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Regional Differences in Chondrocyte Metabolism in
Osteoarthritis

A Detailed Analysis by Laser Capture Microdissection
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Objective. To determine the change in metabolic
activity of chondrocytes in osteoarthritic (OA) cartilage,
considering regional difference and degree of cartilage
degeneration.

Methods. OA cartilage was obtained from knee
joints with end-stage OA, at both macroscopically intact
areas and areas with various degrees of cartilage degen-
eration. Control cartilage was obtained from age-
matched donors. Using laser capture microdissection,
cartilage samples were separated into superficial, mid-
dle, and deep zones, and gene expression was compared
quantitatively in the respective zones between OA and
control cartilage.

Results. In OA cartilage, gene expression changed
markedly with the site. The expression of cartilage
matrix genes was highly enhanced in macroscopically
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intact areas, but the enhancement was less obvious in
the degenerated areas, especially in the upper regions.
In contrast, in those regions, the expression of type I1I
collagen and fibronectin was most enhanced, suggesting
that chondrocytes underwent a phenotypic change
there. Within OA cartilage, the expression of cartilage
matrix genes was significantly correlated with SOX9
expression, but not with SOX5 or SOX6 expression. In
OA cartilage, the strongest correlation was observed
between the expression of type I11 collagen and fibronec-
tin, suggesting the presence of a certain link(s) between
their expression.

Conclusion. The results of this study revealed a
comprehensive view of the metabolic change of the
chondrocytes in OA cartilage. The change of gene ex-
pression profile was most obvious in the upper region of
the degenerated cartilage. The altered gene expression
at that region may be responsible for the loss of
cartilage matrix associated with OA.

Osteoarthritis (OA) is a disease characterized by
a progressive loss of cartilage matrix that often extends
over a decade. During the long course of the disease,
chondrocytes undergo obvious metabolic changes. A
variety of changes are known to occur that have 2
distinctive aspects. First, the anabolic activity of chon-
drocytes is strongly enhanced in OA. Following the
initial reports more than 4 decades ago (1), an increasing
number of studies have shown that the expression of
virtually all cartilage components is up-regulated in OA
cartilage (2-13). The increased anabolism may be a
repair response of the chondrocytes that counteracts the
loss of cartilage matrix (2-4). Second, in OA, chondro-
cytes undergo phenotypic changes. Because of this,
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chondrocytes in OA cartilage express matrix genes that
are not expressed in normal cartilage, such as type I and
type III collagens (5-10). Since the induction of these
genes also occurs during the dedifferentiation of chon-
drocytes in vitro, the phenotypic changes in OA have an
aspect resembling that of the dedifferentiation process
(9). The phenotypic changes also show a characteristic
of developmental reversal, since the expression of type
IIA procollagen, a prechondrogenic splicing variant of
the type II collagen gene, is observed in OA (11,12). In
contrast, the presence of type X collagen in OA cartilage
has persuaded investigators that chondrocytes are un-
dergoing hypertrophic changes there (13,14).

Because of the diversity in gene expression, it is
currently difficult to obtain a comprehensive idea of the
metabolic changes in OA. This diversity may stem from
a topographic variation of the pathology. Since cartilage
pathology differs obviously from site to site within OA
cartilage, it is likely that the metabolic changes in the
chondrocytes also differ by areas related to that pathol-
ogy (4,9,10,15). The regional differences of chondrocyte
metabolism may be important to our understanding of
the mechanism of disease progression. For example, a
focal decline of the matrix synthesis in OA cartilage may
play a critical role in the loss of cartilage matrix (3,4,9).

Conventionally, the regional differences of cellu-
lar metabolism in OA have been evaluated primarily by
histologic methods, so the comparison among the areas
has not been quantitative. Laser capture microdissection
(LCM) is an innovative technology that enables the
isolation of a specific area of tissue by its histologic
features (16). Coupled with real-time polymerase chain
reaction (PCR), the use of LCM allowed us to perform
a quantitative evaluation of the multiple genes expressed
in specific regions of OA cartilage. Thus, this study has
revealed, for the first time, a comprehensive view of the
changes in metabolic activity of chondrocytes in OA
cartilage.

MATERIALS AND METHODS

Tissue procurement. This study was performed with
the approval of the Human Ethics Review Committees of the
participating institutions. For material collection, informed
consent was obtained in writing from each subject or family of
the donor. OA cartilage samples were obtained from 32
end-stage OA knee joints of 30 patients (mean age 70.3 years
[range 56-88 years]) within 4 hours after surgery. The diagno-
sis of OA was based on the criteria for knee OA of the
American College of Rheumatology (17). Control cartilage
samples were obtained from 18 nonarthritic knee joints from
16 donors (mean age 82.3 years [range 67-89 years]) within 24
hours after death. The donors had no known history of joint
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disease or serious trauma, and the normality of the joint was
confirmed macroscopically at the time samples were obtained.
Knee cartilage in aged donors usually undergoes some degen-
eration, even though the donors did not have any problems
with the joints. Therefore, we obtained control cartilage sam-
ples from the knees even when the cartilage showed some signs
of degeneration, as long as the degeneration was superficial
and limited to small areas (<20% of total cartilage area).
Control ligaments, bone tissues, and menisci were also har-
vested from these joints.

Laser capture microdissection. In each OA joint,
cartilage tissues were harvested from 2-5 sites in femoral
condyles showing various degrees of cartilage degeneration. In
each control joint, cartilage samples were harvested from 2-4
sites in the weight-bearing areas of the femoral condyles. The
cartilage samples were cut above the calcified zone, which was
confirmed under a microscope at the time of laser microdis-
section. Immediately after harvest, the cartilage samples were
embedded in OCT compound (Sakura Finetechnical, Tokyo,
Japan), snap-frozen in liquid nitrogen, and then stored at
—80°C until used.

In preparation for LCM, 20-40-um-thick frozen sec-
tions were cut from the cartilage tissues along a plane vertical
to the joint surface. The sections were first treated with 0.5M
EDTA (pH 8.0) for 3 minutes, dehydrated with graded con-
centrations of ethanol, and clarified with xylene. All reagents
were prepared RNase-free, and the entire process was com-
pleted within 30 minutes to minimize RNA degradation.

