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maximum load required to break the material was deter-
mined. The bone specimens were kept wet in saline during
all stages of tissue preparation. After the mechanical test,
they were fixed in 10% formalin, decalcified, embedded in
paraffin, cut into 4-pm sections and stained with hematoxy-
lin and eosin (H-E).

RNA extraction and reverse transcription polymerase chain
reactions (RT-PCR)

Total RNA was extracted from cells using ISOGEN
reagent (Nippon Gene, Tokyo, Japan). The cDNA was
synthesized using the SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA) and was then
incubated with 1 unit of Escherichia coli RNase H at 37°C.
PCR was performed using Ready to Go PCR beads
(Amersham Biosciences, Piscataway, NJ, USA). The
oligonucleotide PCR primer sequences and amplification
profiles used are described elsewhere [19]. The amplifica-
tion reaction products were resolved on 2.0% agarose/Tris—
acetate buffer gels, electrophoresed at 100 mV and
visualized by ethidium-bromide staining. Real-time PCR
was preformed to clarify the expression of type X collagen
in growth plates of wild-type mice and ob/ob mice. The
growth plates of femora and humeri of 4-week-old wild-type
mice (n = 4) and ob/ob (n = 4) mice were isolated after
aseptic dissection and pounded in liquid nitrogen. Total
RNA was extracted from tissue and the cDNA was
synthesized, as described above. Real-time PCR was
performed using a LightCycler rapid thermal cycler system
{Roche Diagnostics) according to the manufacturer’s
instructions. Reactions were performed in a 20-ul volume
with 0.5 uM primers and 2.5 pM MgCl,. Nucleotides, Taq
DNA polymerase and buffers were included in the Light-
Cycler-DNA Master SYBER Green I Mix (Roche Diag-
nostics). The plasmid used as the standard DNA was
constructed by ligation of a type X collagen PCR product
and a G3PDH fragment in pGEM-T Easy vector according
to the instructions of the manufacturer (Promega). The
concentrations of plasmid preparations were determined by
measuring the optical density at 260 nm. The relative
amount of gene transcript present was calculated and
normalized by dividing the value calculated for the gene
of interest by the value calculated for the housekeeping
gene. These experiments were repeated three times.

Electron microscopy

Tibiae of 4-week-old wild-type (n = 4) and ob/ob mice
(n = 4) were fixed in 2.5% glutaraldehyde and then in OsO,.
The specimens were dehydrated in a graded series of ethanol,
embedded in epoxy resin, cut into ultrathin sections and
stained with uranium acetate and lead citrate. Sections were
examined using a transmission electron microscope (H-300,
Hitachi, Tokyo, Japan) operated at 75 kV, and the diameter of
collagen fibrils was measured.

TUNEL reaction

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) staining was performed using in
situ apoptosis detection kits (TAKARA Bio, Otsu, Japan).
Sections cut from paraffin-embedded specimens of the
tibiae of 4-week-old (wild type: n = 3, ob/ob: n = 4) and
8-week-old mice (wild type: n = 8, ob/ob: n = 4) were
deparaffinized and digested for 15 min with proteinase K
(20 pg/ml) at room temperature. The sections were then
treated with 3% H,0, in PBS for 20 min to inactivate
endogenous peroxidase. The TdT reaction was performed at
37°C for 90 min. Biotinylated nucleotides were detected
using streptavidin—horseradish peroxidase conjugate. Dia-
minobenzidine staining was performed for 10 min at room
temperature, resulting in an insoluble colored substrate at
the site of DNA fragmentation. The treated sections were
counterstained with methyl green. For quantitative evalua-
tion of the number of TUNEL-positive chondrocytes in the
hypertrophic zone, the number of positive cells in the
hypertrophic zone was counted and expressed relative to the
total number of cells in the hypertrophic zone.

Von Kossa staining

Tibiae and femora of 4-week-old mice (wild type: n =
10, ob/ob: n = 6) and 8-week-old mice (wild type: n = 3,
ob/ob: n = 4) were fixed in 10% formalin, embedded in
glycol methacrylate and cut into 4-pm sections. Von Kossa
staining was performed to visualize the matrix mineraliza-
tion, and toluidine blue staining was performed to visualize
the morphology of chondrocytes. Each image, which
contained a scale, was photographed and transferred to a
computer. The lengths of the growth plate, resting zone,
proliferative zone, non-calcified hypertrophic zone and
calcified hypertrophic zone were measured ‘using Win-
ROOF software (Mitani-Corp, Fukui, Japan). The zones
were defined as follows: the resting zone, lies immediately
adjacent to the secondary bony epiphyses; the proliferative
zone, occupied by flattened chondrocytes that are aligned
in longitudinal columns; and the hypertrophic zone,
occupied by spherical and enlarged chondrocytes [20].
The proportional length of each zone to the whole growth
plate was calculated. The proportional length of the
calcified hypertrophic zone to the whole hypertrophic zone
was also calculated.

Treatment of ob/ob mice with leptin

4-week-old ob/ob mice (n = 4) received intraperitoneal
injections of either PBS or 50 ug of recombinant murine
leptin (Sigma) in a 150-pl volume once a day. 4-week-old
wild-type mice (n = 4) also received PBS for 2 weeks. Then,
femora, tibiae and humeri were removed, stained with von
Kossa and toluidine blue and analyzed for the extent of
matrix mineralization, as described above.
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Primary culture of nasal septal chondrocytes and
mineralization assay

Chondrocytes were isolated from the nasal septal
cartilage of a 2-week-old mouse, following a procedure
previously described elsewhere {21]. Briefly, after aseptic
dissection of the nasal septal cartilage, tissue fragments
were incubated for 2 h at 37°C in an enzymatic mixture
of 0.25% collagenase type [ (Sigma) and 0.1% hyalur-
onidase type IVS (Sigma). The cells were centrifuged and
resuspended in Dulbecco’s modified Eagle medium
(DMEM) (Gibco BRL, Gaithersburg, MD, USA) contain-
ing 5% FBS, 10 mM pB-glycerophosphate (Sigma), 50 pg/
ml ascorbic acid (Nakarai tesque, Kyoto, Japan), 50 Ul/ml
of penicillin and 30 pg/ml streptomycin (Gibco BRL).
Mineralization in primary culture was determined by
staining with alizarin red S. Plates were washed three
times with PBS, then stained with 0.5% alizarin red S in
H,0 (pH 5.0) for 1 h at room temperature. After staining,
plates were washed three times with H,O and incubated
in 100 mM cetylpyridinium chloride for 1 h to solubilize
and release calcium-bound alizarin red S into solution
[22]. The absorbance of the released alizarin red S was
measured at 570 nm. Data are expressed as units of
alizarin red S released (1 unit = 1 unit of optical density
at 570 nm) per milligram of protein in each culture. The
assay was performed in quadruplicate.

ATDCS cell culture

The ATDC5 mouse chondrocytic cell line, derived
from embryonic carcinoma, was used to assess the in
vitro effect of Ileptin on chondrocytic differentiation.
Chondrocytic differentiation cuiture was performed as
described in detail elsewhere [23-25]. Briefly, for the
first 3 weeks, cells were cultured in a 1:1 mixture of
DMEM/F12 medium containing 5% FBS (Gibco BRL),
10 pug/ml human transferrin (Sigma), 3 x 10~% M sodium
selenite (Sigma) and 10 ug/ml bovine insulin (Sigma) at
37°C in a humidified 5% C0,/95% air atmosphere. Then,
the cells were incubated in o-MEM (Gibco BRL)
containing 5% FBS, 10 pg/ml human transferrin, 3 X
107% M sodium selenite and 10 pg/ml bovine insulin at
37°C in a humidified 3% CO0,/95% air atmosphere. Cells
were cultured for a total of 42 days, with medium
replacement every 2 days. In some cultures, recombinant
mouse leptin (Sigma) was added at final concentrations of
1 pg/ml to 100 pg/mi. The assay was performed in
triplicate.

Northern blotting

Total RNA (20 pg) was subjected to electrophoresis on
a 1% agarose gel containing 2.2 M formaldehyde. Then,
the RNA was transferred to a nylon membrane using a
standard method. The probe was a 0.9-kb fragment of

mouse al(X) collagen cDNA labeled with **P using the
Prime It in vitro transcription kit (Stratagene, La Jolla, CA,
USA). Hybridization was performed overnight at 653°C.
After hybridization, the membranes were sequentially
washed at 45°C: twice with 6x saline sodium citrate
(SSC) plus 0.5% sodium dodecyl sulphate (SDS), twice
with 2x SSC containing 0.1% SDS and twice with 0.2x
SSC containing 0.1% SDS. Hybridization signals were
detected with a BAS 2500 Biolmage analyzer (Fuji Photo
Film, Tokyo, Japan). The Northern blot assay was
performed two times.

