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Table 1 - Experimental groups.

Number Treatment

of rats

Groups

Infusion by - Transplantation
Alzet pump

Fasudil+BMSC Fasudil

group

Fasudil-only group 8
BMSC-only group 9
Control group 10

BMSC

Fasudil
Saline
Saline

Saline
BMSC
Saline

The rats were randomly divided into four groups. The fasudil
+BMSC ‘group (n=10) received fasudil administration by Alzet
osmotic mini pump and BMSG transplantation into the spinal
cord: The fasudil-only group (n=8) received fasudil administration
by Alzet pump and saline injection into the spinal cord. The BMSC-
only group (n=9) received saline administration by Alzet pump and
BMSC transplantation into the spinal cord. The control group
{n=10) received saline administration by Alzet pump and saline
injection into the spinal cord.

time period. The withdrawal threshold was calculated as the
average of six consecutive tests,

Mechanical withdrawal thresholds in rat hind limbs were
tested using a Dynamic Plantar Aesthesiometer (Ugo Basile),
in which a mechanical stimulus was applied via an actuator
filament {0.5 mm diameter), which under computer control
applies a linear ramp 5.0 g/s to the plantar surface of the hind
limb. The withdrawal threshold was calculated as the average
of six consecutive tests. Both tests were performed 8 weeks
after contusion. For comparison with baseline, we also per-
formed both tests with normal rats (n=31).

4.5,  Anterograde labeling of corticospinal tracts with BDA,
immunohistochemical, and histological assessment

Nine weeks after contusion, the corticospinal tract (CST) was
hemilaterally traced under halothane anesthesia with 2.0 uL
biotinylated dextran amine (BDA, molecular weight: 10,000,
10% in 0.01 M PBS, Molecular Probes). A micro-glass pipette
needle attached to a 2 uL Hamilton syringe was stereotaxically
guided, and BDA was slowly injected into four sites in the
sensorimotor cortex for the hind limb at a depth of 1 mm. The
needle was left for an additional 1 min following each injec-
tion to minimize reflux.

Animals were subjected to trans-cardiac perfusion with 4%
paraformaldehyde in PBS (pH 7.4) for 14 days after BDA
injection. At the conclusion of the BDA infusion period (11
weeks after contusion), the spinal cords were dissected and
immersed overnight in 4% paraformaldehyde, then stored in
20% sucrose in PBS. The spinal cords were cut into 20 mm
lengths (10 mm rostral and 10 mm caudal from the lesion site)
and embedded in OCT compound (Tissue Tek, Sakura
Finetechnical, Tokyo, Japan). These blocks were sectioned in
the sagittal plane (section thickness=25 ym) using a cryostat.
We mounted a set of serial sections on a total of eight poly-L-
lysine-coated slides (Matsunami, Tokyo, Japan) for each
animal. Each slide contained six sliced sections at 200 pym
intervals, and the sections for each slide were offset by 25 ym
from the previous slide in the set. By this method, we were
able to cover approximately 1200 pm of the lesion at 25 um

intervals in these eight slides. We processed the slides for
histological or immunohistochemical staining.

To evaluate lesion size, one slide from one animal was
stained with cresyl violet. The three slices showing the
greatest damage were selected from one slide, and cavity
size was determined with Photoshop 5.5 software (Adobe, San
Jose, CA). Mean lesion size values for each group were calcu-
lated using these three lesions size values for each animal,
and mean size comparisons were performed among the four
groups.

In order to identify cell populations and characterize the
cellular response, sections were immunolabeled with one or
more antibodies. Anti-green fluorescent protein (GFP, rabbit
polyclonal antibody, 1: 1600, Molecular Probes) was used to
identify grafted rat BMSCs. The number of surviving trans-
planted cells and the localization of the cells were evaluated.
Double immunohistochemical staining was performed with
GFP plus either mouse anti-glial fibrillary acidic protein
(GFAP, 1:400, Sigma, St. Louis, MO) or mouse anti-GSTa
(1:400, BD Pharmingen, Franklin Lakes, NJ}, or mouse anti-
NeuN (1:400; Chemicon) to evaluate transdifferentiation of
BMSCs into astrocytes, oligodendrocytes, and neurons,
respectively. After reacting with primary antibodies, the
sections were incubated with Alexa Fluor 488-conjugated
anti-mouse or anti-rabbit IgG (Molecular Probes) and with
Alexa Fluor 594-conjugated anti-mouse or anti-rabbit 1gG
(Molecular Probes).

To evaluate residual and regenerative fibers, rabbit anti-
neurofilament polyclonal antibody (1:800, Sigma) and rabbit
anti-serotonin (5-HydroxyTryptamine, 5-HT) polyclonal anti-
body (1:5000, Sigma) were used for pan-nerve fibers. After
reacting with primary antibodies, the sections were incubated
with Alexa Fluor 488-conjugated anti-rabbit IgG (Molecular
Probes) to detect positive signals. The numbers of immuno-
reactive fibers that traversed the virtual lines perpendicular to
the central axis of the grafts were counted at three locations:
the lesion site, 2.5 mm rostral from the lesion site, and 2.5 mm
caudal from the lesion site.

For anterograde labeling of CSTs with BDA, sections were
incubated with Alexa Fluor 594-conjugated streptavidin (1:800;
Molecular Probes). The distance from the end of the labeled
axons to the edge of the lesion site and the number of CST
axons at the lesion site were measured.

The fluorescent signals were observed by fluorescence
microscopy, ECLIPSE E600 (Nikon, Tokyo, Japan), and DP71
(Olympus, Tokyo, Japan). To maintain blinding in this histo-
logical study, observers were kept unaware of treatment
groups.

4.6.  Statistical analysis

Data were evaluated by multiple comparisons between
groups. For histological studies, one-way ANOVA followed by
the Bonferroni/Dunn post hoc test was used. For the 9-week
locomotor scale, repeated-measures ANOVA followed by the
Turkey-Kramer post hoc test was used. For fractional BBB score
at each time point, one-way ANOVA followed by the Turkey-
Kramer post hoc test was used. Data are presented as mean
values+SEM. Differences were considered statistically signif-
icant at *p<0.05.
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Running Exercise for Short Duration Increases Bone Mineral
Density of Loaded Long Bones in Young Growing Rats

Yoshinobu Hagihara,” Arata Nakajima,l* Satoshi Fukuda,” Sumio Goto,"
Haruzo lida® and Masashi Yamazaki'

lDepartment of Orthopaedic Surgery, Chiba University Graduate School of Medicine, Chiba, Japan
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Running exercise is an effective therapy for the prevention of osteoporosis; however, appropriate duration
of exercise has not been determined. We therefore investigated the effect of exercise duration on bone
mineral density (BMD) and systemic bone metabolism using young growing rats. Fifteen 8-week-old female
Wistar rats were divided into three groups according to running load: control group (no running), short
duration (30 min/day) and long duration (180 min/day), and animals ran on a treadmill 5 days per week over
an 8-week period. BMD of the tibia was measured using peripheral quantitative computed tomography, and
serum levels of tartarate-resistant acid phosphatase (TRAP), a bone resorption marker and alkaline
phosphatase (ALP), a bone formation marker were measured to know whether the treadmill exercise would
affect systemic bone metabolism. Short-duration running exercise (30 min/day) caused a significant
increase in BMD of the metaphyseal trabecula (p < 0.05) with a reduction of serum TRAP levels (p < 0.01)
and an increase in serum levels of calcium (p < 0.05) and phosphorus (p < 0.01). Conversely, long-
duration exercise (180 min/day) significantly reduced BMD of the diaphyseal and metaphyseal cortex and
that of the diaphyseal trabecula with a significant reduction of serum ALP levels and a significant increase in
serum phosphorus. These findings suggest that short-duration exercise may increase BMD through
suppression of bone resorption, whereas long-duration exercise may reduce BMD through suppression of
bone formation. Exercising for short duration but not prolonged exercise is recommended to increase BMD

of loaded long bones.
resorption.
Tohoku J. Exp. Med., 2009, 219 (2), 139-143.

