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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

Hiroyuki Nakaya,! Tominaga Shimizu,? Ken-ichi Isobe,” Keiji Tensho,? Takahiro Okabe,’
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QObjective. 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 treatinent. To evaluate the effect of
microbubble-enhanced US treatinent 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 anticylokine 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 interstilial 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 controiling 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 1o 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 (latron, 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 patienis, 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/m! penicillin, 0.1 mg/ml
streptomycin, 0.25 pginl 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%, 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. 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 apait
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 o 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 upg of Texas Red-
conjugated MTX with 59 Optison in 2.5 ml saline, making
sure to diffuse it into the left and right koee joints. Soon after
injection, US exposure was applied in the medial, central, and
lateral areas of the suprapatellar pouch of the right kaees 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-pm 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, cach weighing ~2.7 kg (2.5-3.1 kg)
were anesthetized as described above. They then received
intradermal injections of 4 mg OV A (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 mi
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 ml 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 ireaument was nol 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 eacl 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 identily blood vessels ac-
curately, anti-a-smooth muscle actin (@-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). Formatin-fixed paraffinized sec-
tions of rabbit 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 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 hours after US irradiation. Briefly,

Table 1. Scoring system for histologic evalnation

Parameter Scoring

Inflammation narmal
minimal inflamumarory 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)
pronounced (5 or more ccll layers)
aone
minimal (1-2 vith)

several (3 or more villi)
= normal (limited number of bload vessely)
slightly hypervascular (focal accurrence
f a small number of blood vessels)
2 = moderate (focal occurrence of a large
number of blood vessels)
= pronounced (broadly distributed and
targe number of blood vesscls)
Cartilage damage 0 = normal
= minimal (loss of toluidine blue staining
only)
= mild (toss of toluidine blue staining
and mild cartilage thinning)
= moderate (moderate diffuse or
multifocal cartilage loss)
= marked (marked diffuse or multifocal
cartilage loss)
5 = severe (diffuse or multifocal cartilage

loss)
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the synovial tissue excised {rom 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 mi 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-1B) (forward 5'-
TTGCTGAGCCAGCCTCTCTT-3', reverse 5-GCTGGG-
TACCAAGGTTCTTTGA-%, TagMan 5-TGCCATTCAG-
GCAAGGCCAGC-3") were designed 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 3’ end and a quencher dye (TAMRA)
covalently attached at the 3’ end. Extension [rom 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 185 ribosomal RNA (rRNA: Perkin-
Vimer Applied Biosystems). for this purpose. total RNA from
individuals positive Tor the allele of interest wax extracted and
reverse transeribed  as deseribed above. Following reverse
transeription and allele-specitic PR amplicons were cloned
using pCRO2 1 TOPO (Ivitrogen). Recombinant plasimids
were expressed in competent scherichia coli (INVal?o In-
vitrogen). Plasmid DNA was isolated using silica cartridges
(QAprep Spin Miniprep Kitp Qiagen. Hilden, Germany).
Sequences of the cloned amplicons were verified using an
attomated sequencer (ABD PRISM 77000 Perkin-Lilmer Ap-
plicd Biosystems) with universal MY primers. Concentrations
of the recambinant plasmids were determined by oplical
density spectrometny Scrial dilutions trom the rosubting dones
wore used for standardization. as deseribed in detail i the
manufacturer’s bulletin.

POR was perlormed using 300 a7 forward and reverse
primers and 200 A FagMan probe (final concentration).
Pach PR amplification was performed in riplicate wells
using the Tollowing temperature and cyeling profite: S0°C for 2
minutes and 93°C for 10 minuic:a. followed by 40 cyeles ol O3°C
for 15 seconds and 58°C for 1 minute (15).

The relative oxpression of H-13 alleles was deter-
mined with reference 1o the total amount of H-Eg mRNA
alter normalization against 185 rRMA as implemented i the
ABT PRISM 7700 Scequence Petection System software. Re-
sulis were considered only if the analysis of H-18 showed ali
reactions 1o have ihe same amount of amplification as 185
RMAL This procedure allowed for comparison ol group-
speeific -1 expression as well as the total expression Tevels
of 185 rRMA.

