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Background: Indications for surgical meniscal repair are limited, and failure rates remain high. Thus, new ways to
augment repair and stimulate meniscal regeneration are needed. Mesenchymal stem cells are multipotent cells present
in mature individuals and accessible from peripheral connective tissue sites, including synovium. The purpose of this
study was to quantitatively evaluate the effect of implantation of synovial tissue-derived mesenchymal stem cells on
meniscal regeneration in a rabbit model of partial meniscectomy.

Methods: Synovial mesenchymal stem cells were harvested from the knee of one New Zealand White rabbit, expanded in
culture, and labeled with a fluorescent marker. A reproducible 1.5-mm cylindrical defect was created in the avascular
portion of the anterior horn of the medial meniscus bilaterally in fifteen additional rabbits. Allogenic synovial mesenchymal
stem cells suspended in phosphate-buffered saline solution were implanted into the right knees, and phosphate-buffered
saline solution alone was placed in the left knees. Meniscal regeneration was evaluated histologically at four, twelve, and
twenty-four weeks for (1) quantity and (2) quality (with use of an established three-component scoring system). A similar
procedure was performed in four additional rabbits with use of green fluorescent protein-positive synovial mesenchymal
stem cells for the purpose of tracking progeny following implantation.

Results: The quantity of regenerated tissue in the group that had implantation of synovial mesenchymal stem cells was
greater at all end points, reaching significance at four and twelve weeks (p < 0.05). Tissue quality scores were also
superior in knees treated with mesenchymal stem cells compared with controls at all end points, achieving significance at
twelve and twenty-four weeks (3.8 versus 2.8 at four weeks [p = 0.29], 5.7 versus 1.7 at twelve weeks [p = 0.008], and
6.0 versus 3.9 at twenty-four weeks [p = 0.021]). Implanted cells adhered to meniscal defects and were observed in the
regenerated tissue, where they differentiated into type-I and II collagen-expressing cells, at up to twenty-four weeks.

Conclusions: Synovial mesenchymal stem cells adhere to sites of meniscal injury, differentiate into cells resembling
meniscal fibrochondrocytes, and enhance both quality and quantity of meniscal regeneration.

Clinical Relevance: These results may stimulate further exploration into the utility of synovial mesenchymal stem cells
in the treatment of meniscal injury in large animals and humans.

T
he meniscus is a fibrocartilage structure functioning to
increase surface contact area, absorb mechanical loads,
and improve stability across the knee joint. Following

injury, the human meniscus demonstrates poor healing potential

because of the largely avascular nature of its fibrocartilaginous
tissue. Failure rates after attempted surgical repair remain high,
ranging from 24% to 50% for isolated meniscal tears1-8. As a
result, partial meniscectomy is often the treatment of choice.
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Fig. 1

Method of calculating the quantity of tissue regeneration. The area of the entire defect (D; blue dotted line; left) and the regenerated tissue (R; blue dotted

line; right) were calculated. The regenerated tissue-to-defect ratio (R/D) was used to quantify the amount of regenerated meniscal tissue. The ideal quantity

of regeneration would result in a value of 1, and incomplete regeneration would result in a value of <1. Scale bar represents 200 mm.

Fig. 2

Figs. 2-A through 2-F Synovial mesen-

chymal stem cells have high proliferation

capacity and multipotentiality. Synovium

refers to synovial mesenchymal stem

cells, and bone marrow refers to bone-

marrow mesenchymal stem cells. Fig. 2-A

Histological appearance of synovial

mesenchymal stem cells (left) and bone-

marrow mesenchymal stem cells (right) at

passage 3. Both groups formed monolay-

ers of spindle-shaped cells that adhered to

plastic culture dishes. Scale bar indicates

200 mm. Fig. 2-B Colony formation of

synovial mesenchymal stem cells and

bone-marrow mesenchymal stem cells at

passage 3. Nucleated cells from synovium

and bone marrow were plated at 100 and

1000 cells per 60-cm2 dish and cultured

for fourteen days (n = 5 cultures each).

Culture dishes stained with crystal violet

are shown. Fig. 2-C Graph showing the

number of colonies (>2 mm) per dish at

100 or 1000 cells per 60 cm2. *P < 0.01.

Fig. 2-D Adipogenesis. Adipocyte colonies

were stained with oil red O. Scale bar

represents 200 mm. Fig. 2-E Calcification.

