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Abstract

Induction of chondrogenesis in mesenchymal stem cells
(MSCs) with TGF-B leads to a hypertrophic phenotype. The
hypertrophic maturation of the chondrocytes is dependent
on the timed removal of TGF-3 and sensitive to hypertrophy-
promoting agentsin vitro. In this study, we have investigated
whether TGF-B3, which has been shown to be more pro-
chondrogenic compared to TGF-B1, similarly enhances ter-
minal differentiation in an in vitro hypertrophy model of
chondrogenically differentiating MSCs. In addition, we test-
ed the impact of the time of chondrogenic conditioning on
the enhancement of hypertrophy. MSCs were chondrogeni-
cally differentiated in pellet culture in medium containing
TGF-B1 or TGF-33. After 2 or 4 weeks, chondrogenic medium
was switched to hypertrophy-inducing medium for 2 weeks.
Aggregates were analyzed histologically and biochemically
on days 14, 28 and 42. The switch to hypertrophy medium

after 14 days induced hypertrophic cell morphology and sig-
nificant increase in alkaline phosphatase activity compared
to the chondrogenesis only control using both TGF-1 and
TGF-B3. After 28 days predifferentiation, differences be-
tween hypertrophic and control groups diminished com-
pared to 14 days predifferentiation. In conclusion, chondro-
genic conditioning with both TGF-B isoforms similarly in-
duced hypertrophy in our experiment and allowed the
enhancement of the hypertrophic chondrocyte phenotype
by hypertrophic medium. Enhancement of hypertrophy was
seen more clearly after the shorter chondrogenic condition-
ing. Therefore, to utilize this experimental model as a tool to
study hypertrophy in MSC chondrogenesis, a predifferentia-
tion period of 14 days is recommended.
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ALP alkaline phosphatase

DMEM Dulbecco’s modified Eagle medium
DMMB dimethylmethylene blue

DNA deoxyribonucleic acid

GAG sulfated glycosaminoglycan

MSC mesenchymal stem cell

TGF transforming growth factor
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Introduction

Adult mesenchymal stem cells (MSCs) are a potential
cell source for engineering musculoskeletal tissues in-
cluding cartilage. Chondrogenic differentiation of MSCs
has been shown in different matrix-based and matrix-free
systems [Yoo et al., 1998; Johnstone and Yoo, 1999; Barry
etal., 2001; Noth et al., 2002; Sekiya et al., 2002; Tuli et al.,
2003; Song et al., 2004; Ichinose et al., 2005; Li et al., 2005;
Lisignoli etal., 2005]. In the widely used pellet culture sys-
tem, cells are packed at high density by centrifugation and
chondrogenesis is induced by a strictly defined serum-
free medium containing TGF-f3 as chondro-inductive
growth factor [Johnstone et al., 1998; Yoo et al., 1998].
During MSC chondrogenesis an early onset of expression
of chondrocyte hypertrophy-associated genes, including
type X collagen, alkaline phosphatase (ALP) and others,
has been reported [Johnstone et al., 1998; Yoo et al., 1998;
Sekiya et al., 2002; Mwale et al., 2006a, b; Pelttari et al.,
2006]. In previous work, we have shown that an addition-
al wide array of stage-specific genes, including growth
factor receptors, extracellular matrix proteins, transcrip-
tion factors and others, is regulated during MSC chondro-
genesis in a manner very similar to what is found during
embryonic skeletal development from mesenchymal con-
densation to endochondral ossification [Mueller and
Tuan, 2008]. Moreover, exposure of chondrogenically dif-
ferentiating MSCs to culture conditions that are known to
influence hypertrophy in chondrocytes during endo-
chondral ossification, for example in the growth plate,
triggers the same response in chondrifying MSCs as in
chondrocytes. Thyroid hormone induces hypertrophy
while TGF-f and dexamethasone are antihypertrophic
[Mackay et al., 1998; Mueller and Tuan, 2008]. These ob-
servations strongly suggest that MSC chondrogenesis us-
ing the current culture conditions entails a similar devel-
opmental program as in embryonic limb development.
During embryonic limb development, loose mesenchyme
condenses and mesenchymal progenitor cells in the con-
densation center undergo chondrogenic differentiation.
In contrast to phenotypically stable articular chondro-
cytes, the chondrogenic state in these cells is transient.
During terminal differentiation, these cells become hy-
pertrophic and undergo apoptosis. Blood vessels and os-
teoprogenitor cells invade the hypertrophic cartilage and
give rise to bone [Goldring et al., 2006; Shimizu et al.,
2007]. Vascular invasion and mineralization have also
been reported for chondrogenic pellet cultures of MSCs
after ectopic implantation in vivo [Pelttari et al., 2006].
This characteristic of MSC chondrogenesis is a major con-
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cern for the application of MSCs in cartilage tissue engi-
neering for articular cartilage repair. Specifically, the goal
in articular cartilage tissue engineering must be to gener-
ate stable hyaline cartilage and not transient cartilage like
in endochondral ossification. Strategies to prevent or di-
minish the expression of hypertrophy in MSC chondro-
genesis are clearly necessary.