Current strategies for the prevention of osteoporosis
focus on maximizing the accumulation of bone mass early
in life during growth and maturation, and minimizing bone
loss later in life (Kulak and Bilezikian 1998; Rozenberg et
al. 1999; Iwamoto et al. 2009). Achieving the maximum
bone mass at skeletal maturity is the best protection against
osteoporotic fractures (Matkovic et al. 1990; Iwamoto et al.
2009). Because physical activity during childhood and ado-
lescence may be one of the most important determinants of
peak bone mass, exercise should be emphasized during this
period (Iwamoto et al. 2009).

Several studies have demonstrated that moderate exer-
cise in the pre-menopausal period, including puberty,
increases bone mineral density (BMD) (Myburgh et al.
1990, 1993, Prior et al. 1990; Welten et al. 1994;
Friedlander et al. 1995; Goto et al. 1995); however, exces-
sive exercise in this period reduces BMD (Yingling et al.
2001; Barry and Kohrt 2008). Using young growing rats,

running exercise; duration; bone mineral density; bone formation; bone

© 2009 Tohoku University Medical Press

we previously verified the effects of moderate exercise in
the form of running on a treadmill at a speed of 15 m/min
for 30 min per day, over an 8-week period, on BMD of the
long bones. We determined that the appropriate exercise
frequency to increase BMD of the long bones was 4 to 5
days per week (Hagihara et al. 2005). However, the optimal
combination of exercise frequency and duration to maxi-
mize BMD has not been established.

The purpose of the present study was to examine the
effects of running for short (30 min) and long (180 min)
durations on BMD of the loaded long bones and bone meta-
bolic markers in young growing rats. These rats were sub-
ject to loading of a moderate magnitude (treadmill running
at a speed of 15 m/min) over an 8-week period.
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Table 1. Mean body weights of rats at the start and end of the experiment, and
weight gained during the experimental period.

Group Start (g) End (g) Weight gained (g)
Control 212.0+11.40 263.0x 16.14 66.8 +6.14
SD 2146 £ 8.65 267.4 + 1694 68.4 +940
LD 2104 £ 11.95 2582+ 13.41 62.2 +6.98

SD, short duration; LD, long duration.

Materials and Methods

Animals and housing conditions

Fifteen 6-week-old female Wistar rats, with a mean weight of
156.8 g, were purchased. Animals were housed five to a cage and
kept in a room with a temperature of 22 + 2°C; relative humidity, 55 +
5%: and a 12-h dark and light cycle. They were allowed free access
to drinking water and commercial solid food (BM-1; Funabashi Farm,
Funabashi, Japan) containing 1.2% calcium.

Running exercise and procedures

A treadmill device (Shinano, Tokyo, Japan) was used to provide
a running load to the rats. Rats were pre-exercised for 2 weeks to
habituate them to the device and to determine suitable running condi-
tions, as described later. The rats were then divided into the following
groups: control (no running); short duration (30 min/day) load (SD);
long duration (180 min/day) load (LD). Each group consisted of five
animals. The running load was initiated when the rats were 8 weeks
old. The running conditions were determined according to our previ-
ous publications (Hagihara et al. 2000, 2005). All rats ran at a tread-
mill speed of 15 m/min, a speed at which they ran voluntarily and did
not drop out. Animals ran 5 days per week (running on Monday
through Wednesday and Friday through Saturday, resting on Sunday
and Thursday), over a period of 8 weeks. This study was approved by
the ethics committee of Chiba University.

Measured items

Body weights and food intakes of the rats were measured every
day before and after running to check for untoward findings arising
from the load. To determine whether the treadmill load affected the
4-day estrous cycle of the rats, vaginal smears were collected at
11 : 00 a.m. daily for 5 days in the first and third weeks, and for 10
consecutive days from the sixth week of the experiment. The collect-
ed vaginal smears were stained with Giemsa, and cells were observed
under a light microscope.

The rats were killed under anesthesia using chloroform. The
blood was collected from the posterior vena cava after celiotomy and
centrifuged at 3,000 rpm. The serum was frozen and stored at —20°C.
Concentrations of total serum calcium (Ca), phosphorus (P), and tar-
tarate-resistant acid phosphatase (TRAP) were determined by the
o-cresol phthalein complexone (OCPC), molybdenum blue, and
p-nitrophenylphosphate (PNPP) substrate method, respectively.

Tibiae were collected and fixed in 70% ethanol. Measurements
of BMD and the bone cross-sectional area were performed using
peripheral quantitative computed tomography (pQCT) (voxel: 148
mm, 18.9 mm; XCT-960A) (Norland and Stratec, Germany). In this
system, values of less than 395 and more than 690 mg/cm” are regard-
ed as trabecular BMD and cortical BMD, respectively. The trabecular
BMD was measured at a position 3 mm from the center of the carti-

Table 2. Concentration of calcium and phosphorus in the

serum.

Group Ca (mg/dl) P (mg/dl)
Control 10.58 +£0.48 9.06 £ 0.87
SD 13.80 +2.22* 11.48 £ 1.15%*
LD 11.58 + 1.87 10.92 + 1.13%*

SD, short duration; LD, long duration.
*Significantly different from controls, p < 0.05; **p < 0.01.

Table 3. Concentration of TRAP and ALP in the serum.

Group TRAP (IU/ml) ALP (1U/ml)
Control 39.04 +5.91 359.0 £ 60.8
SD 26.16 + 3.12%* 3314645
LD 31.98 £6.71 250.6 £ 56.7*

SD, short duration; LD, long duration.
*Significantly different from controls, p < 0.05; **p < 0.01.

lage plate image in the proximal epiphysis of the tibia. Cortical BMD
was measured 12 mm away from the respective cartilage plate.

Statistical analyses

Differences between groups were determined by an ANOVA.
Where differences existed, the Fisher protected least significant differ-
ence test was used to determine significance. A value of p <0.05 was
considered statistically significant. All values were expressed as
means =+ 5.D.

Results

There were no significant differences in food intake
between groups. Also, there were no alterations or differ-
ences in the estrous cycle among the groups. The increase
in body weight of group SD was higher than that of the oth-
er two groups, but no significant differences were seen
among the groups (Table 1).

Regarding serum biochemistry, there was a significant
increase in serum calcium values in group SD, and in serum
phosphorus values in groups SD and LD compared to the
control group (Table 2). The ALP level, a bone formation
marker, was significantly decreased in group LD, but not
altered in group SD (Table 3). It was of great interest that
the TRAP level, a bone resorption marker, was significantly
reduced in group SD (Table 3).
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Fig. 1. BMD of the metaphyseal trabeculae and cortex of the tibia, and that of the diaphyseal trabeculae and cortex. Thirty-
minute exercise periods (short duration) significantly increased BMD of the metaphyseal trabecula compared to the con-
trol (no running) group. In contrast, 180-minute periods (long duration) significantly reduced BMD of the diaphyseal
and metaphyseal cortex, and that of the diaphyseal trabecula compared to controls. *Significantly different from con-
trols, p <0.05; **p <0.01. SD, short duration; LD, long duration.

Most importantly, BMD of the metaphyseal trabecula
of the tibia was significantly increased in group SD, but no
significant differences were noted between group LD and
the control group (Fig. 1). BMD of the metaphyseal cortex
was lower in groups SD and LD than in the control group;
however, the reduction was only significant in group LD
(Fig. 1).

