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Abstract: We studied the effect of freezing and inserting meniscal plugs in lesions generated in the avascular area
of sheep menisci maintained in vitro, and whether the healing process can be improved by adding growth factors
TGF-B1 and IGF-1. Thirty six menisci obtained from healthy 3 months-old sheep were cultured in 6 well plates and
holes were perforated in the avascular area. Meniscal plugs, either fresh or frozen at -20°C for 1 month, were
used to fill in the lesions, and then cultured in the presence or absence of TGF-B1 or IGF-1 for 8 weeks. Samples
stained with Massons trichrome were analyzed to evaluate the attachment of the plug and the cell density of the
tissue. BrdU immunohistochemistry was performed to identify the proliferation of meniscal cells. Both growth
factors improved considerably the cell density of implanted plugs. TGF-B1 increased significantly the attachment
of both fresh and frozen plugs, but it had no effect on meniscal cell proliferation. In contrast, IGF-1 had no effect
on the attachment, but did increase significantly the number of proliferating cells in the surface of the host
meniscus and the inserted plug. In conclusion, frozen plugs can survive if treated with either TGF-B1 or IGF-1. The
combination of TGF-B1 and IGF-1 could aid in the repairing of the avascular meniscal injuries, as they are capable
of promoting the attachment of tissue, and increasing the proliferation of meniscal cells.

Key Words: TGF-B1, IGF1, meniscus, avascular injury, sheep, tissue engineering

Introduction healing of lesions when they are localized in
the avascular area [6, 10].
The periphery of the meniscus is vascular,

while the middle and inner zones are Recently, tissue engineering techniques have

avascular [1, 2]. Lesions in the avascular zone
are common and have the poorest prognosis.
[3-6]. There is a need for new strategies for
repairing lesions in the menisucs in order to
improve techniqgues commonly wused in
orthopaedic surgery. Tissue engineering brings
us the possibility of trying new methods to
treat these lesions [7].

Factors like neo-vascularization as well as the
size and shape of the lesion may affect the
healing processes [6]. Common techniques to
repair meniscal lesions include debriding,
synovial abrasion, fibrin clots or fibrin glue,
trefine, or even laser, as well as the more
classical sutures and fixation with
bioabsorbable materials [8-12]. Nevertheless,
none of these methods achieve complete

been applied to meniscal repair, trying to
combine the effects of meniscal cell
implantation with growth factor treatments
and the use of different types of scaffolds [7].
Among growth factors, the more commonly
used are TGF-f1 and IGF-1 [13-15]. The
capacity of these two growth factors to
promote meniscal and cartilage cell
proliferation and differentiation has been
demonstrated [16-21]. However, all these
observations have not yet been translated into
clinical trials.

The material used for the development of
scaffolds is also an important issue, and the
constructs should be designed so that the
specific mechanical and biological needs of
the meniscus are satisfied [22]. Some
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Table 1 Treatment of excised menisci with TGF-B1 or IGF-1 in vitro

Group Implant Treatment n Time of evolution (weeks)
1 - - 4 8
2 - TGF-B1 4 8
3 - IGF-1 4 8
4 Fresh - 4 8
5 Fresh TGF-B1 4 8
6 Fresh IGF-1 4 8
7 Frozen - 4 8
8 Frozen TGF-B1 4 8
9 Frozen IGF-1 4 8

biological tissues as well as synthetic polymer
based scaffolds have been used. Among
these, meniscal tissue itself could be the
better option, as its geometry, biochemical and
mechanical properties fit exactly those of the
altered tissue [23]. Nevertheless, the
availability and the integration of meniscal
grafts are issues that still must be overcome
by additional research. We hypothesize that
storage of meniscal allografts in a frozen state
will solve the lack of available grafts, while
growth factor treatment will help to improve its
integration. We have therefore employed an in
vitro model of meniscal culture, and used it to
investigate the repair of lesions in the
avascular area of the tissue using frozen and
fresh meniscal plugs. Moreover, we have
addressed the influence of addition of growth
factors TGF-B1 and IGF-1 on these repair
processes.

Materials and Methods
Meniscal Explants

We used 36 menisci from 3 months aged
healthy sheep, weighting about 35 kg. The
study was performed according to the policies
and principles established by the Animal
Welfare Act, the NIH Guide for Care and Use of
Laboratory Animals, and the national animal
welfare guidelines, and approved by The
Animal Care and Use Committee of the
University of Navarra.