Calcified colonies were stained with aliza-

rin red. Scale bar represents 500 mm. Fig.

2-F Chondrogenesis. Gross photograph of

a pellet (left). Scale bar represents 1 mm.

Histological section of the pellet stained

with safranin O (right). Scale bar repre-

sents 100 mm.
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Fig. 3

Figs. 3-A and 3-B Meniscal biopsy and

implantation of synovial mesenchymal

stem cells. Fig. 3-A Intraoperative photo-

graph made following meniscal biopsy. A

1.5-mm-diameter full-thickness cylindrical

defect (arrow) was produced in the inner

two-thirds of the anterior horn of the medial

meniscus. Fig. 3-B Intraoperative photo-

graph demonstrating implantation of the

synovial mesenchymal stem cells. Two

million synovial mesenchymal stem cells in

50 mL of phosphate-buffered saline solu-

tion were placed directly into the meniscal

defect of experimental knees with use of

a 27-gauge needle. In control knees, the

same volume of plain phosphate-buffered

saline solution was used.

Fig. 4

Synovial mesenchymal stem cells (MSCs) promote meniscal regeneration (macroscopic observation). Macroscopic findingsof the meniscus at four, twelve,

and twenty-four weeks after the implantation of synovial mesenchymal stem cells. The specimens in which full-thickness grossly visible defects remained

are denoted by an asterisk. Scale bar represents 2 mm.
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Unfortunately, removal of this important shock absorber leads to
accelerated osteoarthritis9-12. Thus, new techniques designed to re-
store meniscal structure and function following injury are needed.

Mesenchymal stem cells are multipotent cells present in
mature individuals and readily accessible from peripheral con-
nective tissue sites such as bone marrow13,14, periosteum15, adi-
pose16, and the synovial lining of major joints17. These cells, which
are capable of differentiating into osteoblasts, chondrocytes, ad-
ipocytes, and myocytes, represent an attractive potential means of
regenerating damaged connective tissues including intra-articular
structures of the knee, such as the meniscus18-20.

Recent literature has suggested that synovial tissue-derived
mesenchymal stem cells may have the potential to aid in healing
and regeneration of cartilage injuries, such as those involving the
meniscus18,20-24. Synovial mesenchymal stem cells represent an
attractive cell source because they can be harvested in a minimally
invasive manner from synovial tissue and are easily expanded in

culture18,20-22. In addition, multiple investigators have found that
synovial mesenchymal stem cells possess a particularly high ca-
pacity for chondrogenic differentiation and proliferation com-
pared with mesenchymal stem cells obtained from other tissues,
such as bone marrow or periosteum18,20,22.

Synovial mesenchymal stem cells are also capable of ad-
hering to damaged intra-articular structures such as the meniscus
and participating in the repair process in rat models23-26. In rats,
however, the animals’ innate regenerative capacity limits the
ability of the investigator to compare the effect of the cells on tissue
regeneration in experimental versus control groups24. In contrast
to smaller rodents, the limited inherent regenerative capacity of
the rabbit meniscus makes the rabbit a more favorable animal
model in which to evaluate meniscal regeneration techniques.
Moon et al. found that, following medial meniscectomy, the rabbit
meniscus only partially regenerated with primarily fibrous tissue27.
More recently, rabbit models have been used to study the effects

Fig. 5-A Fig. 5-B

Figs. 5-A through 5-D Synovial mesenchymal stem cells (MSCs) promote the meniscal regeneration (histological observation). Fig. 5-A Low and high-power

images of representative sections of regenerated meniscus stained with safranin O at four, twelve, and twenty-four weeks after implantation of synovial

mesenchymal stem cells. The inset shows the area seen at higher magnification in the photomicrograph below. Scale bars represent 200 mm. Fig. 5-B Low

and high-power representative images of the normal meniscus stained with safranin O. Scale bars represent 200 mm.
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of a variety of surgical interventions aimed at regenerating more
normal meniscal tissue with use of scaffolds composed of colla-
gen, polyglycolic acid, or gelatin with or without a potential bi-
ological regenerative stimulus28-30.

The purpose of this study was to evaluate the effect of
synovial mesenchymal stem cell supplementation on meniscal
regeneration in a rabbit model of partial meniscectomy.

