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Abstract
The repair of diseased or damaged cartilage remains one of
the most challenging problems of musculoskeletal medicine. Tissue engineering advances in cartilage repair have
utilized autologous and allogenic chondrocyte and cartilage
grafts, biomaterial scaffolds, growth factors, stem cells, and
genetic engineering. The mesenchymal stem cell has specifically attracted much attention because of its accessibility,
potential for differentiation, and manipulability to modern
molecular, tissue and genetic engineering techniques. Mesenchymal stem cells provide invaluable tools for the study of
tissue repair when combined with a carrier vehicle/matrix
scaffold, and/or bioactive growth factors. However, an underappreciated source of knowledge lies in the relationship
between fetal development and adult tissue repair. The multitude of events that take place during fetal development
which lead from stem cell to functional tissue are poorly un-
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derstood. A more thorough understanding of the events of
development as they pertain to cartilage organogenesis
may help elucidate some of the unknowns of adult tissue
repair.
Copyright © 2006 S. Karger AG, Basel

Introduction

With the increasing proportion of elderly individuals
in the US, degenerative joint diseases such as osteoarthritis are rapidly becoming a significant healthcare burden,
both to the patients that must live with these conditions
and to the society that has little to definitively offer them
short of major surgery [Centers for Disease Control and
Prevention, 2003]. In the US alone 43 million people suffer from such arthritic conditions [Centers for Disease
Control and Prevention, 1999] and osteoarthritis is currently the most common musculoskeletal disorder of industrial nations [Jackson et al., 2001]. Traumatic injuries
to cartilage pose a similar problem both to patients and
the healthcare community. Despite the immense natural
healing and regenerative capabilities the human body
possesses, the repair of diseased or damaged cartilage remains one of the most daunting problems of musculoskeletal medicine. Adult articular cartilage retains a poor
capacity for growth and regeneration, and in the limited
circumstances of partial repair, it is replaced with suboptimal fibrocartilage. Recent tissue engineering advances
in the augmentation of cartilage repair have included the
use of autologous and allogenic chondrocyte and cartilage grafts [Lane et al., 1977; Grande et al., 1989; Wakitani
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et al., 1989; Minas and Peterson, 1999; Peterson et al.,
2002], biomaterials [Vacanti et al., 1991; Grande et al.,
1997; Sherwood et al., 2002; Cao et al., 2003], growth factors [Redini et al., 1988; Sellers et al., 1997; Nixon et al.,
1999; O’Connor et al., 2000; Fukumoto et al., 2003; Tanaka et al., 2004], mesenchymal stem cells (MSCs) [Wakitani et al., 1994; Grande et al., 1995; Caplan et al., 1997;
Im et al., 2001], and genetic engineering [Mason et al.,
2000; Madry et al., 2002; Gelse et al., 2003; Grande et al.,
2003; Noel et al., 2004]. However, the progress made with
such tissue engineering techniques is still limited by our
current fund of knowledge. A largely untapped source of
knowledge lies in the relationship between fetal development and adult tissue repair. Despite the lack of attention
given to this relationship, the events that take place during organogenesis may bear great significance to the tissue repair process that occurs later in life, and to the scientific community studying that process. Where our
knowledge is limited in the biology and specific molecular interactions between stem cells and their environment, a deeper understanding of the events of fetal development as they pertain to cartilage organogenesis may
help elucidate some of the unknowns of adult tissue repair.

The utilization and manipulation of stem cells has offered some of the most promising technological advances
in cartilage repair. These cells have attracted great attention because of their accessibility, relative ease of expansion by culture, and their manipulability to modern molecular and genetic engineering techniques. Stem cells are
by definition undifferentiated cells that have a high capacity for proliferation and self-renewal, and enable the
production of differentiated daughter cell lines for the
purpose of tissue maintenance and repair. With our recent appreciation of their heterogeneity and plasticity, a
revised definition has been proposed to reflect these
functional attributes. The proposed definition regards
stem cells as a potentially heterogeneous population of
functionally undifferentiated cells that maintain flexibility and reversibility in their capabilities of: self-renewal,
homing to an appropriate growth environment, proliferation, production of differentiated progeny, and regeneration of functional tissue after injury [Loeffler and
Roeder, 2002]. Stem cells vary in their potential for differentiation depending on their subtype. Totipotent stem
cells have ability to produce daughter cells of every cell