Flow cytometric analysis of apoptosis and the cell cycle

A flow cytometry apoptosis detection kit (Becton
Dickinson, Franklin Lakes, NJ, USA) was used to identify
programmed cell death. Cells (I x 10°) were suspended
in 100 pl of annexin V binding buffer and were then
stained with 10 pl fluorescein isothiocyanate-labeled
annexin V (to detect phosphatidylserine expression on
cells during early apoptotic phases) and 7-aminoactino-
mycin (7-AAD) (to exclude dead cells) for 15 min at
room temperature in the dark. Then, 400 pl of annexin V
binding buffer was added, and at least 10,000 cells were
analyzed in a FACScan flow cytometer using CellQuest
3.0.1 software (Becton Dickinson). Percentages of cells
undergoing apoptosis were determined by dual-color
analysis. We repeated the assay four times. The effect
of leptin on the cell cycle of ATDC5 cells was
investigated by flow cytometric analysis of cells stained
with propidium iodide. Briefly, cells were trypsinized,
washed in PBS and fixed in 70% ethanol overnight at
4°C until used. Fixed cells were incubated with 1 mg/ml
RNase (Sigma) for 60 min at 37°C. Then, 0.25 mg/ml PI
(Sigma) was added for 15 min at 4°C in the dark. We
acquired 20,000 cells using FACScalliber (Becton Dick-

Table 1
Femoral, humeral lengths and histomorphometric comparisons of proximal
tibial growth plates between wild-type and ob/ob mice

Wild type (n = 10) ob/ob (# =6) P value*

Femoral length (mm) 13.9+03 12303 0.0046

Humeral length (mm) 120 £ 0.1 11.5+02 0.0105

Resting zone (%) 99+19 83+138 0.2002

Prolifcration zone (%)° 53.6+35 49.1+ 1.8 0.1495

Non-calcified 21.0£ 3.5 44+18 0.0039
hypertrophic zone (%)

Calcified hypertrophic 155 £ 6.0 38.1 +04 0.0039
zone (%)"

Proportional length of 436 +94 867+ 9.6 0.0001

calcified zone (%)°

Summary of the data from two different experiments was shown.

“ Statistical differences were analyzed by Mann—Whitney U test.

® Proportional length of resting, proliferation, non-calcificd hypertrophic
or calcified hypertrophic zone (%) represents the ratio of the length of
growth plate in tibia.

¢ Proportional length of calcified zone (%) represents the ratio of the
length of calcified hypertrophic zone to that of whole hypertrophic zone.
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Fig. 1. Immunohistochemical localization of leptin (A, B) and leptin receptor (C, D, E) in the growth plates of 4-week-old wild-type mice (A, C, E) and ob/ob
mice (B, D). Leptin expression was identified in resting and prehypertrophic chondrocytes in wild-type mice (A). Ob-Rb was identified in terminal
hypertrophic chondrocytes in wild-type (C) and ob/ob (D) mice (arrowheads). (E) Negative controls without primary antibodies. Brackets indicate hypertrophic
zones and bidirectional arrows indicate proliferative zones. In situ hybridization of leptin (F, G) and leptin receptor (H, 1, J) in the growth plates of 4-week-old
wild-type mice (F, H, J) and ob/ob mice (G, I). Expression of leptin mRNA was identificd in resting and prehypertrophic chondrocytes in wild-type mice (F)
(arrowheads). Ob-Rb mRNA was identified in terminal hypertrophic chondrocytes in wild-type (H) and ob/ob (I) mice (arrowheads). () Sense probe. Brackets
indicate hypertrophic zones and bidirectional arrows indicate proliferative zones. Magnification: x400.
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Fig. 2. Mechanical properties of the growth plates. (A) Maximum load required to break the growth plates of 8-week-old wild-type (n = 10) and ob/ob (1 = 6)
mice. Values are the mean 8D of the data from two different experiments. Growth plates of ob/ob mice were significantly more fragile than those of wild-type
mice (*P = 0.001). (B, C) Histological microphotograph showing that the proximal tibial growth piates of wild-type mouse (B) and ob/ob mouse (C) broke at
the chondro-osseous junction. H—E staining. Magnification: x400.

9

inson). Data were analyzed using ModFitLT 3.0 software U test for unpaired analysis. Differences between treatment
(Becton Dickinson). These experiments were repeated groups were considered significant at P < 0.05.

three times. The proliferation index, which is the number

of cells in both S and G,M divided by the total cell

number, was calculated. Results

Measurement of calcium content Ob/ob mice have shorter femora and humeri than wild-type
mice

Calcium content was measured by the OCPC (ortho-

cresolphthalein complexone) method using a calcium C- The femora and humeri of 4-week-old wild-type mice

test Wako kit (Wako Pure Chemical, Tokyo, Japan). First, and ob/ob mice were measured. The femoral and humeral

200 pl of 2 N hydrochloric acid was added to the wells, lengths of ob/ob mice were significantly shorter than those

followed by shaking at room temperature overnight. of wild-type mice (Table 1).

Samples were then frozen at —20°C until used. At the

time of measurement, 50 pl of sample was added to 5 ml Prehypertrophic chondrocytes express leptin and terminal

of buffer and 500 pl of substrate. The calcium solution hypertrophic chondrocytes express leptin recepior

provided in the kit was used to generate a standard curve.

The plate was incubated at room temperature for 5 min The expression of leptin and its receptor in the femora,

and then read at 570 nm. We repeated the assay four tibiae and humeri from 4-week-old wild-type mice was

times. examined by immunohistochemistry and in situ hybrid-
ization. Leptin mRNA and protein expression was observed

Statistical analysis in resting and prehypertrophic chondrocytes in the growth
plates of wild-type mice (Figs. 1A and F). No leptin

Data are presented as mean + standard deviation. Groups expression was detected in the proliferative or hypertrophic
were compared by analysis of variance (ANOVA) followed zone. Positive staining for leptin receptor mRNA and protein
by analysis with Fisher’s PLSD for multiple comparisons. was observed in terminal hypertrophic chondrocytes in both

Individual groups were compared using the Mann—Whitney wild-type and ob/ob mice (Figs. 1C, D, H and I).

Fig. 3. Histological and histochemical analyses of 4-week-old wild-type mice and ob/ob mice. (A—-D) Von Kossa and toluidine blue double staining of tibiae of
wild-type mice (A, C) and ob/ob mice (B, D). In wild-type mice, the proportional length of calcified hypertrophic zone to whole hypertrophic zone was less than
50%. However, in ob/ob mice, most part of hypertrophic zone was mineralized. The column structure of proliferating and hypertrophic chondrocytes was also
disturbed. Brackets indicate the entire hypertrophic zone, and bidirectional arrows indicate the calcified hypertrophic zone. Magnifications: x 100 (A, B) and
%400 (C, D). (E, F) The expression level of type X collagen in the growth plates of femora and humeri of 4-week-old wild-type mice (n = 4) and ob/ob (n = 4)
mice. The amplified PCR products were 459 base pair (bp) for type X collagen and 307 bp for G3PDH (E). Real-time PCR analyses of expression level of type X
collagen in the femoral and humeral growth plates of wild-type mice and ob/ob mice (F). Values are given as mean + SD. Type X collagen expression in growth
plates of ob/ob mice was significantly less than that of wild-type mice (*P = 0.0357). (G, H) Electron microscopy images of the hypertrophic zone of wild-type
mice {G) and ob/ob mice (H). In wild-type mice, collagen fibrils ran parallel to one another, whereas in ob/ob mice, collagen fibrils showed less-organized loose
reticular arrangement. Magnification: x30,000. (I, J) TUNEL staining of the hypertrophic zone of wild-type mice (I) and ob/ob mice (J). The percentage of
hypertrophic chondrocytes that were TUNEL positive was greater in ob/ob mice than in wild-type mice.
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Ob/ob mice have fragile growth plates 1.5 N for wild-type segments and 4.9 £ 0.6 N for ob/ob
segments (Fig. 2A). After the mechanical test, all samples

The growth plates of ob/ob mice were significantly more were processed for histological examination. The breakage
fragile than those of wild-type mice (Mann—Whitney U test, occurred at the chondro-osseous junction in all tibiae

P = 0.001). The average force at ultimate failure was 8.4 regardless of the genotype (Figs. 2B and C).
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Alterations in morphology, mineralization, type X collagen
expression, matvix microstructure and chondrocyte
apoptosis in the growth plates of ob/ob mice

Higher magnification of eosin-stained and von Kossa-
stained sections revealed that the column structure of
proliferating and hypertrophic chondrocytes was disturbed.
The majority of the columns in ob/ob mice seemed to be
bent or twisted, and the chondrocytes were poorly aligned.
In some columns, chondrocytes were distributed like pebble
stones rather than a column. Matrix mineralization was also
altered in 4-week-old ob/ob mice. In wild-type mice, the
proportional length of the calcified hypertrophic zone to the
whole hypertrophic zone was less than 50% (Figs. 3A and
C; Table 1). However, in ob/ob mice, most of the hyper-
trophic zone was mineralized (Figs. 3B and D; Table 1). The
proportional length of the calcified hypertrophic zone to the
whole hypertrophic zone in the ob/ob mice was significantly
greater than that of wild-type mice (Table I, Mann-—
Whitney U test, P = 0.0001), whereas there was no

detectable difference in the proportional length of the other
zones to the growth plate.

In situ hybridization assays found no difference in
mRNA expression of type I or type X collagen in wild-
type and ob/ob mice (data not shown). However, the
expression level of type X collagen in the growth plates of
ob/ob mice was lower than that in wild-type mice (Fig. 3E).
Real-time PCR showed that the expression level of type X
collagen in ob/ob mice was 0.48-fold the expression level
in wild-type mice (ob/ob mice: 4.4 = 2.7; wild-type mice:
9.2 £ 7.4%; Mann—Whitney U test, P = 0.0357) (Fig. 3F).