Materials and Methods
Animals

The experimental protocols were approved by the Scott & White Institutional
Animal Care and Use Committee and Texas A&M University Institutional

Biosafety Committee. Two mature New Zealand White rabbits were used as cell
donors for two experimental groups as follows: a single mature wild-type rabbit
served as the synovial donor for Group A (fifteen rabbits), and a single transgenic
rabbit bred to ubiquitously express green fluorescent protein (GFP; Kitayama
Labes, Nagano, Japan)

31,32
served as the synovial donor for Group B (four rabbits).

Tissue Harvesting and Mesenchymal Stem Cell Preparation
Through a medial parapatellar surgical approach, the right knee of one mature
wild-type New Zealand White rabbit was accessed and synovium from the
medial, lateral, and suprapatellar regions of the joint was resected. Bone mar-
row was harvested from the femoral intramedullary canal for comparison of the
proliferation capacity of synovial and bone-marrow mesenchymal stem cells.

Isolated cells were cultured for three passages, and a fluorescent lipo-
philic tracer, CM-DiI (chloromethylbenzamido DiI; Invitrogen, Carlsbad,

California), was added to the cultured synovial tissue-derived cells (see
Appendix). These CM-DiI-labeled cells were then used for implantation in
experimental knees of Group-A rabbits to evaluate the effect of synovial
mesenchymal stem cell supplementation on the quality and quantity of
meniscal regeneration, as detailed below in the section on meniscectomy
and cell implantation.

A separate subset of the experiment was performed with use of GFP-
positive synovial tissue-derived cells obtained from the knee synovium of
a transgenic New Zealand White rabbit bred to ubiquitously express GFP
(Kitayama Labes)

31,32
. These cells were processed as described above without the

addition of CM-DiI. These GFP-positive synovial tissue-derived cells were im-
planted in the experimental knees of Group-B rabbits to track not only implanted
cells but also their progeny, as detailed below in the section on meniscectomy and
cell implantation.

Colony-Forming Assay
To compare proliferation potentials, synovial tissue-derived cells and bone
marrow-derived cells from passage 3 were plated in 60-cm2 dishes at densities
of 100 or 1000 cells per dish, cultured in complete medium for fourteen days,
and stained with 0.5% crystal violet in methanol for five minutes. The number
of colonies was then counted. Colonies that were <2 mm in diameter and
colonies that were faintly stained were ignored.

In Vitro Differentiation Assay
Isolated synovial tissue-derived cells were cultured under conditions conducive to
adipogenesis, calcification, and chondrogenesis to assess for multipotentiality (see
Appendix).

Fig. 5-C Fig. 5-D

Fig. 5-C Regenerated tissue-to-defect ratios are displayed as the mean and the standard deviation for synovial mesenchymal stem cell (MSCs) and control

groups at each end point. *The difference between the groups was significant (p < 0.05). **The difference between the groups was significant (p < 0.01).

Fig. 5-D Results of the histological scoring system for regenerated meniscus. The scores are displayed as the mean and the standard deviation. *The

difference between the groups was significant (p < 0.05). **The difference between the groups was significant (p < 0.01).
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Meniscectomy and Implantation of Synovial Mesenchymal
Stem Cells
Nineteen additional mature New Zealand White rabbits were divided into two
groups, consisting of fifteen rabbits in Group A and four in Group B.

Group A
With the animal under general anesthesia, each knee was approached through a
medial parapatellar arthrotomy, maximally flexed, and a reproducible 1.5-mm-
diameter full-thickness cylindrical defect was produced in the avascular inner
two-thirds

33
of the anterior portion of the medial meniscus with use of a biopsy

punch (Miltex, York, Pennsylvania).
With the tibial joint surface facing upward, 2 · 106 CM-DiI-labeled synovial

tissue-derived mesenchymal stem cells in 50 mL of phosphate-buffered saline so-
lution (PBS)

34
were placed directly into the meniscal defect in each of the right knees

with use of a 27-gauge needle. Knees were then held stationary for ten minutes
during wound closure. In left knees, the same volume of plain PBS was implanted as
a control, and the knees were once again held stationary for ten minutes.

Capsule and skin were closed in layers with absorbable suture. Rabbits
were allowed to move freely in their cages. Medial menisci from both knees
were harvested at four, twelve, and twenty-four-week end points.