Stailaticad Results are L\pl&\‘\Ld as the
mean = 5D The ~1\'mllmnuc of the difference in histologic
scores between the MIX4/AUIS+ and MTX + A~ groups al
the various pmlncalmu\l times (days 3070 14028 and 36) was
tested using two-way factorial analysis of varianee (ANOVA),
fotlowed by Student's paired r-1est for comparison,

The difference in histologic scores wmeng the MK+
Vst group and the other 2 control groups (MTX 4+ U5-
MIX-/USoand MIX - US -y at 7 and 28 days was com-
paved by Student’s paired r-test. Studeni's paired -test was also
used to analyze the resulis of MTX concentration and real-
time reverse transeriptase-PORC P valoes Jess than (.05 were
considered significant.

RESULTSE

In vidre M induction inle synovial cells. To
conlirm the promobion ol MTX induction into RA
synovial cells by U8 drradiation and to deicrmine the
opiimun concentration ol Optison, [luorescence-
conjugated MTX was administ@ed into RA synovial
cells by sonoporation in vitro In the absence of U5,
FATH was administered into a Tew synovial cells Wilh

I

PIs exposure, the administration rale wis increased o
almaost 5 for MTX alone, and 319 with 57 Optison
{Figure 1) Further increases in the concentration of this
reagent elevated the dnduction rafe to a moximum of
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Fisure f. Fluoreseenee photomicrographs of synovial eolls and tissue
treated with Tesas Red-vonjugated metholrexate (M0, Texas Red-
conjugaicd M1 was administered o rheumatoid arthritis (RA)
synovial cefls by sonoporation in vitto alone () or with 577 Oplison
(13). Synovial lissue was collected from juints after injection of Tevas
Red-conjugated M IX with 37 Optison, with (€) or without (8
ultrasound (UIS) treatment The upper paits of U and I show the joint
cavity, Without Optison admost 377 of cells were fluoresee nee positive
(A). Phe matio of uoreseence-positive eells was elevated o 317 with
the addition of 377 Uptison (B). Tn several lavers of the synovial bning
with Us treatment. fluorescenee- posttive cells were observed (87,
Without TS, onlv aweakly positive area was observed () (Chiginal
magification < 200.)

4877, For the studies deseribed her
used in cach of the cxperiments.

¢, 5% Oplison was

In vive MTX induction into synovial vells. To
confirm ihe promuolion of MTX mduction in vivo imlo
RA synovial cells by US ireatment, [luorescence-
conjugitled MTX was administered inta RA synovial
cells by senoporation 1o vivo, In the presence of U5,
[Tuorescenee-positive cells were observed in several syno-
viol Hining loyers, while only o weakly positive arca was
observed in the absence of US (Figure 1) The Texas
Red-posiine arca was restricted 1o synovial cells, and
was not ohserved i other tssue such as tendon ot
muscle in etither group.

MTH concentration, The MTX concentrations in
synovial tssue were measuied in the MTX 4TS and
MTH 45 - groups (8 samples each) 12 hours alter the
m.]cch(m ol MTX and Optson. The mean = 5D weight
of the tssue from vight knees (the MTX+AI54 group)
was 454 % 370 my, while that from lelt kncc:\ {the
+ 5= group) was 467 = 44 4 mg. There was no
sigmiflicant dilference between these groups. The
mean * 517 MTX concentration in the MTX 4 USH
group was estimated at 7575 = 1590 x 10 mgdl
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Figure 2. Day 7 histologic images of synosial tissue in the MEX -

