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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
rthBMP-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 thBMP-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
fibroblasi-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 pattern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar to 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-
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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 thBMP-2 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 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 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 thereafter. 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 stimulation. 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-1A, -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 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 to that seen
after stimulation of 1000 ng/ml rhBMP-2, but the expression levels with
mBMP-4 (20%) were smaller than those with 1000 ng/ml rhBMP-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 NIH3T3 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
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Fig. 7. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0,24, 48,
72, and 96 after 1000ng/ml thBMP-2 stimulation in NTH3T3. cell line
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the botrorns
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 thBMP-2 stimulation, peaked at 24 h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24h, 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.
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Fig. 8. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96 h after mBMP-4 (20%) stimulation in NTH3T3 cell line 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 and -2 were weakly induced
after thBMP-2 stimulation, peaked at 24 h, then decreased gradually.
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-El 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.
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MyoD mRNA was not detected after BMP-2 or -4 exposure, and the
expression was detected only at 0 and 24 h, and not after 24h BMP
stimulation
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Fig. 10. Western blot analysis of BMPR-1A, -1B, -2, and Noggin after
60% mBMP-4 or 1000ng/ml rhBMP-2 stimulation in muscle-derived
primary culture cells. Equivalent loading and integrity of protein were
confirmed by Coomassie brilliant blue staining on the gel (lower panel).
Mouse skeletal muscle proteins were used as positive controls. BMPR-
LA and -2 were detected at Oh, induced at 24 h, peaked at 48 h, and then

In our study, BMPs stimulated them to upregulate the ex-
pressions of a bone marker (OC) and cartilage markers
(type I collagen and aggrecan, data not shown), but not the
muscle marker examined previously. However, it is unclear
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gradually decreased in both 60% mBMP-4 and 1000ng/ml thBMP-2
stimulation groups. Expression was greater for BMPR-2 than for
BMPR-1A. BMPR-1B was not detectable during any stages in either
treatment group. Noggin was not detected at Oh, was up-regulated at
24h, peaked at 48h, and decreased thereafter

whether bone and cartilage phenotypes were induced by
BMPs in separate cells or in a single cell.

To further understand the potential autoregulatory
mechanism in response to BMP, further gene expression
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studies will be necessary. Ultimately, this knowledge may
provide new approaches to the regulation of local and sys-
temic bone formation.
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Use of Local Electroporation Enhances Methotrexate Effects
With Minimum Dose in Adjuvant-Induced Arthritis

Masahiro Tada, Kentaro Inui, Tatsuya Koike, and Kunio Takaoka

Objective. To investigate the effects of electrical
pulses on the ability of methotrexate (MTX) to attenu-
ate inflammation and subsequent joint destruction in
rats with adjuvant-induced arthritis (ATA).

Methods. Rats in the experimental group received
an intraperitoneal injection of MTX (0.125 mg/kg body
weight), followed 30 minutes later by application of
direct electrical pulses (50V, 8 Hz) to their left hind
paws with an electroporation apparatus (M+/E+
group; n = 8). The procedure was repeated twice weekly
for 3 weeks. Three control groups received the follow-
ing treatments, respectively: MTX without electrical
treatment (M+/E— group; n = 9), electrical treat-
ment but no MTX (M—/E+ group; n = 10), or no
electrical treatment and no MTX (M—/E— group;
n = 9). Progression of AIA was monitored by joint
swelling and radiologic and histologic changes in the
ankle joint.

Results. Three weeks after injection of the adju-
vant, and at the height of the arthritic reaction, the
swelling and radiologic and histologic changes in the left
hind paws in the M--/E+ rats were significantly re-
duced, as compared with changes observed in the con-
trol groups.

Conclusion. These results demonstrate that ap-
plication of electrical pulses in combination with use of
systemic low-dose MTX can ameliorate local arthritic
reactions. This response probably occurs because elec-
trical stimulation promotes transient passage of MTX
through pores in the cell membranes, with a resultant
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local increase in the concentration of the drug within the
cells. These results point to a potential use of electro-
chemotherapy to increase the efficacy of MTX or other
drugs in an arthritic joint that is refractory to treat-
ment, without increasing the dose of the drug.

Although new biologic agents (1) can ameliorate
inflammatory reactions and consequently protect the
joints of patients with rheumatoid disease from progres-
sive damage (2), methotrexate (MTX) remains one of
the most effective and widely used disease-modifying
antirheumatic drugs (DMARD:s) (3). However, chronic
inflammation often persists in isolated joints even after
effective systemic MTX treatment, presumably as a
result of an inadequate concentration of MTX in the
joint that is refractory to treatment. In patients with
persistent inflammation, synovectomy is often indicated
for symptomatic relief, although data on the long-term
clinical effectiveness of this approach are limited (4).
Another option is an additional dose of MTX, but this
increases the risk of adverse events. Because MTX has
weak cell permeability, and the pharmacologic effects of
this drug depend upon its intracellular concentration,
any method for increasing intracellular MTX levels in
the joint may be effective in attenuating the inflamma-
tory response.

Electroporation has been used to facilitate the
transport of nonpermeable molecules into cells. Tran-
sient cell membrane pores, generated electrically, allow
nonpermeable molecules, including genes and drugs, to
enter into the cells (5). Electroporation systems are now
available for clinical use to deliver anticancer drugs into
malignant solid tumor cells (6-8) as electrochemo-
therapy. Encouraging clinical results have been reported
for the treatment of malignancies, in terms of efficacy,
safety, and cost (9). This suggests that electroporation
may be useful for the local treatment of rheumatoid
arthritis (RA) that is refractory to conventional therapy.

We used electroporation to enhance the effect of
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low-dose MTX treatment on the progression to severe
arthritis and associated joint destruction in a rat model
of adjuvant-induced arthritis (AIA) (10-12).

MATERIALS AND METHODS

Animals. Inbred 7-week-old male Lewis rats were
purchased from Charles River Japan (Kanagawa, Japan) and
housed with free access to standard laboratory chow and water,
under 12-hour dark/light cycles in conditioned air.

Induction of arthritis. The adjuvant mixture was pre-
pared by mixing dried heat-killed Mycobacterium butyricum
(Difco, Detroit, MI) in paraffin oil (Wako, Tokyo, Japan)
at a concentration of 5 mg/ml. To induce systemic arthritis, 0.2
ml of the preparation was injected into the tail bases of
8-week-old rats that had received anesthesia via ethyl ether
inhalation.