Group B
A similar procedure was performed on the remaining four rabbits, with the goal
of tracking the fate of implanted mesenchymal stem cells and their progeny. For
this purpose GFP-positive synovial mesenchymal stem cells were implanted in

the right knees in the same manner as those in Group A. The same volume of
PBS was placed in the left knees once again. Medial menisci from the right and
left knees were then harvested at one-day, one-week, four-week, and twelve-
week end points.

Histological Analysis
Meniscal specimens from Group A were fixed in 4% paraformaldehyde, de-
calcified, and embedded in paraffin. Specimens were then sectioned into slices
5 mm thick in the radial plane. The quantity and quality of regenerated meniscal
tissue were then evaluated as follows:

Tissue Quantity Analysis
The quantity of tissue regeneration was evaluated with use of random tissue
sections obtained from the central portion of the meniscal defect as shown in
Figure 1 and described in detail in the Appendix. The area of the original defect
(D) and the area occupied by regenerated tissue inside the defect (R) were
calculated with use of Photoshop CS3 software (Adobe Systems, San Jose,
California).Tissue regeneration is expressed as the ratio of regenerated tissue
area to the entire defect area (regeneration ratio = R/D).

Tissue Quality Scoring Analysis
A quantitative scoring system evaluating three dimensions of meniscal regen-
eration was used (see Appendix)

30
. Sections to be scored were stained with

safranin O. Histological scoring was performed by two investigators blinded to
treatment category.

Fig. 6

Figs. 6-A and 6-B CM-DiI-labeled synovial

mesenchymal stem cells (MSCs) adhere

to sites of meniscal injury and remain at

twenty-four weeks. Representative macro-

scopic appearance (Fig. 6-A) and histo-

logical sections (Fig. 6-B) of the meniscal

defect after implantation of CM-DiI-labeled

synovial mesenchymal stem cells under

bright light (top) and fluorescence (bottom).

In the histological sections (Fig. 6-B), the

white solid line indicates the outer edge of

the meniscus, and the white dotted line

indicates the border between native me-

niscus and regenerated tissue. Scale bar

represents 400 mm.
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Fluorescent Microscopy
Photographs of the gross and microscopic appearance of each Group-A
meniscal specimen were made under fluorescence to demonstrate the pres-
ence or absence, as well as relative density, of CM-DiI-labeled synovial mes-
enchymal stem cells within the defects and surrounding intact meniscal
tissue.

To determine the fate of the implanted GFP-positive synovial mesen-
chymal stem cells and their progeny in Group-B rabbits, menisci from both
knees were harvested, fixed in 4% paraformaldehyde, and transferred to 20%
sucrose solution. Specimens were flash-frozen, cut in a cryostat, and observed
under fluorescent microscopy.

Immunohistochemistry for Type-I and Type-II Collagen
Frozen sections from the menisci of Group-B rabbits were also used to detect
type-I and type-II collagen synthesis with use of standard immunohisto-

chemistry techniques (see Appendix). Background nuclei were counterstained
with 49, 6-diamidino-2-phenylindole dihydrochloride (DAPI).

Statistical Methods
An a priori power calculation was performed with use of mean and standard
deviation assumptions based on previously published data

30
. A sample size of five

rabbits was found to be sufficient to detect a difference of 3 points in the tissue
quality score at the twelve-week end point, with a power of 89% at a significance
level of 0.05. The Mann-Whitney U test was used to compare synovial mesen-
chymal stem cells and control groups at each period. P values of <0.05 were
considered significant.

Source of Funding
Funding for this study was provided by an internal institutional grant from the
Scott & White Research Grants Program as well as a grant from the National
Institutes of Health (NIH/NCRR grant P40 RR 17447).

Fig. 7

Figs. 7-A and 7-B Green fluorescent protein

(GFP)-positive synovial mesenchymal stem

cells (MSCs) adhere to sites of meniscal

injury in experimental knees, where they pro-

duce type-I and type-II collagen. Represen-

tative macroscopic appearance (Fig. 7-A)

and histological sections (Fig. 7-B) of the

meniscal defect one day to twelve weeks

after the implantation of GFP-positive

synovial mesenchymal stem cells under

fluorescence. In the histological sections

(Fig. 7-B), the white solid line indicates the

outer edge of the meniscus. The white

dotted line indicates the border between

native meniscus (N) and regenerated tis-

sue (R). The inset shows the area seen at

higher magnification in the photomicro-

graph on the right. The scale bars represent

200 mm. Figs. 7-C and 7-D Fluorescent

images of the regenerated meniscus at

twelve weeks after implantation of GFP-

positive synovial mesenchymal stem cells.

