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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 model.

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 freatment. 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 evaluation and the gene expression levels
of IL-18 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, methotrexate
(MTX) still plays a central role in the treatment of RA,
although administration of this agent sometimes causes
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 transport, 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 are 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 (Iatron, Tokyo, Japan) induction into synovial
cells. In vitro induction was performed according to a previ-
ously described procedure (10). Synovial cells were obtained
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 pug/ml amphotericin B; Invitrogen). Cul-
tured cells were trypsinized, washed twice in PBS, and resus-
pended at 1 X 10°/ml of PBS per well in a 48-well plate.
Optison was added to the cell medium at concentrations of
0%, 5%, 10%, 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. Immediately
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/em?, duty cycle 10%, and
probe diameter 0.5 cm. 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. T'o
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 mi/kg body weight]; Bayer, Le-
verkusen, Germany). We injected 50 ug 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 knees. 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 cm.
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. It 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 examined by fluorescence microscopy.

Antigen-induced arthritis (AIA) in the rabbit knee.
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
sterile saline was injected into the left and right knee joints of
the 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
shown).
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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 mi saline, ensuring diffusion into both
knee joints of 43 rabbits that were anesthetized 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+/US— 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 left and right
knee joints of the other 10 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.
It was dissected sagittally at the center, washed, and fixed in
10% formaldehyde in PBS. It was then rinsed with deionized
water and dehydrated in a graded ethanol series. Dehydrated
tissue was embedded in paraffin, cut into 5-um sections,
mounted on glass slides precoated with poly-L-lysine, 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, decalcified in
10% EDTA, embedded in paraffin, cut into 5-pm sections, and
stained with H&E and toluidine blue.

To evaluate 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.

Immunohistochemistry. To identify blood vessels ac-
curately, anti~a-smooth muscle actin {(@-SMA) immunostain-
ing was performed using the mouse monoclonal anti-c-SMA
antibody (1A4; Dako, Carpinteria, CA) and the Envision Plus
HRP system (K4006; Dako). Formalin-fixed paraffinized sec-
tions of rabbit synovial tissue were baked, dewaxed, and
rehydrated prior to a peroxidase block (0.1% [volumefvolume)]
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 prepared on the vessels of the same section.

Measurement of MTX concentrations. MTX and Op-
tison in 2.5 ml 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 houss after US irradiation. Briefly,

Table 1. Scoring system for histologic evaluation

Parameter Scoring

normal
minimal inflammatory infiltration

mild inflammatory infiltration
moderate 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)
onounced (5 or more cell layers)

Inflammation

Synovial lining layers

pr
Villus formation no
mmlmal (1-2 villi)
several (3 or more villi)
= normal (limited number of blood vessels)
1 = slightly hypervascular (focal occurrence
of a small number of blood vessels)
2 = moderate (focal occurrence of a large
number of blood vessels)
3 = pronounced (broadly distributed and
large number of blood vessels)

|I L I 1 I || ]

O O O D W =O

Vascularity

Cartilage damage 0 = normal
1 = minimal (loss of toluidine blue staining
only)

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)

5 = severe (diffuse or multifocal cartilage
loss)

the synovial tissue excised from the surface of inflamed
synovium was homogenized in Tris buffer (pH 7.4; 3 ml/gm
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 ml 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 assessed quantitatively in 7- and 28-day samples of the
MTX+/US+ and MTX+/US~ groups. PCR primers and
fluorogenic probes of interleukin-18 (IL-18) (forward 5'-
TTGCTGAGCCAGCCTCICTT-3', reverse 5'-GCTGGG-
TACCAAGGTTCTTTGA-3', TagMan 5-TGCCATTCAG-
GCAAGGCCAGC-3") were des1gned according to the pub-
lished sequences (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 from 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
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generated, 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 Escherichia coli (INVaF’; In-
vitrogen). Plasmid DNA was isolated using silica cartridges
(QlAprep 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-183 alleles was deter-
mined with reference to the total amount of IL-18 mRNA
after normalization against 18S 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 18S
rRNA. This procedure allowed for comparison of group-
specific IL-18 expression as well as the total expression levels
of 18S 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 ¢-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~) at 7 and 28 days was com-
pared by Student’s paired t-test. Student’s paired ¢-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 area 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. 1o
confirm the promotion of MTX induction in vivo into
RA synovial cells by US treatment, fluorescence-
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 observed 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 each) 12 hours after the
injection of MTX and Optison. The mean * SD weight
of the tissue from right knees (the MTX+/US+ group)
was 454 * 37.0 mg, while that from left knees (the
MTX+/US~ group) was 467 = 44.4 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 1077 mg/dl,
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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. C and D, Immunohistochemical staining with anti-«-
smooth muscle actin antibody. 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 inflammatory 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 severe 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 (Figure 2), in the MTX+/US+
group, minimal inflammatory cell infiltration and slight
hypervascularity (minimal inflammation) 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 proliferation 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 (moderate
inflammation) were observed.

After 56 days, both groups showed moderately
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 area 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, 5.42 = 0.30, 4.71 = 0.18, 4.57 = 0.37, and
5.57 = 0.30, respectively, in the MTX+/US+ group, and
8.42 + (.20, 8.57 = 0.37, 8.43 = 0.20, 8.29 = 0.36, and
5.71 = 0.29 in the MTX+/US~— group. The scores in the
MTX+/US+ group and the MTX+/US— group were
significantly different by two-way factorial ANOVA
(P < 0.05). In addition, when we compared them at each

Figure 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, Immunohistochemical staining with anti—«-
smooth muscle actin antibody. A and C, In the MTX+/US+ group
(histologic score 5), minimal inflammatory cell infiltration, a moderate
number of synovial lining layers, no villus formation, and focal
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, >5 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 point. 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 due to US exposure, we injected the right knees with
Optison only and exposed them to US (MTX~—/US+
group). Scores in the MTX+/US+, MTIX+/US—,
MTX~/US+, and MTX—/US~ groups were compared
on days 7 and 28, and a significant difference was
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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 SD. See Figure
1 for definitions.
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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 tissue obtained 7 and 28 days after US
irradiation. The mean = SD expression 7 and 28 days
after treatment was 1.3 X 1073 (1.5 X 107%) and 3.3 X
1072 (2.5 X 107%), respectively, in the MTX+/US+
group, and 8.6 X 1072 (9.0 X 107%) and 8.4 X 1072
(1.2 x 1073) in the MTX+/US— group. There was a
significant difference (P << 0.01) between the groups at
each 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-18
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
engineering. 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 use of a
US probe applied at the skin surface. Indeed, histologic
evaluation of inflammation of synovial tissue 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
efficacy of this procedure is that the bioeffects are
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 filled 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 membrane
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 resultant heat production on the
skin. In this study, output power (1-2W), duration (30
seconds to 2 minutes), and duty cycle (10-50%) were
elevated.

