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Fig. 2 Relationship between the leptin/BMI (body mass index) ratio
and bone metabolic markers including serum bone-specific alkaline
phosphatase (BAP), carboxyterminal propeptide of type I procollagen
(PICP), and urine deoxypyridinoline (DPD), serum insulin and
fructosamine (FRA) concentrations, and the number of vertebrae
with OPLL (ossification of the posterior longitudinal ligament)

Correlation of leptin/BMI ratios with bone metabolic
markers, serum insulin and FRA concentrations,
and the number of vertebrae with OPLL involvement
in females with type C-OPLL or type TL-OPLL

To investigate the factors associated with the leptin/BMI
ratio in female patients with type TL-OPLL, we examined
the correlation between leptin/BMI ratios and bone meta-
bolic markers, serum insulin and FRA concentrations, and
the number of vertebrae with OPLL involvement (Fig. 3).
There was a strong, positive correlation between serum
BAP levels and the leptin/BMI ratio (r = 0.518, p < 0.05),
but no significant difference between PICP levels and the
ratio. Urine DPD and serum FRA levels, and the number of
vertebrae with OPLL involvement did not show a signifi-
cant correlation with the leptin/BMI ratio. Interestingly,
serum insulin concentrations correlated positively with the
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involvement in female OPLL patients. There was a negative,
significant correlation between the leptin/BMI ratio and urine DPD
levels, while a positive, significant correlation between the leptin/
BMI ratio and serum insulin levels, and the number of vertebrae with
OPLL involvement

leptin/BMI ratio (r = 0.324, p < 0.05). We also carried out
similar correlation analyses on type C-OPLL females, but
found no significant relationship between the variables
(data not shown).

Discussion

This study demonstrated that females with OPLL had
significantly higher serum leptin levels compared with
females without OPLL and that the levels correlated pos-
itively with serum insulin levels. These findings are con-
sistent with those of a previous study by Shirakura et al.
[24]. In the present study, we carried out further investi-
gations to determine the factors associated with the leptin/
BMI ratio in OPLL females and showed that urine DPD
concentrations correlated negatively with the ratio. This
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Fig. 3 Relationship between the leptin/BMI (body mass index) ratio
and bone metabolic markers including serum bone-specific alkaline
phosphatase (BAP), carboxyterminal propeptide of type I procollagen
(PICP), and urine deoxypyridinoline (DPD), serum insulin and

suggests a regulatory effect of leptin on bone resorption,
which is in agreement with the report of Burguera et al. [2]
who demonstrated in animal experiments that leptin pre-
vented ovariectomy-induced bone loss. Taken together,
these results indicate a tendency for a positive correlation
between BAP levels and the leptin/BMI ratio in OPLL
females and that bone anabolism may be promoted in these
patients. However, a significant correlation between urine
DPD levels and the leptin/BMI ratio in OPLL females may
be influenced by one sample that appears to be an outlier
(Ieptin/BMI = 0.13, u-DPD = 32) as shown in Fig. 2
because this association lost statistical significance when
that one sample was excluded (p = 0.085, data not shown).
Further studies are necessary to establish association
between urine DPD levels and the leptin/BMI ratio in
OPLL females.
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fructosamine (FRA) concentrations, and the number of vertebrae
with OPLL involvement in female type TL-OPLL patients. There was
a positive, significant correlation between the leptin/BMI ratio and
serum BAP levels, and serum insulin levels

It is interesting that the number of vertebrae with OPLL
involvement correlated positively with the leptin/BMI ratio
in female patients with OPLL. To the best of our knowl-
edge, there have been no other reports demonstrating an
association between serum leptin levels and the extent of
OPLL development in humans. We showed previously that
the A861G variant in the leptin receptor gene (Ob-R) was
associated with more extensive OPLL [29]. Although the
effects of the variant in Ob-R on leptin signaling are
unknown, this finding suggests that altered leptin signaling
in spinal ligament cells may be a factor that regulates the
extent of OPLL development.

