Joints. Regeneration of Bone, Cartilage, M eniscus,
Ligament, and Tendon

Myron Spector, Ph.D.

Professor of Orthopedic Surgery (Biomaterials)
Harvard Medica School
Department of Orthopedic Surgery
Brigham and Women's Hospitdl
Boston, MA

BONE
Calcium Phosphate M aterials as Matrices for Bone Regeneration: Bone Graft Substitute
Materials

The terms " permanent” and "resorbable’ have generaly been used to describe the two broad
classficaions of bone subgtitute materids. In fact, al of the substances referred to as being permanent
undergo some degree of biodegradation. This might take the form of physicochemica dissolution
and/or fragmentation. The term resorbable has been used somewhat indiscriminately to describe the
lossof implant substance over time. Strictly gpesking, this term implies that the mechaniam of
breskdown of the synthetic materid is the same as that occurring with osteoclast-mediated bone
resorption. However, mechanisms governing the degradation of synthetic calcium phosphate substances
have not yet been determined.

Whileit is generdly been considered a nonresorbable materia, synthetic HA has aso been
found to undergo physicochemicd dissolution, dbeit at avery dow rate. Becauseit isonly dightly
solublein biologica fluid, synthetic HA substances can functionaly be consdered as long-lagting
implants, especidly when they are incorporated into bone. This behavior isin contrast to that of
anorganic bone, that gppears to undergo a cell-mediated resorption. In an anima (rabbit) study,
histology reveded the presence of grester numbers of osteoclagt-like cells on the surface of the implants
of naturd bone minera than on the surface of synthetic HA samples (111) after 40 days of implantation.
Investigation of the remodding of implanted matrices can be chalenging because the period for norma
remodeling of bone in the adult can be from months to years.

Initidly, bone subgtitute materials were devel oped to serve as atemporary scaffolds or
templates to facilitate osteogenesis. While some of the more recent investigations have explored the use
of polymers as matrices to be used asimplants in defectsin bone, most efforts have implemented
cadum-containing ceramics. Cacium sulfate and tricalcium phosphate (TCP) were two of the calcium-
containing substances first studied. Potentid problems with these materids reated to the fact that they
often underwent physiochemica dissolution too soon after implantation for many applications.

However, thereis still some question as to the rate at which these materias become absorbed by the
body. Differencesin experimentd findings might be related to variaions in the composition and
sructure of the substance referred to as TCP, and the different physiologica characteristics of the
implant stes and anima models. Uncertainty about the bonding of bone to TCP may be due to the fact
that in many Stuations the TCP undergoes physicochemica dissolution a arate which precludes the
precipitation of biologica apatite and subsequent bone formation on its surface; the dissolving surface
does not alow for protein adsorption and cell attachment.



Much of the early work with HA began in the mid 1970s  Mechanisms underlying the bone-
bonding associated with incorporation of these substances in 0sseous tissue are beginning to be
revedled. However, despite these advances, limitations in the ability of synthetic bioceramicsto
duplicate the behavior of natural bone remain. These limitations relate to the fact that, as noted above,
the synthetic products do not replicate the chemica compostion and structure of natural bone minerd,
whichisacacium deficient carbonate apatite. This prompted implementation of methods to treet bone
in order to prepare natural bone minerd (i.e., anorganic bone) to be used as an implant materid.
Removing the organic phase of bone without atering the chemica compostion, morphology, and
microgructure of the minerd crystdlitesis chdlenging, but has been achieved.

Biological Response

Some of the earliest studies employing calcium phosphate ceramicsin the minerd form of HA
were reported by Jarcho (56) . Hisanimd investigations yidded histology suggestive of bone-bonding
to the materid. Jarcho interpreted the results of eectron microscopy studies as showing the
precipitation of bone apdtite on the surface of implants (56) . It was postulated that collagen fibrils
synthesized by nearby osteoblagts initidly formed a zone between the cadcified layer on the implant and
the bone-forming cells. The continuum of HA-like crystalites was then generated between the calcium
phosphate specimen and the matrix of the newly forming bone. Jarcho aso suggested that there was
evidence that the zone immediatdly adjacent to the implant materia included glycosaminoglycans smilar
to those comprising the "ground” or "cementing” substance of natural bone. Later eectron microscopy
studies reveded other ultrastructural features of the interface between HA-like implants and tissue
(203).

Heughebaert, et al., (47) employed methods to detail the composition and structure of synthetic
HA implants before and after implantation in soft tissue Stesin animas. They found that the minerad
phase that deposited on the implantsin vivo had characteristics consstent with bone gpatite. The
precipitating substance was found to be a carbonate-apatite with an dectron diffraction pattern and
infrared spectrum similar to that obtained from bone minerd. This mineral phase was sgnificantly
different from the carbonate-free synthetic HA ceramic implant.

Recent invedtigators in France (24, 25) and Japan (63, 64) have employed in vitro and in vivo
models to evidence the deposition of biologica gpatite onto certain calcium phosphates and bioactive
glasses in the course of bone-bonding. One recent study proposed that the time required for deposition
of gpatitein vitro from a"smulated body fluid" could be correlated with the reative strength of bone-
bonding to various bioactive glass and HA substances (64).

In vitro sudies and animd investigations indicate that biologica apatite deposits on the surface
of cacum-containing implants soon after insartion into the body. This biologica gpatite layer
presumably serves as a subgtrate for subsequent protein adsorption and bone cell attachment. The fact
that biological apatite deposition is an obligatory precursor phase for bone bonding would indicate that
implants comprising anorganic bone might be more rapidly incorporated into host bone because their
surface already comprises biological gpatite. Recent investigations have suggested that such may be the
case (57).

Calcium Phosphate Coatings for Permanent Prostheses

A mgjor problem associated with the use of internd skeletal prostheses is the fixation of the
device to bone. Deficienciesin current methods of fixation limit the function and longevity of totd joint
replacement prostheses. Recent studies have indicated that bone will bond (chemicaly) to a variety of



cadum-containing substances. Current work is focused on the implementation of calcium phosphate
coatings that have been plasma-sprayed onto metallic hip replacement prostheses. Histological
evauation of specimens retrieved from animals and human subjects has revealed that bone forms
directly on the surface of these calcium phosphate coatings within afew weeks of implantation.
However, investigations aso indicate that the strength of attachment of the calcium phosphate coating to
the metdlic substrate degrades with time, and thereby leads to detachment of the coating.

The dusive god of investigations of awide range of implantable devicesis the production of a
biomateria surface to which tissue will chemicaly bond. The focus of the mgority of these sudiesisthe
surface immohilization of amino acid sequences (viz.,, R-G-D) that have been shown to be the ligand for
integrins of severd types of cdls. Studies of thistype have yet to provetheidea Inthislight, itis
remarkable that, not only has the bonding of osseous tissue been shown to occur with awide range of
inorganic subgirates, but certain substrates have aready been implemented in large numbers clinicaly as
prosthesis coatings. In the bone-bonding to cacium phosphate surfaces, we have found materids to
which certain tissue (osseous) will bond, but have not yet reveded the mechanisms. What isdso
remarkable isthat thereis aready discussion to discard bone-bonding substances because of their
inability to be permanently attached to metdlic substrates. There is a consensus devel oping that calcdum
phosphate substances should be implemented as resorbabl e coatings on porous metal only, with the role
being early, temporary bone-bonding. 1t has become clear and compdlling that to judicioudy implement
cacium phosphate surfaces as permanent attachment vehicles for orthopedic prostheses we must
elucidate the chemica and crystalline features of the surface that are determinants of the bone-bonding
process .

Studies conducted during the last few years have not yidded definitive findings regarding the
mechanism by which bone bonds to the surface of calcium-containing implants. There continue to be
two working hypotheses, one that emphasizes the initid deposition of biologica gpatites on the implant
surface and the other that proposes that the adhesion of certain proteins and/or proteoglycansisthe
determining factor in the bone-bonding process. The following critically reviews recent investigations
performed in vivo and in vitro.

In Vivo Studies

A recent investigation employed transmission eectron microscopy to investigate gpatite formation
on dense sintered HA, tricalcium phosphate, and a "bioactive glass ceramic."(84) Deposition of
biologicd gpatite differed on these three specimens reflecting their "bioactivity,” and suggesting
differencesin their bone-bonding behavior. A thin collagenfree apétite layer was identified on the
surface of theimplants. The apdtite layer was observed before the minerdization of surrounding bone
matrix, and was aso evident on surfaces bordering bone marrow.

Ancther investigation (8) examined by scanning eectron microscopy (SEM) HA specimens
obtained from laboratory dissolution experiments and animd implantation to determine the role of
reprecipitation of goatite in the bone-bonding process. It was concluded that "the formation of the
bone/HA bond seems to involve dissolution/reprecipitation phenomena” The findings were interpreted
as being the "first morphologica evidence of epitaxia growth involvement in the formation of this bond.”

Other studies have correl ated bone-bonding behavior with the biologica minerdization process
involving matrix vesdes. Z. Schwartz, et al., found that the ability to support primary minerd
formation, involving matrix vesicle production and maturation, may contribute to the bonding of bone to
HA (93).