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 electropora-
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
fields created also affect normal tissue beyond the target
site. Furthermore, cell anomalies or tissue damage after
electroporation have often been observed. Thus, it is not

an appropriate technique for the treatment of joints in
RA patients. 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 relief 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 sometimes 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. It 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 ultra-
sonic vibration into synovial cells, which may cause a
decrease in the uptake 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. In such a
case, a lower percentage setting of the duty cycle will
help to prevent adverse effects. 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 microbubbles or overexposure to ultra-
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sonic waves may cause irreversible tissue injury. A
minimum concentration of microbubbles would be de-
sirable for clinical use. Optison has been used in the US
and other countries for cardiac applications only, but it
is not allowed for use in humans in some countries, such
as Japan. Alternative clinical echo-contrast agents are
now available in Japan. Levovist is one of these agents,
although its gene transduction efficacy is reported to be
inferior to that of Optison (27). Both are classified as
second-generation microbubble agents. Optison consists
of micrometer-sized (mean diameter 2-5 pm), dena-
tured hollow albumin microspheres with a shell thick-
ness of ~15 nm. The microbubbles are filled with
octafluoropropane. Levovist is a galactose-based, air-
filled microbubble agent, 99% of which is smaller than 7
pm. Further studies are planned to compare the perfor-
mance of these agents in vivo.

This method can be used to introduce not only
MTX but also other agents, such as steroids and some
genes, into synovial cells. The procedure can be used not
only for intraarticular injection but also for a systemic
approach with intravenous or oral administration of the
therapeutic drug. Studies are under way to examine
these approaches. This technique enables a very tar-
geted application of reagents to the diseased tissue, thus
enabling healthy tissue to be spared from treatment.
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Abstract This study was designed to investigate effects of
heat on the bone-inducing activity of recombinant human
bone morphogenetic protein (thBMP)-2. rhBMP-2 samples
were heated at 50, 70, 90, or 100°C for 15min, or 1, 2, 4, or
8h, or autoclaved at 120°C for 15min. The bone-inducing
activity of the tThBMP-2 before and after heating was as-
sayed in in vivo and in vitro systems. For the in vivo assay,
5ug thBMP-2 samples were impregnated into porous col-
lagen disks (6mm in diameter, 1mm thickness), freeze
dried, and implanted into the back muscles of ddY mice.
Three weeks later, the implant was harvested from the host
and examined for ectopic new bone tissue by radiography.
The new bone mass was quantified by single-energy X-ray
absorptiometry. The in vitro activity of the tThBMP-2 was
assayed by adding the BMP sample at a concentration of
100ng/ml to cultures of MC3T3-E1 cells. After 48h, the
alkaline phosphatase activity was measured. After heating
at 50° or 70°C, no significant reduction in bone-inducing
activity was noted in either in vivo or in vitro assay systems
unless the protein was exposed to sustained heat at 70°C for
81, based on in vitro assay data. However, heating above
90°C and for longer periods led to a decrease in the biologi-
cal activity of the thBMP-2 in a time- and temperature-
dependent manner. thBMP-2 was rendered inactive when
exposed to temperatures at or in excess of 120°C.
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Introduction

Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor-B superfamily [1] and possess unique
biologic activity that leads to new bone formation [2-4].
BMP-2 is a member of the BMP family, and the human
form (hBMP) has been successfully synthesized by the use
of DNA recombination technology (thBMP) for commer-
cial purposes. This protein is now being evaluated as a
bone-graft substitute for the treatment of nonunion frac-
tures, bone defect repairs, and spinal fusions [5-11]. In
order to use thBMPs clinically, it is necessary to understand
how the molecular structure or bone-inducing activity of
BMPs may be modified during transportation, storage, and
intraoperative handling. In particular, the stabilization of
BMP-retaining devices, or the use of BMP-2 in combination
with heat-generating bone cement, are two instances where
the stability of the protein would be challenged. Several
authors have described the heat resistance of natural crude
BMP extracted from the rat, rabbit, and human [12-16}, but
there has been little work done to look at the effects of heat
on the stability and biological activity of thBMP-2. This
study describes how the biological activity and molecular
structure of thBMP respond to varying degrees of heat
using in vivo and in vitro assay systems.

Materials and methods
Heat treatment of thBMP-2

thBMP-2 was provided by Yamanouchi Pharmaceutical
(Tokyo, Japan) in a buffered solution (1 mg thBMP-2/ml).
This was diluted 3-fold (15l saline containing 5Spug rhBMP-
2) and heated at 50, 70, 90, or 100°C for 15min, or 1, 2, 4, or
8h using a heat block (Dry Thermo Unit, Taitec, Saitama,
Tapan), or autoclaved at 120°C for 15min. The biological
activity of these heat-treated ThBMP-2 samples was then
evaluated in in vitro and in vivo experiments to examine



changes in the biological activities of the thBMP-2. As a
control, rhBMP-2 that had not been exposed to heat was
used in the assays.

Cell culture

A mouse osteoblastic cell line MC3T3-E1 was obtained
from the RIKEN Cell Bank (Tsukuba Science City, Japan).
These cells were seeded at a cell density of 3 x 10° cells/
100-mm plastic dish and cultured with o-minimal essential
medium (Gibco, Grand Island, NY, USA) supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum
{Gibco) at 37°C in an incubator with 95% humidified air
and 5% CO,.