Pulsed electrical stimulation for electroporation. For
electrical stimulation to generate transient pores in cell mem-
branes at the target tissue site, we used an electroporation
apparatus (CUY-21; Gene System, Osaka, Japan). Direct-
current electrical pulses (8 Hz, 75 msec pulse duration, 50
volts/cm electrode distance) of 1-second duration were deliv-
ered 6 times during a single procedure. Each of the six
1-second pulses was applied by 2 parallel stainless steel elec-
trodes that were moved between each pulse through 60° in a
plane perpendicular to the long axis of the left hind paws, 30
minutes after an intraperitoneal injection of MTX or saline.
We used electrode paste (Gelaid; Nihon Koden, Tokyo, Japan)
to prevent skin burns.

Experimental protocol. The animals were assigned to
an experimental group or to 1 of 3 control groups, as follows:
MTX injection with electroporation (M+/E+ [experimental]
group; n = 8), MTX without electroporation (M+/E— group;
n = 9), electroporation with saline (M—/E+ group; n = 10), or
no treatment (M~/E~ group; n = 9),

MTX was provided by Wyeth-Pharmaceutical (Tokyo,
Japan). The dose of MTX was set to 0.125 mg/kg body
weight, based on preliminary experimental data indicating
that no significant systemic antiarthritic changes were recog-
nized at this dose. The drug was administered intraperitoneally
twice weekly for 3 weeks, and the animals were killed by
asphyxia in carbon dioxide (for radiologic and histologic
examination).

These experimental protocols were in accordance with
institutional regulations for animal care and were approved by
the Institutional Committee for Animal Care of Osaka City
University.

Gross inspection and radiologic evaluation. Twice
weekly, the animals were weighed using an electronic balance,
and hind paw thickness was measured with digital calipers.
Three weeks after the adjuvant was injected, the animals were
killed using CO, asphyxiation, and both hind limbs were
harvested and fixed by perfusing cold 4% paraformaldehyde
through the left ventricle, followed by immersion in cold 4%
paraformaldehyde solution. Soft x-ray images of the hind paws
were obtained with a soft x-ray apparatus (DCS-600EX; Aloka,
Tokyo, Japan) using settings of 45 kV, 4 mA, and 30 seconds of
exposure time. Destructive changes in hind paw bones seen on
radiographs were evaluated by criteria previously described by
Clark et al (13), with some modifications. Briefly, radiographic
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Figure 1. Effects of electrochemotherapy with methotrexate (MTX) on
body weight and paw swelling in rats with adjuvant-induced arthritis
(AIA). A, Weight loss was observed in all groups on day 4. There was no
significant weight difference between the 4 groups throughout the entire
study period. B, Left hind paw thickness, as measured by digital calipers,
was maximal on day 21 in the M—/E— (no treatment; n = 9), M—/E+
(electroporation with saline; n = 10), and M+/E~ (MTX without
electroporation; n = 9) groups. The thickness of the left hind paw treated
with electrical pulses after administration of MTX, 0.125 mg/kg/week
(M+/E+; n = 8) was significantly decreased when compared with the
other groups. * = P < 0.05 versus the M—/E—, M—/E+, and M+/E—
groups. C, Effects of electrical pulses on paw swelling in the M+/E+
group. Electrical pulses were applied to the left hind paw only (electrically
treated [EP+]) (n = 8), not the right paw (not electrically treated [EP—])
(n = 8). Application of electrical pulses after administration of low-dose
MTX significantly inhibited hind paw swelling on days 18 and 21, as
assessed by paw thickness and when compared with EP— paws. NC =
negative control (non-adjuvant-injected model) (n = 5). * = P < 0.05
versus EP—. Bars show the mean * SEM.
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EP+

Figure 2. Gross appearance and radiographs of the hind paws of the same rat in the M+/E-+
group on day 21. Following administration of MTX (0.125 mg/kg/week), electrical pulses were
applied to the left hind paw only (EP+) (A and C). Note the obvious difference in the degree of
swelling and joint damage between the left paw (EP+) and right paw (EP~) in gross appearance
(A and B), as well as on soft x-ray (C and D). See Figure 1 for definitions.

changes in terms of radiodensity, subchondral bone erosion,
periosteal reaction, and cartilage space were evaluated under
blinded conditions by 2 rheumatologists (KI and TK) and
graded on a 0-3 scale (where 0 = normal and 3 = severely
damaged).

Histologic sections. Both hind paws were harvested
from the animals for histopathologic examination. After the
removal of skin, bones in the hind paws were decalcified in a
neutral buffered 14% solution of EDTA/10% formalin, dehy-
drated in a graded ethanol series, embedded in paraffin,
sectioned sagittally into 4-um sections, and stained with hema-
toxylin and eosin or toluidine blue. Pathologic changes were
evaluated by 2 observers according to a previously reported
rating system (14), as follows: grade 0 = normal synovium,
cartilage, and bone; grade 1 = hypertrophic synovium with
cellular infiltration without pathologic change in bone and
cartilage; grade 2 = pannus formation and cartilage erosion in
addition to the hypertrophic synovium; grade 3 = additional
severe erosion of cartilage and subchondral bone; grade 4 =
loss of joint integrity and ankylosis.

In order to identify and count osteoclastic cells, sec-
tions were stained for tartrate-resistant acid phosphate
(TRAP) using a staining kit (Sigma-Aldrich, St. Louis, MO).
TRAP-positive multinucleated cells were counted in 11 se-
lected fields (8 fields in the distal tibia and 3 fields in the talus),
all at 100X magnification.

Statistical analysis. Body weight and hind paw thick-
ness were evaluated by repeated analysis of variance and
Fisher’s protected least significant difference test. Pairwise
comparisons were made using Wilcoxon’s signed rank tests

among groups. All statistical analyses were carried out using
StatView software version 5.0 (SAS Institute, Cary, NC).
P values less than or equal to 0.05 were considered signifi-
cant.

RESULTS

Effects of electrochemotherapy on progression
of AJA. No significant difference in body weight was
noted between the 4 groups during the course of this
experiment (Figure 1A), indicating that low-dose MTX,
with or without electroporation, had little effect on the
systemic physical condition of the rats with AIA.