To date, a few in vitro studies have revealed the
mechanisms by which leptin induces osteogenic differen-
tiation in spinal ligament cells [6, 24]. Fan et al. [6]
demonstrated that leptin caused significant increases in
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mRNA expression of alkaline phosphatase (ALP) and
osteocalcin in thoracic ossification of ligament flavum
(TOLF) cells, but not in non-TOLF cells, and that the effect
was both dose- and time-dependent. These findings suggest
that TOLF cells are considerably more sensitive to leptin
stimulation and that leptin has the potential to promote
osteogenic differentiation in ligament flavum cells. How-
ever, this leptin-induced osteogenic differentiation was
observed only in response to pharmacological doses, which
are not equivalent to physiological concentrations in
humans. This implies that ligand stimulation with cyto-
kines, other than leptin, is required to induce osteogenic
differentiation in spinal ligament cells.

Insulin has been implicated in the development of het-
erotopic ossification of spinal ligaments [8, 12, 15]. Spinal
ligament cells express insulin receptor substrate (IRS)-1, a
common major substrate for both insulin and insulin-like
growth factor (IGF)-I receptor tyrosine kinase [12]. We
have reported previously that IGF-I stimulates proliferation
and collagen type I synthesis in the majority of spinal
ligament cells [8]. Li et al. [15] showed that both insulin
and IGF-I increased proliferation and ALP activity in
human spinal ligament cells. It has been reported that leptin
acts through some of the components of the insulin sig-
naling cascade by recruiting several IRSs [1, 7, 9, 19]. This
implies that there is cross-talk between leptin signaling and
insulin-induced pathways. Our finding that the leptin/BMI
ratio correlated positively with serum insulin levels in
OPLL females suggests that increased levels of both leptin
and insulin may act synergistically to strengthen down-
stream signaling, thereby contributing to the development
of OPLL.

As the number of vertebrac with OPLL involvement
correlated positively with serum leptin levels in OPLL
females, we hypothesized that female patients with exten-
ded OPLL may have higher serum levels of leptin than
those with limited OPLL. To verify this hypothesis, we
divided the OPLL females into two further subgroups; type
C and type TL groups. We then compared BMI, serum
leptin levels, leptin/BMI ratios, and serum insulin and FRA
concentrations in these two groups. The results showed that
relative to type C-OPLL, serum leptin levels and leptin/
BMI ratios were increased significantly in type TL-OPLL
by 1.6~ and 1.9-fold, respectively. Although there were no
statistical differences in serum insulin and FRA concen-
trations between the groups, higher levels of insulin and
FRA were detected in type TL-OPLL, which supports the
concept that both hyperleptinemia and hyperinsulinemia
contribute to extension of heterotopic ossification of the
spinal ligament in OPLL females.

It is also of interest that there was a positive, significant
correlation between the leptin/BMI ratio and BAP levels in
type TL-OPLL females whose serum leptin concentrations
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were significantly higher than type C-OPLL, whereas no
significant correlation was detected in all OPLL females.
These results indicate that bone anabolism is elevated
substantially in female type TL-OPLL patients compared
to female type C-OPLL patients. However, this is incon-
sistent with a previous report that serum leptin levels are
negative regulators of bone mass [5]. We speculate that in
OPLL females there may be a decrease in leptin sensitivity
in the hypothalamus, which in turn, increases circulating
leptin levels, resulting in the development of OPLL
through the direct and anabolic effects of leptin on bone
and spinal ligament cells.