We examined the collagen fibril microstructure in the
hypertrophic zone by transmission electron microscopy.
There was no significant difference in the diameter of
collagen fibrils from 4-week-old wild-type mice and ob/ob
mice (data not shown). However, electron microscopy of the
hypertrophic zone of 4-week-old ob/ob mice revealed a less-
organized loose reticutar distribution of collagen fibrils (Fig.
3H), in contrast to the well-organized parallel collagen
fibrils in wild-type mice (Fig. 3G).
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Fig. 4. Cartilage matrix mineralization in ob/ob mouse and the effect of leptin treatment. (A, B, C) Von Kossa/toluidine blue double staining of tibial growth
plates of wild-type mice treated with PBS (A), ob/ob mice with PBS (B) and ob/ob mice with leptin (C) for 2 weeks. Brackets indicate whole hypertrophic
zones and bidirectional arrows indicate calcified hypertrophic zones, Magnification: x400. (D, E) Mineralization in primary culturc of nasal scptal
chondrocytes of wild-type mice and ob/ob mice. Mineral deposit was stained by alizarin red S (D) and quantified the absorbance of the solubilized alizarin red
S at 570 nm (E) as described in Material and methods. The assay was performed in quadruplicate. Values are given as mean £ SD. On days 17, mineralization
occurred in the both types of cells without leptin, whereas no mineralization was found in cultures with leptin (D). A quantitative analysis revealed that matrix
mineralization in cultures of ob/ob chondrocytes without leptin was significantly more than others than others (ANOVA, *P < 0.0001).
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During the terminal differentiation process, growth plate
chondrocytes undergo apoptosis with degradation and
calcification of cartilaginous matrix followed by deposition
of bone matrix. The number of TUNEL-positive chondro-
cytes in the hypertrophic zone was quantified as a
percentage of the total number of cells in the hypertrophic
zone. In 4-week-old wild-type mice, the percentage of
apoptotic TUNEL-positive cells among hypertrophic chon-
drocytes was 10.6 + 0.6% (Fig. 31). However, in 4-week-old
ob/ob mice, the number of apoptotic chondrocytes in the
hypertrophic zone (Fig. 31) was significantly greater (14.7 +
1.8%, Mann—Whitney U test, P = 0.02). In 8-week-old
mice, no alterations in growth plate cartilage were detected
(data not shown).

Leptin administration increased bone length and altered
matrix mineralization in growth plate cartilage in ob/ob
mice

To investigate whether peripheral administration of leptin
could rescue the various phenotypes in the growth plate of
ob/ob mice, we performed rescue experiments using
recombinant mouse leptin. Treatment of 4-week-old ob/ob
mice with leptin for 2 weeks significantly increased humeral
length by 3.8% (P < 0.0001) and femoral length by 4.9%
(P = 0.0001) as compared to PBS-treated ob/ob mice.
However, leptin treatments did not restore the decreased long
bone length in ob/ob mice to the level of that in wild-type
mice. Double staining of tibiae with von Kossa and toluidine
blue was performed to examine matrix mineralization. The
proportional length of the calcified hypertrophic zone to the
whole hypertrophic zone in the ob/ob mice treated with
leptin was significantly shorter than in PBS-treated ob/ob
mice; however, it showed no statistical difference when

Table 2
Effect of leptin treatment on long bone length and histomorphometric
parameters in proximal tibial growth plate of ob/ob mouse
Wild (n =4) ob/ob (n =4) ob/ob treated with
leptin (n = 4)

Femoral length (mm)  14.9 £ 0.1 13.5+0.1* 142 +0.1*

Humeral length (mm) 13.5+ 0.1 124 +0.1* 129 £ 0.1*

Resting zone (%)° 11.8+ 1.1 110 1.0 9.9+0.7

Proliferation zone (%)b 465+ 1.8 422 £ 1.1 40.6 £ 2.2

Non-calcified 19.0 + 1.3 17.8 + 2.5° 233 +23°
hypertrophic

Calcified hypertrophic  22.9 + 1.5 29.1+0.7° 239+19
zone (%)b

Proportional length of 54.7 = 1.1 62.2 +3.6° 51.1 +42

calcified zone (%)°

* Statistical differences from wild-type mice were analyzed by one factor
ANOVA followed by analysis with the Fisher’s PLSD for multiple
comparisons.

b Proportional length of resting, proliferation, non-calcified hypertrophic
or calcified hypertrophic zone (%) represents the ratio of the length of
growth plate in tibia.

° Proportional length of calcified zone (%) rcpresents the ratio of the
length of calcified hypertrophic zone to that of whole hypertrophic zone.

Marker 3d 1w 2w 3w 5w 6w

Ob-Rb

G3PDH

Fig. 5. RT-PCR analysis of leptin receptor expression in ATDCS
chondrocytic cells. Top: mRNA expression of the long-form variant of
the leptin receptor Ob-Rb was detected in ATDC5 cells throughout the
chondrocytic differentiation culture period. Bottom: G3PDH mRNA
expression was used as a control.

compared with wild-type mice (Figs. 4A—C; Table 2). These
data indicate that leptin treatment for 2 weeks completely
rescued the increased mineralization of the hypertrophic
zone in growth plates of ob/ob mice.

Increased matvix mineralization in primary culture of
chondrocytes from ob/ob mice

To assess the autocrine/paracrine effect of endogenous
leptin on chondrocyte differentiation, we isolated and then
cultured chondrocytes from the nasal septal cartilage of 14-
day-old wild-type mice and ob/ob mice. Twenty-four hours
after seeding, cells were incubated with or without 10 ng/ml
of leptin. The cells from both ob/ob and wild-type mice
exhibited polygonal shapes on day 5, and cells cultured in
the absence of exogenous leptin changed to round shapes.
The morphological changes were limited in the cells from
wild-type and ob/ob mice incubated with leptin. On day 17,
alizarin red S staining revealed that mineralization had
occurred in both types of cells without leptin, whereas no
mineralization was found in cultures with leptin (Fig. 4D).
A quantitative analysis revealed that matrix mineralization
in cultures of ob/ob chondrocytes without leptin was
significantly greater than in the other cell cultures (ANOVA,
P < 0.0001) (Fig. 4E).

ATDCS5 cells express leptin receptor
To study the mechanisms of the effects of leptin on the

growth plate, we evaluated the effects of leptin on ATDC5
cells. These cells differentiate into chondrocytes, serially

4 weeks
160 0 1 10 100

Leptin 3 weeks
Col (X)

EiBr

Fig. 6. Northern blot analysis of type X collagen mRNA in ATDCS5 cells.
ATDCS cells were cultured with or without leptin at a concentration of 1 ng/
ml, 10 ng/ml or 100 ng/ml for 3 weeks or 4 weeks. The bottom panels show
the ethidium bromide-stained gels.
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express several differentiation markers for chondrocytes and
mineralize [23~25]. Therefore, ATDC5 cells provide an
excellent model for the study of the molecular mechanisms
underlying the regulation of cartilage differentiation during
endochondral ossification.

A previous report showed that MCC-5, a mouse
chondrocyte cell line, secreted leptin [9]. Therefore, as a
preliminary experiment, leptin released by ATDCS cells into
the culture medium was measured in the supernatants in
duplicate using a mouse leptin ELISA system (TECHNE,
Minneapolis, MN, USA). The limit of sensitivity for leptin
was 22 pg/ml. Leptin protein was not detected in the culture
media at any of the testing time points (3 days, and 1, 2, 3,
4, 5 and 6 weeks, data not shown). The long-form variant of
the leptin receptor (Ob-Rb), which is the most functional
isoform of the leptin receptor, was detected in ATDCS cells
at all testing time points in the culture period (Fig. 5).

Leptin altered the type X collagen expression pattern in
ATDCS cell culture

We next used Northern blots to examine the effect of
exogenous leptin on mRNA expression of type X collagen,
which is a marker for hypertrophic chondrocytes, in ATDCS5
cell differentiation (Fig. 6). It was reported that type X
collagen mRNA was not expressed at the beginning of
ATDCS5 cell differentiation in culture and that the expression
was greatest at 3—4 weeks of culture [25]. In our experi-
ments, when cells were cultured without leptin, abundant
type X collagen mRNA expression was detected at 3 weeks,
but this signal markedly decreased at 4 weeks. When cells
were cultured in the presence of 1 or 10 ng/ml of leptin,
which is equivalent to the normal serum concentration of
leptin [26,27], type X collagen mRNA was steadily
expressed both at 3 and 4 weeks. In the presence of 100
ng/ml leptin, type X collagen expression was profoundly
low at 3 weeks, however, delayed and less abundant
upregulation was observed at 4 weeks.

Leptin inhibited apoptosis and cell growth in ATDCS cell
culture

In two-color FACS analysis of apoptosis in ATDC5 cell
culture, no apoptotic cells (annexin V positive/7-AAD
negative) were detected at 3 weeks. At 4 weeks, many
apoptotic cells were detected among cells cultured without
leptin, whereas few apoptotic cells were detected among
cells cultured in the presence of leptin (Figs. 7TA-F). At 5
and 6 weeks, although the proportion of apoptotic cells to

total cells increased with time in the presence or absence of
leptin, the cells cultured in the presence of leptin exhibited a
lower degree of apoptosis than those cultured without leptin
at every time point tested (Figs. 7G-I). Throughout the
culture period, physiological doses of leptin (1 and 10 ng/
ml) steadily inhibited cell apoptosis. However, a dose of
leptin lower than the normal serum level showed weak
suppression of chondrocyte apoptosis especially at 4 and 5
weeks, and higher doses of leptin (>100 ng/ml) at 6 weeks
showed weak suppression. The dose—response curve of
leptin inhibition of ATDCS cell apoptosis seemed to be bell
shaped. We performed a study of leptin’s effects on the cell
cycle of chondrocytes using FACS analysis. There was no
significant difference in the proliferation index between
ATDCS5 cells treated with or without lIeptin until 3 weeks
(data not shown). However, as shown in Fig. 7 and Table 3,
exogenous leptin treatment resulted in a reduced growth
fraction starting from 4 weeks, and the proliferation index of
ATDC 5 cell culture with leptin at every concentration was
significantly lower than that without leptin at 5 and 6 weeks.
Taken together, our results indicate that leptin suppressed
apoptosis and proliferation of ATDCS5 cells.