Under an LCM device (PixCell Ile; Arcturus, Moun-
tain View, CA), each frozen section was divided into cartilage
zones based on its histologic features (18,19). Cartilage sam-
ples from preserved areas contained 3 zonmes (superficial,
middle, and deep) and were separated into these respective
zones. For the cartilage from degenerated areas, the number of
zones in the section differed from 3 to 1, depending on the
severity of the cartilage pathology. A section containing all 3
zones was separated into the 3 respective zones. When a
superficial zone was lost to the disease, the section was divided
into 2 zones, the middle and deep zones (Figure 1). If a section
contained only a deep zone, it was used directly for RNA
extraction without microdissection. At each tissue procure-
ment, the appropriateness of zone isolation was confirmed
under a microscope.

Analysis of gene expression. Immediately after LCM,
RNA was extracted from the tissues using an RNeasy Micro kit
(Qiagen, Hilden, Germany) with routine use of DNase I
(Qiagen). Complementary DNA (cDNA) was synthesized
using Sensiscript reverse transcriptase (Qiagen). Gene expres-
sion was evaluated quantitatively by real-time PCR on a
LightCycler (Roche Diagnostics, Basel, Switzerland). Gene-
specific primers and probes were prepared (a list of primer and
probe sequences is available at http://www.hosp.go.jp/
~sagami/rinken/crc/index html), and the process of PCR was
monitored by either SYBR Green or hybridization probes.
LightCycler FastStart DNA Master SYBR Green I (Roche
Diagnostics) or LightCycler FastStart DNA Master Hybridiza-
tion Probe (Roche Diagnostics) was used for PCR. The PCR
protocol was as follows: 95°C for 10 minutes to activate Tag
polymerase, then 40 cycles of 95°C for 10 seconds, melting
temperature for the individual gene for 15 seconds (a list of
melting temperatures for the individual genes is available at
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Figure 1. Separation and acquisition of cartilage zone by laser capture microdissection (LCM). A, A tissue section was set on an LCM device, and
a transparent plastic film was placed on the section. Cartilage zones were identified through the film. B, The zone of interest was fixed to the film
by shooting with a laser. The area was shot multiple times until the entire zone was anchored to the film. Arrays of spots indicated by yellow
arrowheads are the laser shot marks. C, After laser shooting, any unnecessary area of the section was removed, and only the zone of interest that
had adhered to the film was obtained. Acquisition of a middle cartilage zone from a section containing middle and deep zones is shown. The
superficial zone of this section was already lost to disease. Single and double asterisks indicate the top and bottom of the section, respectively.
Transparent and bold black arcs indicated by blue arrowheads are the marks on the plastic film. (Original magnification X 2.)

http://www.hosp.go.jp/--sagami/rinken/crc/index.html), and Statistical analysis. Pearson’s correlation and paired
72°C for 6 seconds. t-tests were calculated with the SAS software package (SAS

The amount of specific cDNA was quantified with a Institute, Cary, NC). For some data, statistical differences
standard curve based on the known amounts of PCR product. were determined by an analysis of variance followed by a
When SYBR Green I was used for monitoring, melting curves Scheffe’s post hoc test. P values less than 0.05 were considered
were routinely recorded to verify singularity of the product. A significant.

previous study showed that GAPDH is expressed at similar
levels in chondrocytes in normal and OA cartilage (8). Con-
sistently, the result of our preliminary experiment indicated
that the expression of GAPDH and ACTB (a gene coding
B-actin) was highly correlated in cartilage samples from OA

RESULTS

Up-regulated expression of cartilage matrix mol-

and control knees. Thus, in this study, GAPDH was used as the ecules at different regional intensities in OA cartilage.
internal standard for gene expression, and cDNA levels were In each OA joint, cartilage was harvested from femoral
expressed as the ratio of gene expression:GAPDH expression. condyles, both from macroscopically intact areas and
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Figure 2. Expression of cartilage matrix genes in osteoarthritic (OA) and nonarthritic (control) cartilage. Cartilage samples obtained from
nonarthritic knee joints and knee joints with end-stage OA were divided into superficial (S), middle (M), and deep (D) zones by laser capture
microdissection, and expression of cartilage matrix genes was evaluated in the respective zones. In OA joints, cartilage samples were harvested from
macroscopically intact areas (preserved) and areas with various degrees of cartilage degeneration (degenerated). The latter samples were divided
into 3 groups (S-M-D, M-D. and D) according to the zones retained at the site. Expression of the genes coding type Il collagen (COL2A41) (A).
aggrecan (AGC1) (B), and link protein (HAPLNI) (C) is shown as ratios of the expression of GAPDH. Each bar represents the results from at least
16 samples, Values are the mean and SD. = = P < 0.05; #+ = P < (.01, versus the corresponding zone in control cartilage.
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Figure 3. Expression of minor cartilaginous genes in OA and control cartilage. A and B, Expression of COLIAI (A) and COL1A2 (B) in control
and OA cartilage is shown as ratios of the expression of GAPDH, as described in Figure 2. C, The expression ratios of COL1A42 to COL1A4] were
obtained in the superficial zone in preserved areas and in the deep zone in degenerated areas where the zone was directly exposed to the joint cavity,
and were compared with those obtained in bone, ligaments, and menisci harvested from control joints. Ratios are shown in logarithmic values. D-F,
Expression of genes coding type III collagen (COL3A1) (D), fibronectin (FN1) (E), and type X collagen (COLI0AI) (F) is shown as ratios of the
expression of GAPDH. G and H, Expression of exon 2 of COL2A41 gene is shown as ratios of the expression of GAPDH (G) and by ratio to the total
expression of COL241 (H). S-M-D, M-D, and D under the respective groups of bars indicate the zone(s) retained in the samples. Each bar
represents the results from at least 11 samples. Values are the mean + SD. * = P < 0.05; +* = P < 0.01, versus the corresponding zone in control
cartilage. See Figure 2 for definitions.

from areas showing macroscopic signs of degeneration.
In this study, such areas were designated “preserved”
and “degenerated” areas, respectively. OA and control
cartilage samples were separated into 3 cartilage zones
by LCM, and gene expression was evaluated in the
respective cartilage zones by real-time PCR, considering
the zonal difference and the severity of cartilage degener-
ation.