US group and the MIE TS woup, A aod B, Hematosilin and
cosin stainig. C and B, hamusnohistochomical staining with anti-a-
smooth muscle actin antibody, 4 and €, Ta the MTX TS mouap
thistologic seore 1 mintmal inflanimatory ool infiltiation. several
ssnovial fining favers, no vittus formation and stight hvpesvascadaniiy
were obsenved. Boand B, In the MITX - HIS mioup thistologic score
4y, marked inflammatory cell infiliration, prohiferating svnovial fining
fiyers (as many as S dayes), no villus Tormation, and generald oceus

tenee of o faee niomber of blood vessels were seen See Frgwie t oy

deftnitions (Oviginal magnification < 4y

while that an the MTX FUS - group was 2875 ¢
DTRSY X " mgdl (8 = 000

Histologie Ondings. tn the MTX 4TS group
muoderale infhunmation (nflammatory cell infiftration.
thickened synovial fining layers, and hypercascudonity)
wis observed afier 3 days. but i became Tess severe aven
a period from 7 1o 56 days Bvidence ol inflammation
decreased inthe synovial Hning taver and the vasculag
nelwork. Tn the MTX HUS - groop. moderate inflam-
mation sinndar (o that seen o the MTX HUS+ group
wis observed alter 3 days, continued until 28 days. and
becwme Jess severe after 56 days

Alter 7 days {(Figure 2)0 i the MTH 4+ Ust
gsreup, minmmal inflammatory ccll inhiltration aind slight
hypervasculatity (rnimal inflammation) were observed
I the MTX S - group, mavked inflammatoiy cell
mliltration. proliderating synovial lining layers (as mam

as 5).and proliferating hlood vessels (modeyate inllam-
matinny were observed.

Alter 28 days (Figure 3), in the MTH +UE Y
wroup, moderately prohiferating synovial hining faver:

and Tocal prolieration of o smadl number ol blood
vessels (minimal inflammation) were observed  In the
MTH 4085 groups maiked inflammatory cell idilina

FLET OIS BY SONOPORATION YIS

tien. profiferating synovial lining layers { =5 cell tayes),
and general proliferation of blood vessels (moderaty
inllammation) were observed

Alter 56 days, both groups showed moderaicly
probiferating synonial Hning lavers and focal prolilera
tion ol a small number of blood vessels (minimal inilam-
mation). There was no significant dilference between
the 2 groups

Articufar carlilage was examined  histologically
lor signs of damage coused by US exposare and/or MTX
injection. A very shight decrease in the inlensity o
mclachromatic staming (histologic scoring o 1) in the
suilace area was observed inosome saimples ol e
MTHE +AUS+ and MTX +US = groups on days 7 and 28

Histelogic scores. The mean = 8D histologn

)

scores ab 307, 1426, and 56 days after eatment wete
GO0+ 030542 + 030,471 + 018, 457 + 0.37, and
7 % 030, respectively, in the MTX FAUS + group. and
22 020,857 2 037,843 = 020, 829 & 036, and
202900 the MTX +US - wroup. The scores in the
K4S+ group und the MTX IS - group were
significantly different by two-way faclorial ANOVA
{7 8.05) In addition, when we compared them al cach

Figure 3 Dav X histologic images of sypovial lissue e ihe 8N
US - wroup and the MIX - TS group. v and Bo Hematoxvhin and
costn saining. C and L, Immunobistoche mical staining with anii «
smooth muscle actin antibady A and C, In the MTX - TS erouy:
thistelogic seore 3, minamal intlammaiory collintitiation o meade vady
number of svnovial fiing Javers. no villus formation: and focal
ocetenee ol aosmall namber of blood vessels were soen. Band 1 In
the MIX TS woup (histologic score 10), matked imllamniiony
celb miilnation with maiked cdema. S pronounced sviaial fining
laveis noviltus formaiion amd a broadhy disiribated Lnge pumbar ol
hlood vessels were ween See Figure | for defimbions (Onemal
magiication < 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 #-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+, MTX+/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 107 (1.5 X 107% and 3.3 X
1073 (2.5 % 1077, respectively, in the MTX+/US+
group, and 8.6 X 1072 (9.0 X 1073 and 8.4 X 1077
(1.2 X 107%) in the MTX +/US— group. There was a
significant difference (P < 0.01) between the groups at
each time point.

DISCUSSION

Qur 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 councentration 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-13
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
{exacily 66 days after immunization) may be enough to
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decrease the inflammation of synovial tissue in AlA
naturally.