Leptin inhibited matrix mineralization in ATDCS cell
culture

Starting after 5 weeks of culture, calcification of the
matrix was detectable in ATDCS5 cells, However, in the
presence of leptin at every concentration tested (I pg/ml—
100 pg/ml), matrix calcification was inhibited at 5 and 6
weeks. Interestingly, a physiological concentration of leptin
(1-10 ng/ml) abolished the production of calcified matrix
by ATDCS cells (Fig. 8). The dose—~response curve of leptin
inhibition of ATDCS matrix mineralization seemed to be
bell shaped.

Discussion

In addition to hypothalamic regulation of metabolic rate
and food intake, leptin is reportedly important for fetal
growth [28]. Recently, leptin has been shown to regulate
bone formation via the sympathetic nervous system [29,30].
However, some investigators have claimed that leptin also
has a direct effect on peripheral tissues via its receptor
[6,18,31,32]). Peripheral leptin administration has been
shown to restore the reduced femoral length of limbs in
ob/ob mice [8]. Some researchers have found that Ob-Rb is
expressed in cartilaginous skeletal growth centers, articular

Fig. 7. Flow cytometric quantification of the effect of leptin on apoptosis and the cell cycle in ATDCS cells. (A —F) Representative data from flow cytometric
analyses for apoptosis of ATDCS5 cells cultured without leptin (A) or with leptin at a concentration of 1 ng/ml (B), 10 ng/ml (C), 100 ng/m! (D), 1 pg/ml (E) or
100 pg/ml (F) for 4 weeks. Dots in the right bottom corner (boxed area) of each graph represent apoptotic cells. (G-T) The ratio of the apoptotic cell number to
the total cell number at 4 weeks (G), 5 weeks (H) and 6 weeks (I). Representative data from four repeated experiments are shown. Values are mean + SD.
*Values significantly different from those of cells cultured without leptin (ANOVA). (J-O) Representative cell cycle data from flow cytometric analyses of
ATDCS5 cells cultured without leptin (J) or with leptin at a concentration of 1 ng/m! (K), 10 ng/ml (L), 100 ng/m} (M), 1 pug/ml (N) or 100 pug/ml (O) for 4

weeks. These experiments were repeated three times.
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cartilage and osteoblasts [6,31-33]. In the present study, we
analyzed long bones of ob/ob mice, focusing on the growth
plates. We confirmed that leptin is expressed in resting and
prehypertrophic chondrocytes in growth plate and that its
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receptor is expressed in terminal hypertrophic chondrocytes,
that the femoral and humeral lengths of ob/ob mice were
shorter than those of wild-type mice and that treatment with
recombinant leptin rescued the reduced femoral and humeral
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Table 3
Effect of leptin on cell cycle by flow cytometry

GO/G1® PI°
No leptin (4 weeks) 409+ 1.0 55.52 + 0.600
Leptin 1 ng/m! (4 weeks) 479 £ 3.4° 52.153 £ 3.143
Leptin 10 ng/ml (4 weeks) 50.5 £ 1.3° 49.527 +1.299

Leptin 100 ng/ml (4 weeks) 492 +1.9° 50.763 + 1.886
Leptin 1 pg/ml (4 weeks) 514 +2.6° 48.577 + 2.568°
Leptin 100 pg/ml (4 weeks) 51.4+59° 48.650 + 5.901°
No leptin (5 weeks) 37.6£0.5 58.460 + 0.836
Leptin 1 ng/m! (5 weeks) 49.3 + 1.1° 48.690 * 1.199°
Leptin 10 ng/ml (5 weeks) 48.7 + 0.6° 50.170 + 0.1411°
Leptin 100 ng/ml (5 weeks) 49.3 + 1.0° 49,233 + (.569°
Leptin 1 pg/ml (5 weeks) 50.7 £ 0.5° 48.777 + 0.479°
Leptin 100 pg/ml (5 weeks) 57.6 £ 1.1° 41.750 + 1.262°
No leptin (6 weeks) 31.8£08 61.347 £ 0.660
Leptin 1 ng/ml (6 weeks) 48.8 +2.1° 48.643 + 3.393°
Leptin 10 ng/ml (6 weeks) 43.2 £33° 53.400 + 2.858°
Leptin 100 ng/ml (6 weeks) 43.6 + 0.6° 53.800 + 2.755°
Leptin 1 pg/ml (6 wecks) 47.0 + 4.3° 48.613 + 3.393°¢
Leptin 100 pg/ml (6 weeks) 51.2+28° 43.713 + 1.954°

Values indicate mean * SD of the data from three independent experiments.
* Proportion (%) of cells in GO and Gl cycle/the total cells.
® The proliferation index = (cells of S and G,M)/the total cells).
¢ Statistical differences from the cell without leptin at the same period
were analyzed by one factor ANOVA.

lengths in ob/ob mice. In addition, we showed that
cartilaginous matrix of hypertrophic zone of ob/ob mouse
showed premature mineralization and that the increased
mineralization in ob/ob hypertrophic zone was restored by
the treatment with recombinant leptin. Moreover, in the
primary cultures of chondrocytes from ob/ob mice, where
no endogenous leptin existed, matrix mineralization
increased as compared to the cultures of chondrocytes from
wild-type mice, suggesting that the endogenous leptin
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inhibited the matrix mineralization. The addition of exog-
enous leptin of physiological serum level to those cultures
completely abolished the mineralization. Taken together,
these findings suggest that leptin functions as a paracrine
factor via Ob-Rb during normal chondrocyte differentiation,
which is similar to the mechanism that has been proposed
for regulation of chondrocyte differentiation in the growth
plate by parathyroid hormone related protein (PTHrP).

The hypertrophic zone, in which Ob-Rb is expressed,
plays a key role in endochondral ossification. The hyper-
trophic zone undergoes matrix calcification, capillary
invasion and chondrocyte apoptosis, which eventually leads
to cartilage matrix degeneration and bone matrix deposition.
In the present study, we confirmed that the femoral and
humeral lengths of ob/ob mice were shorter than those of
wild-type mice. We also found that the growth plates of ob/
ob mice were more fragile than those of wild-type mice (as
determined by a mechanical test) and were easily broken at
the chondro-osscous junction. Although there was no
apparent difference in the microscopic appearance of the
zonal structure of the growth plate or mRNA expression of
type II or X collagen (as determined by in situ hybrid-
ization), the local expression level of type X collagen in the
growth plate (as determined by real-time PCR) was reduced
in ob/ob mice as compared to wild-type mice. Electron
microscopy of the hypertrophic zone of ob/ob mice showed
a less organized collagen fibril arrangement. The number of
apoptotic chondrocytes in the hypertrophic zone was
significantly greater in ob/ob mice. The majority of the
hypertrophic zone was mineralized in ob/ob mice, and the
peripheral administration of leptin in ob/ob mice restored
the increased proportional length of the calcified hyper-
trophic zone to the whole hypertrophic zone down to a level
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Fig. 8. The effect of exogenous leptin on matrix mineralization of ATDCS cclls incubated for 5 weeks (A) and 6 weeks (B). The calcium content of each culture
well was measured using the OCPC method and was expressed as mean + SD. *Values significantly different from those of cultures without leptin (ANOVA).

Representative data from four different experiments were shown.
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close to that of wild-type mice. Furthermore, we showed
that in primary cultures of chondrocytes from ob/ob mice,
where no endogenous or exogenous leptin existed, matrix
mineralization was increased as compared to cultures of
chondrocytes from wild-type mice without leptin treatment
or other cultures in the presence of exogenous leptin. These
findings are consistent with those of our in vitro experi-
ments using ATDC5 cells. These experiments clearly
indicated that 1-10 ng/ml of leptin, which is equivalent to
normal circulating levels, strongly inhibited matrix miner-
alization, decreased the rate of apoptosis and altered the type
X collagen expression pattern, which reportedly plays an
important mechanical role in the hypertrophic zone [34,35].
Among the alterations in the growth plates of ob/ob mice
that were observed, those associated with matrix maturation
such as reduced expression of type X collagen, disturbed
collagen arrangement and premature mineralization may be
important for the etiology of fragile growth plate.

Montague et al. described a highly obese patient with
congenital leptin deficiency who developed a leg deformity
requiring corrective limb surgery [10]. Although a precise
description explaining the cause of the deformity was not
provided, it is unlikely that the obesity alone would cause
limb deformity requiring corrective surgery. We hypothesize
that growth plate fragility caused by leptin deficiency is
associated with the development of metaphysical deform-
ities in patients with congenital leptin deficiency. One of the
best-known clinical manifestations of growth plate fragility
is slipped capital femoral epiphysis, which is closely
associated with obesity [36]. Although there have been no
reports describing serum leptin levels in patients with
slipped capital femoral epiphysis, it has been reported that
the serum leptin level of obese children is approximately
five times that of control children [37].