Compared with that in the control cartilage, the
expression of type II collagen was strongly up-regulated
in all areas in OA cartilage (Figure 2A). The up-
regulation was most apparent in the deep zone, where
the expression was ~20-fold that in the correspond-
ing zone of the control cartilage. In contrast, the level of
up-regulation was considerably reduced in the upper
part of the degenerated cartilage. Where the zones were
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Figure 4. Comparison of gene expression between preserved (Pres)
and degenerated (Deg) areas. In each osteoarthritic joint, the expres-
sion of 4 genes was compared in the respective cartilage zones between
the preserved and degenerated areas. For the middle and deep zones,
expression in the degenerated area was determined where the zones
were directly exposed to the joint cavity due to the loss of the upper
zone(s) to the disease. Expression of COL241 (A, E, and 1), AGCI (B,
F, and J), COL3A4l (C, G, and K), and FNI (D, H, and L) in the
superficial, middle, and deep zones is shown. In these graphs, each line
represents the expression in a single joint. Results from 7-13 joints are
shown as the ratio of gene expression to GAPDH expression.
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directly exposed to the joint cavity due to the loss of the
upper zone(s) to the disease, the expression levels in the
middle and deep zones were almost half of those in the
preserved areas.

The expression of aggrecan was also enhanced in
OA cartilage (Figure 2B). Similar to type II collagen, the
increase was most obvious in the deep zone of the
preserved area but was less intense in the degenerated
area. In this gene, the regional change of expression was
more obvious than that in type II collagen. Thus, in the
middle and deep zones exposed to the joint cavity in
degenerated areas, the expression was virtually unen-
hanced, and the expression levels were similar to those
in the control cartilage. The expression of link protein
presented a regional change similar to that of aggrecan,
although the decline in the degenerated area was less
apparent (Figure 2C).

Spatially distinctive patterns in OA cartilage
shown by expression of minor cartilaginous genes in-
duced by OA. In OA, there is enhanced expression of
several genes that are not expressed at substantial levels
in normal cartilage. Types I, III, and X collagen and
fibronectin are among those genes (5,9,13,14,20-22),
which are termed minor cartilaginous genes in this
report. A change in alternative splicing also occurs in
OA, and there is induced expression of exon 2 of type II
collagen gene, which is not expressed in healthy adult
cartilage (11,12). Therefore, we evaluated the expression
of these genes and the exon in OA and control cartilage,
paying special attention to regional differences.

In accordance with previous reports (6-8,23), the
expression of type I collagen genes, COLIA] and
COL1A2, was induced in OA cartilage (Figures 3A and
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Figure 5. Expression of SOX genes in OA and control cartilage. Expression of SOXS (A), SOX6 (B), and SOX9 (C) in control and OA cartilage
is shown as ratios of the expression of GAPDH, as described in Figure 2. $-M-D, M-D, and D under the respective groups of bars indicate the zone(s)
retained in the samples. Each bar represents the results from at least 13 samples. Values are the mean and SD. # = P < 0.05; # = P < 0.01, versus

the corresponding zone in control cartilage. See Figure 2 for definitions.
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Figure 6. Correlation of gene expression in osteoarthritic (OA) cartilage. Expression of cartilage matrix genes, minor cartilaginous genes induced
by the disease, and 3 cartilage-related SOX genes was determined at various sites of OA cartilage, and a correlation of expression was investigated
among the genes. A, Correlation coefficients among the genes are shown by a heat map. Red and green colors indicate positive and negative
correlations, respectively. Yellow square frames indicate significant correlations of expression. B-J, Correlation of gene expression is shown by
scattergrams. Significant correlations were found between COL241 and AGC1 (B), AGC1 and HAPLNI (C), COL2AI and HAPLNI (D), COL3A41
and FNI (E), SOX9 and COL2A41 (F), SOX9 and AGC! (G), SOX9 and HAPLNI (H), SOX5 and SOX6 (1), and SOX5 and SOX9 (J), with the
strongest correlation between CQL3A41 and FNI.

B). However, their induction levels varied markedly arcas and in the middle and deep zones in severely
among samples, and practically no induction was ob- degenerated arecas. Interestingly, although these genes
served in approximately half of the samples. Within the showed similar patterns of expression within OA carti-
samples with detectable expression, these genes were lage, their expression levels often differed considerably.

expressed in the superficial zones in less degenerated The loss of coordinated expression was apparent when
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the expression ratio of COL1A2 to COLIAI was com-
pared between OA cartilage and other normal tissues
containing type I collagen as a major component (Figure
3C). While the expression ratio of COL1A2 10 COL1AI
was between 0.7 and 1.7 in the bone, ligament, or
meniscus tissues obtained from nonarthritic joints, the
ratio in OA cartilage ranged widely from 0.2 to 44. The
poor coordination in expression suggests that the expres-
sion of type I collagen genes could be induced by an
aberrant mechanism(s) in OA cartilage.

In contrast to type I collagen, the induction of
type III collagen messenger RNA (mRNA) was consis-
tently observed in OA samples. Within OA cartilage, the
expression of type III collagen was most intense in the
upper region of degenerated cartilage (Figure 3D). The
expression of another gene, fibronectin, was consistently
induced in OA cartilage. The regional change of fi-
bronectin expression was very similar to that of type III
collagen expression (Figure 3E).

Unlike type I or type III collagen, the induction
of type X collagen was observed primarily in the deep
zone (Figure 3F). The induction was weaker than that of
type I or type III collagen as judged by the ratios of
expression to that of GAPDH, and the level of induction
was considerably different among OA samples; the
expression was virtually absent in approximately half of
the samples. Interestingly, the expression of type X
collagen was more obvious in the less degenerated areas
than in the more degenerated areas where the superfi-
cial zone was lost to the disease.

Consistent with previous reports, the expression
of exon 2 of the COL2A1 gene was obviously increased
in OA cartilage when evaluated by the ratio of its
expression to that of GAPDH (Figure 3G). However, the
expression of exon 2 relative to total COL2A1 expression
was rather reduced in OA cartilage (Figure 3H). Thus, it
was assumed that the appearance of type IIA procolla-
gen might not be the result of a phenotypic change in the
chondrocytes as previously speculated (11,12), but is
more likely to be associated with the up-regulation of
type II collagen expression.

Chondrocytes at the upper part of degenerated
cartilage undergo a phenotypic change. Next, we com-
pared gene expression between preserved areas and
degenerated areas in the respective cartilage zones of
the respective OA joints. In the superficial zone, the
expression was compared in each sample between the
preserved and degenerated areas (i.e., between the 2
regions in the superficial zone without and with macro-
scopic degeneration). In the middle and deep zones, the
comparison was performed in each sample between the
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preserved areas and the degenerated areas where the
zones were directly exposed to the joint cavity.