Induction of alkaline phosphatase (ALP) by thBMP-2

The biological activity of the rhBMP-2 was assayed based
on the observation that BMP is capable of inducing expres-
sion of ALP in a dose-dependent manner. ALP activity is
an early marker of osteoblastic differentiation [17]. The
thBMP-2 samples, heated as described above, were added
to the MC3T3-E1 cells at a final concentration of 100ng/ml.
After 48h, the osteoblastic cells were washed twice with
phosphate-buffered saline, scraped from each well into
0.3ml 0.5% NP-40 containing 1 mM MgCl, and 10mM Tris
(pH 7.5), and sonicated twice for 20s with a sonicator
(model W-220; Wakenyaku, Kyoto, Japan). The cell lysates
were then centrifuged for 10min at 3000 r.p.m., and the
supernatants were used for the enzyme assay. ALP activity
was assayed using the method of Kind-King [18] and a test
kit (Alkaline Phospha K, Wako Pure Chemical Industries,
Osaka, Japan) with phenylphosphate as a substrate.

The enzyme activity was expressed in King-Armstrong
(K-A) units normalized to the protein content of the
sample. The protein content was determined with a
bicinchoninic acid protein assay kit (Pierce Chemical,
Rockford, IL, USA) using bovine serum albumin as the
standard. Each heat-treated thBMP sample was measured
in three separate dishes, and the ALP activity from each
group was expressed as mean * SD.

Preparation of BMP-containing collagen disks

In order to evaluate the influence of heating on the bone-
inducing activities of the thBMP-2, a classical in vivo experi-
mental system of ectopic bone induction in mice was
utilized. In this system, BMP was combined with collagen
and implanted into muscle, whereupon an ectopic ossicle
was elicited if the BMP was biologically active. In order to
deliver the BMP, commercially available porous collagen
sheets made from bovine Achilles tendon (Helistat Integra
Life Sciences, Plainsboro, NJ, USA) were cut into round
strips (6mm in diameter, 1 mm thick), soaked in the sample
solutions containing 5|g of either the heated or nonheated
control thBMP-2, freeze-dried, and stocked at —20°C until
implantation into mice.
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Assay for the bone-inducing activities of
heat-treated thBMP-2

One hundred and seventy-six male ddY mice, 5 weeks of
age, were purchased from Nippon SLC Co. (Shizuoka,
Japan). The mice were housed in cages with free access to
food and water for 1 week before the start of the experi-
ment. Prior to surgery for implantation of the collagen/
rhBMP-2 composite collagen disks, the mice were anesthe-
tized with diethylether.  The BMP-retaining pellets were
implanted into the left dorsal muscle pouches (one pellet
per animal). Twenty-two groups of mice (8 mice in each
group) were implanted with collagen disks containing Sug
rhBMP-2 that had never been heated (control), or heated at
50, 70, 90, or 100°C for 15min, or for 1, 2, 4, or 8h, or
autoclaved at 120°C for 15min. The mice were fed for 3
weeks and then killed. The implants were harvested and
examined for ectopic new bone formation in situ by radio-
graphic and histological methods. X-rays of the harvested
tissues were taken with a soft X-ray apparatus (Sofron Co.,
Tokyo, Japan). In order to quantify the ectopically induced
bony mass, the bone mineral content (BMC, mg) of each
ossicle was measured by single-energy X-ray absorptio-
metry using a bone mineral analyzer (DCS-600; Aloka
Tokyo, Japan). For the histology, the harvested tissue mass
from each group was fixed in neutralized 10% formalin,
defatted in chloroform, decalcified with 10% ethylenedi-
amine tetraacetic acid, and embedded in paraffin wax.
Sections of Sum thickness were cut, stained with
hematoxylin—eosin, and observed under a light microscope.

All procedures for the animal experiments were carried
out in compliance with the guidelines of the Institutional
Animal Care Committee of Shinshu University.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

In order to examine the effects of heat on the thBMP-2
molecules, heated or nonheated samples of the protein
were electrophoresed on a SDS-PAGE slab gel. Five micro-
grams of nonheated thBMP-2 or protein heated at 90°C
on a heat block or at 120°C in an autoclave for 2h were
dissolved into 20l sample buffer solution (0.5uM, pH6.8
Tris-HCI buffer solution/0.2% SDS/10% glycerol/0.01%
bromophenol blue) with or without 100mM dithiothreitol
(DTT, a disulfide-bond reducing agent) and boiled for
S5min. Fach sample was run on a SDS gel at 40mA for
60min. The gel was then stained with Comassie brilliant
blue and destained in 10% acetic acid solution.

Statistical analysis

Quantitative data were expressed as the mean + SD. Differ-
ences between control and experimental groups were con-
sidered to be statistically significant at P < 0.05 using the
Kruskal-Wallis H-test with Bonferroni correction.
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Fig. 2. Soft X-ray photograph
of an ossicle formed at 3 weeks
after implantation. A typical
implant from each group is
shown. Scale bar = 6mm. There
is no difference in the trabecu-
lar pattern within ossicles from
each group. However, a
reduction in size was observed
over 90°C in a time-dependent
manner. In the groups heated at
100°C for 4 h, at 100°C for 8h,
and at 120°C for 15min, there
was no firm mass around the
implant location. Thus, we
decided not to collect tissues
from these areas for further
analysis (softex and bone
mineral content)
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Results

Effects on ALP expression by heated thBMP-2

Figure 1 shows the effects of the heat treatment on the
ALP-inducing activity of thBMP-2 in MC3T3-El cells.
ALP-inducing activity was preserved at 50°C even after the
rhBMP-2 was heated at this temperature for 8h. A notable
reduction in the ALP-inducing activity of ThBMP-2 was
seen using protein samples heated at 70°C for 8h. At 90°C,
a significant reduction of activity was noted by heating
for 1h or more in a time-dependent manner. By heating

*

15m 1h 2h 4h 8h 15m 1h 2h 4h 8h 15m 1h 2h 4h 8h 15m
70°C 90°C 100°C 120°C
1h 2h 4h 8h control

at 100°C, the time-dependent reduction was profound.
The ALP-inducing activity was reduced to less than 1 unit/
mg protein when the thBMP-2 was heated at 120°C for
15min.