In Vitro Investigations

Severd invedtigations have recognized the vaue of tissue culture systems for sudy of the response
of osteobladt-like cdlsto biomateria surfaces. One series of investigations employed cdlls obtained by
enzymétic digestion of neonatd rat calvaria (89). Thefocal contacts of these cdllswith HA and other
substrates was investigated by epi- fluorescence microscopy with staining for F-actin and vinculin. There
were no conclusions drawn relative to the correlation of foca contact formation by the osteoblast-like
cdllsand the chemica characteristics of the biomaterid surface. Subsequent investigations employed
SEM to investigate qudlitatively the spreading of these cdls on HA and other biomateria surfaces within
two hoursin culture (73). After 0.5 hr, cells on the HA surface were flat, with the edge of the
cytoplasm difficult to discern. Thiswasin contrast to the rounded morphology of cells on dumina,
tissue culture polystyrene, and bone. The authors concluded that "the cellular morphological response
may be related to the bioreactivity of hydroxyapatite.” The expression of certain non-collagenous bone
proteins by osteoblasts on biomaterids surfaces and culture was aso studied (90). Qudlitative findings
suggested that there was a greeter level of message for osteopontin in cdlls on the HA surfacethanin
cells on tissue culture pladtic or titanium aloy. The authors emphasized that these findings required
follow up.

Bone marrow derived cells from rats have dso been used in tissue culture sudies investigating the
response of osteoblast-like cellsto HA and other biomaterials surfaces. Results of one study were
interpreted as supporting the hypothesis that differentiating bone cells synthesize an organic matrix that
deposits on the surface of the bone-bonding materid before the minerdization phase. Shen, et al., (95)
demondtrated that a proteoglycan (CS-56 antibody positive) and osteopontin deposited initialy on
surfaces that subsequently became bone-bonded. These authors concluded that these proteins “could
be implicated in providing seeding Sites for calcium phosphate crystal and cdll atachment.” Other
investigators (48) studied the role of the adhesion proteins, fibronectin and vitronectin, on the attachment
of human bone-derived cells on HA subgtratesin vitro. They found that remova of fibronectin from
the medium did not significantly reduce the number of cells spread on HA. Removad of vitronectin,
however, did influence cdll spreading, leading to the conclusion that this adhesion protein might be
critical for bone-bonding. The presence of receptors for vitronectin on the surface of the cultured bone-
derived cdls was detected by reaction with polyclona antibodies raised againg vitronectin subunits.

ARTICULAR CARTILAGE

Defects - fissures and larger gaps - in adult articular cartilage, that do not penetrate the
underlying vascularized tissues, generdly do not hed (16). Thisreflectsin some part the inability of
adult articular chondrocytes to contribute to a reparative process (14). While doning of chondrocytes
may be found in the cartilage near the Site of injury (14, 51), ahypercellular zone, as seen around
defectsin other connective tissues, is not seen bordering articular cartilage lesions. The absence of a
hypercdlular response may be relaed to the low number dengty and mitotic activity of the
chondrocytes (15) and the absence of afibrin clot (14). Another factor, however, may be the inability
of the cells to extricate themsdves from their extracdlular matrix and fredly migrate through the matrix to
the wound edge (14).

While severa gpproaches have been employed in the laboratory and in the clinic toward the
god of engineering articular cartilage, none have yet been successful. Recent clinicd studies, however,
have suggested that sgnificant symptométic relief can be provided by treatments resulting in the
formation of tissue with the cdlular and matrix composition and architecture of fibrocartilage and non
aticular hydine cartilage. The principa question is how long these tissues will provide pain-free



aticular function. The answer will come only after longer term progpective clinicd investigations
employing novel non-invasive imaging moddities or histologica assessment of biopsesto correlate
cinica outcome with reparative tissue make-up. One result of these studies may be to demonstrate the
clinica vaue of tissue engineering approaches that, while falling short of the goa of producing articular
catilage, yidd arepardive tissue with aclinicaly meaningful longevity.

Matrices

The matrix can have severd rolesin the process of tissue engineering. These rolesinclude: (1)
structura support to the defect dte, (2) barrier to the in-growth of undesirable cdl and tissue types, (3)
scaffold for cel migration and proliferation, and (4) carrier or reservoir of cells and/or regulators. A
variety of matrices have been studied as potentid carriers and scaffolds specificadly for articular cartilage
regeneration.

Recent in vivo studies have used collagen sponges (38) and gels (61), devitdized aticular
cartilage, natura cord, agarose gels, PLA sponges (21), and PLA/PGA co-polymers as matrix
materids (7). Many of these investigations dso involved cells and regulators, but none were able to
achieve complete regeneration of articular cartilage in the surgically created defects. Implanted matrices
aone have been shown to increase the rate and completeness of subchondra bone formation in
osteochondral defects. The scaffolds increased the rate and totd amount of filling aswell asthe qudity
of the tissuefilling the defect. Unseeded devitalized osteochondra alografts and unseeded bilayer
collagen matrices used by Toolan, et al. and Frenke, et al., respectively, both increased the amount of
hydine cartilage filling the defect. Defects treated with chondrocyte- seeded collagen gels werefilled as
early as one day post-operaively. The rapid filling of the defect was likdy due to the implanted
chondrocytes with the implanted gdl providing amechanism for cdl ddivery and mechanica support for
the defect.

Although type | collagen matrices have generally been researched, type |1 collagen matrices may
better support the chondrocyte phenotype and matrix molecule synthesis. Nehrer, et al. found that cels
seeded in type |1 collagen sponges exhibited a more chondrocytic morphology (spherica) and
synthesized matrix components a a higher rate compared to cells seeded in type | collagen sponges
(82, 83).

Cdls

Chondrocytes exhibit a very specific phenotype in that they synthesize type Il collagen and
proteoglycans that make up the articular cartilage matrix. Asaresult of this demand, most of the
research involving cells as a component in articular cartilage regeneration in recent years has focused on
the use of articular chondrocytes. However, other cdl types have dso shown promise.

The first human trid of cultured articular chondrocytes for trestment of cartilage defects was
reported in 1994 (11). Thedinica findings were more favorable for defects on the femora condyle
than on the patella. Histologica evauation of biopses reveded hydine-like and fibrous tissue
comprising the reparative tissue of asymptomeatic patients. An associated rabbit study (12) reveded
filling of chondrocyte implanted defects with hydine cartilage 52 weeks post-operatively. However, a
more recent canine investigation questions the longevity of the procedure as no difference in the types of
reparative tissue filling treated and untreated defects was detected after 12 and 18 months (10).

The use of articular chondrocytes, while advantageous in that the cdlls aready possessthe
desired phenotype, presents practical problems for tissue engineering. Articular chondrocytes have a
low capacity for proliferation — one of the reasons why natural hedling of cartilage defects does not



occur. Thus, cdls must be grown up in culture. When chondrocytes are brought out of their naturd
three-dimensiona environment onto two-dimensiond culture plates, they switch to afibroblastic
phenotype. Studies have shown that these cells will regain the chondrocytic phenotype when returned
to the proper environment. However, recent research has aimed to eiminate de-differentiation.

The second problem in using articular chondrocytesis obtaining the cells. It may be preferable
to use autologous cdlls in tissue engineering SO as to obviae any immunological reaction or trangmisson
of disease. In order to obtain autologous chondrocytes, hedthy cartilage must be harvested from
uninvolved regions of the joint. However, the harvesting of hedlthy cartilage for a source of autologous
cdlsintroduces problems related to donor Ste morbidity and the possibility that the harvest procedure
might result in joint responses resulting in changes of the uninvolved cartilage.

The difficulty in obtaining chondrocytes has led to research on the potentid use of other cell
types for articular cartilage engineering. Non-chondrocytic cells have been induced in vitro to exhibit
the chondrocyte phenotype given the appropriate culture conditions. A recent overview of cartilage
repair investigated the hedling procedure of articular cartilage lesonsin the rabbit knee treated with
cultured autologous mesenchyma stem cdlls from marrow (19). The authors propose a method of
articular cartilage regeneration that employs pretreatment of the defect with trypsin and subsequent
implantation of a high dengty of cultured mesenchymd stem cdls ddlivered in type | collagen gdl.

Nont-articular cartilage cells have aso been studied as a potentia source of chondrocytes.
Isolated cells from ear perichondrium cultured in vitro with BMP-7 (rhOP-1) were reported to have
differentiated into articular chondrocytes by the third week and neo-natal foreskin fibroblasts cultured at
high-densities and under hypoxic conditions took on the chondrocytic phenotype. 1n vivo,
perichondrid cdls seeded in PLA and implanted into surgicaly defined defectsin the rabbit knee
yielded varigble results, including an gpparent decrease in filling from week 6 to week 12, post-
implantation.

Regulators

Because of the inherent difficulties in trying to implement cdll-based treatments, a number of
researchers have investigated the roles that regulators may play in articular cartilage tissue engineering.

BMP-7 (rhOP-1) can be useful in triggering expression of the chondrocytic phenotype in non
chondrocytic cdlsin vitro . Hepatocyte growth factor (HGF) isdso believed to play arolein
gimulating progenitor stem cdls to differentiate into chondrocytesin vivo . Using regulatorsto turn
non-chondrocytic celsinto functiona chondrocytes could diminate the problem of obtaining and
culturing articular cartilage chondrocytes.

Enzymes may play arolein articular cartilage tissue engineering in enhancing the attachment of
cdlsor implants to the defect site. Hunziker and Kapfinger treated superficia lesions of mature rabbit
cartilage with chondroitinase ABC and noted increased cdll attachment up to one month after enzyme
treatment (50). They suggest that extraction of surface proteoglycans results in improved cell adhesion,
but that the cells are able to replace the lost proteoglycans.