The result clearly indicated that a shift occurred
in the pattern of gene expression at the upper region of
degenerated cartilage (Figure 4). In the degenerated
areas in the middle and deep zones, the expression of
cartilage matrix genes (type II collagen and aggrecan)
was suppressed, while the expression of minor cartilag-
inous genes (type III collagen and fibronectin) was
enhanced. In the superficial zone, the expression of
minor cartilaginous genes was induced similarly in the
degenerated areas, although the suppression of cartilage
matrix gene expression was not apparent. In spite of
considerable differences in expression levels among the
samples, the shift of gene expression was consistently
observed in almost all OA samples. Thus, the chondro-
cytes are considered to undergo a phenotypic change at
the upper region of degenerated cartilage, no matter in
which cartilage zone the cells reside.

Expression of SOX genes in OA and control
cartilage. During chondrogenic differentiation, the ex-
pression of cartilage matrix genes is regulated by the
transcriptional factors SOX35, SOX6, and SOX9 (24). In
order to estimate the involvement of these molecules in
the change of chondrocyte metabolism in OA, their
expression was investigated (Figure 5). In OA cartilage,
the expression of SOX genes tended to be reduced in the
degenerated areas, particularly in the upper region of
the degenerated cartilage. The reduction was most ob-
vious with SOX6, followed by SOX9, and was least
apparent with SOX3. In the preserved areas, the expres-
sion of SOX5 and SOX6 tended to be increased above
control levels, although this trend was not observed with
SOX9. These regional changes of SOX expression within
OA cartilage suggested that the altered SOX gene
expression might be related to the change in matrix gene
expression in OA.

Correlation of gene expression in OA cartilage.
In an attempt to understand the mechanism(s) underly-
ing the altered gene expression in OA cartilage, a
possible correlation of gene expression was investigated
(Figure 6A). The expression of 3 cartilage matrix genes
correlated significantly. The expression of type II colla-
gen was significantly correlated with that of aggrecan
(r = 0.110, P = 0.0081) (Figure 6B), and a stronger
correlation was observed between aggrecan and link
protein (r = 0.512, P < 0.0001) (Figure 6C). A signifi-
cant correlation was also observed between type II
collagen and link protein (r = 0.294, P < 0.0001) (Figure
6D), implying that the expression of these genes might
be modulated by a common factor(s) in OA cartilage.
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In contrast, no significant correlation was found between
the expression of cartilage matrix genes and minor
cartilaginous genes induced by the disease in any com-
bination (from £ = 0.102 to £ = 0.991) (Figure 6A).

Among the 5 minor cartilaginous genes evalu-
ated, a significant correlation was observed only between
type III collagen and fibronectin (r = 0.764, P < 0.0001)
(Figure 6E). Therefore, the expression of minor carti-
laginous genes was assumed to occur without any asso-
ciation in OA cartilage, except for that of type III
collagen and fibronectin. Interestingly, the correlation
between type III collagen and fibronectin was stronger
than any other relationship observed in this study,
suggesting the presence of certain link(s) in their expres-
sion. In fact, we have obtained data indicating that the
expression of type III collagen in human OA cartilage
could be induced, at least partly, through the activation
of @581 integrin by fibronectin (Fukui N: unpublished
observation).

Next, a possible correlation of expression was
investigated between the SOX genes and the 3 cartilage
matrix genes. Although no significant correlation was
found between SOX5 or SOX6 and the matrix genes
(from P = 0.072 to P = 0.857) (Figure 6A), the
expression of all 3 matrix genes was significantly corre-
lated with that of SOX9 (Figures 6F-H). The correlation
was strongest with aggrecan (r = 0.627, P < 0.0001),
followed by link protein (r = 0.560, P < 0.0001), and was
weakest with type Il collagen (r = 0.270, # = 0.013). The
expression of SOX genes was not correlated with that of
the minor cartilaginous genes in any combination (from
P = 0.436 to P = 0.959) (Figure 6A). Meanwhile, the
expression of SOX genes was mutually correlated. Sig-
nificant correlations were observed between SOX5 and
SOX6 (r = 0.527, P < 0.0001) (Figure 61) and between
SOXS5 and SOX9 (r = 0.468, P = 0.001) (Figure 6J),
although the correlation between SOX6 and SOX9 was
not significant (P = 0.728).

DISCUSSION

The result of this study has provided a compre-
hensive view of the change in metabolic activity of the
chondrocytes in OA. The profile of gene expression
differed considerably with the site, depending on the
cartilage zone and the extent of cartilage degeneration.
In the macroscopically intact areas of OA cartilage, the
expression of cartilage matrix genes was markedly en-
hanced, particularly in the middle and deep zones. This
observation was consistent with the results of previous
studies using in situ hybridization (3,4,6,9), in which the
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enhanced matrix synthesis was considered to be a repar-
ative response that attempts to reconstitute the impaired
cartilage matrix (2-4). Meanwhile, the up-regulation of
cartilage matrix genes was less obvious in the degener-
ated areas, particularly in the upper regions. Instead, at
those regions, the expression of type III collagen and
fibronectin was most enhanced. The shift in gene expres-
sion was apparent when the profile of gene expression
was compared between preserved and degenerated ar-
eas in each OA joint (Figure 4).

This shift in gene expression could be signifi-
cantly involved in the progression of the disease. First, in
OA, cartilage matrix is lost primarily from the surface of
degenerated cartilage (25), and that loss of matrix could
be accelerated by the reduced cartilage matrix synthesis
in the surface region (4,9). Second, matrix loss may be
facilitated by the induction of type III collagen synthesis.
Although this collagen could be a minor component of
normal articular cartilage (26-28), it may diminish the
quality of cartilage matrix when expressed in excess
through the inhibition of proper matrix organization
(28,29). Third, fibronectin is known to cause an intense
catabolic response in chondrocytes and synoviocytes
when cleaved into fragments (30). Therefore, the induc-
tion of this protein at the site of enhanced catabolism
may be even more significant in the progression of the
disease. Taking these findings together, the shift in
matrix gene expression at the upper region of degener-
ated cartilage could be a critical event in OA pathology.
Since the shift of gene expression was observed in
virtually all OA samples, the regulation of cellular
metabolism at that site may be an effective strategy in
the future to delay or inhibit disease progression.