Change in the bone-inducing activity of thBMP-2
by heating

Figure 2 shows representative ossicles elicited in mice
within a 3-week period by implanting collagen disks impre 8-
nated with 5Spg rhBMP-2 heated at 50, 70, 90, or 100°C for
15min, or for 1, 2, 4, or 8h. Ossicle size tended to become
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Fig. 3. The bone mineral content (BMC) of the tissues harvested at 3

weeks after surgery. Data are means * SD of 8 samples. A significant
difference from the control is indicated as * (P < 0.05). There was no
significant difference between the BMC of the 50°C and 70°C groups
and the control group. However, the mean BMCs of groups heated at
90°C for 2, 4, or 8h and the one heated at 100°C for 1, or 2h (P <0.01)
were significantly lower than that found in the control group. In the
groups heated at 100°Cfor 4 h, at 100°C for 8h, and at 120°C for 15 min,
we found no evidence of new ectopic bone formation, as described in
the legend to Fig. 2 : :

small when the thBMP-2 was treated at 90°C for 2h or
more. After treatment for more than 4h at-100°C or for
15min at 120°C, the bone-inducing activity of thBMP-2 was
lost. : , ,

Figure 3 shows the mean BMC values of the ossicles
from each of the groups. The mean (+SD) BMC of the
control group was 12.2 + 3.56mg. Iui the group treated at

50°C for 8%, the mean BMC was 11.2 +2.81 mg; which was

not significantly lower than that of the controls. In the group
with protein heated at 70°C, the mean BMC in the group
treated at 70°C for 15min was 12.2 + 3.45mg. The BMC in
the 70°C group showed a downward trend, but no statisti-
cally significant: difference was observed when compared
with the control group. Similarly, in the group using protein

heated at 90°C, the. BMC of the harvested ossicles de--

creased with an extension of the heating time. The BMC of
ossicles from the groups treated at 90°C for 15min or 90°C
for 1h were not significantly different from those of the
control group. However, the mean BMC values of the
groups treated at 90°C for 2h (848 + 1.68mg), at 90°C for
4h (6.98 + 1.06mg), or at 90°C for 8h (4.26 + 0.53mg) were
significantly reduced when compared with those of the con-
trol group (P < 0.01). Again, in the group treated at 100°C
for 15min, the BMC was less than that of the controls,
although there was no significant difference between the
values. The mean BMC of the groups treated at 100°C
for 1h (6.96 + 1.71mg) or at 100°C for 2h (2.80 + 0.99mg)
were significantly lower than those from the control group
(P <0.01).

Histological analysis of the ossicles from all groups re-
vealed normal bone histology with hematopoietic marrow
and bony trabeculae (Fig. 4).
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Fig. 4. Photomicrograph of the tissue harvested at 3 weeks after im-
plantation (heated to 50°C for 8h) (H&E, %200). Normal bone histol-
ogy with hematopoietic marrow and bony trabeculae was observed

Changes in the SDS-PAGE profile of thBMP-2
by heating

The SDS-PAGE profiles of hBMP-2 before and after heat-
ing at 90 or 120°C are shown in Fig. 5. The original thBMP-
2 showed three dark bands at around 30-k Daltons (kD)
and two light bands below 20kD without DTT (lane 1).
With DTT, the 30-kD bands became lighter and the lower
molecular-sized bands became darker (lane 4). By heating
at 90°C for 24, in the absence of DTT the 30-kD bands
became a little indistinct and two lower sized bands disap-
peared (lane 2), and with DTT the 30-kD bands became
lighter and the lower bands became darker (lane 5). By
heating at 120°C for 2h, in the absence of DTT the 30-kD
bands remained although the three bands became indistinct
(lane 3), and with DTT both of the 30-kD bands and the
lower bands were lost (lane 6).

Discussion

BMPs (BMP-2, BMP-7) with potent bone-inducing activity
have been successfully produced and developed for clinical
use through DNA recombinant technology. Examples of
clinical applications include the repair of damaged bone,
the reconstruction of bone defects resulting from trauma,
and resection of bone tumors. In terms of a successful clini-
cal outcome, the bone-inducing activity of rhBMP-2 must
be able to withstand the conditions associated with trans-
portation and storage. In addition, thBMP has to survive
sterilization and the high temperatures encountered when
implants are used in close contact with curing bone cement.
Previous studies have qualitatively described the stable
character of natural BMP based on the ability of crude
insoluble BMP-tetaining decalcified bone matrix to induce
ectopic new bone. Nakanishi et al. [12] reported that rabbit
bone-derived BMP extracts elicited ectopic bone after
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DIT = DTT +
SOk . Lanel 23 4 5 6
40k
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Temperature(®C) - 90

Fig. 5. SDS-PAGE profiles of thBMP-2 before (lane I) and after (lane
2) heating at 90°C and at 120°C (lane 3) for 2h. Lanes 4, 5, and 6 show
the respective samples under reducing conditions in the presence of
dithiothreitol (DTT, a disulfide-bond reducing agent). The original
rthBMP-2 showed three dark bands at around 30k Daltons (kD) and
two light bands below 20kD without DTT (lane I). With DTT, bands
at 30kD became lighter and the lower bands became darker (lane %),
which indicates that the dimers were reduced to monomers. By heating
at 90°C for 2h in the absence of DTT, the major 30-kD bands became
a little indistinct, and the two lower-sized bands disappeared (lane 2).
With DTT, bands at 30kD became lighter and the lower bands became
darker (lane 5), indicating that the bands at 30kD without DTT main-
tained a dimeric structure. By heating at 120°C for 2h, the original size
of thBMP-2 was maintained, although the three distinct bands were
lost (lane 3). With DTT, both of the original 30-kD bands and those
lower molecular-sized bands were lost (lane 6), indicating complete
denaturation of the original configuration of the molecules

heating at 70°C for 10min. However, the bone-inducing
activity was lost when the sample was heated at over 100°C
for 20min. Some reports have also described similar
results using crude BMP extracts as the bone-inducer in
rodent models [13,14]. One report demonstrated that BMP
activity was retained in a rabbit model after heating the
matrix protein at 170°C for 10min or at 140°C for 30min
[15].