Previous studies investigating the migration of isolated chondrocytesin vitro have identified
agents that affect the matility of the cel (37, 102). Others employing articular cartilage explants have
reported the migration of cdlls to the edge of thetissue (72, 94). Mdemud, et al., (72) found thet the
times to chondrocyte outgrowth from explants of adult human articular cartilage from one patient were 7
and 10 days. In another investigation using caf cartilage explants (70), cell proliferation was seen at the
margins of the tissue after 6 weeks. In alater sudy also employing caf articular cartilage explants,
Scully, et al., (94) found that chondrocytes repopulated alaceration site in the explant between 21 and



42 daysin culture, and digplayed a proliferative response to bFGF but not TGF-b 1. Importantly, they
showed that the cdlls that repopulated the defect maintained the chondrocyte phenotype. In arecent
sudy employing adult bovine articular cartilage explants, Reindd, et al., (92) found some indication of
migration of chondrocytes to the surface of the explants after 3 weeks, moreover, these cells appeared
to be contributing to the integrative repair of the experimenta condructs. While collectively the authors
of these previous explant sudies considered that the cartilage matrix restricted the chondrocytes from
migration, none previoudy employed enzymatic trestment prior to culture to enhance outgrowth.

The effect of chondroitinase on the adhesion of reparative cdls to awound surface was
investigated in arecent study performed in arabbit modd (50). Trestment of the surface of superficia
defects with 1U/ml of the enzyme for 4 minutes dmost doubled the extent of the surface covered by
reparative cdls a 1 month but demongtrated no effect after 6 months. Of particular importance was the
source of the reparative cells. While thisissue was not expressy addressed in the aforementioned in
vivo study, based on their results from prior work (51), the authors suggested that the adhering cdls
originated from the synovium.

Current Status

While avariety of matrices, cdls, and regulators, alone and in combination, have shown promise
as components for tissue engineering of articular cartilage, the current methods have not yet successfully
resulted in the production of articular cartilage. In vitro atempts a engineering articular cartilage have
produced tissue thet is cartilage-like and has some similar mechanica properties. However, thistissue
dill lacks the full composition of natura cartilage and it remains to be seen how it will integrate with host
tissue and perform in vivo. The best in vivo atempts a regenerating articular cartilage have produced
tissue that histologically matches normal cartilage. However, the repardive tissue does not fully
integrate with the surrounding host tissue. Failure to integrate with the hogt tissue resultsin implant
ingability and micromotion that may lead to the eventua degradation and failure of many implants.

Despite the great amount of progress made in recent years towards the development of tissue
engineering articular cartilage, scientists have yet to achieve the god of engineering fully functiond
atticular cartilage for the resurfacing of joints. However, non-articular cartilage repair tissue can restore
pain-free joint function. The benefits of such treatment, however, may be short-lived if the functiona
demands on the articular surface lead to breakdown and degeneration of the newly formed tissue.
Further studies are gill needed to determine the longevity of various reparative tissues and to match
various treatment modaities with the subpopulation of patients that would most likely benefit from a
given procedure.

MENISCUS

The biomechanica importance of the knee meniscus, awedge- shaped fibrous structure interposed
between the femora condyles and the tibia plateau, iswell recognized. The mechanica properties of
the tissue are largely the result of a unique Structural arrangement of the predominantly type | collagen
fibers. The cdlsthat maintain this matrix comprise two cell populations: an eongated, fibroblagt-like cdll
type in the superficiad zone of the meniscus, and, throughout the meniscus, aspherical or chondrocyte-
like cell type, which resembles the chondrocytes in articular cartilage (42). Many studies (41, 43, 62,
74) dating back to the 1930s have indicated that thereis little capacity for intrinsic heding of injuriesto
the meniscus by the proliferation of meniscal cells. Theroles of these cdlls in remodding, degradation,
and hedling of the meniscus are incompletely understood.



Given the incomplete heding of meniscal injuries, the value of certain surgicd trestments remainsin
question. King described an ingrowth of fibrous tissue hardly distinguishable from normal
fibrocartilaginous tissue after partia or total meniscectomy (62). However, despite the fact that this new
“meniscus-like’ tissue had formed, the observed roughening and degradation of the opposing articular

cartilage ® suggested that this reparative tissue was not normal. While other follow-ups of partia and full
meniscectomies were promising (98, 99), later work suggested that the degenerative changes of the
knee joint were due to the inadequate weight- bearing capability of the reparative meniscus (20, 31).
Other authors have since described the adverse long-term effects of tota meniscectomy (5, 49, 55, 58).
Despite the initid optimistic reports of partid arthroscopic meniscectomy(79, 86, 87, 107), follow-up
reveded only fair or poor outcomes (32), and the long-term results of meniscectomy appear to be even
worse (1, 75, 100, 108).

A recent trid of a porous collagen matrix (101) employed as an implant to fill menisca lesons has
yielded encouraging dinicd resultsin nine patients followed for at least 3 years. A 3-month biopsy
displayed newly formed collagen, but it appesared very immature and without organization. Six-months
biopsy specimens reveded more collagen, however the newly formed tissue gill displayed a chondroid
gopearance indicating its immaturity. Nevertheess the finding of some dense fibrocartilage in some
sections was promising. In thislight, pre-seeding matrices with meniscus cdls, previoudy harvested
arthroscopicaly from parts of the injured meniscus and grown in culture, might accelerate the tissue
regeneration process.

Previous studies have demongtrated the capability of fibrochondrocytes, isolated from the menisci
of rabhits, to proliferate in culture and to synthesize matrix molecules (viz,, proteoglycans) (104).
Significant effects of age and gender on @) yidd of cdls from digested tissue, b) growth rate in culture,
and c) proteoglycan synthesis, were noted (106). That the proteoglycans synthesized by the
fibrochondrocytes in culture resembled those synthesized in organ culture, based on sze and GAG
content, indicated that menisca cells were "cgpable of expressing their differentiated phenotype in short-
term monolayer cdl culture™ (105) Moreover, these findings suggest that, while thereisllittle evidence
of ahedling response of thistissueto injury in vivo, meniscus may have some potentid for intringc
repair.
In arecently published sudy (52), polyglycolic acid scaffolds seeded with newborn caf meniscus
fibrochondrocytes were implanted subcutaneoudy into nude mice for up to 16 weeks. The resulting
tissue appeared to display a pattern of collagen fiber orientation resembling norma meniscus. The
promising findings of the previous and current sudies warrant continued investigation of menisca cell-
seeded matrices for regeneration of the meniscus,

ANTERIOR CRUCIATE LIGAMENT

The human anterior cruciate ligament (ACL) isacomplex structure of extracdlular matrix
proteins maintained by a diverse population of cells (3, 4, 36). The extracdlular matrix chemicd
compoasition (3, 36) and hierarchica structure(6, 22) have been previoudy defined; however, the
cdlular digribution within the ligament itsalf has not been described. The ligament is comprised of
longitudinally oriented fascicles, 20 to 400 nm in diameter, that course from femord to tibid insertion
stes. Thefascicles consst of densdy organized type | collagen fiber bundles that are approximately 20
nim wide and display asinusoidd, organized waveform referred to as crimp, which has been shown to
be a criticd determinant of the load-deformation behavior of ligament (29). Referencesto the cdlls
which maintain this highly organized structure have identified different fibroblast morphologies, but a



histologic evaduation of the digribution of cdl dengty, cal morphology and cell phenotype within the
ligament has yet to be reported.

The cdls that maintain the ACL have been digtinguished histologically on the basis of nuclear
shape and the presence of alacunar space. Three principa cell types have been described: fusform,
ovoid and spheroid. Fusiform, or spindle shaped, cells have been noted to be intimately related to the
crimped collagen fibers, and distributed throughout the midsubstance of the ACL. These cdls have dso
been found in the "outer zones' of human ACLs (85). Ovoid cdlls have been identified in columns (4,
71, 109) and in lacunae (22, 109). They have dso been noted in "centra areas’ of the human ACL
(85). Periodic acid- Schiff staining has been posgitive in the ovoid cdll columns, suggesting the presence
of glycosaminoglycans (22). Transmission eectron microscopy (TEM) of the area surrounding the
ovoid cells has shown amorphous extracdlular matrix in the peri-cdlular space (71). Spherical, or
cuboid, cells have been described in the rabbit ACL (22). While morphologic criteria have
diginguished certain cdlsin the ligament, little is yet known about the distribution and function of these
cdlsin the ligament.

The human anterior cruciate ligament (ACL) is one tissue which gppearsto lack the ability to
repair itself after rupture f Arold, 1979 #90; Cabaud, 1979 #911 . Successful hedling of other
ligaments, such asthe medid collaterd ligament (MCL), follows aknown pattern. Initidly, a
provisona matrix of clotted blood fills the space between the ruptured ends of the ligament. This
provisona matrix isthen infiltrated by fibroblagts, the source of which may beintrinsc or extringc to the
injured ligament (91). In tendon and meniscus, as in dermis, the presence of a contractile fibroblasts
phenotype, the myofibroblast, has been associated with the process of wound closure in this stage of
heding. While myofibroblasts have dso been found in the heding lgpine MCL, they have not yet been
directly related to the contracture process that re-establishes the normd in Stu grain. Little is known
about the response of the human ACL to injury, particularly with respect to the migration and contractile
behavior of the condtituent cdlls.

Previous work has demonstrated outgrowth from human and anima ACL explants onto 2-D
surfacest Geiger, 1994 #10; Deie, 1995 #741 . Outgrowth from explants likely has two components -
cells which migrate from the explant and cdlls which have migrated and begin to proliferate on the 2-D
aurface. Previous work has assumed minima contribution from the proliferation component and
reported outgrowth rates as migration rates f Geiger, 1994 #101 . This method has yielded amigration
rate from rabbit ACL explants of 0.48 mm/day. The previoudy reported migration rate of fibroblastsis
0.20 mm/day f Stearns, 1940 #871 .