The most commonly used medium in MSC chondro-
genesis contains TGF-(3 as the crucial chondrogenic fac-
tor. The three isoforms TGF-B1, TGF-2 and TGF-B3 are
known to induce chondrogenesis and most investigators
have used either TGF-B1 or TGF-B3 [Johnstone et al.,
1998; Mackay et al., 1998; Yoo et al., 1998; Barry et al.,
2001; Tuli et al., 2003; Mwale et al., 2006b; Pelttari et al.,
2006; Mueller and Tuan, 2008]. Of these two commonly
used isoforms, TGF-33 is reported to have a higher chon-
drogenic potential than TGF-B1 and to lead to a more
rapid differentiation [Barry et al., 2001]. It is, however,
unclear if this faster and stronger differentiation is asso-
ciated with a higher susceptibility for hypertrophy. Using
an in vitro hypertrophy model [Mueller and Tuan, 2008],
we have tested here whether the putatively stronger chon-
drogenic isoform, TGF-B3, predisposes chondrogenic
pellet cultures of MSCs to hypertrophy compared to
TGF-B1. In addition, the time of chondrogenic condi-
tioning prior to induction of hypertrophy was varied. The
reason for that is that also under standard chondrogenic
conditions, differentiating MSCs express hypertrophy
markers and it is unclear whether the differentiation state
at which the aggregates are hit with the hypertrophic me-
dium has impact on the expression of hypertrophy.

Materials and Methods

Isolation of MSCs

Bone marrow was aspirated from the iliac crest of 3 patients (2
male, 1 female; age 19-27) undergoing surgery that required au-
tologous bone grafting with approval of the IRB of the University
of Regensburg and written consent. Mesenchymal progenitor
cells were isolated by Ficoll (Biochrom, Berlin, Germany) gradient
centrifugation followed by plastic adhesion. Cells were grown in
monolayer culture in Dulbecco’s modified Eagle’s medium
(DMEM) low glucose (Invitrogen, Karlsruhe, Germany) with 10%
fetal calf serum (PAN Biotech GmbH, Aidenbach, Germany) and
antibiotics at 37°C with 5% CO, until 80% confluence, trypsin-
ized and frozen for later use in liquid nitrogen. After thawing and
monolayer expansion, cells were used for the experiments at pas-
sage 2 or 3.

Chondrogenic Differentiation
Cells were trypsinized and seeded in V-bottomed 96-well poly-
propylene plates at 200,000 cells per well. Pellets were formed by
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Fig. 1. Cartilage matrix production in chondrogenic pellet cul-
tures of MSCs monitored as sulfated glycosaminoglycan content
normalized to DNA content. Three independent experiments
were performed with cells isolated from 3 different donors (a,
b donor 1; ¢, d donor 2; e, f donor 3) treated with TGF-B1 (a, ¢, e)
or TGF-B3 (b, d, f). Open columns: chondrogenic control group
(CM); grey columns: induction of hypertrophy after 14 days pre-