lineage of an organism, including the necessary tissues
for implantation within the uterus. Pluripotent stem cells
have the same ability minus the production of trophoblasts, and so are unable to give rise to an entire organism.
Multipotent stem cells produce progeny of a limited number of tissue types. MSCs are an example of multipotent
cells, originally named for their differentiation potential.
MSCs are multipotent for the mesoderm-derived cell
lines, such as chondrocytes, osteocytes, myocytes, adipocytes, and fibroblasts [Caplan, 1991]. MSCs have thus far
demonstrated the ability to give rise to cartilage [Wakitani et al., 1994; Rogers et al., 1995; MacKay et al., 1998;
Johnstone et al., 1998; Pittenger et al., 1999; Barry et al.,
2001], bone [Aubin et al., 1995; Rogers et al., 1995; Jaiswal et al., 1997; Karsenty, 2000; Long, 2001; Aslan et al.,
2006], fat [Beresford et al., 1992; Rogers et al., 1995; Pittenger et al., 1999], muscle [Rogers et al., 1995; Saito et al.,
1995; Wakitani and Saito, 1995; Reyes and Verfaille,
1999a], tendon [Young et al., 1998; Awad et al., 1999],
skin [Deng et al., 2005], hematopoietic-supporting stroma [Cheng et al., 2000; Koc and Lazarus, 2001] and neural tissue [Kopen et al., 1999; Reyes and Verfaille, 1999b;
Deng et al., 2006]. Although MSCs are well known for
their abundance in bone marrow, similar adult-derived
stem cells have also been isolated from a variety of tissue
types, such as periosteum [Nakahara et al., 1991; Mason
et al., 1998; De Bari et al., 2001; O’Driscoll and Fitzsimmons, 2001; Grande et al., 2003], trabecular bone [Noth
et al., 2002; Osyczka et al., 2002], muscle [Bosch et al.,
2000; Asakura et al., 2001; Young et al., 2001; Huard et
al., 2003], fat [Zuk et al., 2001; Mizuno, 2003; Wickham
et al., 2003; Dicker et al., 2005; Kern et al., 2006], synovial tissue [De Bari et al., 2001], dermis [Young et al.,
2001], adult peripheral blood [Zvaifler et al., 2000], and
cord blood [Erices et al., 2000; Romanov et al., 2003; Kern
et al., 2006]. Of particular interest, a progenitor cell population has also been recently isolated from articular cartilage [Dowthwaite et al., 2004; Alsalameh et al., 2004].
Whether these adult-derived stem cells are in fact MSCs,
are similar progenitors that are further differentiated, or
are cells of a different line altogether is still debated. Also
questioned is the actual source of stem cells from these
adult tissues, with vascular endothelium being an example of a plausible contributor of progenitor cells in some
tissues. With such a broad spectrum of tissues from which
MSCs and similar stem cells have been isolated and shown
to give progeny, it is not surprising that there is still no
agreement in the literature as to a specific definition for
the MSC.
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With the current broad range of cells thought to be
MSCs or progenitors of similar origin, efforts have been
made to differentiate and classify them. To aid in the isolation and characterization of these cells, different cell
surface markers have been identified using monoclonal
antibodies. Although certain typical surface antigens are
recognized, no unique combination is universally agreed
upon for the MSC or any of its subtypes [Ringe et al.,
2002]. Differential up-regulation and down-regulation of
many of those antigens further frustrates attempts to
uniquely identify these cells. The most commonly studied MSCs are those derived from bone marrow, and also
those thought to be derived from muscle and fat. Some of
the surface markers that have been identified specifically
on marrow-derived MSCs are: collagen types I, II, III, IV,
V, VI; proteoglycan; fibronectin; hyaluronan; laminin;
IL-6, -7, -8, -11, -12, -13, -14, -15, 1, 1R, 3R, 4R, 6R, 7R;
M-CSF; SCF; F/t-3 ligand; LIF; GM-CSF; G-CSF; integrin-1, 2, 3, 1, 3, 4; ALCAM; endoglin; hyaluronate receptor; ICAM-1, -2; VCAM-1; LFA-3; L-selectin;
PDGFR; TNFIR; TNFIIR; TGF1R; TGFIIR; IFNR;
bFGFR; EGFR; LIFR; G-CSFR, and SCFR [Haynesworth
et al., 1996; Majumdar et al., 1998; Pittenger et al., 1999;
