding density, as is the case in other tissues with a cleadyrface zone cells in the presence ofsecretase inhibitor,
defined stem cell population (Jones and Watt 1993). T®APT (Dovey et al.,, 2001), which is known to bind to the
determine the clonality of the adhesive chondrocytes, wactive site of presenillin in thg-secretase complex and not
counted the number and size of colonies of chondrocytasterfere withp-catenin-mediated signalling (Kornilova et al.,
subjected to differential adhesion to fibronectin (Fig. 2A).2003). They-secretases are responsible for the cleavage of the
Differences in the initial adhesion of surface zone cells weramyloid precursor protein during the progression of
reflected in CFE at 6 and 10 days that was not matched by tAdzheimer's disease and are also responsible for the
CFE of middle zone cells (Fig. 2B). The CFE of surface zontramembranous cleavage of Notch receptors (Berezovska et
chondrocytes initially cultured on fibronectin for 20 minutesal., 2000). Because of their role in Alzheimer's disease
was greater than that of all other samplesQ(01 at 6 days progression, much interest has focused on the development of
andP<0.001 at 10 days) when we applied the definition of g-secretase inhibitors (Dovey et al., 2001), which not only
colony as being more than 32 cells. Indeed, using the criterfarevent the accumulation of amyloid plaques but also prevent
of 32 cells as indicative of a colony, no colonies were presemMotch family signalling (Berezovska et al., 2001). Treatment
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with DAPT did not affect the initial adhesion of chondrocytesum from the articular surfaceP$0.05) (Fig. 4D-F). In

to fibronectin (Fig. 4A), but abolished clonality at both 6 andaddition, it was shown that incubation of explants in 50 nM
10 days compared with controls when the 32 cell definition waBAPT prevented cell proliferation as there was no evidence of
applied (Fig. 4B) such that CFE was equal to that of deep zoigrdU incorporation in any of the treated samples examined
chondrocytes. NICD was able to rescue colony abolition whe(m=24) (Fig. 4G,H).

added to DAPT-treated cultures after 3 dd8s0(05) (Fig. 4C) In order to assess the differentiation potential of the
but NICD transfection did not increase colony formingprogenitor population, we infected a lineage label into the cells
efficiency compared with control®$0.05) (Fig. 4C). Culture and injected them into the proximal limb of stage 22 chick
of cartilage explants in the presence of 50 nM DAPT for 7 daysmbryos and tracked them for 1 week in ovo. Twenty-four
produced a region of hypocellular, weakly stained matrixhours after injection,p-galactosidase-positive cells were
immediately beneath the surface zone (Fig. 4D,E). The regigoresent in positions corresponding to the original injection site
101-200um from the articular surface contained fewer cells in(Fig. 5A,B). Examination of embryos injected with labelled
DAPT-treated samples compared with contrélsQ.05) (Fig. deep zone cells gave variable results. Labelled cells were either
4D-F), whereas there was no difference in cell number 0-108bsent suggesting that the cells could not survive in the chick
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Fig. 3. Seven-day bovine
articular cartilage labelled
with antibody to Notch 1 (A)
and counterstained with
propidium iodide.
Chondrocytes within the
uppermost 2-3 cell layers of
the surface zone (arrows)
label strongly for Notch 1.
Chondrocytes were labelled
with anti-notch 1 antibody
and subjected to single-
channel FACS analysis
immediately after isolation
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and CFE assessed. Notch 1

selected surface zone cells (SFN N1) were more adherent than N1-selected middle (MFN N1) and deep zone (DFN N1) cedlstadd unsel
cells (SFN 20, MFN 20, DFN 20) (C). In addition, the CFE of surface zone cells selected for N1 was greater than notehigdketawed

deep zone cells and unselected cells (P%0.001 compared with middle and deepP%9.001 compared with N1 selected and unselected
middle and deep cells, *P<0.01 compared with unselected surface zone cells,P&f.01 compared with selected and unselected middle
and deep zone cells. Abbreviations as in Table 1.

embryos, or if cells were present they were seen as massedldferentially expressed and the cells have an extended cell cycle
labelled cells in loose connective tissue not integrated intbtme (Hayes et al., 2001). This sub-population of surface zone
surrounding host tissue (Fig. 5K). cells has a high affinity for serum fibronectin but not other