In this study, the bone mineral content of the thBMP-2-
induced ossicles was used to evaluate the bone-inducing
activity of the heat-treated rhBMP-2 in an in vivo system. In
addition, the ability of thBMP-2 to induce ALP activity in
osteoblastic cells in culture was used as a model to confirm
the results from the in vivo experiments. The ALP-inducing
activity of the thBMP-2 was little affected by heat treatment
up to 70°C for 8h or up to 90°C for 1h, but then decreased
gradually with increasing temperature and time. The ALP-
inducing activity was eventually lost after heating the
thBMP-2 at 120°C, a treatment that denatured the molecu-
lar structure of the thBMP-2 as shown on a SDS-PAGE
profile. These results were in accordance with the in vivo
results, and suggest that thBMP-2 is largely stable in nature.
The use of autopolymerising polymethylmethacrylate
(PMMA)-based bone cement is the most common method

chosen for prosthetic component fixation in total joint re-
placement surgery. During the polymerization of PMMA,
high peak temperatures are reached. The temperature peak
ranges from 48°C to 105°C at the bone—cement interface,
and from 80°C to 124°C in the cement. The exposure time
over 50°C is reported to be between 30 and 400s [19]. Thus,
the data from the present study suggest that contact with
curing bone cement would not affect the bone-inducing
activity of thBMP-2. Sterilizing by autoclave (120°C) would
effectively inactivate the biological action of this protein.
but sterilizing by ethylene oxide gas (60°C for 3h or 40°C
for 6h) would not, as reported previously [20].

The heat-stable character of BMP may be derived from
its molecular structure. It is known that the bioactive BMP-
2 molecule consists of a homodimer which is essential for
its biological activity. The homodimer consists of two 114
amino acid monomers with 7 cysteine residues that form
three intramolecular disulfide bonds, with one intermolecu-
lar disulfide bond forming a cysteine knot [21]. The heat-
resistant nature of the BMP might be explained by the
cysteine-knot formation, which is known to contribute to
the structural stability of the protein.

The biological activity of the thBMP was reduced follow-
ing heat denaturation at 90°C for 2h as evaluated in an in
vivo assay system, and for 1h in an in vitro assay system. At
these higher temperatures, the reduction in thBMP-2 activ-
ity was temperature- and time-dependent. In order to visu-
alize the heat-dependent changes in molecular structure,
changes in the SDS-PAGE gel profile after heating were
observed. As previously described, the rhBMP-2 molecule
has a molecular size of around 16kD with one N-
glycosylation site, and it forms a homodimer which has
biological activity [6-8,22]. Therefore, the three bands at
30kD in the control lane on the SDS-PAGE with no
disulfide bond reduction indicated dimeric BMP-2 mol-
ecules with 2, 1, or no sugar chains, respectively (see Fig. 5).
Further, the two faint bands below 20kD were monomers
with or without glycosylation because of their similarity to
the molecular sizes of the DTT-reduced rhBMP-2 mono-
mer. By heating at 90°C for 2h, in the absence of DTT the
dimer bands became a little indistinct and the monomer
bands were lost, which indicated complete deformation of
the thBMP-2 monomer. With DTT, the dimer bands be-
came lighter and the monomer bands became darker. These
changes most likely reflect partial deformation of the
original three-dimensional configuration of the thBMP-2
dimers, which corresponds with the partial loss of bone
inducing activity. A higher temperature (120°C for 2h)
made the dimer bands more indistinct and eventually de-
graded the structure of the monomers, as seen on DTT-
reduced SDS-PAGE, with the resultant loss of biological
activity.

In conclusion, the biological activity and molecular struc-
ture of thBMP-2 were shown to be fairly resistant to heat
treatment. In considering the potential clinical uses of
rthBMP-2, the stable character of the protein suggests that it
would not need to be cooled during transportation or stor-
age. In addition, it was found that contact with heated
material such as curing bone cement would not affect the



bone-inducing activity of the thBMP-2. However, the auto-
claving of thBMP-2 causes this protein to lose its biological
activity based on the results of the present study.
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Abstract The formation of ectopic bone in muscle follow-
ing the implantation of decalcified bone matrix led to the
search and eventual discovery of bone morphogenetic
proteins (BMPs) in bone matrix. The precise sequence of
molecular events that underpin the cellular transformation
of undifferentiated mesenchymal cells into bone has not
been established, and is the subject of this study. Northern
and Western blot analyses were used to examine changes
in gene expression of cells treated with BMP-2 or -4. The
molecules, which included BMP receptors (BMPRs), Nog-
gin (a BMP-specific antagonist), osteocalcin (OC), Smad-4,
and MyoD, were examined at messenger RNA (mRNA)
and protein levels. The changes in expression of these mol-
ecules were followed in mouse muscle-derived primary cul-
ture cells, and osteoblastic or nonosteoblastic embryonic
cell lines. We show the early up-regulation of BMPR-1A,
-2, Noggin, OC, and Smad-4 in muscle-derived primary
culture cells in a dose-dependent manner in response to
BMP-2 or -4. MyoD expression was not detected after BMP
stimulation. The differential expression of these positive
and negative regulators of BMP signaling points to a poten-
tial regulatory mechanism for bone induction in mesenchy-
mal cells.

Key words BMP signaling - Feedback - Mesenchymal cells -
Muscle - Up-regulation

Introduction

Bone morphogenetic proteins (BMPs) are multifunctional
cytokines belonging to the transforming growth factor-f
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(TGF-B) superfamily. Among the BMP family, BMP-2, -4,
and -7 (osteogenic protein-1) have been recognized as po-
tent bone inducers [1-3], and BMP-2 and 4 also play critical
roles in early embryogenesis and skeletal development [4].
Signaling by BMPs requires binding of the BMP (BMP-2,
-4, and -7) molecules to the BMP receptors (BMPRs),
which consist of two different types of serine-threonine ki-
nase receptors, known as BMP type 1 receptors (1A and
1B) and BMP type 2 receptor [5]. These receptors then
phosphorylate intracellular proteins such as the Smad-1
or -5 to effect intracellular signaling and physiological re-
sponses [6-9]. Therefore, BMPR expression is a prerequi-
site for the biological action of the BMPs [1-5]. BMP action
may also be modulated by a group of BMP-binding proteins
outside the responding cells. Noggin is a representative
molecule with such a function, and is assumed to contribute
to the negative regulation of BMP action or bone formation
under physiological conditions [6-9].