Thesectionswere immunostainedwithanti-

type-I collagen (Fig. 7-C) and anti-type-II

collagen (Fig. 7-D). Nuclei were counter-

stained with DAPI (49, 6-diamidino-2-phe-

nylindole dihydrochloride; blue) to

demonstrate the cellular background (GFP-

positive cells as well as cells not expressing

GFP). GFP-positive cells are shown in green

(bottom left), and type-I collagen-producing

cells (Fig. 7-C) and type-II collagen-produc-

ing cells (Fig. 7-D) are shown in red (top

right). Arrows in merge (bottom right) indi-

cate double-positive cells of GFP and type-I

collagen (Fig. 7-C) or type-II collagen (Fig. 7-

D). Scalebar represents25 mm.Col I = type-

I collagen, and Col II = type-II collagen.
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Results
Synovial Mesenchymal Stem Cells Have High Proliferation
Capacity and Multipotentiality

Abundant multipotent cells were isolated from the synovial
tissue of the initial donor rabbit. Isolates produced spindle-

shaped cells that adhered to plastic culture dishes under standard
conditions, and appeared morphologically similar to the cultured
bone-marrow mesenchymal stem cells (Fig. 2-A). While both
synovial and bone-marrow mesenchymal stem cells were capable
of forming single-cell colonies, the synovial mesenchymal stem
cells demonstrated greater colony-forming potential when plated
at densities of 100 cells per 60 cm2 and 1000 cells per 60 cm2

(Figs. 2-B and 2-C).
Isolated synovial mesenchymal stem cells were capable of

differentiation into adipocytes and chondrocytes, and were cal-
cified under the proper conditions (Figs. 2-D, 2-E, and 2-F). In
adipogenic medium, colonies stained well with oil red O (Fig. 2-
D). In calcification medium, colonies produced abundant cal-
cium (Fig. 2-E). In chondrogenic medium, smooth glistening
pellets, which stained diffusely with safranin O, were produced
(Fig. 2-F). Thus, the isolated synovial mesenchymal stem cells
met the requirements for multipotent mesenchymal stromal
cells as set forth by Dominici et al.35.

Locally Implanted Synovial Mesenchymal Stem Cells Promote
Meniscal Regeneration
A representative photograph of the in vivo 1.5-mm-diameter
full-thickness meniscal biopsy of the avascular portion of the
anterior horn of the medial meniscus is shown in Figure 3-A.
Application of either synovial mesenchymal stem cells sus-
pended in PBS (right knees) or PBS alone (left knees) is dem-
onstrated in Figure 3-B.

A gross representation of regenerated meniscal tissue
within the 1.5-mm cylindrical defects is shown in Figure 4. In the
control knees, grossly visible, full-thickness defects remained in

four of five specimens at four and twelve weeks (asterisks in
Figure 4). In knees supplemented with synovial mesenchymal
stem cells, however, such defects remained in only one specimen
at four weeks and none at twelve weeks. The macroscopic dif-
ference between mesenchymal stem cell and control groups is
less dramatic at twenty-four weeks, by which time four of five
defects in control knees and five of five defects in knees sup-
plemented with mesenchymal stem cells were completely cov-
ered with at least partial-thickness tissue on gross inspection.

Representative sections of regenerated meniscus stained
with safranin O at four, twelve, and twenty-four weeks after
implantation of synovial mesenchymal stem cells, as well as
sections of normal meniscus stained with safranin O, are shown
in Figures 5-A and 5-B. The quantity of regenerated meniscal
tissue was greater when measured histologically in knees re-
ceiving synovial mesenchymal stem cells, reaching significance at
four and twelve weeks (p < 0.05) (Fig. 5-C, Table I). By twelve
weeks, an average of >90% of the cylindrical defect had filled in
with regenerated tissue in knees supplemented with synovial
mesenchymal stem cells compared with <30% in controls.

The quality of meniscal regeneration was also superior in
knees supplemented with synovial mesenchymal stem cells at
all end points, achieving significance at twelve and twenty-four
weeks (Fig. 5-D, Table II). By twenty-four weeks, all menisci
from knees treated with synovial mesenchymal stem cells
scored the highest possible score in each of the three quality
domains measured—staining with safranin O, existence of fi-
brochondrocytes, and extent of bonding between regenerated
tissue and the borders of the meniscal defect.