TENDON

Tendon is a specidized dense connective tissue thet links muscle to bone and alows for the
transmission of muscle contraction forces to the bone for skeletal locomotion; for example, the Achilles
tendon, one of the largest in the body, links the triceps surae muscle, the grouping of the gastrocnemius,
the soleus, and the plantaris muscles to the calcaneous bone. As organs, the tendons of the body vary
greetly in their anatomy and structural mechanica properties. An gpproach that might result in the
regeneration of one tendon may require modification to facilitate the regeneration of another. Tendons
consgst of three parts. the muscle attachment region, the substance of the tendon itsdlf, and the bone
attachment region. These three parts of tendon vary in their cellular make-up, histology, and function,
and may require different tissue engineering approaches. This chapter will focus on the midsubstance of
tendon.



The extracdlular matrix of tendon is composed predominantly of collagen fibers highly digned
aong the long axis of the tendon. Spindle-shaped cdlls - fibroblasts - digned in columns dong the
direction of the collagen fibers, are sparsdly dispersed through the tissue. When viewed transversdly,
the cells appear as star-shaped figures among bundles of collagen. The mid- substance of the tendon is
generdly avascular and absent innervation.

That tendon is arguably the least complex of the connective tissues with respect to compaosition
and architecture might reasonably lead to the expectation that it would be more amenable to tissue
engineering approaches than other biologica structures. However, decades of experience have shown
how refractory tendon isto treatment. This limited capability of tendon injuries to regenerate is a better
indication of the challenge it poses to being engineered, and evidences the importance of developing a
procedure to do so.

Extracellular Matrix

Tendons have a crimped, waveform appearance when seen under polarized light microscope.
The periodicity of the dternating light and dark bands comprising the zig- zag pattern of crimped fibers
can be used to determine the crimp angle (28 degrees), crimp length (65 nm), and crimp wavelength
(120 mm). The crimp pattern of tendon has been shown to play an important role in its mechanica
properties (23, 26); Diamant et al (26, 28) demondrated that the crimp pattern unfolds during initid
loading of tendon.

Tendons that generaly move uniaxidly, such as Achilles tendon, have aloose areolar connective
tissue, the paratenon, which is continuous with the tendon. The paratenon stretches severd millimeters
and recoils without tearing or disrupting tendon blood supply. An interlacing mesh work of thin collagen
fibrils, adtic fibers and glycosaminoglycans gives the paratenon this dagticity and extensbility. Onthe
other hand, tendons which bend sharply, such as the flexor tendons of the hand, are enclosed by a
synovid sheath. The sheath helpsto direct the path of tendon movement by acting like apulley and
alows low friction movement between tendon and the adjacent bones and joints. The diding of these
tendons through the sheeth is asssted by the presence of synovid fluid between the outer wall of the
tendon and the inner wal of the tendon shesth.

The organization of the extracdlular matrix molecules of tendon a the nanometer and
micrometer levelsisthe principa determinant of the physiologica function of thistissue, its mechanica
behavior, aswill be discussed below. The degree to which tissue engineering gpproaches are successful
will be reflected in the degree to which the norma composition and architecture of the extraced lular
metrix has been restored.

Cdls

Fibroblasts (also caled tenocytes) are the predominant cdll type in tendon. Endothdid cells and
nerve processes form only asmal part of the of the cell population. Ippalito et al (53)has shown that
there is a subpopulation of myofibroblast-like, contractile cells present in norma tendon and has noted
ther presencein heding tissue (9, 39, 46, 53, 97) This subpopulation of cdls has been speculated to
beinvolved in the "tengoning” of the tendon and in the modulation contraction-relaxation of the muscle-
tendon complex (53).

Asthe parenchymd cdll of tendon, the tenocyte has the role of maintaining matrix structure
through the degradative and formative processes comprising remodeing, and to some extent can
contribute to healing. However, that tendon has ardaively low densty of cdlsthat display alow
mitotic activity, explains the low turnover rate of this tissue and questions the degree to which these
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parenchymd cdlls can promote intrindgc hedling. Moreover, thisfact prepares for the likdihood that
exogenous cdls may be an important component of tissue engineering strategies for tendon.

Tendon Healing

The extent to which injuries to tendon hea depends on many factors such as the anatomica
location, vascularity, skeletd maturity as well asthe amount of tissue loss. Spontaneous hedling of
tendon has been studied extensvely in both the Achilles tendon and the flexor tendons of the hand.
Tendon heding normdly results in the formation of scar, which is different morphologicaly,
biochemicdly, and biomechanicdly from tendon. With time, the scar tissue may assume some of the
characteristics of tendon; however, complete regeneration does not appear to occur. Although both
Achilles and flexor tendons respond to injury by forming scar tissue, scarring in the flexor tendon
appears to have amore detrimentd effect on the function of the tissue. Fexor tendons need the &bility
to glide within their synovid sheeth to function properly and formation of adhesions to the sheath during
heding interferes with this gliding function.

Following tendon injury by full transection, there is a Spontaneous retraction of the cut tendon
ends. This retraction has aso been reported to also occur in afull-transection rabbit anima model for
the medid collaterd ligament. In the medid collaterd ligament, the retraction of the cut ligament ends
produced agap as large as 2-4mm (34) In the Achillestendon of both arat and rabbit anima modd,
the gap formed by the retraction of ends, with the joints held in neutra position, was observed to be
approximately 9-12 mm (13). Additiona retraction of the ends can occur with movement of calcaneous
and knee joints.

The response of Achillestendon to injury, reviewed in severd aticles (2, 17, 68) , followsa
seguence smilar to that found in other connective tissues such as ligament and skin. This sequenceis
generdly consdered to consist of three overlgpping phases: inflammation, repair, and remodding.
Following is a summary of the response of tendon to aleson produced by afull transection of tendon as
reported by severa authors. Within the first few hours of injury, the collagenous matrix is disrupted and
tendon and blood cdllsdie. A hemorrhagic exudate fills the lesion site and within minutes, afibrin clot
forms and sedls the wound (13). The clot contains inflammeatory products (fibrin, platelets, red cells,
and nuclear and matrix debris) (13, 88). Thisclot has little tensle strength.

The inflammatory stage generdly starts within hours of injury and can take from 3 to 10 daysto
complete. Thisstageis associated with "clean-up” of the leson ste. Polymorphonuclear neutrophils
(PMNs) and lymphocytes, and other acute inflammatory cells, invade and populate the wound site
within hours of injury. Monocytes and macrophages appear soon after to continue the phagocytos's of
cdll and matrix debris begun by the PMNs.

The period of dramatic fibroblast migration and proliferation and metrix synthesis, the repair
phase, start as early as 10 days post-injury and can take up 2 to 5 weeks to complete (13, 45).
Undifferentiated and disorganized fibroblasts containing well- devel oped endoplasmic reticulum,
infiltrating from the wound edge and paratenon, begin to proliferate in wound ste within the fibrin mesh
of theclot. Smultaneoudy, endothdia cdls of surrounding vessels enlarge and proliferate forming
capillary buds that follow the migrating fibroblasts. Together the fibroblasts, macrophages and
capillaries form the granulation tissue in the wound sSte (30). Thisearly stage of the repair phaseis
characterized by increased cdlularity. Thefibrin clot is gradudly replaced by a collagen bridge, initidly
comprised predominantly of collagen type Il collagen. Thetype Il collagen fibers, which are smdler in
diameter than the collagen type | to be deposited in the next stage of healing, are referred to as reticular
fibers because of the network-like pattern of their deposition; the collagen type 111 fibers do not
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aggregate in a preferentid direction the collagen type | fibers. Both collagen production and fibroblast
proliferation peak during this phase (characterized as |oosdly organized fibrous tissue), and subsequently
decrease over the next severd months (33).

The remodding phase, which can begin as early as 3 weeks and last for over 1o 2 years, is
marked by a reduction in the production of type I11 collagen and reorganization of the type | collagen
fibers (33). During the remodeling stage, the matrix fibers reorient themsdves dong the long direction of
the tendon. Thisdirection coincides with the direction of tensile stressin the tendon. The remodding
stage is also marked by a decrease in the number of fibroblasts present in the tissue and a decrease in
the overal volume of the scar tissue. The tendile strength of the tendon increases through this period of
remodeling even though the total volume is decreasing. This increase has been explained by the
reorganization of the collagen fibers, which has been observed to occur during the same period. Inthe
andogous case of ligament hedling, however, it has shown that the tensile strength of the reparetive
tissue did not return to normal ligament levels even after ayear (35). These data can probably be
extended to the case of the tendon.

In summary, the response of mature Achilles tendon to ainjury involving afull transection of the
tendon, resultsin reparative fibrous tissue that lacks the structure of norma tendon. During the process
of remodding, collagen fibersinitidly arranged in random directions become reoriented in the
longitudina direction of the tendon. However, the there is never areturn to norma composition and
architecture (13, 88), thus demonsatrating the need for tissue engineering approaches.

Sour ce of Reparative Cells

Thereis controversy surrounding the identity and location of the cells responsible for collagen
gynthesis during tendon repair. On one Side of the controversy is the concept that tendon has the
necessary cdlls to produce collagenous tissue (the intrinsic mechanism) (40, 76, 77), while on the other
dde, thereisthe belief that the source of collagenproducing cdllsis outside of the tendon (i.e., an
extring ¢ source such as the surrounding tissues or from the tendon shesth). Some believe that both
intringc and extringc sources of collagen producing cells contribute to the hedling process.