Changes in expression of those molecules involved in
BMP signaling are critical to understanding the mechanism
of BMP-induced osteogenic differentiation and feedback
mechanisms following treatment with BMPs. We previously
examined an ectopic bone-forming model in mice [10],
and found that BMPR-1A, -2, and Noggin were induced
by BMP-2 in muscle tissues during the early phase of the
reaction. To confirm this mechanism in in vitro systems,
we used muscle-derived primary culture cells, and osteo-
blastic or non-osteoblastic embryonic cell lines were used as
controls.

Materials and methods

Recombinant human BMP-2 (thBMP-2) and mouse
BMP-4 (mBMP-4)

rhBMP-2 was produced by the Genetics Institute (Cam-
bridge, MA, USA) using DNA recombination techniques,
and donated to us through Yamanouchi Pharmaceutical
(Tokyo, Japan), as described elsewhere [11].



Conditioned media of mBMP-4-transfected Chinese
hamster ovary (CHO) cells (BMP-CHO) were the source of
mBMP-4. Details of the BMP-CHO cells have been de-
scribed previously [12,13]. In mBMP-4-conditioned media,
the alkaline phosphatase activity of the 10% conditioned
media corresponds to approximately 70ng/ml rhBMP-2
{13]. The BMP-CHO cells transfected with mBMP-4 cDNA
or mock vector (for a control) were propagated at a density
of 1 x10° cells/100-mm plastic dish (Falcon no. 3003; Becton
Dickinson Labware. Tokyo, Japan), and were then cultured
in 10ml Dulbecco’s modified Eagle’s medium (DMEM,;
Gibco-BRL, Grand Island, NY, USA) with 10% fetal calf
serum (FCS; Sigma Chemical, St. Louis, MO, USA) at 37°C
for 5 days. The conditioned media were collected after 5
days and stored at 4°C.

Cell culture

Muscle-derived primary culture cells were prepared from
the thigh muscles of newborn ddy mice (Nippon SLC,
Shizuoka, Japan), as described previously [14], and cul-
tured on a 100-mm plastic dish in DMEM containing
10% (volivol:v/v) heat-inactivated FCS and penicillin-
streptomycin (PSM) antibiotic mixture (Invitrogen). A
murine osteoblastic cell line, MC3T3-E1, and murine em-
bryonic fibroblast-like cell line, NIH3T3, were obtained
from the RIKEN Cell Bank (Tsukuba, Japan) and cultared
on a 100-mm plastic dish in o-minimal essential medium
(Gibco-BRL) and DMEM, respectively, containing 10% (v/
v) heat-inactivated FCS.

Experimental protocols

To examine the effects of thBMP-2 and mBMP-4 on the
expression of BMPRs, Noggin, OC, Smad-4, and MyoD in
muscle-derived primary culture cells, and MC3T3-E1 and
NIH3T3 cells, the culture media were replaced with fresh
media containing thBMP-2 or mBMP-4 at various concen-
trations (0, 10, 100, 500, 1000, or 1500ng/ml for rhBMP-2,
and 0%, 10%, 20%, 40%, 60%, or 80% conditioned
media for mBMP-4). The cells were cultured at 37°C in a
humidified 5% CO, incubator for a period of 6 days, with a
change of media on day 3. Cells cultivated for 0, 12, 24, 48,
72,96, 120, or 144 h with each medium containing rhBMP-2
(0,10, 100, 500, 1000, or 1500ng/ml) or mBMP-4 (0%, 10%,
20%, 40%, 60%, or 80%) were collected and processed for
Northern blot analysis. Cells cultivated for 24, 48, 72, or
96h with each medium containing rhBMP-2 (1000 or
1500ng/ml) or mBMP-4 (60% or 80%) were collected and
processed for Western blot analysis, as described below.

RNA preparation and reverse transcriptase-polymerase
chain reaction (RT-PCR)

Total RNA from primary culture cells derived from embry-
onic mouse thigh muscle and MC3T3-E1 and NIH3T3 cells
was extracted using Isogen (Nippon Gene, Tokyo, Japan)
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according to the manufacturer’s instructions. After treating
with RNase-free deoxyribonucleases II - (Gibco-BRL),
complementary DNA (cDNA) was synthesized using
an RNA polymerase chain reaction (PCR) kit (Takara
Shuzo, Ohtsu, Japan) according to the manufacturer’s
instructions. The reaction time was 30 min at 42°C. Aliquots
of the cDNA pool obtained were subjected to PCR and
amplified in a 20l reaction mixture using 7ag polymerase
(Takara Shuzo). Amplifications were performed in a Pro-
gram Temp Control System (PC800; ASTEC, Fukuoka,
Japan) for 30 cycles after an initial denaturation siep at
94°C for 3min, denaturation at 94°C for 30s, annealing for
30s at 60°C, and extension at 72°C for 90s, with a final
extension at 72°C for 10min. Reaction products were elec-
trophoresed in a 1.5% agarose gel, and the amplified DNA
fragments were visualized by ethidium bromide staining
under UV light. PCR products were subcloned and se-
quenced using a DNA sequencing kit {Applied Biosystems,
Warrington, UK). The primers of Noggin, Smad-4, OC, and
MyoD for PCR were set as described previously [10,13,15].
The primers of BMPRs for PCR were set as follows:
BMPR-1A, 5-CTCATGTTCAAGGGCAG-3" (5 sense)
and 5-CCCCTGCTTGAGATACTC-3 (3’ antisense; 346
362 and 850-833, respectively); BMPR-1B, 5-ATGTGGG
CACCAAGAAG-3’ and 5-CTGCTCCAGCCCAATGC
T-3" (215-231 and 681-664, respectively); BMPR-2, 5-
GTGCCCTGGCTGCTATGG-3' and 5-TGCCGCCTC
CATCATGTT-3’ (47-64 and 592-575, respectively). Nucle-
otide sequences of the ¢cDNA fragments were checked
and found to be identical to mouse BMPRs (BMPR-1A,
NMO009758; BMPR-1B, NM007560; BMPR-2, NM007561).
The specificity of these cDNAs was confirmed by sequenc-
ing using an autosequence analyzer (ABI Prism 310 Genetic
Analyzer; Perkin-Elmer Japan, Tokyo, Japan).