Examination of embryos incubated to 10 days (Stage 36igands, e.g. collagen types I, Il and IV, laminin and tenascin
revealed B-galactosidase-positive cells in numerous tissu€J.C.B., G.P.D. and C.W.A., unpublished results), and were
types, including cartilage, bone, tendon and muscle connectivapable of forming large numbers of colonies from an initially
tissues (Fig. 5C-F). The sites of these positive cellfow seeding density, unlike cells isolated from the middle zone
corresponded with the sites of injection such that proximalvhich also have high fibronectin affinity. The initial adhesion
injections gave 3-galactosidase-positive cells in proximal of surface zone chondrocytes to fibronectin can be explained by
tissues and distal injections revealggjalactosidase-positive their high expression af531 integrin subunits, the ‘classical’
cells in distal structures. Furthermore, if cells were injectedibronectin receptor (Hynes, 1992). This high levelo&B1
into the central proximal region of the limb bud, cells engrafteeéxpression and affinity for fibronectin does not, however,
into the humerus. More lateral injections engrafted intgrovide a marker of the cells’ colony forming ability. Middle
tendons and perimysim. In order to test for functionalzone chondrocytes exhibit higher affinity for fibronectin than
engraftment, we used an antibody specific for bovine type durface zone cells (~15% middle compared with ~10% surface)
collagen. We found that in tendon, parallel arrays of fibrillaTable 1), but lack the ability to form colonies (Fig. 2) and may
collagen ran along the tendon length (Fig. 5H) contrasting withepresent a transit amplifying population. In addition, the
dense immunofluorescence in the subperiosteal bone (Fig. 5pgrcentage of cells that possess a high colony forming
In addition, both the perichondrium and articular fibrocartilageefficiency within the surface zone (approximately 1-2% of the
(Fig. 5G) and the perimysium (Fig. 5H) labelled with anti-initial number adhered) is only a fraction of the number of
bovine type | collagen antibody. cells expressin@5B1 subunits (approximately 75%), for this

reason we could not usa5Bl integrin expression as a

) ) chondroprogenitor marker.
Discussion Previous studies have documented the expression of Notch
Using differential adhesion to serum fibronectin, we havdamily members during articular cartilage and growth plate
described the isolation and partial characterisation of development (Hayes et al., 2003; Crowe et al., 1999). Of
subpopulation of articular cartilage chondrocytes withparticular interest was the specific expression of Notch 1 at the
properties akin to those of a progenitor cell and that are able teveloping articular surface of mouse knee joints (Hayes et al.,
engraft into a variety of tissue types, albeit of the connectiv@003). This specific expression in the surface zone of articular
tissue lineage. These cells reside within the surface zone cértilage suggested that Notch 1 may provide a marker for
articular cartilage, where the EDA isoform of fibronectin iscolony forming cells in the bovine model used in the present
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Fig. 4. Treatment with DAPT did not affect the adhesion of surface and deep zone chondrocytes to fibronectin (A) but abolished the CFE o
surface zone cells at 6 and 10 (B) days. Indeed, the CFE of DAPT-incubated cells was not different from that of deepar@itbeetime
point. Transfection with NICD rescued this abolition of CFE (C). NICD transfection did not increase CFE in cells not tte@adPvi
(P>0.05). Cartilage explants were removed from 7-day bovine articular cartilage and cultured in the presence (D) or abSBdceME) o
DAPT for 7 days as described in Materials and Methods. Note that in the presence of DAPT, an acellular weakly staineddgamd is p
beneath the surface zone (arrows). These images represent a selection from 3 separate experiments each containing Gesatphemts pe
Note that the image in D is the other half of the explant from that shown in E. Using a graduated grid, the number 60catid 0-1
101-200um from the articular surface was counted and the region 10fifBGe€om the articular surface was shown to contain fewer cells in
treated samples relative to controls (F). Explants were treated with DAPT for 7 days with the addition of BrdU on day8§.4,dcalishtion

of BrdU in controls (G) reveals cell proliferation, whereas there was no BrdU localisation in DAPT-treated sample®$0)Y05sompared
with surf control; P<0.01 compared with DAPT treated;P£0.05 compared with all other cohorts, DMSO; 0.1%, dimethyl sulfoxide, Mock;
no plasmid, PBS; fibronectin only.

study. Indeed, Notch 1 expression in immature bovine articulathondrocytes revealed that Notch 1 expression was significantly
cartilage matches that in developing mouse articular cartilag@creased in surface zone chondrocytes and these high levels of
such that in both species, Notch 1 is present in the chondrocytdstch 1 expression were maintained in surface zone cells after
of the surface zone articular cartilage to a depth of 2-3 cells (seiédferential adhesion, relative to middle and deep zone
Fig. 3) (Hayes et al., 2003). Flow cytometry of freshly isolatecchondrocytes. Using magnetic immunoselection, Notch 1-
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Fig. 5.lacZ-infected chondrocytes were injected into the wing bud of
stage 22 chick embryos and incubated for stage 36 (10 days).
[B-galactosidase-positive cells were present 24 hours after injection in
the humerus (A,B, arrow), i.e. in the proximal region corresponding
to the site of injection. After 10 days’ incubatiffgalactosidase
activity was present in several tissues, including perimysium (C),
tendon (D), bone (E, arrow) and articular fibrocartilage (F, arrow).
Using antitacZ and bovine-specific collagen type | antibody, bovine
cells and collagen were co-localised in articular fibrocartilage

(G, arrow), tendon (H, arrow), perimysium (I, arrow) and bone

(J, arrow). Samples from animals injected with deep zone cells
contained fewacZ-positive cells and when present were not
identifiable in any organised tissue (K, arrow).