Synovial Mesenchymal Stem Cells Adhere to Sites of
Meniscal Injury and Differentiate into Type-I and II
Collagen-Producing Cells
Gross and histologic fluorescence imaging revealed the presence
of CM-DiI-labeled cells in high concentration within the meniscal

TABLE I Regenerated Tissue-to-Defect Ratio

Ratio* P Value

4 weeks
Control 0.44 ± 0.10 0.028†

MSC 0.67 ± 0.11

12 weeks
Control 0.29 ± 0.27 0.009‡

MSC 0.93 ± 0.10

24 weeks
Control 0.87 ± 0.10 0.077
MSC 0.98 ± 0.03

*Regenerated tissue-to-defect ratios (range, 0 to 1) are given as
the mean (and standard deviation) for synovial mesenchymal stem
cell (MSC) and control groups at each end point. †The difference
between the groups was significant (p < 0.05). ‡The difference
between the groups was significant (p < 0.01).

TABLE II Histological Tissue Quality Score

Score* P Value

4 weeks
Control 2.8 ± 1.5 0.29
MSC 3.8 ± 1.6

12 weeks
Control 1.7 ± 1.5 0.008†

MSC 5.7 ± 0.4

24 weeks
Control 3.9 ± 1.3 0.021‡

MSC 6.0 ± 0

*Results of histological scoring system (range, 0 to 6) for re-
generated meniscus. The values are given as the mean and the
standard deviation. †The difference between the mesenchymal
stem cell (MSC) and control groups was significant (p < 0.01).
‡The difference between the groups was significant (p < 0.05).
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defects of Group-A rabbits at four, twelve, and twenty-four weeks
following implantation (Figs. 6-A and 6-B). Although the number
of CM-DiI-labeled cells decreased with time, a small number of
CM-DiI-labeled cells were observed in the regenerated tissue even
at twenty-four weeks. Significant fluorescence was not detected
elsewhere in the meniscus, suggesting that implanted mesen-
chymal stem cells preferentially adhered to the site of meniscal
injury. No CM-DiI-labeled cells were detected by fluorescence in
control specimens.

In Group-B rabbits, GFP-positive synovial mesenchymal
stem cells were found within the meniscal defect as early as one
day after injury and remained in high concentrations as late as
twelve weeks after injury (Figs. 7-A and 7-B). No GFP-positive
cells were detected in the contralateral, control menisci, thus
supporting the assumption that neither synovial mesenchymal
stem cells implanted in the experimental knee nor their progeny
directly affect regeneration at the distant injury site in the
contralateral knee.

The number of GFP-positive cells within the defect de-
creased with time from one day to twelve weeks. Even at twelve
weeks, however, a population of GFP-positive cells remained in the
regenerated tissue and expressed both type-I collagen (Fig. 7-C)
and type-II collagen (Fig. 7-D), possibly aiding in the regener-
ative process.

Discussion

It has been hypothesized for over thirty years that a factor
within synovium may enhance meniscal regeneration and

healing, but the underlying mechanism remains unclear. Kim and
Moon were among the first to document this association when, in
1979, they showed that meniscectomized rabbit knees subjected
to complete synovectomy failed to regenerate meniscal tissue to
the same extent as knees with intact synovium36. More recently,
investigators have demonstrated improved healing rates in me-
niscal tears supplemented with synovial flaps or grafts in animal
models37,38 and synovial rasping in human clinical studies39,40.

The discovery of mesenchymal stem cells in mature syno-
vial tissue with exceptional potential for proliferation and chon-
drogenic differentiation suggests that these cells may be the source
of regenerative stimulus within synovium17,18,20,22. The results of
this study provide more convincing evidence that synovial mes-
enchymal stem cells are capable of stimulating meniscal repair
and regeneration.

While the quantity of regenerated tissue was significantly
greater in knees supplemented with synovial mesenchymal stem
cells at four and twelve-week end points, the defects filled rela-
tively well with tissue by twenty-four weeks in control knees.
This may be seen as a shortcoming of the experimental model;
however, one must consider not only quantity but also quality of
the regenerated tissue. Significantly inferior tissue-quality scores
seen in control knees at the twenty-four-week end point suggest
that these defects ultimately filled with hypocellular, poorly
bonded, fibrous scar tissue as opposed to meniscal fibrocartilage.
In contrast, meniscal defects treated with synovial mesenchymal
stem cells regenerated with well-bonded tissue closely resem-
bling normal meniscus in cellularity and matrix composition.