Interestingly, in the present in vitro experiment, the
dose—response curve of leptin inhibition of chondrocyte
apoptosis and mineralization seemed to be bell shaped, and
a dose of leptin higher than the normal serum level, as well
as a lower dose, showed weak suppression of chondrocyte
apoptosis and mineralization. These findings suggest that
the high serum leptin concentration in obese children is
involved in the etiology of slipped capital femoral epiphysis.

There have been several reports that leptin may play an
important physiological role in skeletogenesis. Ducy et al.
reported that leptin inhibits bone formation [29]. However,
other researchers showed that leptin stimulates bone
formation [6,8,38]. A very recent report showed that leptin
also regulates bone resorption through osteoblast function to
support osteoclastogenesis in a complicated manner via the
sympathetic nerve system and other molecules [39]. There
have been conflicting reports of the skeletal phenotype of
ob/ob mice [40]. Some studies concluded that ob/ob mice
have increased bone mass in dual X-ray absorptiometry
analyses and/or histomorphometric analyses of femora,
while other studies showed reduced bone mass based on
their examinations of femoral and whole body bone mass

[8.29,30,40]. With regard to longitudinal bone growth, most
of the observations (including the current study) reported
that the long bone length is shorter in ob/ob mice than in
wild-type mice. Because linear growth occurs by endochon-
dral bone formation at the epiphyseal growth plate, these
observations suggest a potential role for leptin in endochon-
dral ossification. Usually, premature mineralization of the
growth plate results in impaired longitudinal bone growth
[41]. Therefore, our findings that the hypertrophic zone in
the growth plates of ob/ob mice showed premature
mineralization may explain, at least in part, the shortening
of long bones in leptin deficiency. A recent and precise
report on skeletal manifestations in ob/ob mice showed that
ob/ob mice at 6 months of age had shorter femora, whereas
they exhibited longer vertebral body length [40]. In our
observations in 4-week-old mice, we observed a trend that
the vertebral length of ob/ob mice was longer (Mann-
Whitney U test, P = 0.06, data not shown), which dose not
contradict the previous reports. The reason why we did not
find a significant difference in vertebral body length may be
attributed to the difference in the age at the time of
observation. Authors of the previous study suggested that
the effect of leptin signaling on skeletogenesis is affected by
weight, activities, gravity and muscle force [40]. Because
ob/ob mice start to gain weight and lose muscle mass at 3 or
4 weeks of age, our observations must be under minor
influence of such mechanical factors and muscle mass
compared to the previous study in which 6-month-old mice
were used. In view of these points, these observations
suggest that the shortening of bone length is the primary
manifestation of leptin deficiency and that the increase in
vertebral body length is a secondary phenotype caused by
the various abnormalities, including mechanical factors that
are associated with leptin deficiency. It is also possible that
the vertebral growth plate responds to the absence of leptin
signals in a fundamentally different manner than the long
bone growth plate.

Ob/ob mice have been noted to show an increased
number of bony trabeculae in long bones that are thinner
than those of wild-type mice [40]. Since trabeculae in
primary spongiosa initially form between columns of
hypertrophic chondrocytes, the alteration in hypertrophic
zones that we found in ob/ob mice may be implicated in the
unique trabecular phenotype. However, we could not find
any statistical difference in histomorphometric analyses on
columnar structure in hypertrophic zone including column
number and calcification column thickness, or trabecular
structure in primary spongiosa including trabecula number
and thickness (data not shown).

In the present study, we proposed the possible
involvement of direct local regulatory mechanisms of
leptin in the growth plate, and we demonstrated the
altered chondrocyte differentiation and matrix maturation
in ob/ob mice. In addition, ob/ob mice have multiple
endocrine abnormalities, such as hypercortisolism, hypo-
gonadism and hyperinsulinemia, known to regulate
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endochondral ossification [42,43]. Treatment of ob/ob
mice with peripherally administered leptin could not
completely achieve the femoral length of wild-type mice
[3], suggesting that the effect of leptin on bone development
is a combined result of a direct local endocrine/paracrine
mechanism and an indirect mechanism via the central
nervous system. The downstream target of leptin in
chondrocytes is unknown. Because leptin modulates a
variety of events associated with terminal differentiation,
the target seems likely to be an essential regulatory factor in
endochondral ossification, such as PTHrP and Indian
hedgehog.

Although our findings indicated that the femoral and
humeral length of ob/ob mice was short, the alternations in
chondrocyte apoptosis and cartilage matrix mineralization
were transient and we found no morphological abnormal-
ities in the growth plates of 8-week-old ob/ob mice.
Currently, we have no evidence-based explanation for the
transient presentation of the morphological phenotypes in
ob/ob mice growth plates. To better understand the
mechanism, we need additional investigations regarding
the age-related alteration of the downstream target of leptin
in chondrocytes, other molecules that compensate for
leptin’s effect, signaling pathways that mediate or interact
with leptin signaling as well as the regulation of Ob-Rb
expression, all of which may modulate the chondrocyte
response to leptin.

In conclusion, we found that the growth plates of ob/ob
mice were fragile, with reduced type X collagen expres-
sion, disturbed collagen fibril arrangement, increased
chondrocyte apoptosis and premature matrix mineraliza-
tion. Furthermore, a physiological concentration of leptin
altered type X collagen mRNA expression, cell cycle,
apoptosis and calcification during ATDCS5 chondrocytic
cell culture and primary chondrocyte differentiation culture
in vitro. These findings suggest that a physiological level
of leptin plays an essential role in the regulation of
chondrocyte differentiation and cartilage matrix maturation
in the growth plate, via a peripheral endocrine or paracrine
mechanism, which may in turn alter the rate of longi-
tudinal bone growth. However, further investigation is
needed to clarify the role of peripheral leptin in endochon-
dral ossification, regulation mechanisms and clinical
implications.
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Microbubble-Enhanced Ultrasound Exposure Promotes
Uptake of Methotrexate Into Synovial Cells and
Enhanced Antiinflammatory Effects in the
Knees of Rabbits With Antigen-Induced Arthritis
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Objective. To evaluate whether microbubble-
enhanced ultrasound (US) treatment promotes the de-
livery of methotrexate (MTX) into synovial cells and the
enhanced antiinflammatory effects of intraarticular
MTX therapy in a rabbit arthritis medel.

Methods. Arthritis was induced in both knees of
53 rabbits by immunization with ovalbumin. MTX in-
cluding a microbubble agent was then injected into the
left and right knee joints, and the right knees were
exposed to US (MTX+/US+ group), while the left
knees were not (MTX+/US— group). The knee joints
were evaluated histologically in 7 rabbits at 5 time
points up to day 56. Quantitative gene expression of
interleukin-18 (IL-18) in synovial tissue was measured
on days 7 and 28. Eight rabbits were used for the
measurement of MTX concentration in synovial tissue
12 hours after treatment. To evaluate the effect of
microbubble-enhanced US treatment in the absence of
MTX, only the microbubble agent was injected into the
left and right knee joints of 10 rabbits with or without
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US exposure, and these animals were evaluated histo-
logically on days 7 and 28.

Results. The MTX concentration in synovial tis-
sue was significantly higher in the MTX+/US+ group
than in the MTX+/US— group. Synovial inflammation
was less prominent in the MTX+/US+ group compared
with the MTX+/US— group, judging from the results of
the histologic evaliation and the gene expression levels
of TL-15 in synovial tissue. It also appeared that
microbubble-enhanced US exposure itself did not affect
inflammation.

Conclusion. Microbubble-enhanced US exposure
promoted the uptake of MTX into synovial cells, which
resulted in enhancement of the antiinflammatory effects
of the intraarticular MTX injection. These results sug-
gest that application of this technique may have clinical
benefit.

Rheumatoid arthritis (RA) is a systemic inflam-
matory disorder characterized by pain, swelling, and
destruction of the affected joints. The exact mechanism
of RA pathogenesis is not well understood. Recently,
remarkable progress in the area of anticytokine therapy
has provided an alternative and successful approach for
therapeutic intervention in RA. However, methotrexale
(MTX) still plays a central role in the treatment of RA,
although administration of this agent sometimes causcs
serious side effects, such as interstitial pneumonia, renal
failure, and myelosuppression. Intraarticular injection of
MTX is thought to be safe compared with the systemic
administration of this agent, although the clinical effec-
tiveness in controlling synovitis in RA patients is con-
troversial. Most studies have documented insufficient
antiinflammatory effects (1-3). Mechanisms of resis-
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tance to MTX are considered to consist of 3 parts:
decreased (ransport, impaired polyglutamylation, and
increased dihydrofolate reductase enzyme activity (4-6).
It has been reported that there is a significant correla-
tion between reduced levels of folate carrier protein
(one of the MTX transporters) at diagnosis and the
histologic responses to preoperative MTX chemo-
therapy for osteosarcoma (6). From these observations,
it is possible to conclude that the efficacy of MTX is
limited by its transport into cells. Thus, we hypothesized
that poor delivery of MTX into RA synovial cells would
lead to poor clinical efficacy of intraarticular MTX
injection therapy.