Compared with type I1I collagen and fibronectin,
the expression of the other minor cartilaginous genes
was less pronounced in OA cartilage in terms of areas,
intensities, and frequencies. The induction of type I
collagen mRNA was highly variable among OA samples,
and, even when expressed, COLIAIl and COLIA2
mRNA were often induced at different intensities. The
expression of type I collagen in human OA cartilage has
remained controversial in previous studies. Although
our result of COLIAI expression was consistent with
several reports (4,6,9), it was discordant with another
report regarding the area of expression (31). Further,
while we observed the expression of COLIA2 in human
OA cartilage, it was not detected in an earlier study (9).
The revealed discrepancy between COLIAI and
COLIA2 expression may account for these contradic-
tions in the literature. Likewise, there has been a
controversy regarding the induction of COLI0AI ex-
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pression in human OA cartilage: some investigators
observed the expression in the upper part of OA carti-
lage (12,32), whereas others reported it in the deep zone
(13,14,33-35). Our result is consistent with the latter
finding, in that we identified its expression primarily in
the deep zone. However, because the expression of
COL10AI was relatively weak and fairly inconsistent
among OA cartilage samples, we assume that the expres-
sion of type X collagen in OA cartilage might be of
limited significance in the pathology of OA.

Previously, the appearance of type IIA procolla-
gen mRNA or exon 2 of COL241 in OA cartilage was
considered to be the result of a phenotypic reversal of
chondrocytes (11,12). However, this speculation is not
supported by the present result. Since a result consistent
with our own was reported in another recent study (23),
a phenotypic reversal of chondrocytes may not be a
dominant event in OA cartilage.

In light of these findings, the metabolic change of
the chondrocytes in OA may be understood as follows.
In the degenerated areas, a major change in the metab-
olism occurs in the upper region of degenerated carti-
lage. Such a change resembles that of the dedifferenti-
ation process in the decline of type II collagen and
aggrecan expression and the induction of type III colla-
gen expression (Figures 2 and 3) (an illustration of the
sequential changes of gene expression in articular chon-
drocytes during dedifferentiation is available at http://
www.hosp.go.jp/~sagami/rinken/crc/index.html). How-
ever, the change is different from that process in the
expression of link protein, fibronectin, and type I colla-
gen genes. Thus, the metabolic change in the degener-
ated areas of OA cartilage was considered to be unique
and not closely related to the one during the dediffer-
entiation process. Meanwhile, in the preserved areas,
the expression of cartilage matrix genes is highly up-
regulated. Although the phenotypic deviation is less
obvious in those areas, the expression of type I collagen
and type X collagen genes may be induced there in the
superficial and deep zones, respectively.

Although the mechanism(s) for these metabolic
changes remains entirely unknown, the change in SOX9
expression may be related to the altered chondrocyte
metabolism in OA. As shown in the correlation study,
the regional difference in matrix gene expression within
OA cartilage could be ascribed, at least partly, to the
change in SOX9 expression. However, the present result
also indicates that the general up-regulation of matrix
gene expression in OA chondrocytes was not associated
with the increase in SOX9 expression. In this study, the

amounts of SOX proteins were not assessed. Further-
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more, the transcriptional activity of SOX9 is known to
be modulated by the level of phosphorylation (36) and
by the presence of coregulators (37,38). Thus, taking
these factors into account may provide a better explana-
tion of the significance of SOX proteins in the altered
chondrocyte metabolism in OA.

Although the present study has clarified the
metabolic change of chondrocytes in OA cartilage, it
also has several limitations. First, the metabolic change
was evaluated primarily by mRNA expression, and pro-
tein synthesis was not determined. The major difference
in mRNA expression levels among the samples posed
another problem. A large variation among human car-
tilage samples has been reported repeatedly in previous
studies (7,8,23). For OA samples, this might reflect the
diversity of the pathology, while the variation among the
controls might have stemmed from differences in joint
physiology that could be related to the donor’s condition
before death. These points should be clarified by future
studies. Despite these limitations, we believe that our
study has revealed several novel aspects of OA pathol-
ogy. We hope that the current results may offer another
clue to eventually establishing a novel strategy to treat
this tenacious disease.
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A Novel Cell Delivery System Using Magnetically Labeled

Mesenchymal Stem Cells and an External Magnetic Device for

Clinical Cartilage Repair
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Purpose: The purpose of this study was to investigate whether it is possible to successfully
accumulate magnetically labeled mesenchymal stem cells (MSCs), under the direction of an external
magnetic force, to the desired portion of osteochondral defects of the pateliae after intra-articular
injection of the MSCs. Methods: MSCs were cultured from bone marrow and were labeled magneti-
cally. Osteochondral defects were made in the center of rabbit and swine patellae, and magnetically
labeled MSCs were injected into the knee joints either under the direction of an external magnetic force
or with no magnetic force applied. In the rabbit model we evaluated the patellae macroscopically and
histologically, and in the swine model we observed the patellae arthroscopically. Results: Accumu-
lation of magnetically labeled MSCs to the osteochondral defect was shown macroscopically and
histologically in the rabbit model and was shown by arthroscopic observation to be attached to the
chondral defect in the swine model. Conclusions: We showed the ability to deliver magnetically
labeled MSCs to a desired place in the knee joint. Clinical Relevance: Our novel approach is
applicable for human cartilage defects and may open a new era of repairing cartilage defects caused
by ostecarthritis or trauma by use of a less invasive technique. Key Words: Cell delivery system—

Mesenchymal stem cell—Magnetic force—Cartilage repair—Arthroscopic observation.

rticular cartilage has very limited healing potential.