In contrast, BMD of the diaphyseal trabecula was not
altered between group SD and the control group, while it
was reduced significantly in group LD (Fig. 1). Similarly,
there were no significant differences in BMD of the diaphy-
seal cortex between group SD and the control group, but
there was a significant decrease in that of group LD (Fig. 1).

Discussion

In the present study, we examined the effect of exercise
duration on BMD of the tibia. Running for a short duration
significantly decreased TRAP levels in the serum, leading to
a significant increase in BMD of the metaphyseal trabecula.
Conversely, extended running significantly reduced serum
ALP levels, resulting in a significant decrease in BMD of
the metaphyseal cortex and that of the diaphyseal trabecula
and cortex.

Several studies investigating the relationship between
exercise and BMD have shown that moderate exercise
increases BMD, while excessive exercise such as marathon
running induces a decrease in BMD (Myburgh et al. 1990,
1993; Prior et al. 1990; Welten et al. 1994; Friedlander et al.
1995; Goto et al. 1995). Although we did not precisely

define optimum running conditions for maximizing BMD,
we did demonstrate clearly that running for a short duration
(30 min/day) was more effective at increasing BMD of the
metaphyseal trabecula of the tibia than running for a longer
duration (180 min/day). Previously, we found no changes
in adrenal gland weights after rats were subjected to a run-
ning exercise load of 15 m/min (Fukuda et al. 2002), the
speed used in the present study. In our prior study, the
8-week-old male rats were run for 90 min/day for 35 days
and we inferred that this regimen did not subject the rats to
significant stress. Thus the speed of 15 m/min was consid-
ered to be a moderate load for the 8-week-old rats used in
the present study. Though the durations tested were differ-
ent from the prior study, we considered the overall stress to
which the animals were exposed to be similar to the previ-
ous study.

It is of great significance that running for a short dura-
tion increased BMD of the metaphyseal trabecula but not
BMD of the cortical bone. We previously reported that
BMD of the metaphyseal trabecula in rat tibiae subjected to
a moderate running load was significantly higher than that
of controls. There were no significant differences in BMD
of the diaphyseal cortex (Hagihara et al. 2005), consistent
with the results presented here. Iwamoto et al. (2000) pre-
viously demonstrated that treadmill exercise significantly
increased proximal tibial cancellous bone volume but not
tibial shaft cortical bone area in young growing rats, sup-
porting our results that showed the differential effect of run-
ning exercise on the trabecular and cortical bone.
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In this study, running for a short duration increased
BMD of the metaphyseal trabecula of the tibia and
decreased serum TRAP levels but did not alter the ALP lev-
els. This suggests that exercising for a short duration may
have a negative effect on bone catabolism, with no signifi-
cant effects on bone anabolism. Recently, Iwamoto et al.
(2005) showed that treadmill exercise increases cortical and
cancellous bone mass of the tibia as a result of increased
bone formation and decreased bone resorption in young and
adult rats. In addition, they revealed that treadmill exercise
prevents cancellous bone loss at the tibia as a result of sup-
pressed bone resorption, and increases bone mass of the tib-
ia and mechanical strength of the femur as a result of
suppressed bone resorption and increased bone formation in
osteopenic rats after ovariectomy (Iwamoto et al. 2005).
Although neither short nor long duration exercise increased
serum ALP levels in the present study, these findings, at
least in part, support our results. Given that the mechanism
by which the BMD was increased was due to inhibition of
bone resorption and not promotion of bone formation, run-
ning may have more of an effect on trabecular bones than
cortical bones because trabecular bones contain more osteo-
clasts.

Also noteworthy was the observation that prolonged
exercise significantly diminished BMD both for trabecular
and cortical bone in the tibial diaphysis. Considering that
prolonged exercise significantly reduced serum ALP levels,
it seems conceivable that the BMD would be reduced more
significantly in trabeculae than cortices because trabeculae
contain more osteoblasts; however, BMD of the cortex (both
metaphyseal and diaphyseal) was significantly reduced. We
speculate two possible explanations for this inconsistency.
Like trabecular osteoblasts, periosteal osteoprogenitor cells
are considered to have high levels of ALP activity in young
growing rats (Mizuno et al. 2006; Park et al. 2007). Thus, it
is possible that periosteal osteoprogenitor cells rather than
trabecular osteoblasts were affected more strongly by the
long duration exercise-induced decrease in bone formation,
resulting in significant loss of BMD of the cortex. Another
is the issue that we may not able to simply correlate
decrease in serum ALP levels with decrease in bone forma-
tion because we did not measure bone-specific ALP. To
establish mechanisms by which long duration exercise
reduced BMD of the cortex, analyses for bone-specific
markers and dynamic parameters by bone histomorphome-
try will be necessary.

Exercise has an effect on calciotropic hormones. In
rats, it promotes a positive calcium balance and increases
skeletal mass, largely as a result of an increase in 1,25-dihy-
droxyvitamin D; and enhancement of intestinal calcium
absorption (Yeh et al. 1989; Yeh and Aloia 1990).
Consistent with this observation, in the present study ani-
mals exercised for a short period exhibited a significant
increase in serum calcium levels; however, those run for a
prolonged duration showed no significant hormonal chang-
es. This suggests that running for a short period increases

serum 1,25-dihydroxyvitamin D; levels and intestinal
absorption of calcium, which in turn, decreases absorption
of calcium from bone, resulting in inhibition of bone resorp-
tion. Iwamoto et al. (2004) investigated effects of treadmill
exercise on calciotropic hormones in young growing rats,
and demonstrated that exercise increases the serum 1,25-
dihydroxyvitamin D, level and decreases the serum parathy-
roid hormone level, resulting in an increase in bone mass
with stimulation of longitudinal bone growth, especially at
weight bearing sites. Although the serum calcium level was
not altered in exercised rats and controls in their study, these
results appear to support our results and explanation to why
short duration exercise-induced decrease in serum calcium
levels lead to the decrease in bone resorption.

A limitation of the present study is the lack of bone
(including both trabecular and cortical bones) histomorpho-
metric analyses. Therefore, the alternations in local bone
formation and bone resorption, cellular activities and bone
architecture in the tibia remain uncertain. Further studies
are essential to establish the effects of exercise duration on
these dynamic parameters in loaded long bones such as the
tibia.

In conclusion, short duration exercise increased BMD
of the tibia while prolonged exercise did not. The mecha-
nism by which exercise for a short duration increases BMD
may be inhibition of systemic bone resorption. Prolonged
exercise may reduce BMD through suppression of systemic
bone formation. To increase the peak bone mass during the
pre-menopausal period exercise duration must be neither
too short nor too long. The optimal duration and load in hu-
mans, however, remains to be established.
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Evidence of Enhanced Expression of Osteopontin in

Spinal Hyperostosis of the Twy Mouse

Atsuomi Aiba, MD,*t Arata Nakajima, MD, PhD,*$ Akihiko Okawa, MD, PhD,*
Masao Koda, MD, PhD,*t and Masashi Yamazaki, MD, PhD*

Study Design. Gene expression and protein localiza-
tion of osteopontin (OPN) in spinal hyperostosis of the
twy mouse by means of in situ hybridization, immunohis-
tochemistry, and Northern blot analysis.

Objective. To verify the involvement of OPN in spinal
hyperostosis in the twy mouse and elucidate its ossifica-
tion pattern at molecular levels. .

Summary of Background Data. OPN is a molecule that
consistently colocalizes with ectopic calcification in hu-
man pathologic conditions. The twy mouse, which shows
ectopic calcification of the spinal ligament resulting in
hind limb paralysis, is considered to be a model for hu-
man ossification of the posterior longitudinal ligament of
the spine.