To facilitate uptake of MTX into synovial cells,
we chose an ultrasound (US) treatment technique
(sonoporation) with enhancement by the use of an
echo-contrast microbubble agent. Previous reports have
indicated that US exposure increases transfection effi-
ciency of gene constructs, due to increased cell mem-
brane porosity and acoustic cavitation (7,8), which is
enhanced with the use of microbubble agents. This is
one of the best techniques for in vivo work and clinical
applications because it is simple and noninvasive. Addi-
tionally, there arc no viral components, although the
success rate for induction is lower than that found with
viral technologies in vitro and in vivo, as previously
reported (9-12). Our findings in the present study
indicate that US irradiation treatment with a micro-
bubble agent enhances the antiinflammatory effect of
intraarticular MTX injection in an ovalbumin (OVA)-
induced arthritis model in rabbits.

MATERIALS AND METHODS

In vitro induction of fluorescence-conjugated MTX. As
an initial step, we determined the optimum concentration of
echo-contrast microbubbles (Optison; Mallinckrodt, St. Louis,
MO) for MTX (Tatron, Tokyo, Japan) induction into synovial
cells. In vitro induction was performed according to a previ-
ously described procedure (10). Synovial cells were abtained
during total knee arthroplasty from 2 RA patients, who had
provided informed consent. Briefly, the tissue was minced and
incubated with 0.25% collagenase (Roche, Indianapolis, IN) in
phosphate buffered saline (PBS) for 2 hours at 37°C under
continuous agitation. The cells were collected by centrifuga-
tion, resuspended, and cultured in Dulbecco’s modified Ea-
gle’s medium (Invitrogen, Carlsbad, CA) containing 10% fetal
calf serum and antibiotics (100 units/ml penicillin, 0.1 mg/ml
streptomycin, 0.25 pg/ml amphotericin B; Invitrogen). Cul-
tured cells were trypsinized, washed twice in PBS, and resus-
pended at 1 > 10°ml of PBS per well in a 4&well plate.
Optison was added to the cell medium at concentrations of
0%%, 5%, 109, and 20%. Then, 10 ug of Texas Red—-conjugated
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MTX (Molecular Probes, Leiden, The Netherlands) was added
to the cell supernatant in each well.

The US probe and well plate were firmly fixed to a
stand to avoid dislocation during US exposure. Trmmediately
after fluorescent MTX and microbubbles were added to the
well, US exposure was performed. The sonoporator (Sonitron
2000; Mallinckrodt) settings were as follows: frequency 1 MHz,
duration 30 seconds, power 1.0 W/cm?, duty cycle 104, and
probe diameter 0.5 ecm. The US probe was inserted directly
into the cell suspension. A miniature stirrer was placed within
the well and spun at 300 revolutions per minute to prevent
cell adhesion to the plate. The cells were placed a row apart
from each other to prevent interaction due to the transmission
of US between the wells. After US exposure, cell viability was
tested by counting the cells stained with trypan blue. The cell
suspensions were harvested from the wells and attached to
slides using a Cyto-Tek centrifuge (Sakura, Tokyo, Japan) at
1,500 rpm for 5 minutes. Texas Red—positive cells were de-
tected by fluorescence microscopy. The average induction
efficiency was calculated as the ratio of incorporated cells to all
cells in 5 fields.

In vivo induction of fluorescence-conjugated MTX. To
confirm that MTX induction into synovial in vivo cells would
be promoted by microbubble-enhanced US treatment, we
designed in vivo experiments. Three NZW rabbits (Japan SLC,
Hamamatsu, Japan) weighing 2.5, 2.7, and 2.8 kg were anes-
thetized by intramuscular injection of a mixture of ketamine
(100 mg/ml [0.6 ml/kg body weight]; Sankyo, Tokyo, Japan)
and xylazine (20 mg/ml [0.3 ml/kg body weight]; Bayer, Le-
verkusen, Germany). We injected 50 pg of Texas Red-
conjugated MTX with 5% Optison in 2.5 ml saline, making
sure to diffuse it into the left and right knee joints. Soon after
injection, US exposure was applied in the medial, central, and
lateral areas of the suprapatellar pouch of the right knees for
2 minutes per application. US treatment was not performed in
the left knces. US was administered with a sonoporator using
the following settings: frequency 1 MHz, duration 2 minutes,
power 2.0 W/em?, duty cycle 50%, and probe diameter 3 ¢m.
Then, the rabbits were killed by excessive intravenous injection
of anesthetic agents. Synovial tissue, with the associated mus-
cle and tendon of the suprapatellar pouch of the joints, was
obtained and dissected sagittally at the center. Tt was immedi-
ately chilled in liquid nitrogen. Sections of 7-um thickness
were cut in a cryostat, air-dried on slides, fixed in 4% parafor-
maldehyde, and stained with hematoxylin for counterstaining.
The sections were cxamined by fluorcscence microscopy.

Antigen-induced arthritis (AIA) in the rabbit knec.
Sixty-two NZW rabbits, each weighing ~2.7 kg (2.5-3.1 kg)
were anesthetized as described above. They then received
intradermal injections of 4 mg OVA (Sigma, St. Louis, MO) in
0.5 ml Freund's complete adjuvant (Difco, Detroit, MI) and
0.5 ml PBS 3 times at 7-day intervals, as previously reported
(13). Five days after the third injection, 1.5 mg OVA in 0.5 ml
sterilc saline was injected into the left and right knee joints of
Lhe rabbits. After confirming the establishment of arthritis 10
days after the injection, the experimental procedures were
started. Fifty-three of the 62 rabbits (85%) showed signs of
arthritis in both knees and were used for the experiments. In
preliminary experiments, we confirmed that the inflammation
was virtually identical histologically in both knees (data not
shownn).
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MTX injection and US treatment. We injected 0.1%
MTX with 5% Optison (from the initial in vitro experiment
described above) in 2.5 ml saline, ensuring diffusion into both
knee joints of 43 rabbits that were anesthelized as described
above. US was administered to the right knee in the same
manner (MTX+/US+ group). US treatment was not per-
formed on the left knees (MTX+/UiS~ group). Seven rabbits
each were killed on days 3, 7, 14, 28, and 56 for histologic
examination. The remaining 8 rabbits were used for measure-
ment of MTX in synovial tissue.

To determine whether microbubble-enhanced US it-
self affected inflammation of synovial tissue, we injected 5%
Optison without MTX in 2.5 ml saline into the {eft and right
knee joints of the other L0 rabbits. Then, US was administered
to the right knees (MTX—/US+ group) in the same manner as
described above, while the left knees were not exposed
(MTX~—/US~ group). Five rabbits each were killed on days 7
and 28 for histologic evaluation.

Histologic evaluation. Synovial tissue from the su-
prapatellar pouch of the joints was obtained at each time point.
Tt was dissected sagittally at the center. washed, and fixed in
10% formaldchyde in PBS. Tt was then rinscd with deionized
water and dehydraled in a graded ethanol series. Dehydrated
tissue was embedded in paraffin, cut into 5-um sections,
mounted on glass slides precoated with poly-L-tysine, dried
overnight at 50°C, and stained with hematoxylin and eosin
(H&E).

Distal femurs were cut sagittally in the center of the
patellar groove and fixed in 10% formaldehyde, decaleified in
10% EDTA., embedded in paraffin, cul into 5-pm sections, and
stained with H&E and toluidine blue.

To cvaluate the degree of synovial inflammation, we
used modified scoring criteria as previously described by
Sanchez-Pernaute and colleagues (14). These criteria (Table 1)
consist of 5 categories: inflammatory cell infiltration, synovial
lining layers, villus formation, vascularity, and cartilage dam-

age. Synovial tissue was scored depending on the degree of

inflammation (from 0 for normal tissue to 18 for most severe
inflammation). Sections were examined blindly and scored
independently by 3 of the authors (KT, TO, YN), without
knowledge of the group being examined.
Immunochistochemistry. To identify blood vessels ac-
curately, anti-a-smooth muscle actin (a-SMA) immunostain-
ing was performed using the mouse monoclonal anti-~a-SMA
antibody (1A4; Dako, Carpinteria, CA) and the Envision Plus
HRP system (K4006; Dako). Formalin-fixed paraffinized scc-
tions of rabbil synovial tissue were baked, dewaxed, and
rehydrated prior to a peroxidase block (0.1% [volume/volume]
H,0,). The primary antibody and the horseradish peroxide—
labeled polymer were used as per the Dako Envision kit,
followed by staining with 3,3"-diaminobenzidine and counter-
staining with hematoxylin before mounting. A negative control
was prepared by omitting the primary antibody. A positive
control was preparcd on the vessels of the same scction,
Measurement of MTX concentrations. MTX and Op-
tison in 2.5 mi saline were injected into the left and right knee
joints of 8 rabbits. US was administered to the right knees in
the same manner, while the left knees were not exposed to US.
The concentration of MTX in the synovial tissue of 8 rabbits
was measured by the enzyme immunoassay method with an
MTX assay kit {Iatron) 12 hours after US irradiation. Briefly,

Table L. Scoring system far histologic evaluation

Paramecter Scoring

Inflammation 0 = normal

minimal inflammatory infiltration

= mild inflammatory infiltration

= moderale inflammatory infiltration

= marked infiltration with marked edema
= severe infiltration with edema

= normal (1-2 cell layers)

= slightly hyperplasia (2-3 cell layers)

= moderate (3~3 cell layers)

pronounced (5 or more cell layers)

= none

= minimal (1-2 villi)

= several (3 or more villi)

= normal (limited number ol blood vessels)
= slightly hypervascular (focal occurrence
ol a smalt number of blood vessels)

(L]

Synovial lining layers

Villus formation

Vascularity

— T = Wk — DA ke LI L
iho#

2 = moderate {focal occurrence of a large
number of blood vesscls)
3 = pronounced (broadly distributed and

large number of hlood vessels)
) = normal
= minimal (loss of toluidine blue staining
only)

Cartilage damage

—

2 = mild (loss of toluidine blue staining
and mild cartilage thinning)
3 = moderate {moderate diffuse or

multifocal cartilage loss)
4 = marked (marked diffuse or multifocal
cartilage loss)
= severe (diffuse or multifocal cartilage
loss)

R

the synovial tissue excised from the surface of inflamed
synovium was homogenized in Tris buffer (pH 7.4; 3 ml/igm
tissue), boiled for 5 minutes, and then centrifuged at 30,000
rpm for 30 minutes in a 4°C atmosphere. This was followed by
the addition of 0.1 ml of the supernatant in 1 ml of reagent
composed of dihydrofolate reductase (enzyme), NADPH (co-
enzyme), and 0.1 m! of dihydrofolate (substrate). The residual
activity of the dihydrofolate reductase was assayed by absorp-
tiometry at a wavelength of 340 nm.