The results seen in control knees at twenty-four weeks may be
analogous to filling of articular cartilage defects with fibrous
tissue, as opposed to true regeneration with hyaline cartilage,
after failed articular cartilage restoration procedures41.

Implanted mesenchymal stem cells found within the
meniscal defects resemble native meniscal fibrochondrocytes not
only in histological appearance but also in the types of collagen
they produce. Meniscal fibrochondrocytes, articular chondro-
cytes, and fibroblasts, as well as the matrices these cells synthe-
size, can be distinguished by collagen typing42. The primary
collagen in meniscal fibrocartilage is type-I collagen, but a sub-
stantial amount of type-II collagen is present as well42,43. In
contrast, hyaline cartilage is composed of primarily type-II col-
lagen, and fibrous scar tissue is composed of largely type-I col-
lagen42,44. The implanted synovial mesenchymal stem cells in this
experiment produced both type-I collagen and type-II collagen,
suggesting differentiation into fibrochondrocytes and synthesis
of a fibrocartilage matrix.

Much of the recent work surrounding meniscal regenera-
tion has focused on the use of an active biological component
added to a tissue scaffold or carrier compound, which functions
to contain the biological component within the injured area30-32,45.
In contrast to prior studies, the improvements in meniscal re-
generation in the current model were achieved without the use
of additives designed to contain the implanted cells within the
defect. Both fluorescently (CM-DiI) labeled and GFP-positive sy-
novial mesenchymal stem cells preferentially adhered to meniscal
defects, where they remained for up to twenty-four weeks. On the
basis of the work by Koga et al., this adhesion appears to occur via
local surface adhesion molecules, including ICAM-1 (intercellu-
lar adhesion molecule-1) and VCAM-1 (vascular cell adhesion
molecule-1)46. In addition, the attachment takes place rapidly,
with >60% of synovial mesenchymal stem cells adhering to in-
jured cartilage within ten minutes of application in an ex vivo
human cartilage defect model46. Thus, the cells themselves seem
to have the inherent ability to quickly adhere to the defect and
facilitate the regenerative process.

In an effort to determine the optimal source of mesen-
chymal stem cells for purposes of intra-articular regeneration,
prior studies have compared the in vivo regenerative potential
of mesenchymal stem cells obtained from a variety of tissue
sources23,34. Koga et al. found that mesenchymal stem cells
derived from bone marrow and synovium have greater in vivo
chondrogenic regenerative potential than mesenchymal stem
cells derived from adipose and muscle34. The chondrogenic and
meniscal regenerative potential of mesenchymal stem cells
obtained from synovium and bone marrow, however, appears
to be more similar23,34. Our rationale for selecting synovial
mesenchymal stem cells was based largely on in vitro evidence
of superior capacity of synovial mesenchymal stem cells for
rapid proliferation and synthesis of chondrogenic matrix in
rat20, rabbit34, and human studies18. The current experiment
confirmed the superior in vitro proliferation capacity of rabbit
synovial mesenchymal stem cells compared with rabbit bone
marrow-derived mesenchymal stem cells. This experiment did
not, however, directly compare the regenerative potential of
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synovial mesenchymal stem cells and bone marrow-derived
mesenchymal stem cells or other additional cell types in vivo.

Other approaches for addressing meniscal deficiency and
irreparable meniscal tears in humans are under investigation,
but an ideal solution has yet to be discovered. Meniscal allograft
transplantation, first described in 1989 by Milachowski et al.47,
has shown promising results in select patients48, but is compli-
cated by concerns regarding processing and storage49, subclinical
host immune response50, and a low tolerance for graft-recipient
size mismatch51. The collagen meniscal implant (Collagen Me-
niscus Implant; ReGen Biologics, Hackensack, New Jersey), a
tissue-engineered biologic scaffold fabricated from bovine type-I
collagen, has also demonstrated encouraging results compared
with partial meniscectomy45; however, defect filling is incom-
plete at second-look arthroscopy45 and concerns exist regarding
the risk of immune reaction to bovine collagen52.