Animals were euthanized by administration of
sodium thiopental (Penthotal Sodium, 0,5 g;
Abbot, Chicago, IL) and intravenous injection
of 20 mL of KCI (2 mEqg/mL), after which the
complete knee joint was removed and
processed under sterile conditions.

Experimental Design
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The excised menisci, including the capsule and
synovial membrane, were divided in 9 groups
as indicated in Table 1. Menisci from all
groups were perforated in the avascular area
using a 3 mm diameter punch biopsy to create
a hole, and were then placed in culture dishes.
Control menisci from groups 1, 2 and 3 were
placed directly in culture dishes. Lesions in
menisci groups 4, 5 and 6 were press-fit with
the cylinders extracted with the punch and
then placed in the dishes, while those in
groups 7, 8 and 9 were press-fit with cylinders
that were previously placed at -20°C for one
month with no additives. Before insertion into
the meniscal holes, plugs were placed in
culture medium for 1 day.

Meniscal Explant Culture

All menisci were cultured in 6 well plates,
containing culture DMEM supplemented with
10% fetal bovine serum, 1 mM L-cysteine, 100
U/mL penicillin, 100 pg/mL streptomycin and
10mM Hepes buffer (Gibco-BRL, Gaithersburg,
MD). They were all cultured in the presence of
5-bromo-2-deoxyuridine  (BrdU, Sigma, St
Louis, MO) in order to study its uptake
(indicating DNA synthetic activity) by meniscal
cells. They were also cultured in the presence
and absence of TGF-B1 and IGF-1 (Peprotech,
Rozky Hill, NJ). Based on previously published
studies, concentration was set at 50 ng/mL
[15, 16, 24]. They were cultured for 8 weeks,
renewing the culture medium with freshly
added growth factors every 2-3 days. At 8
weeks, menisci were fixed in 4% formaldehyde
and embedded in paraffin.

Analysis of Plug Attachment
Sections, 4 um thick, were stained using

Massons trichrome staining and analyzed in
light microscope to evaluate the state of the
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Figure 1 Analysis of plug adhesion (Masson’s
Trichrome, x20) showing a point of tissue union
indicated by the asterisk * (M = meniscus, P = plug.
Barr: 100 um).

lesion. To estimate the grade of attachment of
the inserted material, we looked for sites in
which the edges of the meniscus and the
filling tissue were so tightly bound that fibers
of matrix could be observed spanning the
crevice between the plug and the meniscus
tissue. The sections were evaluated for the
following properties to eliminate the possibility
of sectioning artifacts: 1) direct contact
between both edges, 2) fibers spanning the
crevice, and 3) these properties to be also
observed in the following and previous
sections (Figure 1).

The total number of tight contact points
between meniscus lesions and the plug were
counted in all contact surface of 2 different
non-consecutive sections per sample (n=4).
Samples were finally photographed using a
Digital Sight 2S-2M camera (Nikon, Tokyo,
Japan).

Assessment of Cell Density

To estimate the cell viability of the explants,
we analyzed stained samples under light
microscope and counted the number of nuclei
present in 10 random fields per sample (n=4),
dividing them into avascular, inserted plug (if
any) and vascular areas. The total number was
divided by the area of the measured field
(0,031 mm?2) to determine the cell density
(cells/mm?2). They were also compared with
the cell density of fresh and frozen meniscal
cylinders processed in the same way.

Assessment of Cell Proliferation
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Immunohistochemistry  using a  specific
antibody to BrdU was performed to analyze the
proliferation rate of meniscal cells, as it is
taken up by cells in S phase of cell cycle.
Briefly, after one hour treatment with 4N HCI
followed by trypsin treatment (0.1% at 37°C for
1 hour) and deparaffinization, endogenous
peroxidase was blocked by placing the
sections in 3% hydrogen peroxide solution for
30 min in darkness. They were then incubated
in the following reagents with appropriate Tris-
buffered-saline (TBS: 0.55M Tris, 50 mM NaCl,
pH 7.36) washes: normal rabbit serum for 30
min, primary antibody (anti-BrdU diluted
1:100, Sigma) over night, biotinylated anti-
rabbit antibody for 30 min, and avidin-biotin
complex (ABC, DAKO, Copenhagen, Germany)
for 30 min. The reaction was visualized with
chromogen substrate solution (0.3 mg/mL
diaminobenzidine and hydrogen peroxide), and
sections were then counterstained with Harris’
hematoxylin, dehydrated, and mounted.
Normal serum was used as negative control.
Positive cells were counted under a light
microscope in ten random fields of vascular
area of specimens (n=4). Distance of the
deepest positive cell to the surface was
measured in every area counted, using
software for Digital Sight 2S-2M camera
(Nikon).