Conget and Minguell, 1999; Minguell et al., 2001; Ringe
et al., 2002]. Some of the known surface markers of muscle-derived MSCs are Sca-1, Bcl-2, CALLA, aminopeptidase N, CD34, and NCAM [Miller et al., 1999; Young et
al., 1999; Seale and Rudnicki, 2000]. Adipose-derived
MSCs have been associated with tetraspan, CALLA, aminopeptidase N, integrin 5, 1, hyaluronate, complement
protectin, endoglin, VCAM, and ALCAM [Wickham et
al., 2003]. Marrow-derived MSCs have demonstrated the
potential to give rise to bone, cartilage, muscle, and hematopoietic-supporting stroma [Pereira et al., 1995; Wakitani and Saito 1995; Prockop, 1997; Pittenger et al., 1999;
Barry et al., 2001] but are themselves non-hematopoietic
[Prockop, 1997]. Muscle-derived stem cells have been
shown to differentiate into myogenic, osteogenic, chondrogenic, adipogenic, and hematopoietic cells [Pate et al.,
1993; Young et al., 1993; Williams et al., 1999; Herzog et
al., 2003]. Adipose-derived stem cells have been induced
to differentiate into adipogenic, myogenic, osteogenic,
and chondrogenic lineages [Halvorsen et al., 2001; Erickson et al., 2002; Dicker et al., 2005]. Each of these stem cell
types can be isolated using similar methods, such as the
preplate technique [Qu et al., 1998; Pittenger et al., 1999;
Caterson et al., 2002; Erickson et al., 2002; Winter et al.,
2003]. However, in spite of their differences in the tissue
of origin, surface markers, and tissue progeny, there still
remains a lack of agreement as to whether each of these
114
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cell types are all the same MSC, are different stages of a
common MSC, or are truly distinct cells.
The differentiation capabilities of MSCs are highly
plastic, influenced and determined by cell–cell and cell–
environment interactions [Bennett et al., 1991; Beresford
et al., 1992; Pittenger et al., 1999; Liang and Bickenbach,
2002; Loeffler and Roeder, 2002; Ball et al., 2004]. The extent of the potential and plasticity of differentiation of
these cells is a subject of intense investigation. Conflicting
reports debating the level of plasticity of specific stem cell
lines have often used different cell markers with varying
sensitivity and selectivity [Prockop et al., 2003], preventing a valid comparison between studies. Other reports
pose the question of whether some of the plasticity attributed to such cells is due to cell fusion with local tissue
rather than cell differentiation [Terada et al., 2002; Ying et
al., 2002; Prockop et al., 2003]. The presence of other multipotential stem cells in the same compartments that MSCs
are found further complicates our efforts. Multipotent
adult progenitor cells, found in bone marrow and other
tissue types [Jiang et al., 2002; Bedada et al., 2006], also
co-purify with MSCs and grow as adherent cells. They
have been shown to produce progeny of endodermal, mesodermal, and ectodermal cell lines, including hematopoietic cells [Herzog et al., 2003]. It is plausible that musclederived and adipose-derived stem cells are imprinted in
some fashion so that they are more likely to produce progeny specific to their tissue of origin. It is also possible that
MSCs commonly originating in bone marrow can become
imprinted to favor myogenic or adipogenic differentiation
based alone on the local environmental milieu. An incomplete understanding of the cell markers that can be reliably
used to identify and distinguish these cells and their individual subtypes is a current limitation to the study of the
MSC and other multipotent stem cells. In addition to varying methods of identification, the multitude of techniques
used to obtain, isolate, and expand such cells have prevented a consensus on a universally agreed upon definition of the MSC. Despite these limitations, the potentially
vast differentiating capabilities of the MSC, along with its
accessibility, ease of culture and expansion, phenotypic
stability, and overall manipulability make it an attractive
target of investigation in tissue repair.