OPLL occurs frequently at the cervical spine [33].
However, it has not been determined why OPLL is some-
times limited to the cervical spine or alternatively extends
to the thoracic and/or lumbar spine. As shown in our study,
higher serum leptin levels, detected in female patients with
OPLL extending to the thoracic and/or lumbar spine, may -
be a causative factor determining the extension of OPLL.
However, even if serum leptin levels or other systemic
factors including serum insulin or FRA levels affect the
extension of OPLL, there still remains the question as to
why the limited type of OPLL is seen frequently at the
cervical spine. We speculate that mechanical stress, which
is supposedly a local factor, could be a prime candidate to
induce heterotopic ossification in the cervical spine but is
unlikely to occur in the thoracic spine. Iwasawa et al. [11]
demonstrated that exposure to mechanical stress such as
uniaxial stretching upregulated various genes related to
bone metabolism including endothelin-1 (ET-1) and pros-
taglandin I, (PGL,) in OPLL cells. This shows clearly the
importance of mechanical stress in heterotopic ossification
of the spinal ligament. Several biomechanical studies have
revealed that the range of motion (extension and flexion) of
the cervical spine is much larger than that of the thoracic
spine [18, 27, 35]. Taken together, it is conceivable that
moderately elevated levels of leptin, in combination with
mechanical stress to the ligament cells, may contribute to
the development of cervical OPLL, while highly elevated
levels of leptin may have a role in the extension of OPLL
to the thoracic and/or lumbar spine.

The important issue that is not clarified by the present
study is the significant gender difference between serum
leptin levels and the development of OPLL. It is likely that
some gender-specific factors such as estrogen may have an
important role in the development of OPLL. Recent studies
on human periodontal ligament cells have shown that
estrogen is capable of inducing osteogenic differentiation
in ligament cells [16, 25, 38]. It has also been shown
previously in the Japanese population that serum estrogen
levels are elevated significantly in OPLL patients, and that
the levels are related to the extent of heterotopic ligament
ossification [34]. These observations suggest a pivotal role
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for estrogen in heterotopic ossification of the spinal liga-
ment. We therefore speculate that serum leptin do not
regulate solely the development of OPLL, but may con-
tribute to the development of OPLL in combination with
some gender-specific factors such as estrogen.

In summary, we showed that serum leptin concentra-
tions are elevated in females with OPLL and are associated
with extension of OPLL, i.e. an increased number of ver-
tebrae with OPLL involvement. In addition, serum leptin
levels in patients with extensive OPLL (thoracic and/or
lumbar type) were higher than in patients with limited
OPLL (cervical type). These observations indicate that
hyperleptinemia may contribute to the development of
heterotopic ossification of the spinal ligament in females
with OPLL. However, it is also clear that this scenario does
not completely explain the entire mechanism of spinal
ligament ossification in OPLL patients as other compli-
cated pathological factors associated with OPLL such as
hyperinsulinemia, hyperlipidemia, and high glucose levels
coexist with hyperleptinemia. The present observations are,
nevertheless, important for future work and may provide
information on the mechanisms underlying the develop-
ment of OPLL, and ultimately may lead to potential drug
therapies for management of this disease.
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BACKGROUND CONTEXT: Detection of ossification of the posterior longitudinal ligament
(OPLL) of lesions by lateral radiography is sometimes difficult because the lesions are small.
Three-dimensional computed tomography (3D CT) imaging has made it possible to detect lesions
not been seen by lateral radiography.

PURPOSE: To evaluate the use of 3D CT in visualizing and classifying OPLL., and the added
value of magnetic resonance imaging (MRI) in determining spinal cord compression.

STUDY DESIGN: Prospective case study in an academic department of orthopedic surgery.
PATIENT SAMPLE: Patients with OPLL diagnosed by lateral radiography of the cervical spine
from April 2006 to March 2007 were identified.