The thickness of the hind paws in all rats was

Table 1. Radiologic and histologic scores and osteoclast numbers in
rat AIA, 21 days after injection of adjuvant®

Radiologic Histologic  Osteoclast
score score number
Group (n = 8) (n=28) n=25)

Right hind paw, EP-negative =~ 3.8 = 4.5 25*+12 776 £10.2
Left hind paw, EP-positivet 1.8+22 1.3+05 220x24

* Values are the mean + SD. AIA = adjuvant-induced arthritis; EP =
electroporation.
T For all comparisons, P < 0.05 versus EP-negative.
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Figure 3. Histologic analysis of the ankle joints of the same rat in the
M-+/E+ group on day 21. A and B, Staining with hematoxylin and eosin
(H&E). C, D, E, and F, Staining with tartrate-resistant acid phosphate
(TRAP). G and H, Staining with toluidine blue (TB). The electroporation
procedure was applied to the left ankle joint only (EP+) (A, C, E, and G).
No inflammatory synovial tissue erosion into subchondral bone was
observed with application of electroporation (A) compared with MTX
only (B). Inflamed synovium infiltrated with lymphocytes was found to
contain abundant osteoclastic multinucleated cells on TRAP staining (D
and F). However, there was no difference in metachrorasia of articular
cartilage in the left and right hind paws. E, Higher-magnification view of
the boxed area in C. F, Higher-magnification view of the boxed area in D.
Bo = subchondral bone; Ca = cartilage; Pa = pannus; S = synovial tissue
(see Figure 1 for other definitions).

significantly and consistently increased from day 11 until
the end of the experiment. However, in the M+/E+
group, swelling of the left hind paw was significantly
suppressed on days 14, 18, and 21 (Figure 1B) when
compared with the 3 control groups (M+/E—, M—/E+,
and M—/E—). The gross appearance of the hind paws is
shown in Figures 2A and B. Thus, application of elec-
trical pulses appeared to prevent the hind paw joints
from progressing to advanced AIA. The degree of
swelling différed significantly between the left (electri-
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cally treated [EP+]) and right (EP—) paws of the same
rat in the M+/E+ group (Figure 1C).

Radiologic evaluation of bones and joints. Radio-
logic analysis revealed that the hind paw joints were
severely damaged in the M—/E—, M—/E+, and M+/E—
groups at 21 days after injection of the adjuvant. There-
fore, at a dose of 0.125 mg/kg body weight, MTX did not
prevent the joint damage (Figure 2D) or local swelling
(Figure 2B) caused by progression of arthritis. In con-
trast, the radiologic damage score was significantly lower
in the electrically treated left (EP+) hind paws in the
M+/E+ group (Figures 2A and C and Table 1).

Histologic analyses. In the M+/E+ group, the
histologic scores were significantly lower in the left hind
paws (EP+) than in the right hind paws (EP—) (Figures
3A and B and Table 1). Inflamed synovial tissues with
abundant lymphocytes were observed to erode into
subchondral bone (Figure 3B). In sections of these
joints, the population of TRAP-positive multinucleated
osteoclastic cells was significantly lower in the bones of
the left hind paw (EP+) than in those of the right hind
paw (EP—) (Figures 3C, D, E, and F and Table 1).
Toluidine blue staining revealed no degenerative changes
of cartilage tissue, including irregularity of articular sur-
face, disorganization of tidemark, and alternation of meta-
chromasia, in either hind paw (Figures 3G and H).

DISCUSSION

These results indicate positive effects of pulsed
electrical stimulation for attenuating arthritis by enhancing
the antiarthritic effect of MTX. We believe that this is
attributable to micropores created by the electrical pulses
in the cytoplasmic membranes of cells in the synovium or
other inflamed cells. The subsequent passive influx of
MTX into the cells would attenuate the inflammatory
responses that led to the AIA, although this study did not
provide direct evidence of MTX influx. In this preliminary
study, we could not identify the cells targeted by electro-
chemotherapy, and MTX-negative synovial cells, inflam-
matory cells, or both, may be targets for the drug,

The effects of electrical fields on living cells have
been investigated since the 1960s, and high-voltage electri-
cal pulses have been reported to generate transient and
reversible pores in cell membranes. This phenomenon has
been termed electroporation and is currently used to
transfer genes or drugs into cells (6). Electrochemotherapy
involves electroporation with drugs, and this methodology
is used for the treatment of malignant tumors (5-9). The
use of electrochemotherapy to introduce anticancer drugs
into malignant tumors has been reported, e.g., bleomycin
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for melanoma, basal cell carcinoma, Kaposi’s sarcoma,
squamous cell carcinoma (6), or chondrosarcoma (15).
However, electrochemotherapy with MTX for the treat-
ment of RA has not been reported, although the less-
permeable character of MTX and its use as a DMARD in
RA would make it an ideal candidate for this approach.
Because the effect of pulsed electrical stimulation is ex-
pected only at the local site, this method might be appli-
cable for an isolated joint with arthritis that is refractory to
systemic chemotherapy or in the early stages of RA involv-
ing a limited number of joints without significant joint-
destructive changes.

.Clinical application of this therapy should not affect
normal tissues. Using TUNEL staining, we did not ob-
served any difference in the number of apoptotic cells
between the M+/E+ and M+/E— groups (data not
shown). We also confirmed in the pilot study that electrical
pulses, used under the same conditions as those used in this
experiment, did not influence the normal tissues of inbred
9-weck-old male Lewis rats. In this pilot study, no inflam-
matory reactions were observed on histologic examination
of the area treated with the electrical pulses, suggesting
that electroporation under these conditions did not cause
any damage to normal tissue, including cartilage, bone,
muscle, and blood vessels (results not shown). However,
the clinical application of electrochemotherapy requires
further study, including the dose of MTX and the para-
meters of the electrical pulses.

This experimental study is limited in 2 key areas.
First, electrochemotherapy was not applied to joints with
established arthritis, and the effect of electrochemo-
therapy was estimated based on the progression of
arthritis. This differs from the clinical situation, in which,
as indicated previously (10,11), the inflammatory phase
in this AIA model is self-limiting. Therefore, the efficacy
of electrochemotherapy for the treatment of established
chronic arthritis is difficult to determine in this model.
Second, optimization of the application of pulsed elec-
trical current may not be sufficient to obtain maximum
delivery of MTX into cells and to achieve maximal
antiinflammatory effect in RA. The conditions that
enable the efficacy of electrical stimulation in electro-
chemotherapy may be quite different from the condi-

tions used in the clinical treatment of malignancies that
were reference sources for the present study. The po-
tential value of electrochemotherapy for the treatment
of RA has been illustrated by these studies, and further
work is required to optimize electrochemotherapy to
control disease in joints with RA refractory to treatment.
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Use of Bone Morphogenetic Protein 2 and
Diffusion Chambers to Engineer Cartilage Tissue for the
Repair of Defects in Articular Cartilage
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Objective. To examine the ability of cartilage-like
tissue, generated ectopically in a diffusion chamber
using recombinant human bone morphogenetic protein
2 (rHuBMP-2), to repair cartilage defects in rats.