Invitro studies have shown that in response to tendon injury, cells within the tendon had the
ability to migrate to and proliferate in the wound ste. In these studies, by six weeks, theinjury ste
gppeared to be filled with collagen. In vivo data appear to parald thesein vitro sudies. Matthews
and Richards (78) showed that cells within the rabbit flexor tendon participated in the wound heding
process when the synovid sheath was both not violated, and the tendon was mobilized with early
controlled passive motion. However, if the tendon sheath was compromised and the tendon was
immohilized, cdls from externa sources (e.g., tendon sheeth, blood vessals, and other neighboring
tissue) migrated and proliferated into the wound Site. Tendon repair, in that case, involved the
participation of al surrounding tissue in the hedling of the entire wound.

Quedtions remain about whether there is a sufficient pool of parenchyma fibroblastsin tendon to
adequatdy populate adefect. This uncertainty isrationde for the use of exogenous cultured cdlsin
tissue enginesring moddities.

Normal Tendon versus™ Scar"

Regeneration of tissue resultsin atissue thet is indigtinguishable from the origind tissue, i.e., the
newly formed tissue is morphologicaly, ultrastructurdly, biochemicaly, biomechanicaly, and functiondly
indiginguisheble from the origind tissue. Repair, in the classcd use of theterm, resultsina
fibrocollagenous tissue that is distinguishable from the origind tissue, and is generdly referred to as
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"scar'. Many studies have claimed regeneration of tendon (59, 88), but close examination of the studies
shows that the tissue in question may gppear to fulfill the criteria of regeneration in one area but not in
another. Inthe fidd of tendon hedling, regeneration and repair have, in generd, not been clearly
distinguished in the literature. Thereisaccordingly, alack of consensus on the degree of functiona
recovery which can be considered acceptable to restore function.

There are many smilarities between normd adult Achilles tendon and tissue formed in atendon
wound ste. Both tissues tend to have highly aigned matrix fibers and ardatively low dengty of
fibroblast cells present in the tissue. Morphologicaly, differences between these two tissue appear to
be the crimp pattern and the average fibril diameter and distribution of the tissue. For example, one
year post-injury, Kato et al (59) found the crimp length of the healing tendon in their anima modd, was
smadler than that of norma tendon. Collagen fibril diameters were dso sgnificantly smdler than that of
normd tendon (54, 88). Biomechanicaly, mechanica properties of tissue formed in atendon wound
Site appear to be 40-60% of normd tendon levels (13, 80).

These condderations can serve as the basis for criteriato assess the success of certain tissue
engineering approaches in regenerating tendon.

Tendon Tissue Engineering

Tissue engineering approaches gpplied to tendon, as with other tissues, are founded on the use
of matrices, cdls, and soluble regulators, done or in combination. Also, as with other goplications, one
of two goals might be set: to engineer tendon in vitro for subsequent implantation or to develop an
implant to facilitete regeneration in vivo. A problematic issue associated with the former gpproach is
the need to have the tendon tissue, engineered in vitro, incorporated in the host tissuewhen it is
implanted. Work to date has focused on the implementation of absorbable synthetic and natural
matrices, done, asimplants for the engineering of the tissue by the host. While the results of this
approach have been promising, there are indications that exogenous cdlls will be necessary for more
complete regeneration. This hasled to a preiminary studies of methods for seeding certain matrices
with tendon and mesenchymd stem cdllsin vitro.

While there have been reports of the use of soluble regulators done, injected into hedling
ligaments to attempt to facilitate regeneration (65), no such approach has yet been reported as a
moddity to promote the engineering of tendon.

Recently, an anima model was developed to isolate a 1-cm gap in the rabbit Achilles tendon by
"entubulating” the tendon sumpsin aslicone tube (67) aswas donein an early study of flexor tendon
heding (45) and prior studies of bone (81) and peripherd nerve regeneration (69). In thismodd, the
Achilles tendon was transected &t its mid-point, after which the tendon stumps retracted about 8-10
mm. The sumps were subsequently inserted into asilicone tube. A 10-mm gap in the tendon was
maintained by stitches through each stump and the tube, that alowed any mechanica stressesimparted
to the system to be taken up by the sutures. In this model, the tendons of the peroneus long, brevis and
tertius were cut and a portion of each tendon dissected away to immobilize the tendon gep Site.
Moreover, the plantaris tendon was cut with a"Z" plasty, the ends separated, and then sutured under
minimum tendon. The knee joint was immobilized by externd fixation to reduce loading to the tendon.
The spontaneous hedling in the entubulated 1-cm gap after 6 weeks comprised a thin continuous cable
of the fibroustissue, lessthan 1 cm in diameter. There was no significant increase in the diameter of the
reparative tissue after 12 weeks. The tissue comprised dense aggregates of crimped collagen fibers,
with awavelength (12 nm) and fiber bundle thickness that were both significantly shorter than thosein
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normal tendon. Future studies need be directed toward answering the question: Is this crimped tissue
end-stage scar?.

Findings with the entubulated tendon gap mode! in the rabbit demongtrate that a tendon wound
gte can be isolated from the effects of extringc factors during hedling, and that there is only limited
cgpability for spontaneous intringc healing, with no indication of regeneration of tendon. Anin vivo
modd of this type could thus be vauable for the evauation of congtructs developed for engineering
tendon. Future studies need consider how certain characteristics of the tube affect the healing process.
One potentialy important festure is permesbility. Because of the limited blood supply to the mid-
substance of many tendons, regenerating tissue in the tube need derive nutrients from the surrounding
milieu. While the permeshility of the tube may fadilitate this nutrition of the tissue forming in the
entubulated gap, it might alow for the loss of intringc regulators of growth and remodeling from the
leson. These considerations have been addressed in entubulated peripheral nerve regeneration, and
may be as revant for tendon hedling.

Bioresor bable Fibrous Scaffolds and Sponge-like Matrices

Bioresorbable prostheses currently being investigated to facilitate tendon heding include:
collagen fibers tows, resorbable fibers tows of dimethyltrimethylene carbonate - trimethylene carbonate
copolymer (96), and a composite artificid tendon of poly (2-hydroxyethylmethacrylate)/ poly
(caprolactone) blend hydrogdl matrix and poly (lactic acid) fibers (27).

Kato, et al., (44, 59, 60) reported the use of a carbodiimide-cross-linked and a
glutarddehyde-cross-linked collagen-fiber prosthesis for the Achilles tendon of rabbits. They found that
the hedling in gaps in the tendon, bridged by the devices, was affected by the rate of implant
degradation. The carbodiimide-cross-linked implant was resorbed by 10 weeks and was replaced with
"neotendon”. This reparative tissue was characterized by "digned, crimped collagen fiber bundles’ as
early asa 20 weeks. The dower degrading glutaraldehyde- cross-linked implant was surrounded by a
"capaule of collagenous connective tissug' at twenty weeks and both capsule and implant were il
present at one year. Repair tissueinfiltrated into the glutaral dehyde-cross-linked implant but the tissue
was "not as developed” (was not as aligned and was not crimped) as the carbodiimide-cross-linked
implant. While these results are promising, it should be noted that Kato, et al., stated that the
neotendon was "smilar, but not identica, to norma tendon”, one year after implantation of the
prosthesis. Thetissuein Kato's tendon leson Site was described to have a crimp wavelength of 10 um.
In Kato's study, it was aso observed that this crimp pattern was present from 3 weeks to 52 weeks
with minima change in the crimp characteristics. That fibrous tissue with this crimp paitern did not
gppear to remodd sgnificantly by 52 weeks may suggest thet it isatermind "scar." Thisrasesthe
question of whether complete regeneration is necessary for the reparative tissue to be of functiona
vaue.

Cell-Seeded Matricesfor Engineering Tendon

Thet the mid-substance of tendon is poorly vascular with alow density of parenchymd cdls,
suggests that matrices seeded with exogenous cells may be necessary to facilitate regeneration. Recent
preliminary investigations have seeded fibers of a synthetic polymer (18) and a collagen- GAG sponge
(66) with tenocytesin vitro in order to ultimately develop cdl-seeded implants for tendon engineering.
Anather approach recently taken was to seed mesenchyma stem cdllsinto a collagen gel for
encapsulation of collagen sutures to bridge tendon gaps (110).
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Tenocyte-Seeded Polyglycolic Acid Fiber Mesh

In arecent investigation (18), samples of nonwoven meshs of polyglycolic acid fibers, with
intertitial gpaces from 75 to 100 nm in diameter, were seeded with tendon cdlls isolated from newborn
calves by collagenase trestment. After 1 week in culture, the cell-seeded specimens were implanted
subcutaneoudy in nude mice for up to 10 weeks. Histologica evauation of the 10-week samples
showed "pardle linear organization of collagen bundles throughout the specimens.” Mechanicd tegting
reveded that the tissue engineered neo-tendon structures had approximately one-third the tensile
strength of norma tendon (11 versus 32 MPa), 8 weeks postimplantation. These promising findings are
serving as the basis for efforts to further improve the engineered tendon. Additiona studies will be
required to determine if comparable results can be achieved with adult cells.