One hypothesis regarding the mechanism for the
efficacy of this procedure is that the biceffects 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%/mi, 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 (o 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. Upiake 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 belween in vilro 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--509%) 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
vilro. It does not require viral vector construction or
virus preparation. Many reports describe electropora-
tion as & technique for promoting electrochemotherapy
through the uptake of MTX into cancer cells (17-19).
We also showed that electrachemotherapy was effective
in digital chondrosarcoma (20). However, the electrical
fields created also affect normal tissue beyond the targel
site. Furthermore, cell anomalies or tissue damage after
clectroporation have often been observed. Thus, it is not
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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 benetits 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 aliers 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-
drocyles 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 [rom the prolifera-
tion zone in the synoviom. 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 n
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
lacal or systemic side effects. These may include drug-
induced allergic shock or joint pain because of high
osmiotic pressure. Moreover, another concern is that the
overdosage of microbubbles or overexposure to ulira-
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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. Levaovist is a galactose-based, air-
filled microbubble agent, 99% of which is smaller than 7
wmt. 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 adminisiration 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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The effect of glycosaminoglycan addition on a three-dimensional (3D) culture of porcine chon-
drocyte cells was investigated with a view to use in cartilage regenerative medicine. Chondroitin
sulfate C increased the mRNA expression of type 2 collagen, while chondroitin sulfate A did not.
Hyaluronic acid of high molecular weight markedly decreased the mRINA expression of both ag-
grecan and type 2 collagen, although hyaluronic acid of low molecular weight showed no apparent

effect.

[Key words: chondrocyte, chondroitin sulfate, hyalurenic acid, RT-PCR]

Although several three-dimensional (3D) cultivation meth-
ods of chondrocyte cells were developed with a view to
their use in regenerative medicine, sufficient accumulation
of extracellular matrices of aggrecan and type 2 collagen
has not yet been achieved. While the addition of several
cytokines such as transforming growth factor (TGF)-p and
bone morphogenetic protein (BMP) was shown to increase
the production of these extracellular matrices, they are too
expensive. On the other hand, the addition of glycosamino-
glycans, which are components of aggrecan and not expen-
sive, was investigated (1-3). Several oral supplements of
glycosaminoglycans containing hyaluronic acids of high and
low molecular weight, which are claimed to effect cartilage
repair, are also commercially available. However, there is
no report on the influence of glycosaminoglycans such as
hyaluronic acids of high and low molecular weight on the
gene expression of aggrecan and type 2 collagen.

Recently, a 3D culture method combining a collagen gel
and a copolymer mesh of polylactate and polyglucuronic
acid (PLGA), which realizes both uniform cell distribution
and mechanical strength without shrinkage during cultuce,
was developed (4).

In the present study, the effect of the addition of several
glycosaminoglycans on the gene expression of aggrecan
and type 2 collagen in chondrocyte cells during 3D culture
combining a collagen gel and a PLGA mesh was studied.

Articular cartilage was harvested aseptically from the

* Corresponding author. e-mail: takagi-m@eng.hokudai.ac.jp
phone/fax: +81-(0)11-706-6567

¢ Present address: Division of Biotechnology and Macromolecular
Chemistry, Graduate School of Engineering, Hokkaido University,
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femoropatellar grooves of the knee joints of pigs (4). Chon-
drocyte cells were cultivated three-dimensionally combining
a collagen gel (0.5%, pH 3, Kokencellgen I-PC™; Koken,
Tokyo) and PLGA mesh (6 mmg, 0.25 mm thickness, inter-
val between bundles of fibers; approximately 400 pm, Vicryl
Mesh 910™; Johnson & Johnson, Tokyo) (4). The culture
medium consisted of MEM (Gibco, NY, USA), 10% FCS,
2500 U/I penicillin, 2.5 mg/! streptomycin, and 50 pg/m]
L-ascorbic acid 2-phosphate (Wako Pure Chemicals, Os-
aka). Several glycosaminoglycans, namely, chondroitin sul-
fate C sodium salt from shark cartilage (Sigma, St. Louis,
MO, USA), chondroitin sulfate A sodium salt from bovine
trachea (Sigma), high-molecular-weight hyaluronic acid so-
dium salt from rooster comb (Mw: 1,300,000-2,000,000;
Sigma), low-molecular-weight hyaluronic acid sodium salt
from pig skin (Mw: 100,000-150,000; Seikagaku, Tokyo),
heparin sodium salt from pig small intestine (Wako Pure
Chemicals), and dermatan sulfate (Sigma), were added to
the culture medium. The gelling medium contained 30.5 g/l
MEM, 35.7% FCS, 8930 U/! penicillin, 8.93 mg/! strepto-
myecin, and 179 pg/ml L-ascorbic acid 2-phosphate.