Methods, Muscle-derived mesenchymal cells were
prepared by dissecting thigh muscies of 19-day postco-
ital rat embryos, Cells were propagated in vitro in
monolayer culture for 10 days and packed within diffu-
sion chambers (10%chamber) together with type I col-
lagen (CI) and 0, 1, or 1¢ ug rHuBMP-2, and implanted
inte abdominal subfascial pockets of adult rats. Tissue
pellets were harvested from the diffusion chambers at 2
days to 6 weeks after implantation, and examined by
histology, by reverse transcription-polymerase chain
reaction (PCR) for aggrecan, CII, CIX, CX, and CXI,
MyoD1, and core binding factor al/runt-related gene 2,
and by real-time PCR for CII. Tissue pellets generated
in the chamber 5 weeks after implantation were trans-
planted into a full-thickness cartilage defect made in the
patellar groove of the same strain of adult rat.

Results. In the presence of 10 pg rHuBMP-2,
muscle-derived mesenchymal cells expressed CII mes-
senger RNA at 4 days after transplantation, and a
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mature cartilage mass was formed 5 weeks after trans-
plantation in the diffusion chamber. Cartilage was not
formed in the presence of 1 pg rHuBMP-2 or in the
absence of rHuBMP-2. Defects receiving cartilage engi-
neered with 10 ug rHuBMP-2 were repaired and re-
stored to normal morphologic condition within 6
months after transplantation.

Conclusion. This method of tissue engineering for
repair of articular defects may preclude the need to
harvest cartilage tissue prior to mosaic arthroplasty or
autologous chondrocyte implantation. Further studies
in large animals will be necessary to validate this
technique for application in clinical practice.

Regeneration of articular cartilage is a challeng-
ing subject for research on joint surgery (1), and several
methods have been devised and attempted in clinical
practice to repair focal defects in articular cartilage,
especially in young patients (2-5). Currently, mosaic
arthroplasty (6), a procedure in which pieces of autoge-
neic chondro-osseous mass are procured from peri-
pheral parts of the joint surface and transplanted into
the focal cartilage defects, is often used with success in
the knee joint (7). However, a number of limitations
persist, and these include the limited source of the
autogeneic osteochondral tissue mass and the potential
risk of progression to osteoarthritis due to the injury
caused by procurement of graft tissue from the normal
joint surface. In addition, the functional durability of the
repaired cartilage and the limited application of the
approach to small joints are further areas of concern.

Recently, technologies have been developed in
order to fabricate tissues for the repair of skeletal
defects. The transplantation of chondrocytes of auto- or
allogeneic origin has been demonstrated in both exper-
imental (8-11) and clinical (12) situations. In these
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cases, cells are dissociated from pieces of articular
cartilage, propagated (or left unpropagated) on dishes
in ex vivo conditions to expand the cell population, and
then transplanted with or without scaffolding carrier
materials into the cartilage defect of the recipient.
Although these methods can repair cartilage defects,
some difficulties persist. Allogeneic transplantation
has the inherent risks of disease transmission and rejec-
tion; autologous transplantation causes damage to the
donor site.

In an effort to address the limitations of existing
approaches, we attempted to generate cartilage tissue by
inducing the differentiation of muscle-derived cells into
the chondrocytic lineage in an in vivo environment with
recombinant human bone morphogenetic protein 2
(rHuBMP-2). Articular defects in rat joints that received
the induced cartilage-like tissue were repaired and re-
stored to normal condition. The present report provides
evidence to support this approach for the successful
treatment of articular cartilage defects.

MATERIALS AND METHODS

Preparation of muscle-derived mesenchymal cells and
diffusion chambers. Mesenchymal cells were obtained from
the thigh muscles of 19-day, postcoital, F344 rat embryos
(purchased from Japan SLC, Hamamatsu, Japan). The muscle
tissues were minced with scissors and digested in 0.25% trypsin
with 1 mM EDTA-Na, (Invitrogen, Carlsbad, CA). The disso-
ciated cells were propagated on plastic culture dishes (10 cm in
diameter) in Dulbecco’s modified Eagle's medium (Invitro-
gen) supplemented with 10% (volume/volume) fetal calf serum
(Invitrogen) and antibiotics (mixture of 5 mg/ml penicillin G, 5
mg/ml streptomycin, 10 mg/ml neomycin; Invitrogen) and
passaged under routine culture conditions for 10 days. At the
end of this period, the cells were detached from the dishes with
0.25% trypsin with 1 mM EDTA-Na, and packed within
diffusion chambers (10° cells/chamber).

In order to construct a diffusion chamber for cell
transplantation, a diffusion chamber kit (Millipore, Billerica,
MA), consisting of a plastic ring (14 mm in outer diameter and
10 mm in inner diameter), a membrane filter (comprising a
mixture of cellulose acetate and cellulose nitrate [0.45 pm in
pore size]), and adhesive sealant, was utilized. The inner
diameter of the ring was reduced to 5 mm by inserting another
plastic ring. Only one side of the larger plastic ring was initially
sealed with a membrane filter and adhesive sealant. For the
next step, 40 ul of 0.3% (weight/weight) pig type I collagen
(Cellmatrix LA; Nitta Gelatin, Osaka, Japan) and 0, 1, or 10 ug
of rTHuBMP-2 (Yamanouchi Pharmaceutical, Tokyo, Japan)
were introduced into the diffusion chamber. The chamber was
then freeze-dried and sterilized with ethylene oxide gas.

After these processes were completed, 10° cells sus-
pended in 40 ul of serum-free culture medium containing 0.3%
(w/w) pig type I collagen (Cellmatrix I-A; Nitta Gelatin) were
introduced into the diffusion chamber, and another open side
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of the chamber was sealed with a filter and adhesive sealant.
Sixty-two chambers (42 for histologic examination, 8 for re-
verse transcription~polymerase chain reaction [RT-PCR] ana-
lysis, and 12 for real-time PCR analysis) with 10 pg of
rHuBMP-2 (group B10), 10 chambers (all for histologic exam-
ination) with 1 ug of tHuBMP-2 (group B1), and 46 chambers
(26 for histologic examination, 8 for RT-PCR analysis, and 12
for real-time PCR analysis) without rHuBMP-2 (group B0)
were prepared for analysis and implantation.
Transplantation of the diffusion chamber into the
abdominal pocket of rats. Immediately after loading the cells
into the diffusion chambers, each chamber was surgically
inserted into a pocket in the abdominal muscles of 8-week-old
F344 rats under diethyl ether anesthesia. After surgery, the
rats were housed in cages and were given free access to
standard chalk-like food and water. At 2, 4, 6, 8, 14, 21, 28, 35,
and 42 days after implantation, the animals were killed in due
order and the diffusion chambers were harvested (Table 1) for
histologic examination. For RT-PCR analysis, 2 chambers
were harvested at 2-, 4-, 7-, and 14-day intervals after implan-
tation. For real-time PCR analysis, 2 chambers were harvested
at 2-, 4-, 6-, 14-, 28-, and 42-day intervals after implantation.
Harvested tissue pellets within the chambers were
inspected for vascular invasion caused by seal failure or
breakage of the filter membranes. When vascular invasion was
noted, the tissue was excluded from the transplantation into
the cartilage defect and from PCR analysis. The tissue pellets
for histologic examination were radiographed and fixed in 20%
neutral buffered formalin solution, prior to processing for
histologic examination. Some parts of the tissue pellet from the
S-week-old sample were used for transplantation into the
rat-knee defect. Tissue pellets for RT-PCR or real-time PCR
were frozen in liquid nitrogen immediately after harvesting.
Transplantation of tissue pellets from diffusion cham-
bers into osteochondral defecis of rats. Some portions of the
tissue pellet removed from the diffusion chambers at 5 weeks
after implantation were transplanted into cartilage defects
generated on the patellar grooves of the knee joints of 7 (4
from group B10, 3 from group B0) mature, same-strain rats (a
quarter tissue pellet/animal). The transplantation procedure
was performed with the rats under anesthesia, using an intra-
muscular injection of a mixture of ketamin (100 mg/ml, 0.6