Although there are several treatment options for
cartilage defects, no treatment has been established as a
gold standard procedure. One recent strategy for carti-
lage repair is by transplantation of mesenchymal stem
cells (MSCs).1-4 MSC:s are the cell population of undif-
ferentiated cells isolated from adult tissue that have the

capacity to differentiate into mesodermal lineages, such
as bone, cartilage, fat, muscle, or other tissues.56 The
MSCs from bone marrow can be cultured and differen-
tiated into the desired lineage in vitro with the applica-
tion of specific growth factors or bioactive molecules.
We previously examined the effectiveness of a cell de-
livery system using an internal magnet and magnetic
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liposomes, or magnetic beads, in vitro.”-10 However, for
clinical applications, it is indispensable to develop an
external magnetic device, as well as to use materials that
have been safely used in humans. Recently, there have
been many reports of labeling MSCs with ferumox-
ides."13 Ferumoxides are dextran-coated superpara-
magnetic iron oxide nanoparticles approved by the US
Food and Drug Administration as a magnetic reso-
nance contrast agent for hepatic imaging of humans.
By use of this technique, it has become easy to make
magnetically labeled MSCs. We originally made an
external magnetic device that generated a high mag-
netic force of 0.6 T (Tamagawa, Miyagi, Japan) for
the purpose of human tissue repair. In this study, using
this device, we hypothesized that we could success-
fully accumulate magnetically labeled MSCs, which
have been shown to have a capacity to differentiate
into chondrocytes, 2 to the desired portion of the os-
teochondral defect of the rabbit’s patella after intra-
articular injection of MSCs. We also hypothesized
that this novel, less invasive approach could be done
under arthroscopic control in swine knees.

METHODS -

Our research methods were reviewed and approved
by the Ethical Committee of Hiroshima University,
Hiroshima, Japan.

Cell Culture

The method for isolation and in vitro expansion of
bone marrow-derived MSCs is well known and has
been previously described. A modification of the cul-
ture method of Kotobuki et al."¢ was used. In brief, 5
mL of bone marrow from the tibia of adult human
donors was aspirated with 1 mL of heparin sodium
when they underwent anterior cruciate ligament re-
construction, and this was centrifuged for 5 minutes at
1,500 rpm; the subsequent supernatant, including hep-
arin sodium, was discarded. The extract was resus-
pended in 6 mL of culture medium, composed of Dul-
becco’s modified Eagle medium (Invitrogen [Gibco],
Paisley, Scotland) with 10% fetal bovine serum (Sigma-
Aldrich, St Louis, MO} and 1% antibiotics (penicillin,
streptomycin, and Fungizone; BioWhittaker, Walkers-
ville, MD). We seeded 2 mL of the suspension onto
100-mm culture dishes (Falcon; BD Biosciences,
Franklin Lakes, NJ), and 8 mL of culture medium was
added to each dish. The dishes were incubated for 3

weeks under a humidified atmosphere and 5% carbon
dioxide at 37°C. The medium was not changed for the
first 7 days. When the medium was changed, the
suspended cells and the supernatant were discarded,
and fresh culture medium was added to the dish,
where the adherent cells were left. After the first
change of medium, the medium was then changed
every 3 days. About 2 weeks after seeding, the cells
had proliferated and reached confluence. The cells
were then harvested by treatment with 0.25% trypsin
and 0.02% ethylenediaminetetraacetic acid (EDTA)
(2.5-g/L. trypsin/1-mmol/L EDTA solution; Nacalai
Tesque, Kyoto, Japan). To expand the MSCs, 2to 3
10° of the harvested cells were seeded on 100-mm
culture dishes. On reaching confluence again, the cells
were reseeded under the same conditions. We referred
to these adherent cells as MSCs. We confirmed that
these cells had the capacity to differentiate into osteo-
cytes, adipocytes, and chondrocytes (data not shown)
as shown in previous experimental studies.84

Magnetic Labeling of MISCs

MSCs were labeled overnight with 25 « g Fe/mL
ferumoxides and 375 ng/mL poly-L-lysine (PLL)
(poly-L-lysine hydrobromide; molecular weight, 388
kd [P-1524; Sigma-Aldrich]) as a transfection agent.1?
In brief, 2.2 « L of ferumoxide stock solution (11.2 mg
Fe/mL; Tanabe Seiyaku, Osaka, Japan) was added per
milliliter of culture medium, without cells, and mixed
well. PLL was then added at 3.75 ¢« L/mL from a
0.1-mg/mL stock solution. The medium was mixed
and incubated for 60 minutes at room temperature
with occasional gentle mixing. Labeling was initiated
by removal of the medium from the adherent MSCs
and then adding to the medium containing the feru-
moxides-PLL mixture. After incubation overnight in
the medium, the MSCs were collected after trypsiniza-
tion, and some cells were stained with Prussian blue to
evaluate magnetic labeling of MSCs.

External Magnetic Device

A variable DC electromagnet (model TM-SP12010SC-
014; Tamagawa) was manufactured for the purpose of
generating an external magnetic force (Fig 1A). The

- disk-shaped electromagnet consists of a solenoid iron

coil and is designed to be able to generate a magnetic
field efficiently. The generating magnetic field is sym-
metric about the arbor of the disk (Fig 1B). In brief,
the magnetic field is directed to the center of the disk
surface, and its magnitude decreases away from the
surface (Fig 1C). The magnitude of the magnetic field
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Ficure 1. (A) An external magnetic device generated a magnetic
force (maximum, 0.6 T) to the round wall (40 cm in diameter). (B)
The maximum magnetic field is 0.6 T, and (C) the magnitude of the
magnetic field decreases away from the surface.

is increased by intensifying the electric current
through the electromagnet, and is limited by the
temperature of the coil. When a sample lies 8 cm
from the center of the pole, the maximum magnetic
field is 0.6 T (Fig 1B), and the maximum gradient of
the amplitude of the magnetic field is 25 T/m. The
disk is able to change height and direction.

Accumulation Capacity of Magnetically Labeled
MSCs Under Influence of Magnetic Force

Magnetically labeled MSCs (9 « 10%/300 - L Dul-
becco’s phosphate-buffered saline solution [PBS])
were injected into a tissue culture flask two thirds full
with PBS. In the magnetic force group, injection of
magnetically labeled MSCs was performed under the
influence of an external magnetic force (0.6 T). In the
control group, cell injection was performed without
the influence of a magnetic force.

Rabbit Model

Surgery and Treatment: Six male Japanese white
rabbits weighing 2.5 to 3.0 kg were used in this study.
All rabbits were Killed by the intravenous administra-
tion of pentobarbital sodium, and knee joints were
opened through a medial parapatellar approach. Patel-
lae were turned over, and an osteochondral defect (3
mm in diameter and 2 mm in depth) was made in the
center of the patellae with a cylindrical drill. The joint
capsules were closed in a routine manner, and the
knees were removed. After surgery, 100 « L of PBS
was injected into the knee joint. The knees were put
on the external magnetic device (8 cm from the pole
center, with patellae in the direction of the generated
magnetic force). In the magnetic force group, magneti-
cally labeled MSCs (3 « 108 cells/50 - L. PBS) were
injected into the knee joints under the influence of a
magnetic force (0.6 T) and were kept in position by use
of the magnetic force for 4 hours. In the control group,
magnetically labeled MSCs were injected into the knee
Joints without the influence of a magnetic force and were
kept in the same position for 4 hours.