The 3D gel culture was hydrolyzed at 37°C for 3 h using
2.5 g/l collagenase. Cell concentration was determined by
the Trypan Blue method after hydrolysis. Total RNA was
extracted from cells after the gel cultures (n=3) using a
RNeasy Mini kit (Qiagen, Victoria, Australia). DNase-
treated RNA was used to produce cDNA using Omniscript
and Sensiscript RT kits (Qiagen) and the Gene Amp PCR
System 9700 (Applied Biosystems, Foster City, CA, USA).
PCR was performed with the ¢cDNA using a HotStar Taq
Master Mix kit (Qiagen) and ABI PRISM 7700 (Applied
Biosystems) using actin as the standard. The sequences of
primers and probes are listed in Table 1. The ratios of the
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TABLE 1. Sequences used in PCR

Gene Sequences

Porcine Sense: 5-TGCAGGIGACCATGGCC-3'
aggrecan Antisense: 5'-CGGTAATGGAACACAACCCCT-3
(AF201722) Probe:  5'-CCCTGGGCAGCCACGACTTCC-3
Porcine Sense: 5'-CCATCTGGCTTCCAGGGAC-3'
type 2 Antisense: 5-CCACGAGCCAGGAGCT-3'
collagenal  Probe: 5'-ACCAGGAACGCCCTGATCACCTGG-3'
(AF201724)

Porcine Sense: 5-TGCAGGTGACCATGGCC-3'
actin isense: 5'-CGGTAATGGAAC CCCCT3
(SSU07786) Antisenise AATGGAACACAACC

Probe: 5'-CCCTGGGCAGCCACGACTTCC-3'

mRNA expression of aggrecan and type 2 collagen to that
of actin were calculated.

The collagen-gel culture was rinsed twice with PBS,
fixed in 20% formalin, dehydrated through a graded series
of ethanol, infiltrated with iscamy! alcohol, and embedded
in paraffin. Sections of 3 um thickness were cut through the
center of the gel, rinsed with xylene and ethanol, immersed
in hydrogen peroxide (0.3%) and methanol, and treated with
hyaluronidase (1 mg/ml; Sigma). Each section was stained
with a mouse anti-type 2 collagen antibody (RDI, Flanders,
NI, USA) employing an ImmunoPure Ultra-sensitive ABC
mouse IgG staining kit (Pierce, Rockford, IL, USA) and
DAB/Metal Concentrate (Pierce).

A
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Cell (10° cells)
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Three-dimensional cultures were performed for 14 d em-
ploying the culture medium supplemented with several gly-
cosaminoglycans (chondroitin sulfate C, chondroitin sulfate
A, hyaluronic acid of high molecular weight, hyaluronic
acid of low molecular weight, heparin, and dermatan sul-
fate), and the degree of expression of aggrecan and type 2
collagen mRNA was determined (Fig. 1). There was almost
no change following the addition of heparin and dermatan
sulfate (data not shown). The addition of glycosaminogly-
cans did not influence cell number in the gel (Figs. 1 and 2).
Hyaluronic acid of high molecular weight markedly sup-
pressed the expressions of aggrecan and type 2 collagen
mRNA, while there was no apparent change in the expres-
sion with the addition of hyaluronic acid of low molecular
weight (Fig. 1).