Statistical Analysis

The data were analyzed using the
nonparametric Kruskal-Wallis and Mann-
Whitney U- tests, with SPSS 9.0 for Windows.
Significance was set at p<0.05.

Results
Cell Density

Analysis of total cell nuclei in stained samples
under light microscope revealed significant
differences between the cell density of
cultured explants (p<0.001). Cell density
measurement showed the presence of cells in
both vascular and avascular areas of menisci
with no filling (Figure 2). There were no
significant differences between growth factor
treatment and the control groups (p=0.550 for
avascular and p=0.549 for vascular areas).

In explants filled with fresh tissue (Figure 2),
we could also detect nuclei in both areas of
menisci (avascular and vascular), without
significant differences between growth factor
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Figure 2 Analysis of cell density of explants (number of nuclei/mm?2 of stained tissue). Samples were divided into

vascular, avascular areas and graft (if any).

treatment and control groups (p=0.517 for
avascular and p=0.087 for vascular areas).
Fresh plugs before implantation showed a cell
density value with no significant differences
between avascular area from which they were
originated (p=0.730). The cell density was zero
after 8 weeks of culture without growth factor
treatment. After treatment with either TGF-81
or IGF-1, the explants used to fill up the
lesions showed the presence of cells without
significant differences between both
treatments (p=0.353).

On the other hand, explants inserted with
frozen tissue (Figure 2) showed a significantly
less quantity of cell nuclei in the avascular and
vascular areas (p<0,001). Plugs processed
after frozen storage did show a cell density
significantly lower than fresh cylinders
(p<0,001), and that decrease correlated
significantly (p<0.05) with the time of the
study. The frozen plugs maintained cells
inside, even in untreated ones. After the
treatment with TGF-B1 we did not observe
significant differences in the number of viable
cells inside the frozen plug (p=0,063), but we
could observe differences after the treatment
with IGF-1 (p<0.001).

Finally, the number of cells in avascular area
of explants filled up with frozen was
significantly higher in meniscal explants
treated with both TGF-81 (p<0,001) and IGF-1
(p<0,05), and the same occurred with cells in
vascular area (p<0.05 for both TGF-f1 and
IGF-1).
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Figure 3 Quantification of tissue unions between
the injured meniscus and the plug for grafted
groups.

Plug Attachment

Light microscopy analysis of stained samples
allowed us to locate sites of union between the
inserted plug and the meniscus. The total
count of these points for samples of every
group is shown in Figure 3.

The comparison of fresh and frozen plugs for
every treatment used allowed us to detect no
significant differences in the number of unions
(p=0.753), indicating that the preservation
had no effect on the attachment. On the other
hand, we could observe a significant increase
in the number of unions in menisci cultured
with TGF-B1 (p=0.039), but not with IGF-1
(p=0.155) for both fresh and frozen plugs.
Thus, TGF - 1 but not IGF-1 at the
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Figure 4 Immunohistochemistry detection of BrdU.
A. Vascular area of an untreated and unfilled
explant showing cells in proliferation (x20). B.
Frozen plug treated with IGF-1 (x20).

concentrations studied did appear to enhance
the process of adhesion of both plugs to the
meniscus and thus integration.

Cell Proliferation

BrdU immunohistochemistry allowed us to
detect cells with DNA synthetic activity, thus in
the S-phase. We could observe stained cells
spread over all the surface of the menisci
(Figure 4), but no positive cells were observed
inside the tissue. We found no positive cells in
untreated or in fresh or frozen plugs treated
with  TGF-B1, proving no induction of
proliferation exerted by this growth factor. On
the other hand, plugs treated with IGF-1 did
show the presence of cells with DNA synthetic
processes.