Evaluation: After treatment, the knees were fixed
with 4% formalin for 2 days, and the patellae were
then removed with the joint capsule. The knee joints
were opened through a lateral parapatellar approach
and were observed macroscopically. The patellae
were removed and immersed in 4% formalin for 24
hours, decalcified with 10% EDTA for 4 weeks, and
then embedded in paraffin. Histologic sections were
stained with H&E, and Prussian blue staining was
used for microscopic analysis.’

Swine Model

In this study, 4 fresh-frozen porcine knees were
used (age range, 3 to 6 months). Before testing, the
knees were stored at « 20°C and thawed for 48 hours
at 4°C. The knee joints were opened through the
medial parapatellar approach. Patellae were turned
over, and full-thickness, critical-sized chondral de-
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fects (10 mm in diameter) were made in the center of
the patellae. The joint capsules were closed in a rou-
tine manner, and an arthroscope (Smith & Nephew
Endoscopy, Andover, MA) was inserted into the knee
Jjoints. After surgery, the knees were put on the exter-
nal magnetic device (with the patellae being in the
direction of the generated magnetic force). In the
magnetic force group, magnetically labeled MSCs (8
+ 10° cells/100 « L PBS) were injected into the knee
Joint under the influence of a magnetic force (0.6 T)
by use of a 1-mL injector (whose needie was bent to
the chondral defects). When magnetically labeled
MSCs were injected into the knee joints, arthroscopic
findings were recorded, and then the arthroscope was
removed. At 90 minutes after injection under the in-
fluence of the magnetic force, the chondral defect sites
were again observed arthroscopically and recorded.
During arthroscopy, the inflow of fluid was turned on
intermittently. In the control group, magnetically la-
beled MSCs were injected into the knee joints under
arthroscopic observation without the influence of a
magnetic force, and the arthroscopic findings were
recorded.

RESULTS
Magnetic Labeling of MSCs

- We confirmed that almost 100% of MSCs were
stained blue with Prussian blue stain.

Accumulation Capacity of Magnetically Labeled
MSCs Under Influence of Magnetic Force

In the control group (Fig 2B and Video 1 [online
only, available at www.arthroscopyjournal.org]),
magnetically labeled MSCs fell down vertically with
gravity. In the magnetic force group (Fig 2C and
Video 2 [online only, available at www.arthroscopy-
Journal.org]), magnetically labeled MSCs fell down
not vertically but diagonally, moved in the direction of
the generated magnetic force, and accumulated to the
side wall of the flask under the influence of gravity
and the magnetic force.

Rabbit Model

Macroscopic Examination: In the control group,
magnetically labeled MSCs, visible as brown particles,
were scattered in the joints and were attached to the bottom
side of the joint capsules (6/6 knees) (Fig 3C). In the
magnetic force group, magnetically labeled MSCs had ac-
cumulated to the osteochondral defect of the patellae and
the capsule around the patellae (6/6 knees) (Fig 3D).

Ficure 2. (A) External magnetic device. (B) Magnetically la-
beled MSCs (9+ 10° cells/300 - L PBS) were injected into a flask
without a magnetic force, and the MSCs fell down vertically
(Video 1 [online only, available at www arthroscopyjournal.org]).
(C) Under the influence of a magnetic force (Video 2 [online only,
available at www.arthroscopyjournal.orgl), magnetically labeled
MSCs were induced to the side wall of the flask, where the
magnetic force was directed.

Histologic Findings: In the control group, no
cells, excluding red blood cells, were shown to be
on the osteochondral defect of the patellae as de-
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Ficure 3. Rabbit model. (A, pho-
tograph of the experimental proce-
dure; B, schema of the procedure.)
Osteochondral defects were made in
the center of the patellae, and mag-
netically labeled MSCs (3 - 10°
cells/50 « L PBS) were injected into
the knee joint with or without the
influence of a magnetic force. Mac-
roscopic findings are shown 4 hours
after injection, and magnetically la-

Magnetic Force

e—-

73

External

Magnetic

Device

beled MSCs are visible as brown
particles (arrows). In the control
group, the MSCs did not accumulate
to the defect and were attached to the
bottorn side of the capsulés as a re-
sult of gravitation (C). In the magnet
force group, magnetically labeled
MSCs accumulated to the osteo-
chondral defect of the patellae (D).

termined by H&E staining (Fig 4A and 4B) and
Prussian blue staining (Fig 4C and 4D). In the
magnetic force group, many cells were visible on
the osteochondral defect of the patellae with H&E

IAOsteovchondral Defect.

staining (Fig 5A and 5B) and were stained blue
with Prussian blue, indicating that the cells contained
iron and were magnetically labeled MSCs (Fig 5C

Ficure 4. Microscopic findings of
control group (rabbit model). There
were no cells, excluding red biood
cells, on the osteochondral defect of
the patellae stained with (A, original
magnification » 40; B, original mag-
nification » 100) H&E and (C, orig-
inal magnification « 100; D, original
magnification « 200) Prussian blue
stain.
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rAOsteochondral Defect

Ficure 5. Microscopic findings of
magnetic force group (rabbit model).
Many cells were seen on the osteo-
chondral defect with H&E stain (A,
original magnification  40; B, orig-

inal magnification » 100), and the
cells were stained blue with the

Prussian blue stain (C, original mag-
nification « 100; D, original magni-
fication « 200), indicating that the
cells contained iron and magneti-
cally labeled MSCs.

Swine Model

In the control group, MSCs were immediately scat-
tered in the joints after injection (Fig 6B and Video 3
[online only, available at www.arthroscopyjournal.
org]). In the magnetic force group, arthroscopic ob-
servation showed that magnetically labeled MSCs
had accumulated to the chondral defect of the patellae
(Fig 6C and Video 4 [online only, available at www.
arthroscopyjournal.org]). Under the influence of the
magnetic force, metallic equipment (arthroscopic sys-
tem and injector’s needle) was not affected by the
magnetic force, because we used nonmagnetic metals
as arthroscopic tools. Only the video camera for re-
cording arthroscopic observation was affected, if the
camera was within 30 cm of the external magnetic
device. At 90 minutes after MSC injection, MSCs
were attached to the chondral defect site against grav-
ity and inflow of the fluid (Fig 6D and Video 5 [online
only, available at www.arthroscopyjournal.org]).