Seeding of Cultured Tenocytes into Porous Collagen-GAG Matrices

Tenocytes, recovered by collagenase digestion of the Achilles and plantaris tendon of adult
New Zedand white rabbits. were grown to confluence for 2-3 days and subsequently passaged to
increase cdl number. In aprdiminary experiment (66), collagen-GAG matrices (described in a
previous section) were seeded with 0.75 to 1.5 million cells.

The number of cdlls and their distribution in collagen- GAG meatrices varied from few cdls
uniformly distributed throughout the matrix to cells concentrated on the surface of the matrix. Cellswere
ether spread out dong the surface of the collagen GAG materid or aggregated. A cdl count of the
medium and trypsinized contents of the wells, in which the samples were seeded, revedled that from 2%
to 50% of the seeded tendon cells were not incorporated into the collagen- GAG matrices after one day.
In generd, the tenocytes gppeared to infiltrate to a depth of 0.35 mm into the 1 mm thick samples. In
many of the matrices, theinterior of the matrix was devoid of cdls. The mgority of cells were near or
on the surface of the cells. The degree of infiltration appeared to be dependent on the pore diameter of
the collagen-GAG matrices. Matriceswith alarger pore diameter (120 nm) alowed for the infiltration
of cdlsinto the interior of the matrices and produced, in generd, matrices with evenly didtributed cdls
throughout the devise. While matrices with larger pore diameters would be desirable as cdll
transplantation devices because of the deeper cdl infiltration and the uniformity of cell digtribution, there
might be drawbacks to using too large of a pore diameter. For the matrices with pore sizes averaging
120 pm, the cdlls attached and spread out dong the surface of collagen GAG fibers. The surface area
of collagen GAG sponges isinversely proportiond to the matrix pore diameter; therefore, with the
larger pore diameters, there is less surface areato which the cells can attach. Future studies need
gysemdicaly investigate the matrix characteristics that yield optimal cell seeding.

Mesenchymal Stem Cell-Seeded Gel

In arecently reported study (110), autologous marrow-derived mesenchyma stem cells seeded
in a collagen gd were implanted into 1-cm long defects in the lateral gastrocnemius tendons of rabbits
for 3 months. The mesenchymad stem cedlls (MSCs) were mixed with the collagen solution and
incubated for 36-40 hours in the presence of biodegradable sutures, such that the gel contracted around
the suture to form an "integrated implant.”  During the culture period tensile loading was gpplied to the
sutures in order to align the cells seeded in the incorporated gel. The implant was then sutured into the
gap in the rabbit tendon.

The reparative tissue after 3 months comprised " dense bands of matrix organized in the axid
direction of thetendon." Controls with the sutures aone (but absent the unseeded gedl) "demonstrated
smilar attributes but with less volume and less organization than those seen in M SC-treated repair
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tissue" While the mechanica properties of the cell-trested defects were improved relative to the
suture-aone group, they were sill sgnificantly below normd levels. Further investigation of this novel
approach will be required to determine how the system can be modified to achieve amore physiologica
neotendon.

REFERENCES

1. Abdon, P., M. S. Turner, H. Pettersson, A. Lindstrand, A. Stenstrom, and A. J. Swanson. 1990. A long-term follow-
up study of total meniscectomy in children. Clin. Orthop. 257:166-170.

2. Amadio, P. C. 1992. Tendon and ligament. In Wound Healing. Biochemical and Clinical Aspects. |. K. Cohen, R. F.
Diegelmann, and W. J. Lindbad, editor*editors. W.B. Saunders Co., Philadelphia, PA.

3. Amidl, D., E. Billings, and W. H. Akeson. 1990. Ligament structure, chemistry, and physiology. In Knee ligaments:
structure, function, injury and repair. D. Daniel, W. Akeson, and J. O’ Connor, editor"editors. Raven Press, New
York. 77-91.

4. Amid, D., C. Frank, F. Harwood, J. Fronek, and W. Akeson. 1984. Tendons and ligaments: a morphological and
biochemical comparison. J. Orthop. Res. 1:257-265.

5. Appel, H. 1970. Late results after meniscectomy in the kneejoint: A clinical and roentgenologic follow-up
investigation. Acta Orthop. Scand. Suppl. 133:1-111.

6. Arnoczky, S. P., J. R. Matyas, J. A. Buckwalter, and D. Amiel. 1993. Anatomy of the anterior cruciate ligament. In
The Anterior Cruciate Ligament: Current and Future Concepts. D. W. Jackson, editor*editors. Raven Press, Ltd,
New York.

7. Athanasiou, K., D. Korvick, and R. Schenck. 1997. Biodegradabl e implants for the treatment of osteochondral
defectsin agoat model. Tissue Eng. 3:363-373.

8. Bagambisa, F. B., U. Joos, and W. Schilli. 1993. Mechanismsand structure of the bond between bone and
hydroxyapatite ceramics. J. Biomed. Mater. Res. 27:1047-1055.

9. Baur, P. S, G. Barratt, H. A. Linares, M. Dobrkovsky, A. J. De LaHoussaye, and D. L. Larson. 1978. Wound
contractions, scar contractures and myofibroblasts; aclassical case study. J. Trauma. 18:8-22.

10. Breinan, H. A., T. Minas, H.-P. Hsu, S. Nehrer, C. B. Sledge, and M. Spector. 1997. Effect of cultured autologous
chondrocytes on repair of chondral defectsin a canine model. J. Bone Jt. Surg. 79-A:1439-1451.

11. Brittberg, M., A. Lindahl, A. Nilsson, C. Ohlsson, O. Isaksson, and L. Peterson. 1994. Treatment of deep cartilage
defects in the knee with autologous chondrocyte transplantation. NEJM. 331:889-8%4.

12. Brittberg, M., A. Nilsson, A. Lindahl, C. Ohlsson, and L. Peterson. 1996. Rabbit articular cartilage defects treated
with autologous cultured chondrocytes. Clin. Orthop. 326:270-283.

13. Buck, R. C. 1953. Regeneration of tendon. J. Path. and Bact. 66:1-18.

14. Buckwalter, J., L. Rosenberg, and E. Hunziker. 1990. Articular cartilage: composition, structure, response to injury,
and methods of facilitating repair. In Articular Cartilage and Knee Joint Function: Basic Science and
Arthroscopy. J. Ewing, editor*editors. Raven Press|td., New Y ork. 19-56.

15. Buckwalter, J. A., and H. J. Mankin. 1997. Articular cartilage. Part |: Tissue design and chondrocyte-matrix
interactions. J. Bone Jt. Surg. 79-A:600-611.

16. Buckwalter, J. A., and H. J. Mankin. 1997. Articular cartilage. Part I1: Degeneration and osteoarthrosis, repair,
regeneration and transplantation. J. Bone Jt. Surg. 79-A:612-632.

17. Buckwalter, J. A., J. A. Maynard, and A. C. Vailas. 1987. Skeletal fibroustissue: Tendon, joint capsule, and
ligament. In The Scientific Basis of Orthopedics. J. A. Albright and R. A. Brand, editor”editors. Appleton &
Lange, Norwalk, Conn. 387-405.

18. Can, Y., J. P. Vacanti, X. Ma, K. T. Paige, J. Upton, Z. Chowanski, B. Schloo, R. Langer, and C. A. Vacanti. 1994.
Generation of neo-tendon using synthetic polymers seeded with tenocytes. Transplant. Proc. 26:3390-3391.

19. Caplan, A. 1., M. Elyaderani, Y. Mochizuki, S. Wakitani, and V. M. Goldberg. 1997. Principles of cartilage repair and
regeneration. Clin. Orthop.:254-269.

20. Cave, E. F. 1947. Internal derangements of the knee. JAMA. 135:827-835.

21. Chu, C. R., R. D. Coutts, M. Y oshioka, F. L. Harwood, A. Z. Monosov, and D. Amiel. 1995. Articular cartilage
repair using allogeneic perichondrocyte-seeded biodegradable porous polylactic acid (PLA): A tissue-
engineering study. J. Biomed. Mater. Res. 29:1147-1154.

22. Clark, J. M., and J. A. Sidles. 1990. The interrelation of fiber bundlesin the anterior cruciate ligament. J Orthop
Res. 8:180-188.

23. Comninou, M., and . V. Yannas. 1976. Dependence of stress-strain nonlinearity of connective tissues on the
geometry of collagen fibers. J. Biomechanics. 9:427-433.

16



24, Daculsi, G., D. J. Hartmann, M. Heughebaert, L. Hamel, and J. C. Le Nihouannen. 1988. In vivo cell interactions
with calcium phosphate bioceramics. J. Submicrosc. Cytol. Pathol. 20:379-384.

25. Daculs, G., R. Z. LeGeros, E. Nery, K. Lynch, and B. Kerebel. 1989. Transformation of biphasic calcium phosphate
ceramicsinvivo: Ultrastructural and physicochemical characterization. J. Biomed. Mater. Res. 23:883-8%4.

26. Dde, W. C., and E. Baer. 1974. Fibre-buckling in composite systems: a model for the ultrastructure of uncalcified
collagen tissues. J. Mater. Sci. 9:369-382.

27. Davis, P. A., S. J. Huang, L. Ambrosio, D. Ronca, and L. Nicolais. 1991. A biodegradable composite artifical
tendon. J. Mater. Sci.: Mater. in Med. 3:359-364.

28. Diamant, J., A. Keller, E. Baer, M. Litt, and R. G. C. Arridge. 1972. Collagen: ultrastructure and itsrelation to
mechanical properties as afunction of age. Proc. Royal Soc. B. 180:293-315.