MSCs in Tissue Repair

Following injury, there is a local influx of inflammatory cells from the circulation that help remove damaged
cellular and extracellular debris. During and/or subseLeo/Grande

quent to this immediate inflammatory response, there is
a local regeneration and proliferation of most tissue types.
Poorly vascularized tissues, such as articular cartilage,
benefit little from these reparative mechanisms. Tissues
with little regenerative capacity attempt to overcome injury largely with scar formation. Repair and regeneration
is in part accomplished by locally resident, early precursor cells that provide tissue-specific progeny. To provide
a few examples, periosteum and endosteum contain fibroblast-like osteoprogenitor cells that have the potential
to differentiate into osteoblasts. Except for fibrocartilage
and articular hyaline cartilage, the perichondrium surrounding other types of cartilage contains fibroblast-like
chondroblasts that differentiate into chondrocytes. Satellite cells, quiescent mesenchymal cells found just outside
of the sarcolema, differentiate into myoblasts that fuse to
form new myofibers. Pericytes are perivascular mesenchymal cells found along capillaries and small venules
that differentiate into endothelial cells. The basal layer of
progenitor cells of the epidermis replenishes the turnover
of epithelial cells. Each of these progenitor cells are themselves thought to be replenished by stem cells that originate in bone marrow. Marrow-derived stem cells may become imprinted once they reach local tissue to be more
selective in producing progeny of that tissue type during
repair. Some types of repair may even require importation of marrow-derived progenitor cells for complete repair to be achieved at all. As an example, while periosteal
progenitors may provide subperiosteal bone formation
following fracture, vascular invasion of long bone fractures imports marrow-derived cells for the bone formation at the fracture ends. The properties of MSCs discussed earlier makes them some of the most likely candidates as the source for many or even all of these
progenitors. There is debate as to exactly which level of
cellular differentiation is responsible for the source of
marrow-derived cells in tissue-specific repair, and whether these cells leave the marrow at a stage of even greater
multipotentiality than the MSC [Prockop et al., 2003].
Our understanding of tissue repair is further complicated when taking into consideration the number of tissue
types other than bone marrow from which MSCs are
thought to possibly be derived. It remains unclear to what
extent the locally resident MSC/adult progenitor participates in repair versus the abundant marrow-derived
MSCs. Given the great potential of these cells and our
lack of a complete understanding of that potential, they
make excellent subjects of investigation for the current
state of tissue repair science.