Chondroitin sulfate A did not affect the expression of
type 2 collagen mRNA, while there was a slight increase in
aggrecan mRNA expression with the addition of chon-
droitin sulfate A (10 mg/l) (Fig. 2). On the other hand, chon-
droitin sulfate C (100 mg/l) markedly increased the mRNA
expression of fype 2 collagen and slightly increased the
mRNA expression of aggrecan (Fig. 2). Lower (10 mg/l)
and higher (1000 mg/) concentrations of chondroitin sulfate
C had no apparent effect (data not shown).

Sections of cultures with or without the addition of chon-
droitin sulfate C were stained at 2 weeks with the anti-type 2
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FIG. 1. Effect of hyaluronic acids on the expression of aggrecan and type 2 collagen mRNA in a three-dimensional culture of porcine chondro-
cyte cells. (A) Hyaluronic acid (H), hyaluronic acid of high molecular weight; (B) hyaluronic acid (L), hyaluronic acid of low molecular weight.
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FIG. 2. Effect of chondroitin sulfates on the expression of aggrecan and type 2 collagen mRNA in a three-dimensional culture of porcine chon-

drocyte cells. (A) Chondroitin sulfate C; (B) chondroitin sulfate A.
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FIG. 3. Effect of chondroitin sulfate C on type 2 collagen accumulation in 3D culiure. The sections of 3D cultures (A) with or (B) without the
addition of chondroitin sulfate C were stained with the anti-type 2 collagen antibody.

collagen antibody (Fig. 3). The 3D culture with the addition
of chondroitin sulfate C gave better staining compared with
that without the addition.

The increase in total protein during 4 weeks of 3D culture
was approximately one fifth of the total protein in primary

cartilage tissue (data not shown). Thus, improvement of the
cultivation conditions may be necessary to obtain appropri-
ate cartilage tissue in vitro for regenerative medicine, while
the addition of chondroitin sulfate C was effective to en-
hance the gene expression and accumulation of type 2 col-
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lagen.

A receptor (annexin 6) for chondroitin suifate was found
on the surface of dermal cancer cells (5), although there is
little research on receptors for glycosaminoglycans. The re-
sults obtained here suggested that chondrocyte cells also
have a cell surface receptor for chondroitin sulfate C and
that the binding of chondroitin suifate C to this receptor re-
sulted in the increase of the expression of type 2 collagen
mRNA. This receptor may not bind chondroitin sulfate A,
because there was almost no effect following the addition of
chondroitin sulfate A (Fig. 2). The reason for the difference
between the two types of hyaluronic acids was not clear.

Consequently, among several glycosaminoglycans; name-
ly, chondroitin sulfates C and A, hyaluronic acids of high
and low molecular weights, heparin, and dermatan sulfate;
chondroitin sulfate C markedly increased the expression
level of type 2 collagen mRNA in a 3D culture of chondro-
cytes, while hyaluronic acid of high molecular weight sup-
pressed both the expression of aggrecan and type 2 collagen
mRNAs. Addition of chondroitin sulfate C might contribute
to the accumulation of type 2 collagen during 3D culture of
chondrocyte cells with a view to their use in cartilage regen-
erative medicine, while the influence of the addition of
chondroitin sulfate C on the accumulation of type 2 col-
lagen should be determined.

J. B1oscl. BIOENG.,
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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 wmorphogenetic
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 embyyonic
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 (o
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 BMY signaling - Feedback - Mesenchymal cells «
Muscle - Up-regulation