Methods. Twenty-eight each of age-matched twy, het-
erozygote, and wild-type mice were killed at 2, 4, 8, 12,
and 16 weeks old and subject to histologic and/or molec-
ular analyses. Sections were hybridized with RNA probes
for OPN and also stained with anti-OPN antibodies. Total
cellular RNA was extracted from the cervicothoracic spine
of each genotype at 2- and 16-week-old, and gene expres-
sion for OPN and COL10A1 was quantified by Northern
blot analysis. ’

Results. Enhanced expression of OPN mRNA was ob-
served in spinal hyperostotic lesions of the twy mouse,
specifically in cells of the spinal ligament and chondro-
genic cells in the outer layer of the anulus fibrosus. These
trends were also confirmed by immunohistochemical
analyses. Northern blot analysis showed that a consider-
able amount of OPN transcripts was detected in all geno-
types at 2 weeks old, but the robust expression of OPN
mRBNA was maintained only in twy mice at 16 weeks old.
COL10A1 transcripts were hardly detected regardless of
the genotype at 16 weeks old. ;

Conclusion. OPN was overexpressed in the hyperostotic
spinal lesions of twy mice, and the hyperostosis was in-
duced mainly by ectopic ossification of the spinal ligament.
Because OPN is considered to be an inhibitor of calcifica-
tion, further studies will be necessary to verify whether OPN
overexpressed in the twy mouse is functional.
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The twy (tiptoe-walking Yoshimura) mouse, established
in Japan in 1978 by mating siblings of the ICR strain of
mice, is a mutant (gene symbol: ttw) showing multiple
osteochondral lesions." We have used this mouse as a
model for ossification of the posterior longitudinal liga-
ment of the spine (OPLL), a disorder that causes severe
cervical myelopathy in humans.>” The incidence of
OPLL is 1.5% among the Japanese population over 50
years old. Today, OPLL is known to occur worldwide,
although it continues to occur particularly in Asia. Con-
sequently, the hyperostotic changes in the cervical verte-
bral cortex of the twy mouse has drawn attention as a
useful model for human ankylosing spinal hyperostosis®
and/or diffuse idiopathic skeletal hyperostosis.” Both dis-
ease entities are thought to be quite similar to OPLL.

We previously determined that the twy phenotype is
caused by a nonsense mutation (glycine 568 to stop) in the
Npps gene, which encodes nucleotide pyrophosphatase.”
This enzyme regulates soft tissue calcification and bone
mineralization by producing inorganic pyrophosphatase, a
major inhibitor of calcification.'® ™ Thus, the hyperostotic
phenotype of the twy mouse is thought to result from dys-
function of nucleotide pyrophosphatase.

Osteopontin (OPN), a secreted glycosylated phospho-
protein, is one of the major noncollagenous proteins in
bone matrix. It binds with high affinity to hydroxyapa-
tite, possibly through its asparatic acid-rich region, and it
may participate in physiologic tissue mineralization.'* In
addition, OPN interacts with the vitronectin receptor
(avB3 integrin) on osteoclasts through its Arg-Gly-Asp
(RGD) sequence, implicating OPN as a potentially im-
portant participant in bone resorption.'*'* OPN is also
well known as a molecule that consistently colocalizes
with ectopic calcification, and is an acidic phosphopro-
tein normally found in bone, teeth, kidney, and epithelial
lining tissues. Expression of OPN mRNA is increased
under conditions of injury and disease in many tissues,
and it is closely associated with calcified deposits found
in numerous pathologies including atherosclerotic le-
sions, aortic stenosis, kidney stones, and tumors.'® Re-
cent in vitro studies support a role for OPN as an inhib-
itor of calcification and hydroxyapatite growth.'”1?
Conversely, the colocalization of OPN with biomineral-
ization in hard tissues and its ability to bind and poten-
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tially orient calcium?®® suggest that OPN may promote
ectopic calcification in vivo.

Although OPN is a key molecule involved in ectopic
calcification associated with normal and/or pathologic
conditions, there have been no reports showing associa-
tion of OPN with spinal hyperostosis, which is the most
characteristic phenotype of the twy mouse. To determine
the involvement of OPN in ectopic calcification of the
spinal ligament in this mutant, we assessed spatial and
temporal gene expression for OPN in the spine and com-
pared its expression profile among twy, heterozygote,
and wild-type mice.

B Materials and Methods

Animals and Tissue Preparation
The animals used in this study were 28 each of age-matched
twy, heterozygote, and wild-type mice that have the ICR strain.
At 2,4, 8,12, and 16 weeks old, mice were killed under anes-
thesia and their cervical spine was removed after perfusion-
fixation with 4% paraformaldehyde in 0.1 M phosphate buffer.
These experimental procedures were approved by the Animal
Care and Use Committee of Chiba University, Japan.

Samples were then dehydrated and decalcified with 20%
EDTA (pH: 7.4). After decalcification, the cervical spine was
bisected sagittally in the median plane. Tissues were then em-
bedded in parafin and midsagittal 6-um-thick sections were
cut and mounted on silane-coated slides.

Preparation of Probes
The following cDNA clones were used as hybridization probes
in this study: mouse pro-a1(X) collagen (COL10A1) cDNA
containing a 0.60-kb fragment and mouse osteopontin cDNA
containing a 1.2-kb fragment (a gift from Dr. S. Nomura,
Osaka University, Japan). Specificity of these probes was con-
firmed previously.?'=2*

In Situ Hybridization

To compare distribution of cells expressing OPN mRNA in the
cervical spine of twy and wild-type mice, sections were hybridized
with probes for OPN, Digoxigenin-11-uridine 5-triphosphate-
labeled single-strand RNA probes (antisense and sense probes) for
mouse OPN cDNA (1.2-kb) were prepared. In situ hybridization
was carried out as previously described.>'->%**2° Briefly, sections
were hybridized with antisense probes at 50°C for 16 hours, and
signals were detected using the digoxigenin detection kit (Roche
Molecular Biochemicals, Indianapolis, IN). After signal detection,
sections were counterstained with methyl-green. Sense probes
were used to exclude the possibility of nonspecific signals.

Immunohistochemistry

To clarify the localization of OPN in the cervical spine of twy
and wild-type mice, sections were reacted with antimouse OPN
rabbit antibodies (1:100; LSL, Tokyo, Japan) as previously
described.?® Signals were detected using diaminobenzidine.
Counterstaining was performed with Mayer’s Hematoxyline.
For negative-control sections, the same procedures were used
but the primary antibody was replaced by nonimmune rabbit
IgG (Vectastain, Vector Laboratories, Burlingame, CA).

RNA Extraction and Northern Blot Analysis
For RNA extraction, 4 mice of each genotype were killed as de-
scribed earlier at 2- and 16-week-old, and the cervicothoracic
spine was harvested. Tissues were frozen immediately in liquid

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Wild-type
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Figure 1. Expression of OPN mRNA in the cervical spine of
wild-type and twy mice at 4 weeks old. In wild-type mice, expres-
sion of OPN mRNA was restricted to cells of the vertebral end
plate and to osteoblasts of the vertebral primary spongiosa (A). In
contrast, in twy mice {ttw/ttw), OPN mRNA was also detected in
cells of the spinal ligament and cells of the outer layer of the
anulus fibrosus (C). Cellular hypertrophy of these OPN mRNA-
positive cells was more evident in twy mice than in the wild-type
(B, D). VE indicates vertebral end plate; VS, vertebral primary
spongiosa; SL, spinal ligament; and AF, anulus fibrosus. Scale
bars = 200 pm.

nitrogen and stored at —80°C until RNA isolation was per-
formed. Total cellular RNA was extracted using TRIzol (Gibco
BRL, Rockville; MDY} according to the manufacturer’s instruc-
tions. Twenty ug of total RNA from each sample was subjected to
1% agarose gel electrophoresis and transferred to a nylon mem-
brane (Hybond-XL; Amersham Pharmacia Biotech, Buckingham-
shire, UK). cDNA probes were labeled with **P using a random
priming method. Northern blot analysis was carried out as previ-
ously described.2172* The density of each bard on the autoradio-
gram was estimated by an image analyzer (Image Gauge software,
version 3.1; FUJIFILM, Tokyo, Japan).