Furthermore, the above treatment options are designed to
treat complete or partial meniscal defects, but neither provides
a means to stimulate healing of avascular zone tears. In vitro
meniscal tissue-culture experiments offer evidence that pro-
regenerative cytokines such as transforming growth factor-b
(TGF-b), insulin-like growth factor-1 (IGF-1), platelet-derived
growth factor (PDGF), and vascular endothelial growth factor
(VEGF) may potentially provide such a healing stimulus by
increasing meniscal cell proliferation and collagen synthesis53,54.
In vivo evidence in support of the efficacy of these growth factors
in meniscal healing is currently lacking, however. For example,
the addition of VEGF coating to meniscal suture failed to in-
crease angiogenesis or improve healing compared with con-
ventional suture in avascular meniscal tears in sheep55.

In the present study, we chose to evaluate the regenera-
tive potential of synovial mesenchymal stem cells without
scaffolds or additional growth factors. The ability of synovial
mesenchymal stem cells to adhere independently to the site of
meniscal injury, differentiate into fibrochondrocytes, and syn-
thesize a new matrix that closely resembles native meniscal
fibrocartilage without a scaffold or extrinsic cytokines seems to
negate the need for such additional stimulus. In addition, this
approach avoids the potential for complications associated
with disease transmission and immune reaction and, in this
model, results in virtually complete regeneration of the me-
niscal defect. It is possible, however, that meniscal regeneration
stimulated by supplementation with synovial mesenchymal
stem cells may be further enhanced by the addition of a tissue
scaffold when used for large meniscal defects in subjects with
little inherent regenerative capacity.

Limitations of this study include those that are inherent
to the animal model and those that result from the experi-
mental design. Although the capacity for meniscal regeneration
is lower in rabbits than rats, it is likely greater than that in
humans27,33. In light of this, caution is encouraged when ex-
trapolating the results of this study to humans.

With regard to the experimental design, the results of this
study portray a simplified picture of the events occurring at a
molecular level, as the present study did not evaluate the in-
fluence of synovial mesenchymal stem cells on the production

or local concentration of proregenerative cytokines such as
TGF-b, IGF-1, or PDGF, which promote proteoglycan syn-
thesis and increase cellularity within the meniscus53,54. It is likely
that the regenerative process involves a complex interplay be-
tween the intact meniscus adjacent to the defect, the implanted
synovial mesenchymal stem cells, and alterations in local cy-
tokine concentrations, and this was not fully elucidated in the
present study. Finally, although the degree of tissue bonding
was considered as a component of the tissue quality score, this
experiment did not include a precise quantitative evaluation of
the integration between regenerated and native meniscal tissue.
Nor did it evaluate the biomechanical characteristics of the
regenerated tissue, which are critical to meniscal function. Such
an evaluation would be more appropriate in a model with a
discrete linear tear or larger meniscal defect.

In conclusion, synovial mesenchymal stem cells implanted
into the rabbit knee are capable of adhering to sites of meniscal
injury, differentiating into type-I and type-II collagen-producing
cells with appearance similar to native meniscal fibrochon-
drocytes, and enhancing both the quality and quantity of re-
generated meniscal tissue. In addition to providing a potential
explanation for the association between synovial stimulation
and meniscal healing, these results may generate further stim-
ulus for exploring the utility of synovial mesenchymal stem cells
in the treatment of meniscal injury in large animal models or
humans, with potential applications ranging from supple-
menting suture repair of avascular zone meniscal tears, to
stimulating regeneration of large meniscal defects.

Appendix
A table showing the histological tissue quality scoring
system and an expanded Materials and Methods section

describing the tissue harvesting and mesenchymal stem cell
preparation, in vitro differentiation assays, and tissue quality
analysis are available with the online version of this article as a
data supplement at jbjs.org. n

NOTE: The authors thank Dina Gaupp, Center for Gene Therapy, Tulane Health Sciences Center, for
assistance with histological sectioning.
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Update
This article was updated on May 16, 2012, because of a previous error. The legend for Figures 7-A and 7-B that had previously read
‘‘Representative macroscopic appearance (Fig. 7-A) and histological sections (Fig. 7-B) of the meniscal defect one day to twelve
weeks after the implantation of GFP-positive green fluorescent protein under fluorescence’’ now reads ‘‘Representative macroscopic
appearance (Fig. 7-A) and histological sections (Fig. 7-B) of the meniscal defect one day to twelve weeks after the implantation of
GFP-positive synovial mesenchymal stem cells under fluorescence.’’
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