For the comparison of growth factor effect on
the proliferation rate of meniscal cells, we
guantified the number of positive cells in the
vascular area of the meniscal explant under all
treatments. The presence of IGF-1 in the
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Figure 5 Quantification of positive cells (A) and the
distance to the deepest positive cell founded (B).

culture medium did increase significantly the
number of proliferating cells (p=0.001). On the
contrary, treatment with TGF-1 did not affect
the number of proliferating cells in the surface
of the tissue (p=0.257). Finally, measurement
of the distance of the deepest stained cell to
the surface of the meniscus showed that
treatment with either IGF-1 or TGF-B1
increased significantly the depth of responding
cells (p=0.003 and 0.009, respectively)
(Figure 5).

Discussion

In our study, we have employed culture of
meniscal explant to develop a model of using
fresh or frozen allografts combined with the
use of growth factors TGF-B1 and IGF-1. Our
main goal was to evaluate the use of frozen
allografts to heal meniscal lesions, and to
improve this healing by using growth factors
such as TGF-B1 or IGF-1.

We showed here that meniscal explants did
survive in culture for 8 weeks, maintaining
cells inside, agreeing with results previously
published by Webber et al [25, 26]. Fresh
plugs, on their own, did not survive in the
culture conditions used. The addition of IGF-1
or TGF-B1 to the culture medium supported
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the maintenance of living cells, and thus
supported its activity of meniscal cells.

Low temperature storage, as well as the
freezing and thawing are responsible for cell
death in meniscal and cartilage samples [27].
This process is facilitated by the release of
proteolytic enzymes that may lead to
degeneration of meniscal structure as it has
been observed in other previously published
works [22, 27-29]. This degeneration may be
avoided or slowed by improving the freezing
process in order to avoid loosing cell viability
[27, 30], or by treating cells or meniscal tissue
with growth factors after the thawing of the
tissue as suggested by this work. We have
observed the presence of cells that survived
the freezing and thawing process. These cells
presumably die subsequently in culture in non-
treated explants. This population of cells might
have been prompted by growth factors to stay
alive or to continue their expression of matrix
molecules that might lead to the correct
preservation of meniscal structure. In fact, we
have observed that both growth factors had a
positive effect on the cell density of fresh and
frozen tissues. This data supports the use of
these factors as strong inducers of meniscal
cell survival. In addition, the implantation of
frozen, but not fresh plugs, decreased the cell
density of avascular and vascular areas of the
meniscus in which they were inserted. This
suggests that changes in frozen tissue that
affect the protease content and thus, matrix
integrity, not only affect frozen plug, but also
the adjacent tissues. Signals produced by the
death of frozen cells could translocate to the
surrounding tissue and affect the cells of the
host meniscus. This is not produced by freshly
inserted plugs that, on the other hand did
show a loss of cells during the time of the
study. Changes occurred in these plugs are
dissimilar (in terms of intensity or nature) to
those produced by the freezing or thawing
processes, as they do not affect surrounding
meniscal tissue. Further research in this area
would allow us to maintain the correct
structure of meniscal tissue, eliminating one of
the major hurdles for the use of allografts, i.e.,
the availability of fresh tissue to implant.

Previous studies [3, 4, 25, 26, 31] have
suggested that avascular zone has the
potential to heal, but lacks the factors to
initiate the repairing process. We have tried to
provide those factors in our in vitro model of
meniscal culture by adding TGF-f1 and IGF-1
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to the culture medium. In our study, TGF-B1
improved the attachment of the inserted plugs
that may eventually lead to integration.
Despite the previously described capacity to
induce matrix formation in meniscal cells [24,
32-34], IGF-1 on its own was unable to induce
the increase in the number of tissue unions in
our model. Nevertheless, it did have a strong
stimulatory activity on the proliferation of
meniscal cells even in frozen plugs used to fill
in the lesion, which was not seen in TGF-B1
alone in our culture conditions. Thus, it
appears that TGF-f1 and IGF-1 have different
effects. While TGF-B1 induced the attachment
of the plug, IGF-1 increased the proliferation
rate of meniscal cells, making them ideal to be
further studied as a combination in the
development of treatments for meniscal
lesions. Nevertheless, this dual activity has
some common effects, as both of them are
capable of promoting the survival of meniscal
cells of extracted tissue fragments. IGF-1
treatment did induce a higher number of
proliferating cells in frozen tissue that may be
related to a higher cell density found in frozen
tissue after 8 weeks of evolution. Changes
mentioned above, i.e., the disruption of
extracellular matrix after the release of
proteolytic enzymes, may have permitted a
better diffusion of IGF-1 and so, a higher effect
in frozen tissue, explaining, at least in part,
this effect found in frozen plugs.