B Results

Analysis of OPN mRNA Expression by In

Situ Hybridization
OPN mRNA was detected in cells of the vertebral end
plate both in wild-type and twy mice from 2 weeks old,
and there was no evident difference in its expression pat-
tern between genotypes (data not shown).

At 4 weeks old, expression of OPN mRNA was re-
stricted to cells in the vertebral end plate and osteoblasts
in the vertebral primary spongiosa in wild-type mice
(Figure 1A). In contrast, in twy mice, OPN was also
detected in cells of the spinal ligament and cells in the
outer layer of the anulus fibrosus (Figure 1C). Cellular
hypertrophy of these OPN mRNA-positive cells was
more evident in twy mice than in the wild-type (Figures
1B, D). The preferential expression of OPN in the spinal
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Figure 2.- Expression of OPN mBNA in the posterior cervical spine of
the twy mouse at 16 weeks old. Panels A to C are sequential sections.
A strong OPN signal was detected in cells of the spinal ligament (A,
arrows) and hypertrophic chondrocytes in the outer layer of the
anulus fibrosus (A, arrowheads). The region containing OPN-positive
chondrocytes in the anulus fibrosus showed metachromasia with TB
staining (B). OPN-positive regions in the spinal ligament showed
eosinophilia with HE staining (C). Scale bars = 50 um.

ligament and anulus fibrosus in twy mice became more
evident at 8- and 12-week-old (data not shown).

At 16 weeks old, the spinal ligament became hyper-
trophied in twy mice, and cells in both the posterior
(Figure 2A, arrows) and anterior (Figure 4A, arrows)
spinal ligaments expressed a strong signal for OPN
mRNA. Hematoxyline and eosin (HE) staining revealed
that these OPN-positive regions were histologically con-

Wild-type

ttwittw

Figure 3. Localization of OPN protein in the cervical spine of
wild-type and twy mice at 2 weeks old. In twy mice (ttw/tiw), OPN
immunoreactivity was evident in cells of the outer layer of the
anulus fibrosus. Most of the OPN-positive cells were hypertro-
phied and showed a round-shaped morphology (C, D, arrow-
heads). However, in wild-type mice, OPN immunoreactivity was
weak and showed a spindle-shaped morphology (A, B). Scale
bars = 50 um,.
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Figure 4. Expression of OPN mRNA (A} and localization of its
protein (B) in the anterior cervical spine of the twy mouse at 16
weeks old. Panels A and B are sequential sections. A strong OPN
mRNA signal was detected in cells of the spinal ligament (A,
arrows) and chondrogenic cells in the outer layer of the anulus
fibrosus (A, arrowheads}. Localization of OPN protein was evident
in cells that were also positive for OPN mRNA (B, arrows and
arrowheads). Scale bars = 50 um.

sistent with osteoid (Figure 2C). At this time point, some
chondrogenic cells in the outer layer of the anulus fibro-
sus also expressed a strong signal for OPN mRNA (Fig-
ure 2A, arrowheads) and these regions showed meta-
chromasia with toluidine-blue (TB) staining (Figure 2B).
In contrast, the OPN signal was significantly diminished
in age-matched wild-type mice (data not shown).

Analysis of OPN by Immunohistochemistry
At 2 weeks old, OPN immunoreactivity was detected in
cells of the vertebral end plate both in wild-type and twy
mice (data not shown). In addition, in twy mice, OPN
was evident in cells in the outer layer of the anulus fibro-
sus. Most of the OPN-positive cells were hypertrophied
and showed a round-shaped morphology (Figures 4C, D,
arrowheads). However, in wild-type mice, OPN immu-
noreactivity was weak and showed a spindle-shaped
morphology (Figures 4A, B).

From 4 weeks old on, in twy mice, OPN immunore-
activity was detected in cells in the spinal ligament (Fig-
ure 3B, arrows) and chondrogenic cells in the outer layer
of the anulus fibrosus (Figure 3B, arrowheads), which
was consistent with the expression pattern of OPN
mRNA by in situ hybridization analysis. These trends
were also seen in wild-type mice; however, OPN immu-
noreactivity was weak compared with that of twy mice
(data not shown).

Analysis of OPN and COL10A1 mBNA by Northern Blot
At 2 week’s old, considerable amounts of OPN tran-
scripts were detected in all genotypes and there was no
significant difference in the expression level among geno-
types. At 16 weeks, robust expression of OPN mRNA
was still detected in twy mice; however, it was reduced in

the heterozygote and further reduced in wild-type mice
(Figure 5).
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Figure 5. Temporal expression of OPN and COL10AT mRNA in the
cervicothoracic spine of wild-type, heterozygote (+/ttw), and twy
mice {tw/ttw) during growth. Twenty ug of total RNA from each
sample was analyzed to quantify the levels of OPN and COL10A1
transcripts. At 2 weeks old, considerable amounts of OPN transcripts
were detected in all genotypes with no significant difference in
expression levels among them, while small amounts of COL10A1
transcripts were seen in all genotypes. At 16 weeks old, robust
expression of OPN mRNA was still detected in twy mice, but no
longer detected in the heterozygote or wild-type mice. Note that
COL10A1 transcripts were hardly detected regardless of the geno-
type. Eighteen S and 28S served an internal standard for the amount
and integrity of RNA preparation. Representative autographic images
are shown.

To determine the ossification pattern for the spinal
ligament of twy mice, we also investigated the temporal
expression of the COL10A1 gene, an established marker
for chondrocyte hypertrophy, during growth. At 2 weeks
old, a small amount of COL10A1 transcripts was de-
tected in all genotypes, with no significant differences
noted among genotypes. Strikingly, at 16 weeks old,
COL10A1 transcripts were hardly detected regardless of
the genotype (Figure §).

B Discussion

The spinal lesion of the twy mouse is characterized by
ectopic calcification that occurs in the outer layer of the
anulus fibrosus from 4 weeks old and bony bridging over
vertebral bodies that begins at 11 weeks old.* Histologic
analyses using nondecalcified spinal tissues of twy mice
showed intramembranous bone formation at the enthe-
sis of the spinal ligament.*® However, the present study
using decalcified tissues demonstrated endochondral
bone formation at the enthesis. Thus, ossification pat-
terns for the spinal ligament of the twy mouse have been
unknown to date.

In the spine of the twy mouse, OPN was detected in
hypertrophic chondrocytes of the vertebral end plate,
cells in the outer layer of the anulus fibrosus, cells in the
spinal ligament, and osteoblasts in the primary spon-
giosa of the vertebral body. Of interest, from 4 weeks old
on, expression of OPN in the twy mouse was enhanced in
chondrogenic cells in the outer layer of the anulus fibro-
sus and cells in the spinal ligament, compared with age-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

matched wild-type mice. In particular, extracellular matrix
around cells in the outer layer of the anulus fibrosus showed
metachromasia with TB staining, suggesting that those cells
possessed a chondrogenic phenotype. Furthermore, regions
adjacent to the TB-stained area showed eosinophilia with
HE staining, indicating that osteoid, immature bone is also
formed there. Considering our previous study demonstrat-
ing localization of type II, IV, and XI collagen in the outer
layer of the anulus fibrosus,” ossification of the spinal liga-
ment in the twy mouse might be induced, at least in part, by
endochondral ossification.