Real-time polymerase chain reaction (PCR). Synovial
tissue was obtained and messenger RNA (mRNA) expression
was assesscd quantitatively in 7- and 28-day samples of the
MTX+/US+ and MTX-+/US~ groups. PCR primers and
fluorogenic probes of interleukin-18 (IL-1p8) (forward 5'-
TTGCTGAGCCAGCCTCTCTT-3', reverse 5'-GCTGGG-
TACCAAGGTTCTTTGA-3', TagMan 3'-TGCCATTCAG-
GCAAGGCCAGC-3") were designed according to the pub-
lished scquences (GenBank accession no. M_26295) using
Primer Express software (Perkin-Elmer Applied Biosystems,
Foster City, CA). They were obtained purified by high-
performance liquid chromatography from Applied Biosystems.
The fluorogenic probes contained a reporter dye (FAM)
covalently linked at the 5’ end and a quencher dye (TAMRA)
covalently attached at the 3’ end. Extension trom the 3' end
was blocked by the attachment of a 3'-phosphate group.

As external controls for the target gene, plasmid
recombinants containing the specific target sequence were

-101-



2562

gencrated, as well as 18S ribosomal RNA (rRNA,; Perkin-
Elmer Applied Biosystems). For this purpose, total RNA from
individuals positive for the allele of interest was extracted and
reverse transcribed as described above. Following reverse
transcription and allele-specific PCR, amplicons were cloned
using pCR 2.1 TOPO (Invitrogen). Recombinant plasmids
were expressed in competent Escherichio coli (INVaF’; In-
vitrogen). Plasmid DNA was isolated using silica cartridges
(QIAprep Spin Miniprep Kit; Qiagen, Hilden, Germany).
Sequences of the cloned amplicons were verified using an
automated sequencer (ABI PRISM 7700; Perkin-Elmer Ap-
plied Biosystems) with universal M13 primers. Concentrations
of the recombinant plasmids were determined by optical
density spectrometry. Serial dilutions from the resulting clones
were used for standardization, as described in detail in the
manufacturer’s bulletin.

PCR was performed using 300 nM forward and reverse
primers and 200 nM TagMan probe (final concentration).
Each PCR amplification was performed in triplicate wells
using the following temperature and cycling profile: 50°C for 2
minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C
for 15 seconds and 58°C for 1 minute (15).

The relative expression of IL-18 allcles was deter-
mined with reference to the total amount of IL-18 mRNA
after normalization against 185 rRNA as implemented in the
ABI PRISM 7700 Sequence Detection System software. Re-
sults were considered only if the analysis of IL-18 showed all
reactions to have the same amount of amplification as 185
rRNA. This procedure allowed for comparison of group-
specitic TL-1B3 expression as well as the total expression levels
of 185 rRNA.

Statistical analysis, Results are expressed as the
mean * SD. The significance of the difference in histologic
scores between the MTX+/US+ and MTX+/US~ groups at
the various posttreatment times (days 3, 7, 14, 28, and 56) was
tested using two-way factorial analysis of variance (ANOVA),
followed by Student’s paired r-test for comparison.

The difference in histologic scores among the MTX+/
US+ group and the other 3 control groups (MTX+/US—,
MTX-/US+, and MTX~/US~) al 7 and 28 days was com-
pared by Student’s paired -test. Student’s paired r-test was also
used to analyze the results of MTX concentration and real-
time reverse transcriptase-PCR. P values less than 0.05 were
considered significant.

RESULTS

In vitro MTX induction into synovial cells. To
confirm the promotion of MTX induction into RA
synovial cells by US irradiation and to determine the
optimum concentration of Optison, fluorescence-
conjugated MTX was administered into RA synovial
cells by sonoporation in vitro. In the absence of US,
MTX was administered into a few synovial cells. With
US exposure, the administration rate was increased to
almost 5% for MTX alone, and ~31% with 5% Optison
(Figure 1). Further increases in the concentration of this
reagent elevated the induction rate to a maximum of
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Figure 1. Fluorescence photomicrographs of synovial cells and tissue
treated with Texas Red-conjugated methotrexate (MTX), Texas Red-
conjugated MTX was administered to rheumatoid arthritis (RA)
synovial cells by sonoporation in vitro alone (A) or with 5% Optison
(B). Synovial tissue was collected from joints after injection of Texas
Red-conjugated MTX with 5% Optison, with (C) or without (D)
ultrasound (US) treatment. The upper parts of C and D show the joint
cavity. Without Optison, almost 5% of cells were fluorescence positive
(A). The ratio of fluorescence-positive cells was elevated to ~31% with
the addition of 5% Optison (B). In several layers of the synovial lining.
with US treatment, fluorescence-positive cells were observed (C).
Without US, only a weakly positive arca was observed (D). (Original
magnification X 200.)

48%. For the studies described here, 5% Optison was
used in each of the experiments.

In vivo MTX induction into synovial cells. To
confirm the promotion of MTX induction in vivo into
RA synovial cells by US treatment, tluorescence-
conjugated MTX was administered into RA synovial
cells by sonoporation in vivo. In the presence of US,
fluorescence-positive cells were observed in several syno-
vial lining layers, while only a weakly positive area was
observed in the absence of US (Figure 1). The Texas
Red—positive area was restricted to synovial cells, and
was not obscrved in other tissue such as tendon or
muscle in either group.

MTX concentration. The MTX concentrations in
synovial tissue were measured in the MTX+/US+ and
MTX+/US— groups (8 samples cach) 12 hours after the
injection of MTX and Optison. The mean * SD weight
of the tissue from right knces {the MTX+/US+ group)
was 454 = 37.0 mg, while that from left knces (the
MTX+/US— group) was 467 * 444 mg. There was no
significant difference between these groups. The
mean * SD MTX concentration in the MTX+/US+
group was estimated at 7.575 + 1.590 X 107 mg/dl,

102~



PROMOTION OF MTX INDUCTION AND ANTIINFLAMMATORY EFFECTS BY SONOPORATION 2563

s wé’;&, S Ry E gt

Figure 2. Day-7 histologic images of synovial tissue in the MTX+/
US+ group and the MTX+/US~ group. A and B, Hematoxylin and
eosin staining. € and D, Immunohistochemical staining with anti-o-
smooth muscle actin anibody. A and C, In the MTX+/US+ group
(histologic score 3), minimal inflammatory cell infiltration, several
synovial lining layers, no villus formation, and slight hypervascularity
were observed. B and D, In the MTX+/US~ group (histologic score
9), marked inflammaltory cell infiltration, proliferating synovial lining
layers {(as many as 5 layers), no villus formation, and general occur-
rence of a large number of blood vessels were seen. See Figure 1 for
definitions. {Original magnification X 40.)

while that in the MTX+/US— group was 2.875 =
0.7889 x 10 7 mg/dl (P < 0.01).

Histologic findings. In the MTX+/US+ group,
moderate inflammation (inflammatory cell infiltration,
thickened synovial lining layers, and hypervascularity)
was observed after 3 days, but it became less scvere over
a period from 7 to 56 days. Evidence of inflammation
decreased in the synovial lining layer and the vascular
network, In the MTX+/US— group, moderate inflam-
mation similar to that seen in the MTX+/US+ group
was observed after 3 days, continued until 28 days, and
became less severe after 56 days.

After 7 days (Figwre 2), in the MTX+/US+
group, minimal inflammatory cell infiltration and slight
hypervascularity (minimal inffammation) were observed.
In the MTX+/US~ group, marked inflammatory cell
infiltration, proliferating synovial lining layers (as many
as 5), and proliferating blood vessels (moderate inflam-
mation) were observed.

After 28 days (Figure 3), in the MTX-+/US+
group, moderately proliferating synovial lining layers
and focal proliteration of a small number of blood
vessels (minimal inflammation) were observed. In the
MTX+/US- group, marked inflammatory cell infiltra-

tion, proliferating synovial lining layers (>>5 cell layers),
and general proliferation of blood vessels (modceralce
inflammation) were observed.

After 56 days, both groups showed modcrately
proliferating synovial lining layers and focal prolifera-
tion of a small number of blood vessels (minimal inflam-
mation). There was no significant difference between
the 2 groups.