Introduction

Bone morphogenetic proteins (BMPs) are multifunctional
cytokines belonging to the transforming growth factor-j
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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 -§ to effect intracellular signaling and physiological re-
sponses [6-9]. Therefore, BMPR expression is a prerequi-
site Tor 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 (rhBMP-2) and mouse
BMP-4 (mBMP-4)

rhBMP-2 was produced by the Genetics Tnstitute (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/m! 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 x 10° 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% feial 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% (vol/vol:v/v) heat-inactivated FCS and penicillin-
streptomycin  (PSM) antibiotic mixture (Invitrogen). A
murine osteoblastic cell line, MC3T3-El, and murine em-
bryonic fibroblast-like cell line, NIH3T3, were obtained
from the RIKEN Cell Bank (Tsukuba, Japan) and cultured
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 rhBMP-2 or mBMP-4 at various concen-
trations (0, 10, 100, 500, 1000, or 1500ng/ml for thBMP-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, 560, 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
9h with each medium containing rhBMP-2 (1000 or
1500 ng/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 Geune, 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 io the manufacturer’s
instructions. The reaction time was 30min at 42°C. Aliquots
of the cDNA pool obtained were subjected to PCR and
amplified in a 20l reaction mixture using Tug polymerase
(Takara Shuzo). Amplifications were performed in a Pro-
gram Temp Control System (PC800; ASTEC, Fukuoka.
Japan) for 30 cycles after an initial denaturation step 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-CCCCTGCITGAGATACTC-3 (3 antisense; 346—
362 and 850-833, respectively); BMPR-1B, 5-ATGTGGG
CACCAAGAAG-Y and 5“CTGCTCCAGCCCAATGC
T-3’ (215-231 and 681-664, respectively); BMPR-2, 5"
GTGCCCTGGCTGCTATGG-3 and 3-TGCCGCCTC
CATCATGTT-3" (47-64 and 592575, 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 Iuntl,
Piscataway, NJ, USA) for Northern blotting. Filters were
hybridized overnight with random-primed [**P]-labeled
mouse BMPRs, Noggin, OC, Smad-4, and MyoD ¢cDNA
fragment probes at 65°C for 3h in hybridization buffer
(GOmM Tris-HCL (pH 7.5), 1mg/mi 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 5min 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
1 pg/ml. Aliquots of protein solution (5pl) were adjusted to
1 pg/ul, mixed with 1% BPB (1), and then boiled for 2 min
and loaded onto each lane of SDS (10%-20%) acrylamide
gradient gels (35mA, low voltage, 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 5min, 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, Japan)
to detect biotin and chemiluminescence.

Results
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, 1600, 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), rhBMP-2 (1500ng/ml), 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/m! dose of rhBMP-2 and 60% mBMP-4.
The mRINA expression of these molecules was readily de-
tected at the 10ng/ml dose of rthBMP-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 (100ng/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 patierns for BMPR-1A, -2, and Noggin were
observed in MC3T3-El 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 rhBMP-2 (1000ng/ml) or mBMP-4
(60%) in MC3T3-E1 and NTH3T3 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 exaniined, or in OC later on day 4. The Smad-
4 mRNA level gradually increased, and reached a plateau
from day 2 (Figs. 5-8).

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 1000ug/mi and 1500ng4nl doses of rhBMP-2, and
at 60% or 80% concentrations of mBMP-4. Therefore,
chBMP-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 o 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



a 18 e 3 {Nm§

BUPR-IA

BMERR

BMEFR.2

NoGUIN

a3

A6

EREMRZ
AFTER 24 BOURS |

A

EiZ N

(2350 CRY BT S

A JRATR-18

awaree

@ nOSEY N

& en ) ; :