To determine whether ossification of the spinal liga-
ment is mediated by endochondral bone formation, we
extracted total RNA from the spine and investigated
mRNA expression for OPN and COL10A1 at 2- and
16-week-old. During endochondral ossification,
COL10A1 and OPN are expressed in hypertrophic chon-
drocytes. Although COL10A1 is specifically expressed in
cells of chondrogenic lineage, OPN is expressed in cells
of both chondrogenic and osteoblastic lineages.2"»2%2*
At 2 weeks old, an equivalent amount of COL10A1 tran-
scripts was detected in all genotypes. However, at 16 weeks
old, COL10A1 transcripts were hardly detected regardless
of genotype despite elevated levels of OPN seen in the twy
mouse. These suggest that the major ossification process for
the spinal ligament of twy mice is not canonical endochon-
dral bone formation. At this point, in twy mice, a consider-
able amount of OPN was expressed in fibroblastic cells in
hypertrophied spinal ligament rather than in hypertrophic
chondrocytes in the anulus fibrosus. This also suggests that
spinal hyperostosis of the twy mouse develops largely by
ectopic ossification of the spinal ligament, but does not
involve chondrocytes of vertebral disc-mediated endochon-
dral ossification.

OPN, an extracellular matrix protein known to be
important in cellular attachment, is also a useful marker
for calcification during both intramembranous and en-
dochondral ossification.”>2* During fracture healing,
expression of OPN is detected in osteocytes and osteo-
progenitor cells in the subperiosteal callus,?” but little
OPN signal is seen in cuboidal osteoblasts.>>**” Further-
more, OPN is preferentially expressed in late hypertro-
phic chondrocytes, but not in proliferating chondrocytes,
and early hypertrophic chondrocytes in cartilaginous cal-
luses.?>** Although OPN function in bone and cartilage
metabolism remains to be elucidated, these observations
suggest that OPN functions as a marker for calcification in
vivo.

Overexpression of OPN in the spinal hyperostosis of the
twy mouse seems understandable from the view point that
OPN is a marker for calcification i vivo. Indeed, there have
been many reports that OPN mRNA was overexpressed in
pathologic lesions associated with ectopic calcifica-
tion,”® 3! indicating that OPN may have a positive role in
promoting calcification in vivo. OPN possesses the ability
to bind significant amounts of Ca** through its electroneg-
ative glutamic and aspartic acid residues, serine/threonine
kinase substrate sites, and putative calcium-binding mo-
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tifs.>* These properties of OPN likely contribute to ectopic
calcification. However, the contribution of enhanced OPN
expression to spinal hyperostosis seems to be paradoxical
from the view point that OPN is an inhibitor of calcifica-
tion. Why is spinal hyperostosis developed in the twy
mouse despite local overexpression of OPN?

Previous in vitro and in vivo studies suggest that OPN
not only inhibits mineral deposition, but also actively
promotes its dissolution by physically blocking hydroxy-
apatite crystal growth and inducing expression of car-
bonic anhydrase II in monocytic cells, which promotes
acidification of the extracellular milieu.?” These findings
indicate that recruitment of macrophages and/or mono-
cytic cells and their bone-resorbing functions are impor-
tant for OPN to regulate ectopic calcification. In other
words, under abnormal ectopic ossification associated
with overexpression of OPN, it should be considered
that there might be some problems in OPN function.

Recently, it has emerged that OPN-knock-out mice
are susceptible to ectopic calcification i vivo,>*>! indi-
cating that physiologic concentrations of OPN inhibit
calcification. To the best of our knowledge, however,
there have been no studies demonstrating the effects of an
excessive amount of OPN on ectopic calcification in
vivo. To explain spinal hyperostosis in the twy mouse
associated with local overexpression of OPN, we think
the possibility that overexpressed OPN in the spinal lig-
ament does not fully exert its primary function as an
inhibitor of calcification. Because it has been reported
that phosphorylation of OPN is crucial for its anticarcific
effects,!”1%3! further studies will be necessary to verify
whether OPN overexpressed in the twy mouse is func-
tional (i.e., phosphorylated).

In conclusion, the results presented here clearly estab-
lish overexpression of OPN in spinal hyperostosis of the
twy mouse, and this hyperostosis was induced by ectopic
ossification of the spinal ligament. Targeting OPN as a
prime candidate molecule for inhibition of ectopic calci-
fication may provide new therapeutic clues for hyperos-
totic diseases of the spine.

B Key Points

e To verify the involvement of OPN in spinal hyper-
ostosis in the twy mouse, a model for human OPLL,
gene expression, and protein localization of OPN
was analyzed by means of iz situ hybridization, im-
munohistochemistry, and Northern blot analysis.

e OPN was overexpressed in hyperostotic spinal le-
sions of the twy mouse, and the hyperostosis was
induced mainly by ectopic ossification of the spinal
ligament.

e Because OPN is considered to be an inhibitor of
calcification, further studies will be necessary to
verify whether OPN overexpressed in the twy
mouse is functional.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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We studied 27 patients with cervical ossification of the posterior longitudinal ligament (OPLL) but no
clinical symptoms of myelopathy. We investigated the occupation ratio of the spinal canal by OPLL with
cervical radiographs, assessed the morphological types of OPLL, and measured the segmental range of
motion (ROM) at the level of maximum cord compression on flexion and extension radiographs. Patients
were classified as having continuous-type OPLL (17 patients), mixed-type OPLL (seven patients), or seg-
mental-type OPLL (three patients). The segmental ROM was negatively correlated with the OPLL occupa-
tion ratio (r = —0.49, p < 0.01). No patient developed myelopathy during the study period. Three patients
with massive OPLL did not develop myelopathy and the mobility of their cervical spine was highly
restricted, suggesting that dynamic factors such as the segmental ROM preferentially contribute to the
development of myelopathy in patients with cervical OPLL. Thus, by controlling the dynamic factors
(hypermobility), we might be able to reduce neurological deterioration in patients with cervical OPLL.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ossification of the posterior longitudinal ligament (OPLL) of the
cervical spine results in static compression of the spinal cord that
causes myelopathy.” Both anterior and posterior surgical ap-
proaches have been performed for cervical myelopathy due to
OPLL,!>45 and several studies have shown that the anterior surgi-
cal approach results in a better surgical outcome when the occupa-
tion ratio by OPLL is large,?* indicating that complete removal of
the static compression factor is important in the treatment of
myelopathy.

Dynamic factors, such as the mobility of the spinal col-
umn, are also important in the development of myelopathy
when a considerable degree of the canal is occupied by
OPLL.5® However, the contribution of dynamic factors to the
development of myelopathy in cervical OPLL patients has
not been fully determined. In the present study, we radio-
graphically and clinically evaluated patients who had cervical
OPLL but no symptoms of myelopathy, and analyzed the con-
tribution of static and dynamic factors to the development of
myelopathy.

* Corresponding author, Tel.: +81 43 226 2117; fax: +81 43 226 2116.
E-muail address: masashiy@faculty.chiba-u.jp (M. Yamazaki).

0967-5868/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jocn.2009.06.023

2. Materials and methods

From April 2000 through March 2007, 27 patients with cervical
OPLL (11 men, 16 women, mean age at first diagnosis 63.3 years
[range, 37-78 years]) in whom the space available for the spinal
cord (SAC) (Fig. 1A) at the cervical spine was < 12 mm visited
our institute for initial consultation. When the patients were diag-
nosed with cervical OPLL, they had no clinical symptom of myelop-
athy. The mean follow-up period for all the patients was
59 months (range, 12-95 months).