Articular cartilage was examined histologically
for signs of damage caused by US exposure and/or MTX
injection. A very slight decrease in the intensity of
metachromatic staining (histologic scoring 0 or 1) in the
surface arca was observed in some samples of the
MTX+/US+ and MTX+/US~ groups on days 7 and 28.

Histologic scores. The mean = SD histologic
scores at 3, 7, 14, 28, and 56 days after treatment were
9.00 + 0.31, 542 = 0.30, 471 = 0.18, 4.57 % 0.37, and
5.57 = 0.30, respectively, in the MTX+/US+ group, and
8.42 = 0.20, 857 * 0.37, 843 + 0.20, 8.29 =+ 0.36, and
571 = 0.29 in the MTX+/US— group. The scores in the
MTX+/US+ group and the MTX+/US~ group were
signiticantly different by two-way factorial ANOVA
(£ < 0.05). In addition, when we compared them at each

Figare 3. Day-28 histologic images of synovial tissue in the MTX+/
US+ group and the MTX+/US~ group. A and B, Hematoxylin and
eosin staining. C and D, Tmmunohistochemical staining with anti-a-
smoath muscle actin antibody. A and C, In the MTX+/US+ group
(histologic score 5), minimal inflammatory cell infiltration, a modcerate
number of synovial lining layers. no villus [ormation. and tocal
occurrence of a small number of blood vessels were seen, B and D, In
the MTX+/US— group (histologic score 10), marked inflammatory
cell infiltration with marked edema, >3 pronounced synovial lining
layers, no villus formation, and a broadly distributed large number of
blood vessels were seen. See Figure 1 for definitions. (Original
magnification X 40.)
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Figure 4. Histologic scores of synovial tissue from patients in the
MTX+/US+ and MTX+/US— groups at each time paint. Values are
the mean and SD. P values were determined using two-way factorial
analysis of variance. See Figure 1 for definitions.

time point using Student’s paired r-test, the scores in the
MTX+/US+ group at 7, 14, and 28 days were signifi-
cantly better than those in the MTX-+/US— group
(Figure 4).

To confirm that the antiinflammatory effect was
not duc to US exposure, we injected the right knees with
Optison only and exposed them to US (MTX—/US+
group). Scores in the MTX+/US+, MTX+/US—,

Figure 5. Histologic scores of synovial tissue from patients in the
MTX+/US+, MTX+/US~, MTX~/US+, and MTX~/US~ groups 7
and 28 days after treatment. Values are the mean and S1). See Figure
I for definitions.

NAKAYA ET AL

observed between the MTX+/US+ group and the other
3 groups (P < 0.05) (Figure 5).

Findings of real-time PCR. Using real-time PCR,
we examined the quantitative gene expression of IL-18
in synovial tissuc obtained 7 and 28 days after US
irradiation. The mean * SD expression 7 and 28 days
after treatment was 1.3 X 1077 (1.5 X 107%) and 3.3 x
107 (25 X 107, respectively, in the MTX+/US+
group, and 8.6 X 1077 (9.0 x 10"") and 8.4 x 1072
(1.2 X 1077 in the MTX+/US— group. There was a
significant difference (P < 0.01) between the groups at
cach time point.

DISCUSSION

Our results show that, in a rabbit arthritis model,
microbubble-enhanced US treatment promotes uptake
of MTX into synovial cells, which results in acceleration
of antiinflammatory effects following intraarticular
MTX injection. The antiinflammatory effect was con-
firmed by histologic scoring and expression of IL-13
mRNA in synovial tissue. The increased uptake of MTX
into synovial cells was confirmed histologically by ana-
lysis of MTX concentration in synovial tissue and induc-
tion of Texas Red—conjugated MTX in vitro and in vivo.
To confirm that the antiinflammatory effect was not due
to US irradiation treatment with or without Optison, we
injected Optison only (without MTX), and administered
US to the right knees in the rabbits. Because there was
no antiinflammatory effect, we concluded that neither
microbubble injection with US exposure nor MTX in-
jection has an antiinflammatory effect. However, the
combination of MTX, microbubble injection, and US
exposure was very effective. To our knowledge, this is
the first report to describe the use of US in conjunction
with antiinflammatory joint therapy in vivo. US gained
attention through its use in gene therapy and tissue
enginecring. It is safe, minimally invasive, and can
accommodate different therapeutic applications.

An antiinflammatory effect of this procedure
(significantly reduced histologic inflammation and IL-18
gene expression in the synovial tissue) was observed
from 7 to 28 days, but not at 56 days. All of the inflamed
synovium of the joint cannot be covered by the usc of a
US probe applied at the skin surface. Indeed, histologic
cvaluation of inflammation of synovial tissuc in the
femorotibial joint, where US was not administered,
revealed no difference from that in the control group
(data not shown). Another explanation is that 56 days
(exactly 66 days after immunization) may be enough to
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decrease the inflammation of synovial tissue in AIA
naturally.

One hypothesis regarding the mechanism for the
cfficacy of this procedurc is that thc biocffects arc
consequences of inertial cavitation, violent oscillations,
and the collapse of bubbles in the surrounding fluid. The
Optison stock concentration is ~6.5 X 10%ml, and 5%
Optison (3.25 X 107/ml) was injected into the joint. The
microbubbles consist of hollow albumin fifled with oc-
tafluoropropane. They are collapsed by the cavitation
produced by US, and are considered to be eliminated
quickly by distribution or phagocytosis. Physical and
chemical phenomena related to inertial cavitation in-
clude microstreaming, shock waves, microjets, extremely
high localized temperatures, pressures inside the bub-
bles, and generation of free radicals (16). If US causes
promotion of induction through increased membranc
porosity, as described above, it is reasonable to expect
that there would be some limitations for transducible
agents in terms of molecular size, 3-dimensional struc-
ture, and chemical compositions. In this study, we chose
MTX (MW 454.45) as a transducive agent. Because we
showed that Texas Red-conjugated MTX (MW
1,257.49) was also incorporated into cells in an in vitro
experiment, molecules of this size should be readily
incorporated into cells with this method. Uptake into
cells of some genes or other pharmacologic agents that
have an antiinflammatory effect can be promoted by
microbubble-enhanced US exposure.

In vivo US and Optison conditions were selected
based on in vitro data, and it is clear that there are
significant differences between in vitro and in vivo
conditions. Since the power of US is reduced by the long
distance between the joint and the skin in vivo, it may be
necessary to elevate the US power to a higher setting,
provided there is no resaltant heat production on the
skin. In this study, output power (1-2W), duration (30
seconds to 2 minutes), and duty cycle (10-50%) were
clevated.

Electroporation is also an effective MTX trans-
duction technique. It has been widely used for transduc-
tion of genes and pharmacologic agents in vivo and in
vitro. It does not require viral vector construction or
virus preparation. Many reports describe clectropora-
tion as a technique for promoting electrochemotherapy
through the uptake of MTX into cancer cells (17-19).
We also showed that electrochemotherapy was effective
in digital chondrosarcoma (20). However, the electrical
tields created also affect normal tissue beyond the target
site. Furthermore, cell anomalies ot tissue damage after
electroporation have often been observed. Thus, it is not

~105-

an appropriale technique for the treatment of joints in
RA paticnts. The encapsulation of MTX into cells with
the use of a viral vector, recombinant polyomavirus-like
particle, has been described (21), but this is a complex
procedure and may not be suitable for clinical application.

MTX injection and US treatment can be used
together in the clinic because of their low-risk safety
profile. This technique may reduce synovitis in human
arthritis and take the place of surgical synovectomy. It
has been reported that surgical synovectomy of RA
joints may offer short-term symptomatic rclief but no
retardation of the bone destruction or the disease pro-
cess (22). While the benefits of our procedure might not
match those of surgical excision of inflamed synovium, it
is much less invasive than surgery and it can be per-
formed frequently to obtain symptomatic relief. Further
experiments are needed to determine whether this pro-
cedure alters the course of the disease. Furthermore,
this technique can be applied in other inflammatory
diseases.

For broader application in the clinic, there are
some additional considerations that must be addressed.
First, the intraarticular injection of MTX, which at high
doses is somctimes used as an immunosuppressive
agent. may cause adverse effects. The risk of iatrogenic
infection warrants close attention. But MTX is reported
to suppress production of superoxide and nitric oxide,
and not to affect glycosaminoglycan synthesis of chon-
drocytes in vivo and in vitro (23,24).

Second, US may cause adverse effects. 1t has
been reported that US increases matrix synthesis and
that it does not affect the viability or proliferation of
chondrocytes (25,26). The procedure reported here
caused no harm to joint tissue apart from the prolifera-
tion zone in the synovium. However, the thick skin of the
human joint may restrict the penetration of the uitra-
sonic vibration into synovial cells, which may cause a
decrease in the uplake of MTX. The Sonitron is not
approved for human use, but there is other equipment
with greater power that is approved for human use in
Japan (not for sonoporation). Longer exposure or
higher power may cause local heat production. T such a
case, a lower percentage setting of the duty cycle will
help to prevent adverse etfects. The optimal conditions
necessary for the effective administration of US in
humans need further investigation.

Third, the echo-contrast microbubbles may cause
local or systemic side effects. These may include drug-
induced allergic shock or joint pain because of high
osmotic pressure. Moreover, another concern is that the
overdosage of micrabubbles or overexposure to ultra-