B SAD4 [ W s wae 1880
B NG

Fig, 1. Gene expression level of BMPR-1A, -1B, -2, Nogegin, OC, and
Smad-4 after 24-h stimulation of thBMP-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 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). 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/m! and 1500ng/mi rhBMP-2
(1500ng/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-14, -2, and Noggin
were induced in MC3T3-E1 and NIH3T3 cell lines, but to a
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Pig, 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 atter 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 rhBMP-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 specificrole of BMPR-1B in skeletal development has
been proposed based on the abnorinal interphalangeal joint
formation in an animal with a nuil 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 96 h and Noggin for 0, 12, 24, 48, and 72 h 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 G3PDEH) 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 thBMP-2 stimulation, OC was up-
regulated time-dependently. Noggin level peaked at 24 h. 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 ine (MC3T3-E1), and a nonosteoblastic, embryonic
fibroblast-like cell line (NTH3T3) {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 patiern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar to that seen
after stimulation of 100ng/ml thBMP-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 Simad-4, which is a repre-
sentative BMP signaling Co-Smad, in a time- or dose-
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Fig. 5. Gene expression of BMPR-1A,-1B, -2, and Noggin for 0, 24, 48,
72, and 96h after 1000ng/ml rhBMP-2 stimulation in MC3T3-E1 cell
line by Northern blot analysis (A) and quantitation of the data of
Northern blot analysis by Densitometry (B). G3PDIH mRNA levels
(the bottoms of all lanes are G3PDI) 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 and -2 were weakly
induced after thBMP-2 stimulation, peaked at 24h, then decreased
gradually. Noggin was also moderately induced after stimulation
showed maximal expression at 24 h, then decreased thercafter. BMPR-
1B was not induced during the course of the reaction

dependent manner suggests that BMP signaling in muscle
tissue is regulated in a coordinated manner. OC is a well-
characterized osteoblast differentiation marker, and MyoD
is also a good marker for myoblastic differentiation [26].
Although the expression of MyoD was not detected in
this study, the expression of OC was enhanced on day 2
after BMP-2 or -4 stimunlation. These results indicate that
BMP-induced osteogenic differentiation in muscle tissue
might occur through a BMP/Smad signaling pathway, and
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Fig, 6. Gene expression of BMPR-14, -1B, -2, and Noggin for 0, 24, 48,
72, and 96 h after mBMP-4 (20%) stimulation in MC3T3-E1 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottorns
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimnulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 (209%) was similar to that seen
after stimulation of 1000 ng/ml rhBMP-2, but the expression levels with
mBMP-4 (20%) were smaller than those with 1000ng/ml thBMP-2

muscle-derived primary culture cells might lose the muscle
phenotype after BMP exposure.

The expression profiles were much more prominent for
primary undifferentiated mesenchymal cells derived from
muscle than for MC3T3-E1 or NITH3T3 cells in this study.
Muscle-derived primary culture cells include a large popu-
lation of undifferentiated mesenchymal cells, as described
elsewhere [14]. Clearly, undifferentiated mesenchymal cells
in muscle tissue are highly responsive to BMPs, based on



432

O = N W p oW

{HOURS}

Fig. 7. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96 h after 1000 ng/ml rhBMP-2 stimulation in NIH3T3 cell line
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3IPDH mRNA levels (the botioms
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 and -2 were weakly induced
after rthBMP-2 stimulation, peaked at 24h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24 h, then decreased thereafter

the changes in gene and protein expression levels observed
in this study. The proliferation and differentiation of osteo-
blasts from osteoprogenitor cells in murine bone marrow
cultures induced by BMP-2 or -4 have been reported
[27.28]. However, there have been few reports using
muscle-derived primary culture cells with BMPs. In this
study, the expression of BMP-related molecules was exam-
ined using undifferentiated mesenchymal cells derived from
mouse muscle tissue.

BMPRas
BPR-2
5
al
3 -
2 SN
4]
0 24 48 2 98 {HOURS}
O BMPR-1A
A BMPR-18
0 BMPR-2
B @ NOGBIN

Fig. 8. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after mBMP-4 (20%) stimulation in NIH3T3 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (8). G3PDH mRNA levels (the bottons
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 and -2 were weakly induced
after rhBMP-2 stimulation, peaked at 24h, then decreased graduaily.
Noggin was moderately induced after stimulation showed maximal
expression at 24h, then decreased thereafter. BMPR-1B was not
induced in all experimental stages. In NIH3T3 cells, the expression
pattern was similar to that observed in the MC3T3-El culture
experiments. Expression levels were greater in NIH3T3 cells than in
MC3T3-E1 cells

The majority of undifferentiated mesenchymal cells in
muscle-derived primary culture cells showed a fibroblastic
appearance. These cells are considered to be heterogenous,
and contain some kinds of precursor cells such as bone,
cartilage, and muscle. They differentiate into each pheno-
type when they are placed in each differentiation condition.