Table 1. Cartilage formation in diffusion chamber*

tHuBMP-2 .
Area of cartilage tissue
0 ug 1 pg 10 ug in cross-section
2 days 072 - 072 -
4 days 2 -~ 0/2 -
6 days 072 - 072 -
8 days 0/2 - 072 -
14 days /2 - 072 -
21 days /4 4/6 1/4
28 days /4 /4 9/10 1/3
35 days /4 0/6 9/10 Almost all
42 days 04 - 6/6 Almost all

* Except where indicated otherwise, values are the number of samples
with cartilage formation/number of experiments. tHuBMP-2 = recom-
binant human bone morphogenetic protein 2.
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ml/kg body weight; Sankyo, Tokyo, Japan) and xylazine (20
mg/ml, 0.3 ml/kg body weight; Bayel, Osaka, Japan). Peliets
were transplanted into the left knees, and defects made on the
right knees did not receive the implants.

In order to generate an osteochondral defect on the
patellar groove of the distal femur of the rats, a longitudinal
skin incision was made in the midline of the knee and the
patellar groove was exposed by medial parapateliar arthrotomy
and lateral dislocation of the patella. The osteochondral defect
was made by drilling in 2 mm in depth and 2 mm in diameter,
vertically to the patellar groove. The tissue pellet was detached
from the inner surface of the membrane filters of the diffusion
chamber and press-fitted into the defect. The knee joint was
then closed with sutures. After surgery, the rats were fed in
cages and killed at 24 weeks after surgery. The knee joints were
excised and processed for histologic examination.

Histologic examination. Diffusion chambers and distal
femurs with an articular cartilage defect were removed from
the animals at 24 weeks after implantation and fixed in 20%
buffered formalin. The harvested chambers were radiographed
with a soft x-ray apparatus (Sofron, Tokyo, Japan) and visual-
ized on radiographic films (Fuji Photo Film, Tokyo, Japan).
The harvested chambers with calcified tissue and the distal
ends of femurs with articular defects were decalcified in 4%
EDTA solution, and then dehydrated with a gradient ethanol
series, embedded in paraffin, sectioned in 5-um thickness, and
stained with hematoxylin and eosin or toluidine biue. Results
of the histologic examination were evaluated using the scoring
system described by Wakitani et al (13) for histologic grading
of a cartilage defect (Wakitani's score; a lower score indicates
improvement).

RT-PCR analysis. In order to detect changes in the
expression of cartilage matrix-specific molecules in cells from
the harvested diffusion chambers, RT-PCR analyses for aggre-
can, types II, IX, X, and XI collagens, MyoD1, and core
binding factor al (Cbfal)/runt-related gene 2 (Runx2) were
performed with the tissue pellets from the B10 and B0 groups.
Frozen tissue pellets were ground down to powder with liquid
nitrogen in a mortar on dry ice, and total messenger RNA
(mRNA) was extracted from the tissue using TRIzal reagent
(Invitrogen) according to the manufacturer’s instructions. Af-
ter treating samples with RNase-free deoxyribonuclease I
(Takara Bio, Otsu, Japan), 500 ng of total mRNA from each
sample was reverse transcribed using SuperScript II (Invitro-
gen). The reaction time was 60 minutes at 42°C. Thereafter, 1
#d of each reaction product was amplified in a 15-ul PCR
mixture containing 0.5 units TaKaRa EX Taq (Takara Bio)
and 10 pmoles of each primer to detect mRNA specific to each
molecule.

Amplifications were performed in a Program Temp
Control System (DNA Engine PTC-200; MJ Research,
Waltham, MA) for 35 cycles after an initial denatoration
step at 95°C for 3 minutes, denaturation at 95°C for 30 seconds,
annealing for 30 seconds at 60°C, and extension at 72°C for
30 seconds, with a final extension at 72°C for 3 minutes. The
PCR products (10 ul) were electrophoresed in a 3% agarose
gel and detected by ethidium bromide staining. The nucleotide
sequences of the primers for each of these genes are as
follows: for AGC1, 5'-TCCAAACCAACCCGACAAT-3'
(forward) and 5'-TTCTGCCCAAGGGTTCTG-3' (reverse);
for Col2A1, §'-GCTCGAGGAGACACTGGTG-3' (forward)
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and 5'-ACCTGGGGGACCATCAGA-3' (reverse); for
Col9Al, 5'-GGTCCTCCGGGGAAGCCT-3' (forward) and
5'-CCAACCTCTCCCGGCGGT-3' (reverse); for Coll0Al,
5'-CGAGGTCTTGTTGGCCCTAC-3' (forward) and 5'-CCT-
GGGTCTCTGTCCGCT-3' (reverse); for Coll1Al, 5'-ATT-
GCCACCAGTCAACTGCT-3' (forward) and 5'-TTGGA-
CTGTGCCTCCGTC-3' (reverse); for MyoDl, 5'-ACTA-
CAGCGGCGACTCAGAC-3' (forward) and 5'-GTG-
GAGATGCGCTCCACTAT-3' (reverse); and for Cbfal/Runx2,
5'-TGCTTCATTCGCCTCACAAAC-3' (forward) and 5'-
TAGAACTTGTGCCCTCTGTTG-3' (reverse).