N1-selected surface zone cells also had an increased colony
forming efficiency compared with unselected cells. These
results suggest that Notch 1 plays a significant role in the
signalling mechanisms controlling the clonality of surface zone
chondrocytes, although given that approximately 75% of
surface zone cells express Notch 1 and only 1-2% of these
selected cells form colonies, Notch 1 expression per se is not a
specific marker of progenitor chondrocytes. The precise role of
Notch in the promotion of clonality or maintenance of
progenitor status remains unclear, although our own studies
have shown the expression of several Notch ligands (Jagged and
Delta) in articular cartilage, although their expression is not
specific to the articular surface (Hayes et al., 2003). Notch 1
signalling may play one of two roles in the surface zone of
articular cartilage; it may function to maintain cells in a
proliferative state, i.e. maintain clonality, or it may promote
chondrocyte differentiation and hence cartilage growth. In skin,
activation of Notch by Delta promotes terminal differentiation,
i.e. prevents proliferation (Lowell et al., 2000), however the
high CFE of Notch 1-selected chondrocytes and the reduction
in CFE by Notch signal inhibition would suggest that Notch 1
signalling within articular cartilage maintains clonality and
proliferation. These inhibitory effects are negated by activated
Notch but activated Notch does not increase colony forming
ability, suggesting that clonality is dependent upon rate limiting
factors downstream of Notch signalling.

Cartilage explants cultured with DAPT contain a
hypocellular zone beneath the articular surface and BrdU
immunolabelling highlights the lack of proliferation in DAPT-
treated samples. These results would indicate that Notch
inhibition via DAPT inactivation of presenillin prevents
chondroprogenitor proliferation, thus depleting the number of

K daughter cells capable of differentiating and contributing to
articular cartilage growth.

At present, we cannot sate which member of the Notch
family controls chondrocyte proliferation/differentiation, but

—> the results of the immunolabelling for Notch 1 in both bovine

and mouse (Hayes et al., 2003) and the enhanced clonality of
Notch 1-selected chondrocytes suggests that this family
member is central to cartilage growth and differentiation.

The engraftment of bovine surface zone-derived cells and
their tissue-specific matrix synthesis in ovo highlights the
plasticity of this cell population. This plasticity further

positive cells were isolated from bovine articular cartilage andupports our argument that these cells represent a progenitor
subjected to differential adhesion. Surface zone cells thysopulation as plasticity is a key marker of a stem cell
isolated had a higher affinity for fibronectin than N1-selectegopulation (Morrison et al., 1997).

middle and deep zone cells and unselected cells (Fig. 3). ThesélNe conclude that immature articular cartilage contains a




Cartilage progenitor cell identification 897

population of progenitor cells (which as yet has no definitivebovey, H. F., John, V., Anderson, J. P., Chen, L. Z., de Saint Andrieu, P.,
marker) that is responsible for the appositional growth of the Fang, L. Y., Freedman, S. B., Folmer, B., Goldbach, E., Holsztynska, E.

; ; ; i .Y J. et al.(2001). Functional gamma-secretase inhibitors reduce beta-amyloid
tissue and that this population of cells exhibits a significant beptide levels in braind. Neurochem76, 173-181.

degree of pl_asticity in it$ diffe_rentiation pathway. The eXiS,tenCﬁamburger, V. and Hamiltom, H. L. (1951). A series of normal stages in the
of a progenitor population within the surface zone of articular development of the chick embrya. Morphol.88, 49-92.
cartilage opens up the possibility of using this populatiorHayes, A.J., MacPherson, S., Morrison, H., Dowthwaite, G. P. and Archer,

to engineer cartilage in vitro. Because these cells areC. W. (2001). The development of articular cartilage: evidence for an
- . o appositional growth mechanisfinat. Embryol203, 469-479.
undifferentiated, they should have the capability to reproducg ves. A. J.. Dowthwaite, G. P., Webster, S. V. and Archer, C. \2003).

the structural and hence biomechanical properties of normalthe distribution of Notch receptors and their ligands during articular

articular cartilage and thus integrate more fully into articular cartilage developmend. Anat.202, 495-502.

cartilage lesions. Hynes, R. 0.(1992). Integrins: versatility, modulation, and signalling in cell
adhesionCell 69, 11-25.
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