Mesenchymal Stem Cells

Modern Techniques in Tissue Engineering

Earlier efforts towards cartilage repair focused on
autologous and allogenic chondrocyte grafts. However,
such grafting techniques are hampered by morbidity to
donor sites, limited quantity of tissue, immunogenic reactions, transmission of infections, biological inferiority,
inconsistent local incorporation into host tissue, morbidity of lengthy, multiple, technique-dependent procedures,
and ultimately limited clinical applicability. Additionally, native chondrocytes isolated for in vitro culture and
expansion demonstrate a low proliferative capability with
a limited number of replication cycles [Saadeh et al.,
1999] and poor phenotypic stability [Benya and Shaffer,
1982]. These limitations have spurred the scientific community towards the investigation of cellular and biosynthetic alternatives to autologous and allogenic chondrocyte grafting.
Current tissue engineering techniques utilize any
combination of three critical components: a cellular component, a carrier vehicle/matrix scaffold, and a bioactive
component. The cellular component should consist of
healthy, viable cells that are accessible, manipulable, and
nonimmunogenic. These cells should also be responsive
to environmental cues while maintaining a certain degree of phenotypic stability. The carrier component has a
dual function, acting as both a delivery vehicle and a matrix scaffold. The carrier function may pertain to a bioactive growth factor and/or to a cellular component. The
carrier should be biologically compatible to both the
growth factor/cellular component and the recipient host
tissue. The scaffold should enable in vitro/in vivo cellular
seeding and adhesion without adversely altering cellular
phenotype, and enable integration into local host tissue
without causing a detrimental inflammatory reaction. It
should be biodegradable, acting as a temporary structural framework until its role is replaced by naturally synthesized matrix. In addition, the scaffold would also need
to be biomechanically sound, strong enough to withstand
at least the compressive and shear forces of the growth
and repair process, and preferably resemble the properties of the local host tissue. The bioactive component
should act as an inductive factor to tissue repair. These
growth factors should augment chemotaxis, cell differentiation, proliferation, and/or matrix production.
MSCs in Tissue Engineering
An excellent candidate for the cellular component is
the MSC. Fibroblast-like precursor cells isolated from
bone marrow that manifested the potential to produce cell
Cells Tissues Organs 2006;183:112–122
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lines resembling osteocytes and chondrocytes were first
identified by Friedenstein et al. [1976] three decades ago,
and were later confirmed to be multipotential mesenchymal precursors [Friedenstein et al., 1987]. If these cells are
required for the replenishment of local progenitors in
adult tissue repair, then a logical extrapolation is that their
regional availability would act as a limiting factor to the
extent of repair possible. Therefore, tissues like articular
cartilage that have a limited or non-existent blood supply,
and thus a limited natural source of these cells, may exhibit the greatest benefit to tissue engineering techniques
that utilize and locally provide MSCs as the cellular component. These cells are readily accessible from bone marrow sources such as the iliac crest [Haynesworth et al.,
1992; DiGirolamo et al., 1999; Pittenger et al., 1999], tibial and femoral shafts [Oreffo et al., 1998; Murphy et al.,
2002], and vertebra [D’Ippolito et al., 1999], among a long
list of other potential sources discussed earlier, and are
easily expanded in vitro while maintaining phenotypic
stability [Haynesworth et al., 1992; Martin et al., 1997;
DiGirolamo et al., 1999; Pittenger et al., 1999]. When such
cultured MSCs are implanted alone into surgically created full-thickness cartilage defects in rabbit and rat animal
models, they demonstrate increased cartilage repair over
controls [Wakitani et al., 1994; Grande et al., 1995; Caplan
et al., 1997; Im et al., 2001; Oshima et al., 2005]. Similar
repair has been reported in femoral bony defects in rats
[Kadiyala et al., 1997] and Achilles tendon defects in rabbits [Young et al., 1998].
MSCs and Biomaterial Scaffolds
Various biomaterials have been utilized as vehicles of
delivery for cells and growth factors, and as scaffolds for
cellular propagation and matrix production. Some of the
more commonly studied synthetic scaffolds in cartilage
repair are made of polyglycolic acid, poly-L-lactic acid
and the copolymer poly-DL-lactic-co-glycolic acid [Sherwood et al., 2002; Giurea et al., 2003; Moran et al., 2003].
The more common natural scaffold materials include
collagen, hyaluronic acid, chitosan and alginate [Cao et
al., 1998; Cherubino et al., 2003; Abe et al., 2004]. Biosynthetic scaffolds offer the advantage of manipulability in
design (fiber diameter, pore size, degradation time) and
reproducibility in production. Natural scaffolds offer the
advantage of using materials that are native to the local
environment. Matrix scaffolds have demonstrated increased cartilage growth and/or repair over controls
when used alone [Grande et al., 1999], when seeded with
a growth factor [Kim and Valentini, 2002], and when
seeded with chondrocytes [Vacanti et al., 1991, 1994;
116
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Freed et al., 1994; Chu et al., 1995; Frenkel et al., 1997;
Grande et al., 1997; Saldanha and Grande, 2001; Weng et
al., 2001] in both in vitro and in vivo model systems.
More recently, these scaffolds are being used in combination with MSCs [Martin et al., 1998; Radice et al., 2000;
Caterson et al., 2001; Williams et al., 2003; Huang et al.,
2006; Shao et al., 2006]. Seeding MSCs onto a scaffold offers the advantage of providing an accessible, manipulable, self-renewing source of otherwise locally limited progenitor cells, on a biodegradable template for proliferation and matrix production.
MSCs, Bioactives, and Genetic Engineering
Many bioactive growth factors have been investigated
for their chondroprogenitive potential. The most common of these factors are the members of the transforming
growth factor (TGF) superfamily; specifically TGF- and
the bone morphogenic proteins (BMP-2 and 7). Other
growth factors that likely play a role in neochondrogenesis
include acidic and basic fibroblast growth factor (FGF-1
and 2), insulin-like growth factor (IGF-1), and plateletderived growth factor (PDGF). An additional growth factor currently under investigation is growth and differentiation factor-5 (a.k.a. BMP-13). Bioactives other than
growth factors have also been studied, such as synthetic
thrombin peptide-508. Much of the existing evidence of
the chondroprogenitive role of these growth factors was
obtained using them either alone or with cultured chondrocytes [Redini et al., 1988; Nixon et al., 1999; Hunziker
et al., 2001; Hickey at al., 2003; Tanaka et al., 2004]. However, stromal cell populations have also been found to expand efficiently and/or undergo chondrogenic differentiation under the influence of many of the above-mentioned bioactive factors, such as TGF-, IGF, PDGF, and
FGF [Kuznetsov et al., 1997; Worster et al., 2000, 2001].
Newer technologies under investigation are combining
the use of growth factors and MSCs. But most interesting
are the techniques that utilize genetic engineering to
transfect MSCs with genes of specific growth factors.
These cells have recently demonstrated the ability to function as efficient vehicles of transduced genes [Dao and
Nolta 1998; Mason et al., 1998; Mosca et al., 2000; Guo et
al., 2001, 2002; McMahon et al., 2006]. Various vector systems are constructed with the bioactive gene of interest
and allowed to transduce a MSC population in vitro before the cells are transplanted into the host tissue. This
indirect method of gene therapy enables the controlled
transfer of a specific growth factor gene into a select cell
population. The vectors currently utilized are viral or less
commonly nonviral. Viral vectors are manipulated to
Leo/Grande