29. Dorlot, J. M., M. A. B. Sidi, G. M. Tremblay, and G. Drouin. 1980. L oad el ongation behaviour of the canine anterior
cruciate ligament. J Biomech Eng. 102:190-193.

30. Enwemeka, C. S. 1989. Inflammation, cellularity, and fibrillogenesis in regeneration tendon: implications for tendon
rehabilitation. Physical Therapy. 69:816-825.

31. Fairbank, T. J. 1948. Kneejoint changes after meniscectomy. J. Bone Jt. Surg. 30-B:664-670.

32. Ferkd, R. D., J. R. Davis, and M. J. Friedman. 1985. A rthroscopic partial medial meniscectomy: An analysis of
unsatisfactory results. Arthroscopy. 1:44-52.

33. Flynn, J. E., and J. H. Graham. 1965. Healing of tendon wounds. Amer. J. Surg. 109:315-324.

34. Frank, C., B. MacFarlane, P. Edwards, R. Rangayyan, Z.-Q. Liu, S. Walsh, and R. Bray. 1991. A quantitative
analysis of matrix alignment in ligament scars. a comparison of movement versusimmoabilization in an immature
rabbit model. J. Orthop. Res. 9:219-227.

35. Frank, C., S-Y. Woo, D. Amidl, F. Harwood, M. Gomez, and W. Akeson. 1983. Medial collateral ligament healing: a
multidisciplinary assessment in rabbits. Am. J. Sports Med. 11A:279-389.

36. Frank, C. B., S.-Y. Woo, T. Andriacchi, R. Brand, B. Oakes, L. Dahners, K. DeHaven, J. Leis, and P. Sabiston. 1988.
Normal ligament: Structure, function and composition. In Injury and repair of the musculoskeletal soft tissues.
S.-Y. Woo and J. Buckwalter, editor*editors. American Academy of Orthopaedic Surgeons, Park Ridge, Ill.

37. Frenkd, S.R., R. M. Clancy, J. L. Ricci, P. E. DiCesare, J. J. Rediske, and S. B. Abramson. 1996. Effects of nitric
oxide on chondrocyte migration, adhesion, and cytoskeletal assembly. Arth. Rheum 39:1905-1912.

38. Frenkel, S. R., B. Toolan, D. Menche, M. |. Pitman, and J. M. Pachence. 1997. Chondrocyte transplantation using a
collagen bilayer matrix for cartilage repair. J. Bone Jt. Surg. 79-B:831-836.

39. Frey, J., A. Chamson, N. Raby, and A. Rattner. 1995. Collagen bioassay by the contraction of fibroblast-popul ated
collagen lattices. Biomat. 16:139-143.

40. Garner, W. L., and J. A. McDonald. 1989. |dentification of the collagen-producing cellsin healing flexor tendon.
Plas. Recon. Surg. 83:875-879.

41. Ghadialy, F. N., J-M. A. Lalonde, and J. H. Wedge. 1983. Ultrastructure of normal and torn menisci of the human
kneejoint. J. Anat. 136:773-791.

42. Ghadialy, F. N., 1. Thomas, N. Yong, and J. M. Lalonde. 1978. Ultrastructure of rabbit semilunar cartilages. J. Anat.
125:499-517.

43. Ghadially, F. N., J. H. Wedge, and J.-M. A. Lalonde. 1986. Experimental methods of repairing injured menisci. J.
Bone Jt. Surg. 68-B:106-110.

44, Goldstein, J. D., A. J. Tria, J. P. Zawadsky, Y. P. Kato, D. Christiansen, and F. H. Silver. 1989. Development of a
reconstituted collagen tendon prosthesis. JBJS. 71-A:1183-1191.

45, Gonzalez, R. 1. 1949. Experimental tendon repair within the flexor tunnel: Use of polyethylene tubes for
improvement of functional resultsin the dog. Surgery. 26:181-198.

46. Gown, A. M. 1990. The mysteries of the myofibroblast (partially) unmasked. Laboratory I nvestigation. 63:1-3.

47. Heughebaert, M., R. Z. LeGeros, M. Gineste, A. Guilhem, and G. Bonel. 1988. Physico-chemical characterization of
deposits associated with HA ceramicsimplanted in nonosseous sites. J. Biomed. Mater. Res.: Appl. Biomat'|.
22:257-268.

48. Howlett, C. R., H. Zreigat, C. McFarland, M. Evans, O. Standard, and J. G. Steele. 1993. The effect of ceramic
substrata on the in vitro mechanism of attachment and spreading of human bone derived cells. In Soc. for
Biomat. Vol. 16. S. A. Brown and K. Merritt, editor*editors. Soc. for Biomat., Birmingham, AL. 284,

49. Huckell, J. R. 1965. Is meniscectomy abenign procedure? A long term follow-up study. Can. J. Surg. 8:254-260.

50. Hunziker, E. B., and E. Kapfinger. 1998. Removal of proteoglycans from the surface of defectsin articular cartilage
transiently enhances coverage by repair cells. J. Bone Jt. Surg. 80-B:144-50.

51. Hunziker, E. B., and L. C. Rosenberg. 1996. Repair of partia-thickness defectsin articular cartilage: cell recruitment
from the synovial membrane. J. Bone Jt. Surg. 78-A:721-733.

17



52. Ibarra, C., C. Jannetta, C. A. Vacanti, Y. Cao, T. H. Kim, J. Upton, and J. P. Vacanti. 1997. Tissue engineered
meniscus: A potential new alternative to allogeneic meniscus transplantation. Transplant. Proc. 29:986-988.

53. Ippolito, E., P. G. Natdi, F. Postacchini, L. Accinni, and C. De Martino. 1977. Ultrastructural and immunochemical
evidence of actinin thetendon cells. Clin. Orthop. 126:282-284.

54. Ippoalito, E., P. G. Natali, F. Postacchini, L. Accinni, and C. De Martino. 1980. Morphological, immunochemical, and
biochemical study of rabbit achilles tendon at various ages. J. Bone Jt. Surg. 62-A:583-598.

55. Jackson, J. P. 1968. Degenerative changesin the knee after meniscectomy. Brit. Med. J. 604:525-527.

56. Jarcho, M., J. F. Kay, K. |. Gumaer, R. H. Doremus, and H. P. Drobeck. 1977. Tissue, cellular and subcellular events
at a bone-ceramic hydroxyapatite interface. J. Bioengineering. 1:79-92.

57. Jensen, S. S., M. Aaboe, E. M. Pinhalt, E. Hjorting-Hansen, F. Melsen, and |. E. Ruyter. 1996. Tissue reaction and
material characteristics of four bone substitutes. The Internatl. J. Oral Maxillofac. Implants. 11:55-66.

58. Johnson, R. J,, D. B. Kettlekamp, W. Clark, and P. Leaverton. 1974. Factors affecting late results after
meniscectomy. J. Bone Jt. Surg. 56A:719-729.

59. Kato, Y. P.,, M. G. Dunn, J. P. Zawadsky, A. J. Tria, and F. H. Silver. 1991. Regeneration of Achillestendonwith a
collagen tendon prosthesis: results of aone-year implantation study. J. Bone Jt. Surg. 73-A:561-574.

60. Kato, Y. P., and F. H. Silver. 1990. Formation of continuous collagen fibres. evaluation of biocompatibility and
mechanical properties. Biomaterials. 11:169-175.

61. Kawamura, S., S. Wakitani, T. Kimura, A. Maeda, A. |. Caplan, K. Shino, and T. Ochi. 1998. Articular cartilage
repair. rabbit experiment with a collagen gel-biomatrix and chondrocytes cultured in it. Acta Orthop. Scand.
69:56-62.

62. King, D. 1936. The function of semilunar cartilages. J. Bone Jt. Surg. 18-A:1069-1076.

63. Kitsugi, T., T. Yamamuro, T. Nakamura, T. Kokubo, M. Takagi, T. Shibuya, H. Takeuchi, and M. Ono. 1987.
Bonding behavior between two bioactive ceramicsin vivo. J. Biomed. Mater. Res. 21:1109-1123.

64. Kokubo, T., S. Ito, Z. T. Huang, T. Hayashi, and S. Sakka. 1990. Ca, P-rich layer formed on high-strength bioactive
glass-ceramic A-W. J. Biomed. Mater. Res. 24:331-334.

65. Letson, A. K., and L. E. Dahners. 1994. The effect of combinations of growth factors on ligament healing. Clin.
Orthop. 308:207-212.

66. Louie, L. K., D. Schulz-Torres, L. Sullivan, I. V. Yannas, and M. Spector. 1997. Behavior of fibroblasts cultured in
porous collagen-GAG copolymer matrices. In Trans. Soc. for Biomat., New Orleans, LA.

67. Louie, L. K., 1. V. Yannas, H.-P. Hsu, and M. Spector. 1997. Healing of tendon defects implanted with a porous
collagen-GAG matrix: Histological evaluation. Tiss. Engr. 3:187-195.

68. Lui, S. H., R-S. Yang, R. Al-Shaikh, and J. M. Lane. 1995. Collagen in tendon, ligament, and bone healing: A
current review. Clin. Orthop. 318:265-278.

69. Lundborg, G., R. H. Gelberman, F. M. Longo, H. C. Powell, and S. Varon. 1982. In vivo regeneration of cut nerves
encased in silicone tubes. J. Neuropath. Exp. Neurol. 41:412-422,

70. Luyten, F. P., V. C. Hascall, S. P. Nissey, T. |. Moraes, and A. H. Reddi. 1988. Insulin-like growth factors maintain
steady-state metabolism of proteoglycansin bovine articular cartilage explants. Arch. Biochem. Biophys.
267:416-25.