centrifugation at 250 g for 5 min and chondrogenically differenti-
ated in DMEM with high glucose content (Invitrogen), 1% ITS+3,
50 pg/mlascorbate-2-phosphate, 40 pg/mll-proline, 100 nM dexa-
methasone (Sigma Aldrich, Steinheim, Germany) and 10 ng /ml
TGF-B1 or TGF-B3 (R&D Systems, Wiesbaden, Germany). After
a predifferentiation period of either 14 or 28 days, medium condi-
tions were changed to hypertrophy-enhancing medium [DMEM
high glucose, 1% ITS+3, 50 pug/ml ascorbate-2-phosphate, 40 pg/
ml l-proline, 1 nM triiodothyronine (T3; Sigma Aldrich)], the con-
trol was kept in chondrogenic medium for the whole culture pe-
riod. The medium was changed 3 times per week. Aggregates were
harvested on days 1, 14, 28 and 42 for histological and biochemical
analysis. In order to assess matrix mineralization in the chondro-
genic and hypertrophic cultures, 5 mM (-glycerophosphate (Sig-
ma Aldrich) was added to the medium upon induction of hyper-
trophy in some of the hypertrophic and control aggregates.

Histology, Histochemistry and Immunohistochemistry

Aggregates were harvested on days 1, 14, 28 and 42, and either
fixed in 4% paraformaldehyde and embedded in paraffin or fro-
zen sections were prepared. Sections were stained with dimethyl-
methylene blue (DMMB) and von Kossa (both from Sigma Al-
drich). Histochemical ALP staining with neutral red counterstain
was carried out on frozen sections with a kit (Sigma Aldrich). For
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differentiation (Hyp 14d); dark columns: induction of hypertro-
phy after 28 days pre-differentiation (Hyp 28d). Error bars show
standard deviation; * significantly different from chondrogenic
control (p < 0.05); n = 4. Reproducible significant differences be-
tween the two TGF-f isoforms were not detected. Significant dif-
ferences between hypertrophic and control groups were only de-
tected in one cell population with TGF-33 (f).

immunohistochemical detection we used commercially available
antibodies for type I collagen (Sigma Aldrich), type II collagen
(Merck, Darmstadt, Germany) and type X collagen (Quartett Im-
munodiagnostika und Biotechnologie GmbH, Berlin, Germany).
In brief, after antigen retrieval with pepsin digestion (0.1%, pH 3,
room temperature, 15 min) for types I and II collagen and addi-
tional hyaluronidase digestion (0.2%, pH6, 37°C, 60 min) for type
X collagen and blocking (10% fetal bovine serum/10% goat se-
rum/PBS), incubation with the primary antibody was carried out
at 4°C overnight. Immunolabeling was detected with a biotinyl-
ated secondary antibody (Dianova, Hamburg, Germany), horse
reddish peroxidase conjugated streptavidin (Vector Laboratories,
Burlingame, Calif., USA) and metal enhanced diaminobenzidine
as substrate (Sigma Aldrich).

Biochemical Analysis

Sulfated glycosaminoglycan (GAG) content normalized to
DNA was used as a quantitative differentiation marker and ALP
activity in the culture medium was used as a quantitative marker
for hypertrophy. For determination of GAG and DNA content,
aggregates were harvested on days 1, 14, 28 and 42 and digested
in Sigma papain digestion solution (150 pwg/ml in PBS, 6 mM cys-
teine HCI, 6 mM EDTA, pH 6.0) at 60°C overnight. Digestion was
carried out in 4 replicates per time point and condition with 2 ag-
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Fig. 2. Hypertrophy in chondrogenic pellet cultures monitored on
the basis of ALP activity in the culture medium. Three indepen-
dent experiments were performed with cells isolated from 3 dif-
ferent donors (a, b donor 1; ¢, d donor 2; e, f donor 3) treated with
TGF-B1 (a, ¢, e) or TGF-B3 (b, d, f). Open columns: chondrogen-
ic control group (CM); grey columns: induction of hypertrophy
after 14 days pre-differentiation (Hyp 14d); dark columns: induc-
tion of hypertrophy after 28 days pre-differentiation (Hyp 28d).