This combination of activities was also found
for both growth factors in cartilage cells [16].
Our group described a high induction of
proliferation exerted by IGF-1, not shared with
TGF-B1, and on the contrary a strong induction
of matrix synthesis by TGF-1 and to a lesser
extent, by IGF-1. Other results agree strongly
with our findings in this model of meniscal
lesions, in which the integration of the implant
could be related to the induction of matrix
synthesis. Others [15, 33] have also proposed
IGF-1 as a promoter of matrix formation.
However, the work by Tumia and Johnstone
[33] studied the effect of IGF-1 in monolayer
sheep meniscal cells while Pangborn and
Athanasiou [15] used rabbit cells in poly-
glycolic scaffolds. Our work on the contrary
uses cells in the whole meniscus, which could
be more similar to its natural environment,
and what may have been responsible for the
lack of effect for IGF-1 in the attachment of the
implant. In the same way, the restriction of the
effect of IGF-1 to the superficial layer of
meniscal cells could be related with the
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incapacity of the growth factor to diffuse into
the inner parts of the tissue, or even with the
incapacity of BrdU itself to penetrate inside the
tissue, and label proliferating cells. Both
restrictions could have been prevented by TGF-
B1. The capacity of TGF-B1 to induce the
production of matrix degrading enzymes has
been well described. Therefore, TGF-f1 could
have facilitated the diffusion of both IGF-1,
BrdU or even TGF-B1 itself, explaining the
increase in the depth of appearance of BrdU
stained cells after the treatment with TGF-1
found in our work. This might also be due to
the induction of expression of some cytokines
by meniscal cells that could act in a paracrine
way and induce neighboring cells to
proliferate, achieving proliferation of cells in
the inner zones of the meniscus, but without
affecting their total number. In any case, the
presence of living cells inside the tissue, and
the induction of survival by growth factors
used in the plugs inserted, allow us to suggest
that culture media and growth factors can
diffuse effectively inside the tissue. Then,
superficial cells would constitute a population
of particularly responsive cells.

In our model, delivery of both factors must be
improved. We have used growth factors added
directly to the culture medium and renewed
every 2-3 days. It is widely accepted that the
half life of IGF-1 is quite short [14, 16], which
could also be an explanation for the poor
effect in the attachment of fresh and frozen
plugs in our study. Nevertheless concentration
reached in our model seems to be enough to
induce the proliferation of superficial cells.
Indeed, the half life of TGF-B1 is also quite
short, and is able to achieve effects on the
plug attachment at the concentration used.
Then, in a similar way we suggest, as other
authors [15, 24, 32, 33, 35], that improving
the concentration and delivery of growth
factors could provide a more efficient activity
for them and thus we promote greatly the
research in this area. In fact, despite of the
many basic research studies focusing in the
potential of many different growth factors, only
BMP-2 and 7 have reached the clinical level
[14]. This may be due to the lack of an
effective delivery system that achieves an
efficient concentration at the site where they
are needed, and to the many effects that
those factors may have. Active research in this
are could lead these factors into clinical use.
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The main limitation of our model is the young
age of sheep from which menisci were
extracted. Three month-old animals are not yet
fully mature, and this could have influenced
the vascularization pattern as well as the
sensitivity of cells to respond to growth factors.
In a previous study, we have observed that
vascularization of sheep reaches its final
structure at 2 months of age, showing the
correct pattern of vascular, outer and
avascular, inner layers [36]. The results
validate our model, which however, could have
some other minor limitations, as the young
state of cells, and its capacity to respond to
external stimuli. On the other hand, a low
oxygen level is the normal environment in the
knee, which has been described to be inducer,
by itself alone, of the matrix formation and
differentiation of meniscal cells [37, 38]. In
our work, oxygen levels are those commonly
used for cell culture, with no hypoxia, which
could also have had influence in the state,
responsiveness or the pattern of gene
expression of cells in meniscal explants used.
These factors must be further experimented in
order to offer new data about the effect of
growth factors in meniscal culture.

In summary, the results presented here allow
us to offer new data about the effect of using
meniscal frozen plugs in the repairing of
meniscal lesions in vitro. The combination of
IGF-1 and TGF-f1 may be a very useful tool
that should be taken into account, but their
delivery must be further investigated. All these
data could contribute to the development of
new strategies for the repairing of lesions
produced in the avascular zone of the
meniscus in the future.
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