Using cervical radiographs, we measured the occupation ratio of
the spinal canal by OPLL [(thickness of OPLL/anteroposterior diam-
eter of the bony spinal canal) x 100]® (Fig. 1A). Morphologically,
patients were classified as continuous, mixed, segmental, or local-
ized OPLL types according to the criteria of the Japanese Investiga-
tion Committee on the Ossification of the Spinal Ligaments.® We
also evaluated the segmental range of motion (ROM) at the maxi-
mum cord compression level based on flexion and extension radio-
graphs® (Fig. 1B), and on T2-weighted MRI we examined the high
signal change in the spinal cord. The patients’ clinical course was
assessed using the Japanese Orthopaedic Association (JOA) scoring
system for cervical myelopathy.® On physical examination, we as-
sessed the patients’ deep tendon reflexes of the lower extremities
and the Babinski reflex.

For statistical analysis we applied the Fisher’s exact probability
test and Pearson’s correlation test, A p < 0.05 was considered sig-
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Fig. 1. Schematics showing the radiographic parameters assessed. (A) The ossification of the posterior longitudinal ligament (OPLL) occupation ratio and space available for

the spinal cord (SAC) were measured from lateral cervical radiographs. (B) The segmental range of motion (ROM) at the maximum cord compression level was measured from
flexion and extension radiographs.

Table 1
Radiographic findings for 27 patients with ossification of the posterior longitudinal ligament
Type of OPLL!
Continuous Mixed Segmental
No. patients {n) 172 7 3
SAC (mm) 7.6+2.3(3-12) 7.8+1.0(7-9) 94128 (7-12)
Occupation ratio (%) 425111 {25-64) 394+ 7.6 (29-50) 27.7+3.3(25-31)
Segmental ROM (°) 24+3.0(0-9) 45+2.9(1-10) 9.7+4.5(5-14)

OPLL = ossification of the posterior longitudinal ligament, occupation ratio = occupation ratio of spinal canal by OPLL, ROM = range of motion (intervertebral disc mobility at
the maximum cord compression level), SAC = space available for the spinal cord (see Fig. 1).
* Mean # standard deviation (range).

¢ Statistically different from mixed-type OPLL and segmental-type OPLL (p < 0.05).

nificant. Data are presented as the mean * standard deviation of the segmental type of OPLL (Table 1), and the incidence of patients
the mean. with continuous-type OPLL was significantly higher than that for
the other types (p < 0.05).

The mean OPLL occupation ratio was 39.8% for all types. It was
42.5% in patients with continuous-type OPLL, 39.4% in patients
with mixed-type OPLL, and 27.7% in patients with segmental-type

OPLL (Table 1). The mean segmental ROM at the level of maxi-
Of the 27 patients analyzed, 17 (63%) were classified with the mum cord compression was 3.8 degrees. It was 2.4 degrees in

continuous type, 7 (26%) with the mixed type, and 3 (11%) with patients with continuous-type OPLL, 4.9 degrees in patients with

3. Results

3.1. Radiographic findings
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Fig. 2. The relationship between the ossification of the posterior longitudinal
ligament (OPLL) occupation ratio and the segmental range of motion (ROM) in the
cervical spine of 27 patients showing that as OPLL occupation ratio increased, the
ROM decreased (y = ~131715x + 45.269 [r = —-0.49; p < 0.01]).

mixed-type OPLL, and 9.7 degrees in a patient with segmental-
type OPLL (Table 1). A significant negative correlation was
detected between the segmental ROM and the OPLL occupation
ratio by Pearson’s correlation test (r=-0.49, p<0.01) (Fig. 2).
Three patients had an OPLL occupation ratio >50% and a SAC of
<6 mm (Table 2). All three patients had continuous-type OPLL,
and their segmental ROM ranged from 0 degrees to 3 degrees.

Using T2-weighted MRI, we were able to analyze the signal
intensity of the spinal cord at the maximum compression level in
18 of the 27 patients. None of the patients showed high signal
change in the spinal cord.

3.2. Clinical findings

At first diagnosis, none of the 27 patients showed any motor,
sensory, or bladder dysfunction, and their JOA scores were 17
points (full score). Regarding their physical examination, the deep
tendon reflexes of the lower extremities were hyperactive in 10 of
27 patients (37%) and the Babinski reflex was positive in 6 of 27 pa-
tients (22%). During follow-up, none of the patients developed
myelopathy, and the incidence of hyperactive deep tendon reflex
and Babinski reflex remained unchanged.

3.3. lllustrative patient

3.3.1. Patient 1 (OPLL occupation ratio >50%)

A 65-year-old woman was diagnosed with continuous-type
OPLL from C2 to C5, and the maximum cord compression was at
C4/5. Her OPLL occupation ratio was 64% and the SAC was 3 mm.
The patient’s segmental ROM was 1 degree at the C4/5 level
(Fig. 3A, B), indicating that she had massive OPLL, but no segmental
hypermobility. Her deep tendon reflexes of the lower extremities
were hyperactive, and her Babinski reflex was positive. T2-
weighted MRI showed anterior compression of the spinal cord
from C3/4 to 4/5, but no high signal change in the spinal cord
(Fig. 3C, D). In spite of massive OPLL, the patient did not develop
myelopathy, possibly due to the lack of dynamic factors (no hyper-
mobility) at the level of cord compression.

4. Discussion

Static compression factors are important in the development of
myelopathy in cervical OPLL patients, including the occupation ra-
tio of the spinal canal by OPLL and the residual space available for

Table 2
Characteristics of three patients with an ossification of the posterior longitudinal
ligament occupation ratio greater than 50%

Patient 1 Patient 2 Patient 3
Age (yrs)/Gender 65/F 37/F 67/M
Sites of OPLL C2-C5 C2-C7 C4-C6
Maximum cord compression level C4-C5 C5-C6 C4-C5
Type of OPLL Continuous  Continuous Continuous
Occupation ratio (%) 64 60 53
SAC (mm}) 3 3 6
Segmental ROM.(dégrees) 1 3 0
T2-high signal change None None None
Deep tendon reflexes Hyper Hyper Normal
Babinski reflex + + +

OPLL = ossification of the posterior lengitudinal ligament, occupation ratio = occu-
pation ratio of spinal canal by OPLL, ROM = range of motion (intervertebral disc
mobility at the maximum cord compression level), SAC = space available for the
spinal cord, T2-high signal change = high signal change in T2-weighted MRI,
yrs = years, Hyper = hyperactive (See Fig. 1).

the spinal cord.2* Iwasaki et al. reported that the surgical outcome
after laminoplasty was insufficient in patients with an OPLL occu-
pation ratio >60% and hill-shaped ossification,! Tani et al. reported
that anterior decompression surgery was superior to laminoplasty
in cervical OPLL patients when their occupation ratio was more
than 50%.*

Recent reports have described the importance of dynamic fac-
tors, including mobility of the spinal column, in the development
of myelopathy in patients who have a considerable degree of canal
occupation by OPLL.7®!® Matsunaga et al. analyzed 247 patients
with cervical OPLL, and reported that when the SAC was <6 mm,
all patients developed myelopathy, but when the SAC was
>14 mm, no patients developed myelopathy. This indicates that
the static compression factor preferentially contributed to the
development of myelopathy. However, they also reported that
when the SAC was between 6 mm and 14 mm, patients with a lar-
ger C1-C7 ROM preferentially developed myelopathy, indicating
that this dynamic factor also contributed to the development of
myelopathy.” Ogawa et al. analyzed long-term results after lamin-
oplasty for cervical OPLL patients, and reported that patients with
segmental type OPLL and a larger C2-C7 ROM had poor surgical
outcomes.'® We also previously reported that a larger segmental
ROM at the level of maximum cord compression was a risk factor
leading to poor surgical outcome after laminoplasty for cervical
OPLL patients.?