gregates in each digest. DNA content was determined with a Pico
Green kit (Invitrogen) and GAG content with the dimethylmeth-
ylene blue method and chondroitin sulfate A from bovine trachea
(Sigma Aldrich) as standard. For determination of ALP activity
in the medium, medium was harvested on days 14, 21, 28, 35 and
42, spun for 5 min at maximum speed, and 75 pl of supernatant
was incubated with ALP-buffer (1.5 M Tris, 1 mM ZnCl,, 1 mMm
MgCl,, pH 9.0) as well as p-nitrophenol phosphate (Sigma Al-
drich) as substrate at a final concentration of 2 mg/ml at room
temperature using microtiter plates in a plate reader (Genius plate
reader; Tecan, Crailsheim, Germany). Continuous absorbance
measurements at 405 nm were carried out and change in A,o5 over
time (dA/min) calculated in the linear range of the reaction. For
determination of the ALP activity, 8 replicates per time point and
condition were used. For the GAG and DNA assays, 4 replicates
per time point and condition were used.

Statistical Analysis
Statistical analysis was carried out by pairwise comparisons
using unpaired, 2-tailed t test in Microsoft Excel.

Hypertrophy in MSC Chondrogenesis

Error bars show standard deviation; * significantly different from
chondrogenic control (p < 0.05); n = 8. Significantly higher ALP
activity was measured in the culture medium in the hypertrophic
groups on day 21, day 28 and day 35 in all cell populations and on
day 42 in one cell population (donor 2; ¢, d). No reproducible sig-
nificant differences were detected between the two TGF-B iso-
forms.

Results

DNA content did not change significantly over time.
Pairwise comparisons of the DNA content between the
control and respective hypertrophic groups as well as be-
tween the TGF-B1 and the respective TGF-33 groups did
not show any significant differences at all time points.
Also, DNA content did not change significantly over
time. The results of the GAG assay normalized to DNA
are shown in figure 1. Significant difference in GAG/
DNA content between hypertrophic and control group
was only seen in the TGF-33 group in cells from one do-
nor (fig. 1f). Statistical comparison of the respective con-
ditions with TGF-B1 and TGF-B3 as chondrogenic
growth factor did not show any reproducible significant
difference. The only significant difference was a higher
GAG content normalized to DNA in the chondrogenic
group on day 42 in one cell population (p = 0.012, cell
donor 2; fig. 1c, d). The difference in nonnormalized
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Fig. 3. Histological and histochemical analysis of chondrogenic
pellet cultures of MSCs treated with TGF-B81. DMMB (a-e), ALP
(f-j) and von Kossa (k-o0) staining of control chondrogenic cul-
tures on day 14 (a, f, k), day 28 (b, g, I) and day 42 (d, i, n) and of
day 28 cultures with hypertrophic treatment started on day 14 (c,
h, m) and day 42 cultures with hypertrophic treatment started on
day 28 (e, j, 0). Selected day 28 and day 42 cultures for von Kossa
staining (I, m) also received 3-glycerophosphate supplementation

GAG content between TGF-1 and TGF-33 was not sig-
nificant for any of the cell populations and conditions.
ALP activity in the culture medium was significantly
higher in the hypertrophic groups compared to the re-
spective control on days 21, 28 and 35 (fig. 2). On day 42,
ALP activity in the medium was significantly higher in
the hypertrophic group compared to the control group in
only 1 of the 3 donors (donor 2; fig. 2¢, d). In the chon-
drogenic groups, ALP secretion increased until day 35
and then plateaued or increased further. In the hypertro-
phic groups, ALP secretion plateaued or decreased after
day 35. Direct comparison of TGF-31 and TGF-33 in the
respective groups did not show any reproducible trend or
reproducible significant difference. ALP activity in the
medium was significantly higher in the TGF-3 group in
the control on day 28 in cell population 1 (p =0.037) com-
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starting on day 14 for day 28 cultures and on day 28 for day 42
cultures. DMMB staining shows the typical hypertrophic mor-
phology with large lacunae in the hypertrophic group on day 28
(c). ALP activity is located in the periphery of cultures in standard
chondrogenic medium (f, g, i) and positive throughout the entire
aggregates in hypertrophic medium (h, j). Mineralization upon
addition of B-glycerophosphate is restricted to the periphery of
both control and hypertrophic cultures (I-o0).

pared to TGF-B1 control group on day 28 (fig. 2a, b). In
the hypertrophic group with TGF-B3 on day 35 com-
pared to the hypertrophic group with TGF-$1 on day 35,
ALP activity in the medium was significantly higher in
cell population 2 (p = 0.041; fig. 2¢, d). These two statisti-
cally significant differences amounted to approximately
20%.