Real-time quantitative RT-PCR. Quantitative RT-
PCR assay for type II collagen was carried out with the use
of gene-specific expression-labeled fluorescent probes and
sets of specific primers in an ABI PRISM 7700 sequence
detection system (Applied Biosystems, Foster City, CA). On
the basis of the published sequence of rat type I1 collagen, spe-
cific primer pair and probe sets were designed with the aid
of Primer Express software, version 2.0 (Applied Biosystems).
The sequences of the primers were 5'-AGGCGCTTCTG-
GTAACCCA-3' (forward) and 5'-GACCAGTTGCACCTT-
GAGGAC-3' (reverse), and the probe was 5'-TTCCCGG-
AGCCAAAGGATCTGCTG-3'. We used 6-carboxyfluorescein
for type II collagen as the 5’ fluorescent reporter for the probe,
while we added 6-carboxy-tetramethylrhodamine (Tamura Phar-
maceutical, Osaka, Japan) to the 3’ end as a quencher.

Standard curves were constructed with the use of
dilutions of accurately determined pCR2.1 plasmid vector
(Invitrogen) containing complementary DNA (cDNA) prod-
ucts of type II collagen. A relative standard curve representing
10-fold dilutions of a rat type 1I collagen cDNA ranging from
2 X 10 to 2 X 10° copies/ul was used for linear regression
analysis of the samples. PCR was carried out in 50 ul of
reaction mixture containing 3 pl of the RT reaction, 1X
Universal Master Mixture (Applied Biosystems), 500 nM of
each primer, and 200 nM of the Taqgman probe purchased from
Applied Biosystems.

To compensate for the differences in cell number
and/or RNA recovery, the copy number of type II collagen
mRNA was determined relative to 18S ribosomal RNA
(rRNA) (Applied Biosystems), which was also analyzed quan-
titatively, Thus, a partial cDNA of 18S rRNA was amplified
from rat bone and cartilage samples vsing a specific primer set
for 185 rRNA, and then subcloned into pCR2.1 (Invitrogen).
Ten-fold dilutions of the resultant vector, pCR2.1-18S 1RNA,
ranging from 2 X 10 to 2 X 10° copies/ul, were used to
construct a relative standard curve for 188 rRNA. The PCR
mixture was basically the same as that for type II collagen,
except for 200 nM of an 18S rRNA-specific Taqman probe set
carrying a 5'-VIC reporter label and 3'-TAMURA quencher
group, and 500 nM of the specific primer for 185 rRNA that
was purchased from Applied Biosystems. These samples were
placed in the ABI PRISM 7700 Sequence Analyzer and
preheated at 95°C for 10 minutes, then amplified for 50 cycles
of 95°C for 15 seconds, followed by 60°C for 1 minute. These
experimental protocols were in compliance with the guidelines
established by the Institutional Committee for Animal Care
and Experiments of Shinshu University.

Statistical analysis. The histologic score was statisti-
cally analyzed using the SPSS software package (SPSS Japan,
Tokyo, Japan). The Kruskal-Wallis H test followed by the



Mann-Whitney U test was used to determine differences
between the groups.

RESULTS

Cartilage induction in diffusion chambers by
rHuBMP-2. The tissue mass harvested from group B10
chambers (those receiving 10 pg rHuBMP-2) had a
gelatinous appearance, with no histologic features char-
acteristic of cartilage until 2 weeks after implantation. At
3 and 4 weeks after implantation, the tissue had a pale,
opaque gelatinous appearance and revealed some carti-
laginous characteristics along the inner surface of the
filter membranes of the chamber on histologic examina-
tion (Figures 1A-H).

At 5 and 6 weeks postimplantation (Figures
11-P), the cells of group B10 formed an elastic tissue
mass with opaque appearance and no evidence of calci-
fication on radiography (Figure 2B). Histologic exami-
nation of the opaque tissue mass in the chambers
indicated normal features of cartilage, with round chon-
drocytic cells enclosed in a metachromatic matrix, as
revealed by toluidine blue staining (Figures 1L and P).
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Small amounts of osseous tissue were found on the outer
or host-side surfaces of the membrane filter of those
samples. In one chamber with an accidental “hole” on
the membrane filter, containing 5-week postimplanta-
tion tissue of group B10, the tissue became a hard mass
with a reddish appearance; on radiography, the tissue
was highly calcified (Figure 2C) and showed a normal
histologic appearance of bone with hematopoietic mar-
row (Figure 2A). In contrast, the tissue of groups B0
(Figure 1) and B1 (chambers without rHuBMP-2 or with
1 pg rHuBMP-2, respectively) showed a gelatinous
appearance with no histologic evidence of cartilage
formation throughout the experimental period.

PCR findings. PCR analysis of the tissue in
the diffusion chambers revealed a consistent expression
of types X and XI collagen (Figure 3). Expression of
type X collagen gradually increased in group BI10.
The expression of type II collagen was detected at
low levels 2 days after implantation in group B10
(Figure 3). After 4 days, the expression of type II
collagen was clearly detected in group B10. The ex-
pression of Cbfal/Runx2 was clearly detected after 96

Figure 1. Cartilage formation in the diffusion chamber. Tissue pellets in diffusion chambers were
examined at 3 weeks (A-D), 4 weeks (E-H), 5 weeks (I-L), and 6 weeks (M-P) postimplantation,
in group B0 (without recombinant human bone morphogenetic protein 2 [THuBMP-2]) (A, B, E, F,
I, J, M, and N) compared with group B10 (with 10 ng rHuBMP-2) (C, D, G, H, K, L, O, and P).
(Stained with hematoxylin and eosin in A, C, E, G, I, K, M, and O, with toluidine blue in B, D, F,

H, J, L, N, and P; original magnification X 4{}.)
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Figure 2. Histologic and radiologic evaluations of engineered carti-
lage tissue. For the tissue pellet in the diffusion chamber with an
accidental hole on the filter (at 5 weeks posttransplantation; obtained
from group B10), the normal histologic appearance of bore is clearly
visible (stained with hematoxylin and eosin; original magnification
X20) (A), and the soft radiograpliic view shows bone trabeculae (C).
Another soft radiographic view of group B10 tissue (same sample as in
Figures 1K and L) shows no calcification (B).

hours in group B10 only (Figure 3). The expression of
MyoD1 was not detected in either group at any time
point.