DISCUSSION

This study clearly showed that our system using
arthroscopic control and an external magnetic device
could deliver magnetically labeled MSCs to an osteo-
chondral defect of the patellae. This is the first report
to visualize targeting of magnetically labeled MSCs

under the influence of a magnetic force to accumulate
to the desired place in the knee joint.

Recently, many researchers have reported methods
of transplanting MSCs to repair cartilage defects.’-
MSCs can be easily gathered from the marrow of an
ilium or tibia, and large amounts of cells can be
obtained by culture outside the human body. Further-
more, MSCs have the capacity to differentiate into
mesodermal lineages, such as bone, cartilage, fat,
muscle, or other tissue.>8 Murphy et al.? reported that
intra-articular injection of MSCs to an osteoarthritic
knee stimulated regeneration of articular cartilage in
the goat model, and Tatebe et al.* reported that MSCs
were able to survive on the osteochondral defects and
differentiated to cartilage. Nishimori et al.? reported
that intra-articular injection of MSCs along with a
bone marrow stimulation procedure repaired chronic
osteochondral defects in the rat model. In a clinical
trial, Wakitani et al.3 reported that the implantation of
MSCs together with high tibial osteotomy for the
human osteoarthritic knee was better than only high
tibial osteotomy on the arthroscopic and histologic
grading scale. On the other hand, Agung et al.5 re-
ported that injured cartilage was repaired after intra-
articular injection of MSCs in the rat model but that
the injection of too many MSCs generated free bodies
of scar tissue in the joint. We therefore conceived a
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Ficure 6. Arthroscopic findings
of swine model. Magnetically la-
beled MSCs are visibie as brown
particles (arrows). (A) Chondral

Femur

Patella

\

defects of the patellae are shown
on the right side of the photographs

Chondral Defect |

and videos. (B) In the control
group, magnetically labeled MSCs
were scattered in the joint (Video
3, online only, available at www,
arthroscopyjournal.org). (C) In the
magnetic force group, magneti-
cally labeled MSCs accumulated
in the chondral defect of the pa-
tellae (Video 4, online only, avail-
able at www.arthroscopyjournal.
org). (D) At 90 minutes after
the injection of MSCs, MSCs
were attached biologically to
the chondral defect site (Video 5
[online only, available at www.
arthroscopyjournal.org}).

new method of accumulating a relatively small num-
ber of MSCs to a desired area using a magnetic force
with the aim of avoiding side effects such as the
production of free bodies. We have previously re-
ported a drug delivery system and celi delivery system
using a magnetic force.”-*%% Tanaka et al."® reported
that a magnetic liposomal delivery system using trans-
forming growth factor -+ 1 is useful for cartilage repair
of the rabbit kneée, and Yanada et al.8 concluded that
MSC-RGDS (arginine [R]-glycine [G]-asparatic acid
[D]-serine [S]) peptide-bead complexes are useful for
cartilage repair in vitro. These studies used a perma-
nent neodymium magnet. For our study, we developed
a new external magnetic device for the treatment of
humans.

There are some limitations to our study, however.
First, we used ferumoxides to make magnetically la-
beled MSCs. Ferumoxides are approved by the US
Food and Drug Administration as a magnetic reso-
nance contrast agent, but it is not confirmed whether
MSCs labeled with ferumoxides have the same chon-
drogenic capacity as nonlabeled MSCs. Arbab et al.1?
reported that labeling with ferumoxides does not in-
hibit the chondrogenic differentiation capacity of
MSCs, but Kostura et al.’® reported contradictory re-
sults. We confirmed that magnetically labeled MSCs
have the capacity to differentiate into chondrocytes in

the chondrogenic differentiation medium that con-
tained transforming growth factor <1 and bone mor-
phogenetic protein 2 (data not shown). Second, this
study was conducted over a short time. We have only
shown that magnetically labeled MSCs accumulated
in the osteochondral defect of the patella and did not
confirm whether articular cartilage was formed in the
osteochondral defect. A further long-term study is
needed. Third, we used human MSCs, because we
aimed at clinical applications in humans. We investi-
gated whether magnetically labeled human MSCs ac-
cumulated in the desired place. For another long-term
study in animals, it would be necessary to use immu-
nodeficient animals or the host's MSCs. Fourth, we
used a magnetic field of 0.6 T, but we do not know the
most effective strength of the magnetic field. How-
ever, we confirmed that our external magnetic device
was able to control the direction of magnetically la-
beled MSCs. If we use a greater magnetic force, there
may be effects on operation tools, such as probes,
arthroscopic equipment, and television monitors. In
this study, however, the operation tools were not af-
fected by the magnetic field. (It should be noted that
we used nonmagnetic tools for arthroscopy and an
arthroscopic system that did not use a magnet in the
arthroscope.) We definitely need to perform another
study to investigate the optimal strength of the mag-
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netic field for clinical applications. The last aspect is
the efficiency of magnetically labeling in magnetic
resonance' imaging (MRI). Because ferumoxides act
as a magnetic resonance contrast agent for hepatic
imaging in humans, there may be some artifacts on
MRI. Given that this labeling procedure was origi-
nally developed for monitoring MSCs,"” magnetic la-
beling may have the merit of monitoring implanted
MSCs on MRI.

Another important factor is the location of the os-
teochondral defect. Although it is relatively easy to
apply this new method to lesions in the patella or
patella groove, it is not easy to apply it to femoral
condyle lesions or tibial plateau lesions. However, we
think that this new method may be applicable for these
lesions by managing the direction of the external
magnetic force and by effectively using gravity by
changing the knee position of the patients.

Although there were some limitations to our study,
this system has the potential to become a novel stem

cell delivery method in humans. Our novel, less inva- .

sive approach is applicable to human cartilage defects
and may open a new era of repairing cartilage defects
caused by osteoarthritis or trauma. Furthermore, we
think that this new system may be applicable not only
for the treatment of osteochondral defects but also for
the treatment of brain or spinal cord injuries, fractures,
and myocardial infarctions.

CONCLUSIONS

We have shown the ability to deliver magnetically
labeled MSCs to a desired place in the knee joint. This
supports the hypothesis of our study.

Acknowledgment: The authors thank Paul Reay for
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