Histologically, no differences between cultures treated
with the two growth factor isoforms, TGF-1 and TGF-
3, could be detected. The histologies shown are from
cultures that were treated with TGF-31. DMMB staining
(tig. 3a—e) showed metachromatic staining of the extra-
cellular matrix at all time points indicating chondrogen-
ic differentiation and production of cartilage matrix. On
day 28, after 14 days of chondrogenic predifferentiation,
the cell morphology in the hypertrophic group (fig. 3¢)

Mueller et al.
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Fig. 4. Immunohistochemical analysis of matrix composition of
chondrogenic pellet cultures of MSCs treated with TGF-B1. Stain-
ing for type I (a-e), type II (f-j) and type X collagen (k-o) of con-
trol chondrogenic cultures on day 14 (a, f, k), day 28 (b, g, I) and
day42 (d, i, n) and of hypertrophic cultures on day 28 after 14 days
of chondrogenic pre-differentiation (c, h, m) and day 42 after 28
days of chondrogenic pre-differentiation (e, j, 0). Strong type I
collagen staining in the periphery of the cultures (a-e). Type I col-

was clearly different from that in the chondrogenic con-
trol (fig. 3b), with larger lacunae typical for hypertrophic
cartilage. On day 42, after 28 days of chondrogenic pre-
differentiation, the morphological difference between
the two groups was less clear.

ALP histochemical staining (fig. 3f-j) showed that
ALP-positive cells were detected in the periphery of the
chondrogenic aggregates on days 14, 28 and 42 (fig. 3f, g,
i) and throughout the aggregates in the hypertrophic
groups on both day 28 and day 42 (fig. 3h, j).

Von Kossa staining was carried out on hypertrophic
and control samples that received medium containing 3-
glycerophosphate as a substrate for mineralization from
day 14 on. The samples examined included day 14 cul-
tures (fig. 3k), which have not received any B-glycero-
phosphate and serve as a negative control. Both control

Hypertrophy in MSC Chondrogenesis

lagen staining in the center of the aggregates is stronger in hyper-
trophic (c, e) than control cultures (a, b, d). Initial type IT collagen
expression is detected on day 14 (f) and strong staining is ob-
served on day 28 and day 42 in both control and hypertrophic
cultures (g-j). Type X collagen staining is negative on day 14 (k)
and positive in the hypertrophic (m, o) and in the control cultures
(I, n) on day 28 and day 42.

(tig. 31) and hypertrophic (fig. 3m) day 28 cultures had
received 3-glycerophosphate from day 14 on, and control
(fig. 3n) and hypertrophic (fig. 30) day 42 cultures had
received (3-glycerophosphate from day 28 on. The day 28
and 42 nonhypertrophic control group (fig. 31, n) both
showed mineralization of the peripheral ring where the
ALP-positive cells were located (fig. 3g, i). In absence of
B-glycerophosphate, day 14 aggregates did not mineral-
ize at all. Interestingly, in the day 28 and day 42 hyper-
trophic groups (fig. 3m, o), mineralization was also main-
ly restricted to the periphery. On some sections, the min-
eralized area extended slightly further to the center of the
aggregates compared to the control, but this was not de-
tected in all sections.

Immunohistochemical staining showed high type I
collagen expression in the periphery of the aggregates in

Cells Tissues Organs 2010;192:158-166 163



all groups at all time points (fig. 4a—e). Both on day 28 and
day 42, the staining in the central areas of the aggregates
was stronger in the hypertrophic (fig. 4c, e) than the con-
trol group (fig. 4b, d). Type II collagen staining was still
weak on day 14 (fig. 4f) and clearly positive on days 28
and 42 in both chondrogenic and hypertrophic groups,
and was localized to the central area (fig. 4g-j). Immuno-
histochemical detection of type X collagen was negative
on day 14 (fig. 4k) and positive on days 28 and 42 in both
control and hypertrophic groups (fig. 41-0). Staining in-
tensity between control and hypertrophic groups differed
only slightly between control and hypertrophic groups.
Type X collagen was localized in the center of the aggre-
gates with type II collagen and was negative in the periph-

ery.