render them nonpathogenic, loaded with the DNA or
RNA of the desired growth factor, and allowed to infect a
specific cell line in order to transfer the specific gene of
choice. The vectors most commonly used are adenoviral,
adeno-associated, retroviral, and herpes simplex. When
considering the most appropriate vector, the characteristics of importance are transgene insertion size capacity,
genome state after transduction, efficiency of infection,
ability to infect nondividing cells, degree and duration of
transgene expression, native viral gene expression, and
cost of vector production [Moynihan and Grande, 2002].
As this technology develops, the number of reports illustrating the chondroprogenitive potential of MSCs transduced with the genes of bioactive growth factors continues to grow in the literature [Carlberg et al., 2001; Madry
et al., 2002; Steinert et al., 2003; Noel et al., 2004; Palmer
et al., 2005]. However, the real potential of transduced
MSCs goes beyond the induction of these cells into chondrocytes. Cells transduced using these techniques function as bioactive factories, providing a sustained local delivery of specific growth factors to the site of diseased or
damaged tissue. This combined approach, termed ‘geneenhanced tissue engineering’ by one of the authors
(D.A.G.), delivers a local supply of otherwise limited cells
that not only participate directly in the repair process, but
also act indirectly to augment the local host tissue response by inducing cell recruitment, propagation, and
matrix production. Investigators have gone beyond in vitro cell culture and have utilized this technology to demonstrate in vivo cartilage repair. Periosteal-derived MSCs
transduced with BMP-7 and sonic hedgehog have been
recently reported to significantly increase the quality of
repair over controls in surgically created osteochondral
defects in a rabbit model [Mason et al., 2000; Grande et
al., 2003]. Similarly, periosteal-derived MSCs expressing
BMP-2 and IGF-1 improved cartilage repair in the surgical defects of rat femurs [Gelse et al., 2003]. With such a
powerful combination of tools, gene-enhanced tissue engineering will likely provide a highly useful methodology
in the near future of tissue repair.

studied, are still poorly understood, and few reports are
available. A lineage scheme has been proposed for the
embryonic development of bone, starting with the MSC
and progressing through several stages before ending
with the osteocyte [Bruder and Caplan, 1989, 1990a,
1990b, 1990c]. However, with our still incomplete knowledge of the various surface markers present on these cells
during their different stages, it is difficult to determine
the completeness of such a scheme. Interpreting such information is made more complicated with our recent appreciation of the heterogeneity and plasticity of MSCs.