Northern blot analysis

Twenty micrograms of total RNA were separated by
electrophoresis on a 1.0% agarose—formaldehyde gel and
blotted onto Hybond-N* membrane (Amersham Intl,
Piscataway, NJ, USA) for Northern blotting. Filters were
hybridized overnight with random-primed [*P]-labeled
mouse BMPRs, Noggin, OC, Smad-4, and MyoD c¢cDNA
fragment probes at 65°C for 3h in hybridization buffer
(50mM Tris-HCI (pH 7.5), 1mg/ml denatured salmon
sperm DNA, 1% SDS, 1M NaCl, 10mM EDTA, 0.2% Ficol
400, 0.2% polyvinylpyrolidone, and 0.2% bovine serum
albumin) and washed three times with 0.1 x SSC and
NaDodSO, for 1h at 68°C. The signals were detected by a
Biolmaging Analyzer BAS-1500 (Fuji Photo Film, Tokyo,
Japan). For reprobing, each hybridized probe was removed
by boiling the membrane in 0.5% SDS, and then sequen-
tially hybridized with the respective target probes.

Western blotting

Muscle-derived primary culture cells, MC3T3-E1 cells,
NIH3T3 cells, and mouse skeletal muscle tissue (as a posi-
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tive control) were homogenized and dissolved in 0.5ml
sample buffer (0.05M Tris-HCl (pH 6.8), 2% SDS, 6%
B-mercaptoethanol, and 10% glycerol) and centrifuged at
12000g for Smin at 4°C. The supernatant was used as the
sample, and the protein content of each sample was mea-
sured by UV assay at an OD of 280nm. Anti-mouse Noggin
antibody (R&D Systems, Minneapolis, MN, USA) was used
at 1pg/ml. Polyclonal goat antibodies for BMPRs (Santa
Cruz, San Diego, CA, USA) were also used at a dilution of
1pg/ml. Aliquots of protein solution (Sul) were adjusted to
1ug/pl, mixed with 1% BPB (1pl), and then boiled for 2min
and loaded onto each lane of SDS (10%-20%) acrylamide
gradient gels (35mA, low voitage, 90min). After running
the gels, BMPR-1A, -1B, -2, and Noggin proteins in mouse
embryo muscle-derived cells, and MC3T3-E1 and NIH3T3
cells, and mouse skeletal muscle tissue were stained with
Coomassie brilliant blue (Sigma Chemical).: The protein
bands were then transferred to polyvinylidene difluoride
membrane (Immunobilon-P Transfermembrane; Millipore,
Bedford, MA, USA) according to the manufacturer’s in-
structions. After treatment with Blocking Reagent (Nippon
Roche, Tokyo, Japan) for 1h at room temperature, the
membranes were washed with PBS for Smin; and then
incubated for 1h with primary antibody (BMPRs, 1:200;
Noggin, 1:100). After two 5-min washes with PBS; the
membranes were incubated with peroxidase-conjugated
rabbit anti-goat antibody (1:50; Histofine, Nichirei, Tokyo,
Japan) for 1h. After two further 5-min washes with PBS,
the immunoblot was developed using an ImmunoStar Kit
for Rabbit (Wako Pure Chemical Industries, Tokyo, J apan)
to detect biotin and chemiluminescence.

Resuits
Expression level of messenger RNA (mRNA)

The increase in transcription of BMPR-1A, -2, Noggin, OC,
and Smad-4 appeared to be dose-dependent. The expres-
sion pattern of these molecules in muscle-derived primary
culture cells after 24h stimulation by rh-BMP-2 or mBMP-
4 is shown in Fig. 1. When we performed Northern blotting
on all cell sources using 0, 10, 100, 500, 1000, and 1500 ng/ml
doses of thBMP-2, or 0%, 10%, 20%, 40%, 60%, and 80%
doses of mBMP-4, the gene expression levels of these mol-
ecules were the similar at the following doses: thBMP-2
(1000ng/ml), thBMP-2 (1500ng/mil), or mBMP-4 (60%)
and mBMP-4 (80%). Therefore, the expression of BMPR-
1A, -2, Noggin, OC, and Smad-4 appeared to reach a pla-
teau at the 1000ng/ml dose of thBMP-2 and 60% mBMP4.
The mRNA expression of these molecules was readily de-
tected at the 10ng/ml dose of thBMP-2 and 10% mBMP-4
(Figs. 1 and 2).

The expression levels of BMPR-2 and Noggin mRNA
were sharply elevated on day 1, and then decreased gradu-
ally in the muscle-derived primary culture cells at all
concentrations. Representative expression patterns using
rhBMP-2 (100 ng/ml) or mBMP-4 (20%) are shown in Figs.

3A and 4A. BMPR-1A transcription was also elevated on
day 1, but at lower levels when compared with BMPR-2 at
all concentrations (Figs. 3 and 4). '

Similar patterns for BMPR-1A, -2, and Noggin were
observed in MC3T3-E1 and NIH3T3 cell lines, but to a
much lower degree than that seen in the muscle-derived
primary culture cells at all concentrations. The typical ex-
pression figures using thBMP-2 (1000ng/ml) or mBMP-4
(60%) in MC3T3-E1 and NIH3T3 cell lines are shown in
Figs. 5-8. BMPR-1B expression was not detected by
Northern blotting before or after BMP stimulation in any
cell sources examined, or in OC later on day 4. The Smad-
4 mRNA level gradually increased, and reached a plateau
from day 2 (Figs. 5-8). R

MyoD mRNA expression was detected without BMP-2
or -4 exposure throughout the experimental period. A typi-
cal figure in which muscle-derived primary culture cells
were stimulated by BMP-2 or -4 after 24h is shown in Fig.
9A or 9B.

Protein expression levels

Western blotting on the muscle-derived primary culture
cells using either 1000 or 1500ng/ml doses of ThBMP-2, or
60% or 80% of mBMP-4, revealed that the protein expres-
sion levels of BMPR-1A, -2, and Noggin were the same
at the 1000ng/ml and 1500ng/ml doses of rhBMP-2, and
at 60% or 80% concentrations of mBMP-4. Therefore,
thBMP-2 (1000ng/ml) or mBMP-4 (60%) was used for all
subsequent studies of protein expression levels in the
muscle-derived primary culture cells (Fig. 10). We did not
perform Western blotting on MC3T3-E1 and NIH3T3 cell
lines because of the weak expression revealed by Northern
blotting.