Discussion

We could reproducibly enhance the hypertrophic phe-
notype of chondrifying MSCs by switching from the
standard chondrogenic to the hypertrophic condition in
this experiment after predifferentiation with both TGEF-
B1 and TGF-B3. This could clearly be shown by the dif-
ferent cell morphology after hypertrophy induction as
well as the expression of hypertrophy markers such as
ALP and type X collagen. Histologically and by quantifi-
cation of ALP secretion, we did not detect differences be-
tween aggregates that have been preconditioned with
TGF-B1 or TGF-B3. Our results are based on phenotypi-
cal analyses such as histology, immunohistochemistry
and biochemical assays. Using these techniques facili-
tates the detection of relevant phenotypical differences
between the groups. Although molecular analyses may
yield additional results, their relevance to the actual phe-
notype is unknown, given our histological, immunobhis-
tochemical and biochemical results. Nevertheless, more
sensitive assays like gene expression analysis could pos-
sibly detect differences between the two growth factor
isoforms.

Hypertrophy markers are also expressed under stan-
dard chondrogenic culture conditions. Type X collagen
staining is positive in the chondrogenic control groups on
day 28 and 42 as well. Strikingly, ALP-positive cells, even
at the latest time point (42 days), are restricted to the pe-
riphery of the aggregates in the chondrogenic control
groups, whereas they are evenly distributed throughout
the aggregates in the hypertrophic groups. Both type X
collagen and ALP are markers of hypertrophic chondro-
cytes in the growth plate. There is some indication in the
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literature that the onset of type X collagen expression
shortly precedes the onset of ALP expression in growth
plate chondrocytes [Poole et al., 1989; Cheung et al,
2001], while other reports suggest a simultaneous regula-
tion of these genes [Farquharson and Whitehead, 1995;
Iwamoto et al., 1995]. For costal cartilage there is clear
evidence that type X collagen and ALP are regulated dif-
ferentially with an early onset of type X collagen expres-
sion during development, whereas the expression of ALP
and endochondral ossification do not initiate before pu-
berty [Bahrami et al., 2001]. Given this reported finding
and the differential expression of type X collagen and
ALP observed here, our results may be interpreted in the
following manner. Under standard chondrogenic condi-
tions, a developmental program similar to endochondral
ossification in limb development is initiated by the strict-
ly defined chondrogenic medium containing TGF-f and
dexamethasone. Previously published data support this
hypothesis [Mueller and Tuan, 2008]. In standard chon-
drogenic medium, chondrifying MSCs mature to a type
X collagen-positive but ALP-negative hypertrophic stage.
However, under standard chondrogenic conditions,
MSCs that have differentiated in vitro in aggregate cul-
ture display characteristics of hypertrophic cartilage,
such as vascular invasion and ossification, when ectopi-
cally implanted in vivo [Pelttari et al., 2006]. Both TGF-3
and dexamethasone inhibit hypertrophy in chondrocytes
[Ballock et al., 1993; Leboy et al., 1997], and thyroid hor-
mone enhances hypertrophy [Quarto et al., 1997; Okubo
and Reddi, 2003; Mello and Tuan, 2006] during endo-
chondral ossification. In the pellet culture system used
here, the withdrawal of the antihypertrophic agents,
TGF-B and dexamethasone, is a prerequisite for the en-
hancement of hypertrophy by the addition of thyroid
hormone [Mueller and Tuan, 2008]. We therefore believe
that the continuous application of TGF-3 and dexameth-
asone in the standard chondrogenic medium either slows
down maturation or does not allow the transition from a
type X collagen-positive and ALP-negative hypertrophic
phenotype to a hypertrophic phenotype that expresses
both type X collagen and ALP. When the culture medium
is switched to the hypertrophic medium, the maturation
restraining factors TGF-B and dexamethasone are re-
moved from the system and prohypertrophic thyroid
hormone is added. This combination leads to either a
massive acceleration of the maturation process or allows
maturation to progress.