71. Lyon, R. M., W. H. Akeson, D. Amidl, L. R. Kitabayashi, and S. L.-Y. Woo. 1991. Ultrastructural differences
between the cells of the medial collateral and the anterior cruciate ligaments. Clin. Orthop. 272:279-286.

72. Mademud, C. J, D. P. Norby, and L. Sokoloff. 1978. Explant culture of human rabbit articular cartilage
chondrocytes. Conn. Tiss. Res. 6:171-179.

73. Mdik, M. A., D. A. Puleo, R. Bizios, and R. H. Doremus. 1992. Osteoblasts on hydroxyapatite, alumina and bone
surfacesin vitro: morphology during the first 2 h of attachment. Biomaterials. 13:123-128.

74. Mandl, F. 1929. Regeneration des menschlichen Kniegel enkzwishchenknorples. Zentralbl. Chir. 56:3265-3276.

75. Manizone, M., P. D. Pizzutillo, A. B. Peoples, and P. A. Schweizer. 1983. Meniscectomy in children: A long time
follow up study. Am. J. Sports Med. 11:111-115.

76. Manske, P. R., and P. A. Lesker. 1984. Histological evidence of intrinsic flexor tendon repair in various
experimental animals. Clin. Orthop. 182:297-304.

77.Mass, D. P., and R. J. Tuel. 1990. Participation of Human Superficialis Flexor Tendon Segmentsin Repair In Vitro. J
Orthopaedic Research. 8:21-34.

78. Matthews, P., and H. Richards. 1974. The repair potential of digital flexor tendon after repair. J. Bone Jt. Surg. 58-
B:230-236.

79. McGinty, J. B., L. F. Geuss, and R. A. Marvin. 1977. Partial or total meniscectomy: A comparative analysis. J.
Bone Jt. Surg. 59-A:763-766.

80. Murrell, G. A. C., E. G. Lilly, H. Davies, T. M. Best, R. D. Goldner, and A. V. Seaber. 1992. The Achilles functional
index. J. Orthop. Res. 10:398-404.

18



81. Narang, R., and H. Wells. 1975. Osteogenesis within polyethylene implants at fracture gaps. Oral Surg. Oral Med.
Oral Pathol. 39:203-9.

82. Nehrer, S, H. A. Breinan, A. Ramappa, S. Shortkroff, G. Young, T. Minas, C. B. Sledge, I. V. Yannas, and M.
Spector. 1997. Canine chondrocytes seeded in type | and type 11 collagen implantsinvestigated in vitro. J.
Biomed. Mater. Res. (Appl. Biomat.). 38:95-104.

83. Nehrer, S, H. A. Breinan, A. Ramappa, G. Young, S. Shortkroff, L. Louie, C. B. Sledge, I. V. Yannas, and M.
Spector. 1997. Matrix collagen type and pore size influence behaviour of seeded canine chondrocytes. Biomat.
18:769-776.

84. Neo, M., T. Nakamura, C. Ohtsuki, T. Kokubo, and T. Y amamuro. 1993. Apatite formation on three kinds of
bioactive material at an early stagein vivo: acomparative study by transmission electron microscopy. J.
Biomed. Mater. Res. 27:999-1006.

85. Neurath, M. F., H. Printz, and E. Stofft. 1994. Cellular ultrastructure of the ruptured anterior cruciate ligament. Acta
Orthop Scand. 65:71-76.

86. Northmore-Ball, M. D., M. R. Wood, and B. F. Meggit. 1980. A biomechanical study of the effects of growth
hormone in experimental fracture healing. J. Bone Jt. Surg. 62-B:391-396.

87. Pettrone, F. A. 1982. Meniscectomy: Arthrotomy versus arthroscopy. Am. J. Sports Med. 1:355-359.

88. Postacchini, F., L. Accinni, P. G. Natali, E. Ippolito, and C. DeMartino. 1978. Regeneration of rabbit calcaneal
tendon: A morphological and immunochemical study. Cell Tissue Res. 195:81-97.

89. Puleo, D. A., and R. Bizios. 1992. Formation of focal contacts by osteoblasts cultured on orthopedic biomaterial's.
J. Biomed. Mater. Res. 26:291-301.

90. Puleo, D. A., K. E. Preston, J. B. Shaffer, and R. Bizios. 1993. Examination of osteoblast-orthopaedic biomaterial
interactions using molecular techniques. Biomaterials. 14:111-114.

91. Rao, K. S,, G. S.R. Cobdl, J. T. Young, T. R. J. Hanley, W. C. Hayes, J. A. John, and R. R. Miller. 1983. Ethylene
glycol monomethyl ether I1. Reproductive and dominant lethal studiesin rats. Fundam Appl Toxicol. 3:80-5.

92. Reindel, E. S., A. M. Ayroso, A. C. Chen, D. M. Chun, R. M. Schinagl, and R. L. Sah. 1995. Integrative repair of
articular cartilage in vitro: Adhesive strength of the interface region. J. Orthop. Res. 13:751-760.

93. Schwartz, Z., G. Braun, D. Kohavi, B. Brooks, D. Amir, J. Sela, and B. Boyan. 1993. Effects of hydroxyapatite
implants on primary mineralization during rat tibial healing: Biochemical and morphometric analyses. J. Biomed.
Mater. Res. 27:1029-1038.

94. Scully, S. P., M. E. Joyce, A. Heydeman, and M. E. Bolander. 1991. Articular cartilage healing in vitro: modulation
by bFGF abd TGF-b1. Trans. Orthop. Res. Soc. 16:385.

95. Shen, X., E. Roberts, and J. E. Davies. 1993. Organic extracellular matrix components at the bone cell/substratum
interface. In Society for Biomaterials. Vol. 16. S. A. Brown and K. Merritt, editor*editors. Soc. for Biomat.,
Birmingham, AL. 249.

96. Shieh, S., M. C. Zimmerman, and J. R. Parsons. 1990. Preliminary characterization of bioresorbable and
nonresorbabl e synthetic fibers for the repair of soft tissue injuries. J. Biomed. Mater. Res. 24:789-808.

97. Skalli, O., W. Schiirch, T. Seemayer, R. Lagacé, D. Montandon, B. Pittet, and G. Gabbiani. 1989. Myofibroblasts
from diverse pathol ogic settings are heterogeneousin their content of actin isoforms and intermediate filament
proteins. Lab. Invest. 60:275-285.

98. Smile, I. S. 1943. Observations on the regeneration of the semilunar cartilagesin man. Br. J. Surg. 31:398-401.

99. Smile, I. S. 1946. Injuries of the kneejoint. E & S Livingstone Edinburgh & London.

100. Soballe, K., and A. J. Hansen. 1982. L ate results after meniscectomy in children. Injury. 18:182-184.

101. Stone, K. R., J. R. Steadman, W. G. Rodkey, and S.-T. Li. 1997. Regeneration of ameniscal cartilage with use of a
collagen scaffold. J. Bone Jt. Surg. 79-A:1770-1777.

102. Takebayashi, T., M. Iwamoto, A. Jikko, T. Matsumura, M. Enomoto-lwamoto, F. Myoukai, E. Koyama, T. Y amaali,
K. Matsumoto, T. Nakamura, K. Kurisu, and S. Noji. 1995. Hepaocyte growth factor/scatter factor modulates cell
motility, proliferation, and proteoglycan synthesis of chondrocytes. J. Cell Biol. 129:1141-1419.

103. Tracy, B. M., and R. H. Doremus. 1984. Direct electron microscopy studies of the bone-hydroxylapatite interface.
J. Biomed. Mater. Res. 18:719-726.

104. Webber, R. J., M. G. Harris, and A. J. Hough. 1985. Cell culture of rabbit meniscal fibrochondrocytes:. Proliferative
and synthetic response to growth factors and ascobate. J. Orthop. Res. 3:36-42.

105. Webber, R. J., and A. J. Hough. 1988. Cell culture of rabbit meniscal fibrochondrocytes 1. Sulfated proteoglycan
synthesis. Biochimie. 70:193-204.

106. Webber, R. J., T. Zitaglio, and A. J. Hough. 1986. In vitro cell proliferation and proteoglycan synthesis of rabbit
meniscal fibrochondrocytes as a function of age and sex. Arthr. Rheum 29:1010-1016.

107. Whipple, T. L., R. B. Caspari, and J. F. Meyers. 1984. Arthroscopic meniscectomy. An interim report at three to
four years after operation. Clin. Orthop. 183:105-114.

19



108. Wrohle, R. R., R. C. Henderson, E. R. Campion, G. Y. El-Khoury, and J. P. Albright. 1992. Meniscectomy in
children and adolescents: along-term follow-up study. Clin. Orthop. 279:180-189.

109. Yahia, L. H., and G. Drouin. 1989. Microscopical investigation of canine anterior cruciate ligament and patellar
tendon: Collagen fascicle morphology and architecture. J Orthop Res. 7:243-251.

110. Young, R. G., D. L. Butler, W. Weber, S. L. Gordon, and D. J. Fink. 1997. Mesenchymal stem cell-based repair of
rabbit Achillestendon. In Trans. Orthop. Res. Soc., San Francisco, CA. 249.

111. Yousefi, M., K. Kita, and M. Spector. 1991. Bone remodeling around natural and synthetic apatite implants. In
Frontiersin implant science symposium. P. A. Schnitman, editoreditors. Amer. Acad. Implant Dentistry Res.
Foundation, Washington, DC.

20