The translational expression levels of BMPR-1A, -2, and
Noggin were enhanced on day 2 and then decreased gradu-
ally in the muscle-derived primary culture cells. BMPR-1B
expression was not detectable by Western blotting before or
after BMP stimulation in the muscle-derived primary cul-
ture cell (Fig. 10).

Discussion

This study showed increased transcription and translation
of BMPR-1A, -2, and Noggin and increased transcription of
OC and Smad-4 in response to thBMP-2 or mBMP-4 in
muscle-derived primary culture cells. Clearly, the muscle-
derived primary culture cells are capable of responding to
changes in the external concentrations of the bone growth
factors. Induction of BMPR-1A and -2 following exposure
to BMPs points to the activation of a receptor-mediated
pathway to effect intracellular signaling by these molecules.
Although the reason for the predominant induction of
BMPR-2 among BMPRs is unknown at present, it is pos-
sible that an increased number of BMPR-2 molecules with
a high affinity for BMP might allow greater capture of this



l l 500 1600 NGML)

BMPR-14

BMPR-1B

BMPR-2

NOGGIN

thBMP-2
AFTER 24 HOURS

30
A

20

O BMPRIA 10

A BMPRAB
£ BMPR2
® NOGGIN ']
A OcC o
B SMAD o 10 160 560 1000 1500
B {NG/MLE

Fig. 1. Gene expression level of BMPR-1A, -1B, -2, Noggin, OC, and
Smad-4 after 24-h stimulation of rhBMP-2 (0, 10, 100, 500, 1000 ng/m1)
in muscle-derived primary culture cells by Northern blot analysis (A)
and quantitation of the data of Northern blot analysis by Densitometry
(B). G3PDH mRNA levels (the bortoms of all lanes are G3PDH)
obtained by Northern blotting were used for normalization (A). The
score on hour 0 (just after BMP stimulation) was used as a standard
(B). BMPR-1A, -2, Noggin, OC, and Smad-4 were up-regulated dose-
dependently. No increase in BMPR-1B expression was observed dur-
ing the course of the study. The expression levels of these molecules
were almost the same using 1000ng/ml and 1500ng/ml rhBMP-2
(1500 ng/ml rhBMP-2 data not shown in Fig. 1A)

ligand and subsequent activation of BMPR-1A for en-
hanced transduction of the BMP signal into cells.

We have observed that expression of BMPR-1A and -2 is
significantly increased during the early phase of ectopic
bone formation following the implantation of thBMP-2 into
the back muscles of adult mice [10]. Based on these data
from in vivo and in vitro studies, the activation of BMPR-
1A after BMPR-2 might be a key event following BMP
stimulation of muscle tissue. BMPR-1A, -2, and Noggin
were induced in MC3T3-E1 and NIH3T3 cell lines, but to a
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Fig. 2. Gene expression level of BMPR-1A, -1B, -2, Noggin, OC, and
Smad-4 after 24-h stimulation of mBMP-4 [0%, 10%, 20%, 40%, and
60% (v/v) conditioned media] in muscle-derived primary culture cells
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 was similar to that observed after
stimulation of thBMP-2. The expression levels of these molecules were
almost the same using 60% and 80% mBMP-4. (80% mBMP-4 data not
shown in Fig. 2A)

much lesser degree than that seen in the muscle-derived
primary culture cells used in this study.

A specific role of BMPR-1B in skeletal development has
been proposed based on the abnormal interphalangeal joint
formation in an animal with a null mutation in this receptor.
However, the expression of BMPR-1B appeared to be lim-
ited in the muscle-derived primary culture cells and the
osteoblastic or nonosteoblastic embryonic cell lines, even
after exposure to BMPs [16-19]. The lack of expression of
BMPR-1B was in accordance with results in a previous
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Fig. 3. Gene expression of BMPR-1A, -1B, -2, OC, and Smad-4 for 0,
24, 48,72, and 96h and Noggin for 0, 12, 24, 48, and 72h after 100 ng/ml
rhBMP-2 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern blot
analysis by Densitometry (B). G3PDH mRNA levels (the bottoms of
all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). After hBMP-2 stimulation, OC was up-
regulated time-dependently. Noggin level peaked at 24h. Expression
of BMPR-1A and -2 was increased moderately after 24h, then
gradually decreased thereafter. Smad-4 was gradually and weakly up-
regulated after stimulation. BMPR-1B was not increased during the
experimental period

report using the pluripotent C2C12 cell line, and another
study that revealed predominant expression of BMPR-1B
in brain and not skeleton [20].

The induction of Noggin gene expression in cells of the
osteoblastic lineage following exposure to thBMP-2, and in
fetal rat limb explants by BMP-7, has been reported [21,22].
In this study, Noggin gene expression was also confirmed
in muscle-derived primary culture cells, an osteoblastic
cell line (MC3T3-El), and a nonosteoblastic, embryonic
fibroblast-like cell line (NIH3T3) [16,23,24]. As Noggin is a
representative antagonist of BMP action, the expression of
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Fig. 4. Gene expression of BMPR-1A, -1B, -2, OC, and Smad-4 for 0,
24, 48, 72, and 96h and Noggin for 0, 12, 24, 48, and 72h after 20%
mBMP-4 stimulation in muscle-derived primary culture cells by North-
ern blot analysis (A) and quantitation of the data of Northern blot
analysis by Densitometry (B). G3PDH mRNA levels (the bottoms of
all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar 1o that seen
after stimulation of 100ng/ml rhBMP-2

Noggin might act as a negative regulator of the BMP-
induced cellular reactions, and consequently reduce the sus-
ceptibility of the cells to BMPs.

Three classes of Smads, termed receptor-activated
Smads (R-Smads), common Smads (Co-Smads), and inhi-
bitory Smads (I-Smads), have been identified in mam-
mals. Smadsl, 5, and 8 are R-Smads that primarily mediate
BMP signaling from the receptors to the nucleus [16,25].
Therefore, the up-regulation of Smad-4, which is a repre-
sentative BMP signaling Co-Smad, in a time- or dose-