The difference between the hypertrophic group and
the control group was clearly less distinct after 28 days of
chondrogenic predifferentiation compared to the shorter

Mueller et al.



predifferentiation period of 14 days. This is true both for
the quantitative hypertrophy marker (ALP secretion) and
the cell morphology. After 14 days, the switch to the hy-
pertrophic medium induced a clearly hypertrophic cell
phenotype represented by large lacunae, whereas after 28
days predifferentiation, there was almost no difference in
cell morphology between the hypertrophic and the con-
trol group. Immunohistochemical type X collagen stain-
ing and histochemical alkaline phosaphatase activity,
however, turned clearly positive after hypertrophy induc-
tion both after 14 and 28 days chondrogenic precondition-
ing. The increase in cell volume in hypertrophic chondro-
cytes of the growth plate is a very dynamic process and is
mainly caused by an increase in organelles and an expres-
sion of increased metabolic activity [Hunziker et al., 1999;
Ballock and O’Keefe, 2003]. We believe that this is also
true for the enhancement of hypertrophy in MSC chon-
drogenesis. A possible reason for the lack of increase in cell
volume after 28 days of predifferentiation is that cells may
have reached a mature state in which they simply cannot
react to the new prohypertrophic culture condition with
a similar increase in metabolic activity as earlier in the
chondrogenic differentiation, that is, on day 14.

The presence of ALP activity in the periphery of the
aggregates in the control group is unlikely to be an ex-
pression of hypertrophy. ALP activity is co-localized with
type I collagen and not with type II and type X collagen,
and is associated with the peripheral fibroblast-like cells
that resemble periosteal or bone cells. This explanation is
supported by the fact that these cells are associated with
a mineralized matrix in the periphery of the aggregates
upon supply of B-glycerophosphate. In the hypertrophic
groups, we had expected mineralization of the entire ag-
gregate after addition of B-glycerophosphate because of
the strong homogeneous ALP activity detected through-
out the aggregates. However, hypertrophic aggregates did
not mineralize entirely after addition of 3-glycerophos-
phate. Only on some sections the mineralization was ex-
tended further towards the center of the aggregates, com-
pared to the controls. In previous work, we were able to
detect mineralization of large amounts of the extracellu-
lar matrix after induction of hypertrophy and addition of
B-glycerophospate [Mueller and Tuan, 2008]. The major
differences between these studies are, first, the use of a
different cell source with younger cell donors in the pres-
ent study and, second, in the previous experiment, the
hypertrophic medium contained 1 nM dexamethasone
but was withdrawn completely in the present study. Fur-
thermore, in the previous study, the hypertrophic group
was characterized by a certain histological heterogeneity

Hypertrophy in MSC Chondrogenesis

with regions of undifferentiated and hypertrophic areas,
which possibly allowed better tissue penetration of 3-
glycerophosphate because of the less dense extracellular
matrix in undifferentiated areas.

In summary, we could not detect any difference be-
tween TGF-B1 and TGF-$3 in terms of susceptibility to
the development of hypertrophy. Also, under standard
chondrogenic conditions, differentiating MSCs devel-
oped a hypertrophic phenotype that expresses type X col-
lagen but not ALP. This hypertrophic phenotype could
reproducibly and significantly be enhanced after 2 weeks
of chondrogenic predifferentiation with the hypertrophic
conditions which could be shown by the different cell
morphology and ALP positivity in the central, chondro-
genic differentiated areas of the aggregates. After alonger
predifferentiation period of 4 weeks, the difference be-
tween hypertrophic and chondrogenic aggregates was
less distinct, in particular, the changed cell morphology
with increase in cell volume was less obvious.

For MSC-based tissue engineering of articular carti-
lage, the expression of hypertrophy markers is a major
concern because hypertrophy will ultimately lead to
apoptosis, vascular invasion, and ossification of the tis-
sue. The model described here is a useful tool for investi-
gating mechanisms leading to hypertrophy and to test for
culture conditions that may inhibit hypertrophy. Our
data indicate that for these purposes, the choice of the
TGF- isoform is not a critical issue, but that a prediffer-
entiation period of 2 weeks is preferable over a prediffer-
entiation period of 4 weeks because of the larger differ-
ences observed between the hypertrophic and control
groups.
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