In the present study, we characterized patients who had cer-
vical OPLL but no clinical symptoms of myelopathy. The results
demonstrated that even in patients with massive OPLL, myelop-
athy may not develop when the mobility of the cervical spine is
highly restricted. We paid particular attention to three patients
who had OPLL occupation ratios of more than 50% (Table 2). In
spite of the remarkable static compression in these patients,
myelopathy did not develop, possibly because the mobility of
their cervical spine was highly restricted. These findings suggest
that segmental ROM (a dynamic factor) at the level of maxi-
mum cord compression preferentially contributes to the devel-
opment of myelopathy rather than static compression factors.
We speculate that if we control this dynamic factor, we will
be able to reduce neurological deterioration in cervical OPLL
patients.

Our findings highlight that when performing surgery on cervical
OPLL patients with canal stenosis we should consider not only the
need for decompression of the spinal cord but also the suppression
of dynamic factors. We believe that complete excision of the ossi-
fied mass using an anterior approach together with stabilization of
the spinal column by a strut bone graft is theoretically the best
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Fig. 3. (A) Flexion and (B) extension cervical radiographs at the initial visit of a 65-year-old woman with continuous type ossification of the posterior longitudinal ligament
(OPLL) (patient 1) showing that the segmental range of motion was 1 degree at C4/5. T2-weighted (C) mid-sagittal and (D) axial MRI indicated anterior compression of the

spinal cord at multiple levels, but high signal change was not apparent.

procedure. However, in spite of the superiority of anterior surgery, References

some patients, especially older patients, do not choose anterior

surgery because the postoperative course is difficult to tolerate. 1.

Based on the present findings, when laminoplasty is selected for

such patients, the addition of posterior instrumented fusion is 2.

desirable for stabilizing the spine and decreasing damage to the
spinal cord.

Acknowledgement

This work was supported by the Health Labour Science Re-
search Grant of Japan.

- 135 -

Iwasaki M, Okuda S, Miyauchi A, et al. Surgical strategy for cervical myelopathy
due to ossification of the posterior longitudinal ligament: Part 1: clinical results
and limitations of laminoplasty. Spine 2007;32:647-53.

Iwasaki M, Okuda S, Miyauchi A, et al. Surgical strategy for cervical myelopathy
due to ossification of the posterior longitudinal ligament: Part 2: advantages of
anterior decompression and fusion over laminoplasty. Spine 2007;32:654-60.

. Ono K, Ota H, Tada K, et al. Ossified posterior longitudinal ligament: a

clinicopathological study. Spine 1997,;2:126-38.

. Tani T, Ushida T, Ishida K, et al. Relative safety of anterior microsurgical

decompression versus laminoplasty for cervical myelopathy with a massive
ossified posterior longitudinal ligament. Spine 2002;27:2491-8.

. Matsuocka T, Yamaura |, Kurosa Y, et al. Long-term results of the anterior

floating method for cervical myelopathy caused by ossification of the posterior
longitudinal ligament. Spine 2001;26:241-8.



324

6.

T. Fujiyoshi et al./Journal of Clinical Neuroscience 17 (2010) 320-324

Matsunaga S, Sakou T, Hayashi K, et al. Trauma-induced myelopathy in patients
with ossification of the posterior longitudinal ligament. jJ Neurosurg
2002;97:172-5.

. Matsunaga S, Kukita M, Hayashi K, et al. Pathogenesis of myelopathy in patients

with ossification of the posterior longitudinal ligament. J Neurosurg
2002;96:168-72.

. Masaki Y, Yamazaki M, Okawa A, et al. An analysis of factors causing poor

surgical outcome in patients with cervical myelopathy due to ossification of the

9.

10

136 —

posterior longitudinal ligament: anterior decompression with spinal fusion
versus laminoplasty. ] Spinal Disord Tech 2007;20:7-13.

Tsuyama N. Ossification of the posterior longitudinal ligament of the spine. Clin
Orthop Relat Res 1984;184:71-84.

Ogawa Y, Chiba K, Matsumoto M, et al. Long-term results after expansive open-
door laminoplasty for the segmental-type of ossification of the posterior
longitudinal ligament of the cervical spine: a comparison with nonsegmental-
type lesions. ] Neurosurg Spine 2005;3:198--204.



Eur Spine J (2010) 19:691-698
DOI 10.1007/300586-009-1266-4

Posterior decompression with instrumented fusion for thoracic
myelopathy caused by ossification of the posterior longitudinal

ligament

Masashi Yamazaki - Akihiko Okawa -
Takayuki Fujiyoshi - Takeo Furuya -
Masao Koda

Received: 25 April 2009/ Revised: 19 October 2009/ Accepted: 23 December 2009/ Published online: 6 January 2010

© Springer-Verlag 2010

Abstract We evaluated the clinical results of posterior
decompression with instrumented fusion (PDF) for thoracic
myelopathy due to ossification of the posterior longitudinal
ligament (OPLL). A total of 24 patients underwent PDF,
and their surgical outcomes were evaluated by the Japanese
Orthopaedic Association (JOA) scores (0-11 points) and
by recovery rates calculated at 3, 6, 9 and 12 months after
surgery and at a mean final follow-up of 4 years and
5 months. The mean JOA score before surgery was 3.7
points. Although transient paralysis occurred immediately
after surgery in one patient (3.8%), all patients showed
neurological recovery at the final follow-up with a mean
JOA score of 8.0 points and a mean recovery rate of 58.1%.
The mean recovery rate at 3, 6, 9 and 12 months after
surgery was 36.7, 48.8, 54.0 and 56.8%, respectively. The
median time point that the JOA score reached its peak
value was 9 months after surgery. No patient chose addi-
tional anterior decompression surgery via thoracotomy.
The present findings demonstrate that despite persistent
anterior impingement of the spinal cord by residual OPLL,
PDF can result in considerable neurological recovery with
a low risk of postoperative paralysis. Since neurological
recovery progresses slowly after PDF, we suggest that
additional anterior decompression surgery is not desirable
during the early stage of recovery.
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Introduction

Previous reports have shown that the results of surgery for
thoracic myelopathy caused by ossification of the posterior
longitudinal ligament (OPLL) unfavorably compare with
results for cervical OPLL [12, 19]. Surgeons have
employed a variety of surgical procedures to treat thoracic
OPLL, including laminectomy [5], OPLL extirpation
through thoracotomy [2, 4, 10], OPLL extirpation through
a posterior approach [13], and circumspinal decompression
[6, 15]. However, postoperative paraplegia remains a major
risk [2, 4, 8-10, 13, 15]. At our institute, two patients
experienced transient postoperative paraparesis after
laminectomy, which resolved after the addition of posterior
instrumented fusion without OPLL extirpation [16, 17]. On
the basis of these two cases, we hypothesized that stabi-
lizing the spine with instrumentation could yield a certain
degree of neurological recovery even without complete
OPLL extirpation. Based on this hypothesis, in 1989, we
introduced the surgical procedure of posterior decompres-
sion with instrumented fusion (PDF) for patients with
thoracic OPLL, in whom OPLL extirpation entailed a risk
of neurological deterioration [18].

In an earlier series of ours, our patients enjoyed a con-
siderable degree of neurological recovery following PDF
despite persistent anterior impingement of the spinal cord
by residual OPLL [18]. In addition, PDF was associated
with an extremely low risk of postoperative paralysis and
late neurological deterioration, compared with complica-
tion rates for laminectomy [5] and OPLL extirpation [2, 4].
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