Real-time PCR revealed that the expression of
type II collagen increased markedly at 4 days after
implantation (Figure 4). A high level of aggrecan was
seen in group B10 after 2 days. Type IX collagen was
weakly expressed in group B10 after 4 days, but in-
creased significantly after 1 week. Low expression levels
of aggrecan and type IT collagen were detected in all
groups at later time points in the study.
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Figure 3. Reverse transcription—polymerase chain reaction analysis.
Expression of types X and XI collagen (COL10A1 and COL11Al,
respectively) was detected consistently in both groups (with 10 ug
recombinant human bone morphogenetic protein 2 [BMP+; group
B10] and without {BMP-1) throughout the experimental period.
Expression of type 1X collagen (COL9A1) was detected after 96 hours,
indicating that effective cartilage matrix synthesis begins 3 or 4 days
after implantation. Expression of type 1I collagen (COL2A1) was
detected at low levels after 2 days in group B10 only, and after 4 days,
it became more prominent. The expression of core binding factor al/
runt-related gene 2 (CBFAI/RUNX2) was clearly detected after 96
hours in group B10 only. AGC1 = aggrecan.

Repair of cartilage defects by transplantation of
the engineered cartilage. The osteochondral defects that
received the cartilaginous tissue mass, which was gener-
ated for 5 weeks in diffusion chambers containing tissue
from group B10, were restored to a normal appearance
at 24 weeks after transplantation. Upon examination,
the site of the defects had a smooth surface and no
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Figure 4. Real-time polymerase chain reaction analysis for type 11
collagen mRNA. After 4 days, expression of type 11 collagen mRNA
was markedly increased in group B10 (with 10 ;g recombinant human
bone morphogenetic protein 2 [tHuBMP-2]). Group B0 = without
rHuBMP-2; rRNA = ribosomal RNA.
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Figure 5. Osteochondral defects of a rat knee repaired with tissue pellets generated in diffusion
chambers 24 weeks after transplantation. A and B, Defect with no implant. C and D, Defect
implanted with tissue pellet generated in the chamber of group B0 (without recombinant human
bone morphogenetic protein 2 [rHuBMP-2]). E and F, Defect implanted with tissue pellet
generated in the chamber of group B10 (10 ug tHuBMP-2). (Stained with hematoxylin and eosin
in A, C, and E, with toluidine blue in B, D, and F; original magnification X 40.)

obvious border with the surrounding normal articular
cartilage (Figures SE and F). The defects were filled
with a layer of cartilage exhibiting subchondral cancel-
lous bone connecting to the original subchondral bone.
Although the architecture of the repaired articular car-
tilage was similar to that of normal cartilage with regard
to cell arrangement, differences were noted. A tidemark
was visible at the base of the cartilage layer adjacent to
the subchondral bone, and the thickness of the regener-
ated cartilage was slightly less than that of the neighbor-
ing normal articular cartilage.

In contrast, the defects transplanted with tissue
mass from group B0 were partially repaired, with a
depressed surface visible at the defect site (Figures 5C
and D). Histologic assessment of the defects that re-
ceived either the tissue from group BO or no implant
revealed a small amount of fibrocartilage, with slightly
positive metachromatic staining at the periphery of
the defects and dominant fibrous tissue in the defect
space.

Upon histologic evaluation of the knee cartilage
after repair, the average histologic score (Wakitani’s
score) was 4.25 for group B10, 11.67 for group B0, and
14.00 for the defect-only group. The score for group B10
was significantly better than that for group B0 (P =
0.032) and the defect-only group (2 = 0.002).

DISCUSSION

The experimental data presented herein indicate
the capacity of tHuBMP-2 to induce the differentiation
of young muscle-derived mesenchymal cells into chon-
drocytes within diffusion chambers in in vivo conditions.
The resultant heterotopic cartilage formation represents
a significant volume of induced tissue mass derived from
these cells.

In order to induce the cartilage tissue, the diffu-
sion chamber system was essential. When vascular inva-
sion into the chamber occurred as a result of membrane
seal failure, new bone with hematopoietic marrow was
seen in the chambers harvested at 5 weeks after trans-
plantation. Budenz and Bernard have reported similar
findings (14). This bone was likely formed through the
process of endochondral ossification, as deduced from
classic reports describing the actions of BMP (15) and
from comparison with the process of direct ossification
(16,17). In the process of BMP-induced endochondral
bone formation, cartilage is formed in the early phase of
the bone-forming process. The cartilage tissue is then
absorbed by invading vascular connective tissue and
replaced by newly formed bone, as seen in embryonic
osteogenesis (18) and in callus in fracture repair (19).
During the process of ectopic bone formation elicited by
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BMP, Tsuyama et al (20) found that the induced bone
marrow cells are not the progeny of undifferentiated
mesenchymal cells in situ, but rather arise from hema-
topoietic stem cells circulating in the peripheral blood.
This conclusion was based on studies of chimeric mice
and bone marrow transplantation (20).

In this diffusion chamber system, the cells within
the chambers were able to survive by diffusion of tissue
fluid from host animals, but vascular invasion was
blocked by the filter membranes. As a result, the BMP-
induced bone-forming reaction was stopped at the stage
of cartilage formation and pieces of cartilage for trans-
plantation were obtained, although it took a period of
5-6 weeks to achieve this outcome. This is a longer
timeframe than the time taken by collagen pellets with
rHuBMP-2 to form ectopic bone. In the ectopic endo-
chondral bone formation process, ossification starts at
the border of the cartilage and surrounding tissue.

The results of the RT-PCR analysis of type II
collagen and aggrecan revealed that muscle-derived
mesenchymal cells differentiated into chondrocytes at 4
days after implantation. However, mature cartilage ma-
trix synthesis started a few days later, since the expres-
sion of type IX collagen, which is essential for type 11
collagen to form cartilage matrix, was weak at 4 days and
increased significantly by day 7. Type X collagen and
type XI collagen were detected by RT-PCR either with
or without rHuBMP-2 in these cells. Because type II
collagen and aggrecan were not detected initially, we
cannot be sure that chondrogenesis started at the 0 time
point. Further work will be needed to map out the exact
sequence of expression of these genes in this model. In
the absence of rHuBMP-2, the cells expressed type II
collagen, but the level was much less when compared
with that in cells with rHuBMP-2. This might mean that
slow chondrogenesis of muscle-derived mesenchymal
cells might occur even in the absence of rHuBMP-2 in
this condition.

To examine whether osteogenic differentiation of
the muscle-derived mesenchymal cells occurred in this
system, we detected Cbfal/Runx2, which is an essential
transcriptional factor for osteoblastic differentiation, by
RT-PCR. The expression of Cbfal/Runx2 was observed
at 96 hours in chambers with rHuBMP-2 but not ob-
served in the absence of rHuBMP-2, which means that
osteogenic differentiation was initiated by rtHuBMP-2.
We could not detect the expression of MyoD1 nor were
there any cells showing a myogenic phenotype either in
the chambers or in the defects at any time point.