MSCs in Development
Our current understanding of the role of MSCs in development is extremely limited. The multitude of events
that take place during fetal development which lead from
stem cell to functional tissue have not been adequately

Cell Signals in Development
Even more elusive are the cellular and environmental
signals that regulate the progression from one cellular
stage to the next. The specifics of the molecular interactions of MSCs between each other and their environment
are largely unknown. Efforts towards elucidating musculoskeletal organogenesis have made some progress, such
as determining the role of FGF in embryonic osteogenesis
[Frenkel et al., 1990] and limb-bud formation [Niswander
and Martin, 1992], the influence of the inhibitory protein
I-mfa on embryonic mesenchymal precursors and skeletal
development [Kraut et al., 1998], and the suspected role of
cartilage homeoprotein-1 [Zhao et al., 1993] and Notch1
[Watanabe et al., 2003] in embryonic chondrocyte differentiation. But these reports are sparse and explain relatively little of the complete mechanism of progression
from stem cell to functional tissue. Are the cellular signaling events, intracellular cascades, and steps of cell differentiation observed in experimental models and in tissue
repair the same as those taking place during development? Previous investigations of the events of long bone
formation during development demonstrated that osteogenesis occurs in a manner that is directed along invading
vasculature, suggesting that marrow-derived elements are
essential for this process [Pechak et al., 1986a, 1986b].
Does the invading vasculature following an adult long
bone fracture bring in the same marrow-derived elements
that are responsible for developmental osteogenesis, and
are they subject to a local microenvironment that is similar or drastically different in the two scenarios? Although
the current opinion is that these processes are similar, the
existing evidence is thin and sometimes conflicting. For
example, although the growth factor Tenascin-C has been
shown to participate in chondrogenesis in the embryonic
limb-bud [Mackie et al., 1987; Gluhak et al., 1996], one
report demonstrated that it fails to improve cartilage repair in partial thickness defects over controls in the knees
of adult pigs [Hunziker et al., 2001].

Mesenchymal Stem Cells

Cells Tissues Organs 2006;183:112–122

The Role of Understanding Fetal Development in
Future Directions of Tissue Repair

117

Cell Signals in Fetal Tissue Repair
Older reports that describe scarless healing in the early fetal lamb [Burrington, 1971] might suggest that there
is a certain significant difference between adult and fetal
tissue repair. Why should tissue injury at one stage of life
result in perfect repair and at a later stage lead to scar formation? One plausible explanation is that the same
growth factor may play different roles at different stages
of life. In comparing fetal and adult tissue concentrations
of different growth factors known to participate in repair
in adult models, various investigators have reported lower concentrations of TGF-1, TGF-2 [Whitby and Ferguson, 1991a, 1991b] and hyaluronidase [Whitby and
Ferguson, 1991a; West et al., 1997], and higher concentrations of hyaluronan [DePalma et al., 1989; Alaish et al.,
1994; Iocono et al., 1998] and tenacin [Shah et al., 1995]
in fetal tissue. It is difficult to interpret such data with the
large body of evidence supporting the chondroprogenitive and osteoinductive role of factors such as TGF- in
adult models. The available literature is still too sparse
and inconclusive to lead to any definitive conclusions
about the relation of these growth factors between fetal
and adult tissue repair [Akeson et al., 2001], and even less
understood is their role in relation to the MSC.

Discussion

A more aggressive approach is required in order
to increase our understanding of the possible link between fetal development and adult tissue repair. Some

of the questions left to be answered are whether there
are additional cytokines and growth factors released
by the local environment during organogenesis that can
be used to augment adult tissue repair, what those bioactive agents are, with what concentration are they
present, and in what temporal relationship. Other unknowns center around the stem cell, such as the extent
of any differences between the embryonic and adult
MSC.
Despite the progress made in the use of MSCs in tissue, molecular, and genetic engineering, the role of the
MSC in development is an understudied area, one which
may bear great significance to the study of adult tissue
repair. Perhaps a better working knowledge of the molecular mechanisms of organogenesis, and specifically
chondrogenesis, as they occur in development can be
used to better understand the role of MSCs in tissue repair. Can the cellular signals and interactions that take
place during development provide new insights to potential manipulations to improve repair of damaged or diseased tissue in adult life? If the events of development
and adult tissue repair share a high similarity, then a
deeper understanding of one can be utilized towards advancing the technology implemented to augment the
other. If they are in fact very different, then the study of
one may lead to entirely new approaches towards improving the other. In either circumstance, it is clear that
MSCs have enormous potential, and the next step towards harnessing that full potential likely lies in the
many remaining unknowns of the role of MSCs in fetal
development.
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