The diffusion-chamber-engineered cartilage
mass was able to repair full-thickness cartilage defects.
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At 24 weeks after transplantation, the transplanted
cartilage was incorporated and effectively repaired the
cartilage defects. The superficial layer of the transplant
facing the joint surface had histologic characteristics of
articular cartilage, but the greater part beneath the
cartilage layer was replaced by bone mass, which was
connected to the original subchondral bone. This mor-
phologic condition suggests that part of the transplanted
cartilage mass appeared to have features of preossifying
cartilage and was in the process of remodeling. This
adaptation to the surrounding environment also has
been observed in an experiment involving cell transplan-
tation to correct an osteochondral defect (13). When the
cartilage plugs that were made in diffusion chambers
were implanted into the osteochondral defects, they
were replaced by bone from the bone marrow side, but
the surface area that was in contact with the joint space
remained as cartilage. We believe that the implanted
chondrocytes remained at the surface of the defect,
although there are no data to support this conclusion.

Adachi et al (21) reported that allogeneic muscle-
derived cells embedded in collagen gels are useful for
repair of full-thickness articular cartilage, both as a gene
delivery vehicle and a cell source for tissue repair. They
transduced rabbit allogeneic muscle-derived cells with
the B-galactosidase gene (LacZ) and transplanted the
cells into the osteochondral defects in the patellar
groove in rabbit knees. They reported that the LacZ-
positive cells were found in the defect only up to 4 weeks
after transplantation. Further studies will be required to
more completely understand the biochemical and mor-
phologic processes that underpin the restorative actions
of these cell and tissue transplants.

Although the generation of the new cartilage
mass and repair of a cartilage defect with the engineered
cartilage were shown to be successful in rats, there are
some hurdles to be cleared before this approach can be
applied in clinical practice. In this study, we used cells
from the embryo, which were thought to be more
primitive and to have greater capacity for differentia-
tion. However, this represents a problem for clinical
application, because of ethical and regulatory issues.
Our technique could be applied to muscle-derived cells
from the adult, and in this approach, we can use
autologous cells. We are planning to apply this system to
adult cells, such as bone marrow mesenchymal cells,
adipocytes, and muscle-derived cells.

The less responsive nature of muscle-derived
mesenchymal cells to rHuBMP-2 in large mammals,
including humans, could also be an issue (22). Moreover,
the optimal dose of BMP required for cartilage induc-
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tion in humans must be determined. In order to solve
these issues, further experimental studies in large ani-
mals will be essential.

The kinetics of BMP release from collagen is an
important consideration. Sellers et al (23) reported that
the mean residence time of rHuBMP-2 from a collagen
sponge impregnated with 5 pg of rHuBMP-2 was 8 days,
with an elimination half-life of 5.6 days. In addition,
detectable amounts of rHuBMP-2 were present as long
as 14 days after implantation.

In comparing the data from the present study
with those reported by Sellers et al, there are differences
in experimental details. Sellers et al implanted collagen
with 5 ug of rHuBMP-2 into the osteochondral defect,
which is likely to result in a rapid vascular invasion and
much faster degradation. In the present study, collagen
with 10 pg of rtHuBMP-2 was placed into the chamber
and implanted into subfascial pockets. The presence of
the collagen in the chamber impeded invasion by the
host cells. In addition, the preparation of a collagen gel
and BMP-2 construct were different, and it would be
reasonable to expect that the kinetics of BMP release
would be influenced by these differences. It is also
possible that the transplanted pellets might include
BMP-2 at the time of implantation. Consequently, it
would be the BMP-2, and not the cells in the pellet, that
would drive the regeneration and the stability of repair
cartilage. Further studies will be required to understand
the kinetics of BMP release and the phenotypic stability
of the transplanted cell population, which is believed to
play a critical role in the outcome of tissue formation in
vivo (24).

The present study has demonstrated another
unique application of this approach, namely, the use of
muscle-derived mesenchymal cells cultivated in an ex
vivo system and differentiation of those cells into c¢hon-
drogenic cells by rTHuBMP-2 in diffusion chambers in an
in vivo environment. Use of the muscle-derived mesen-
chymal cells together with rHuBMP-2 might be a reason
for the successful generation of cartilage in this study,
because these cells are known to have multilineage
differentiation potential (21,25-27). While the present
report provides evidence to support this approach for
the successful treatment of articular cartilage defects,
further studies will be needed to validate the technique
for application in clinical practice.
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Potential risk factors

for prolonged recovery
following whiplash injury

Abstract A retrospective analysis
of insurance data was made of 600
individuals claiming compensation
for whiplash following motor vehicle
accidents. Three hundred randomly
selected claimants who had settled
their injury claims within 9 months
of the accident were compared with
300 who had settled more than

24 months after the accident. We
compared the two groups to identify
possible risk factors for prolonged
recovery, for which settlement time
greater than 24 months was a marker.
Variables considered included demo-
graphic factors, type of collision,
degree of vehicle damage, workers
compensation, prior claim or neck
disability, treatment and time to settle-
ment. Consulting a solicitor was as-
sociated with a highly significant,
four-fold increase of late settlement
of the claim. A concurrent workers’
compensation claim, prior neck dis-
ability and undergoing physiotherapy

or chiropractic treatment were
weakly associated with late settle-
ment. The degree of damage to the
vehicle (as indicated by cost of re-
pairs) was not a significant predictor
of late settlement. Late settlement
may be the direct effect of legal in-
tervention, independent of the sever-
ity of the injury. Whilst the financial
benefit to the claimant of consulting
a solicitor is apparent, the benefit of
prolonged disability is not. It may be
to the advantage of both insurers and
claimants if those likely to proceed
to late settlement could be recog-
nised early and their claims settled
expeditiously.

Keywords Whiplash - Neck injury -
Motor vehicle accident - Compensa-
tion claim - Legal representation

Introduction

Whiplash is a common injury. In South Australia approx-
imately 4,000 claims for whiplash, at a cost of the order of
Australian $50 million, are made annually (for a popula-
tion of 1.5 million). There is some evidence that the inci-
dence of this condition has increased in recent decades,
although it appears unrelated to increased seat belt use
{11].

In an extensive review, the Quebec Task Force (QTF)
on whiplash-associated disorders has noted that cases are
usually self-limited, with a median time to recovery —

measured by time to the end of disability compensation —
of 31 days. However, a significant fraction exhibited pro-
longed disability: 10% of the cases studied in the Quebec
cohort study were still unable to resume normal activity
200 days post-injury [8]. In a review of studies published
since the QTF report, considerable variation has been
found in the duration and extent of recovery. Important
sources of variation have been the outcome measures used
(e.g., settlement of claim, return to work, persistence of
symptoms) and the type of insurance system (e.g., tort or
no-fault) {3].

It is unclear if protracted disability from whiplash is re-
lated to the degree of trauma. In a 1996 review of whi-