METHODS: Ossification of the posterior longitudinal ligament visualized lateral radiography was
classified according to the existing scheme as continuous, segmental, mixed, or other type. Ossifica-
tion of the posterior longitudinal ligament visualized by 3D CT was organized into a classification sys-
tem comprising flat, irregular, or localized types and were compared with the lateral radiographic
images. Magnetic resonance imaging was done to determine the extent of spinal cord compression.
RESULTS: All 55 patients (35 men and 20 women; median age, 66 years) with OPLL were enrolled.
Of these, 41 (75%) had a type of OPLL as visualized by 3D CT that corresponded with only one type of
OPLL as visualized by lateral radiography. In 39 (71%) of 55, the areas of the ossified lesions visual-
ized by 3D CT were the same as those visualized by lateral radiography. In the other 16, the lesions
were either too small or too unclear to be visualized by lateral radiography. In all cases, 3D CT imaging
showed that the transverse width of OPLL was within the bilateral Luschka joints, which was not noted
by lateral radiography. In 13 of the 14 subjects who underwent MRI, spinal cord compression was
noted at the superior or inferior edges of the ossified lesions that had been seen by 3D CT.
CONCLUSIONS: Three-dimensional computed tomography visualization of OPLL provided the
basis of a classification system, superior to lateral radiography, and provided new information about
OPLL. Combining 3D CT with MRI might be useful to provide details about spinal cord compres-
sion in OPLL. © 2011 Elsevier Inc. All rights reserved.
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Ossification of the posterior longitudinal ligament
(OPLL) is characterized by replacement of the ligamen-
tous tissue by ectopic new bone formation [1]. Ossifica-
tion of the posterior longitudinal ligament often causes
narrowing of the spinal canal, and it has been recognized
as one of the sources of myelopathy, radiculopathy, or
both [2].
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A radiologic study revealed that OPLL is frequently
observed in the cervical spine [3]. Based on lateral radiog-
raphy of the cervical spine, in 1981, the Investigation Com-
mittee on the Ossification of Spinal Ligaments of the
Japanese Ministry of Public Health and Welfare published
criteria to classify ossification into the following types:
continuous, segmental, mixed, and other [4] (Fig. 1). This
classification facilitates evaluation of the shape of the ossi-
fied lesions. However, detecting ossified lesions by lateral
radiography is sometimes difficult because these lesions
are small.

Imaging technology of the spine has been advanced
during the recent decades, allowing the shape of ossified
lesions to be more precisely identified. For example,
multidetector computed tomography (CT) with 0.75-mm
thick slices can precisely detect lesions, and it provides
three-dimensional (3D) images. Three-dimensional CT
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Fig. 1. Proposed classification of ossification of the posterior longitudinal

ligament into (A) continuous, (B) segmental, (C) mixed, and (D) other

types based on lateral radiographs of the cervical spine [4].
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imaging has been reported to be a valuable tool for the
diagnostic and therapeutic display of OPLL for surgical
intervention [5].

Therefore, we considered the possibility that a new
classification of the type of OPLL based on 3D CT may
be useful. To evaluate the usefulness of 3D images of OPLL
using multidetector CT, images taken by this method were
compared with those taken by conventional lateral radio-
graphy. In doing so, we sought to determine whether 3D
CT could reveal new information about ossified lesions in
OPLL. Furthermore, we considered that adding magnetic
resonance imaging (MRI) could provide useful information
about the extent of spinal cord compression in OPLL.

Materials and methods

From April 2006 to March 2007, 55 consecutive patients
with OPLL as diagnosed by lateral radiography of the cer-
vical spine at the University of Toyama Hospital were iden-
tified for possible enrollment. This study was approved by
the institutional review board of the Faculty of Medicine,
University of Toyama, and informed consent was obtained
from each patient before enrollment.

Lateral radiographs of the cervical spine were taken in all
patients. The presence of OPLL, OPLL type in each vertebra,
and intervertebral level from C2 to C6 were determined.
Ossification types determined by lateral radiography were
classified as continuous, segmental, mixed, and other accord-
ing to the criteria proposed by the Investigation Committee
on the Ossification of Spinal Ligaments of the Japanese
Ministry of Public Health and Welfare [4].

Computed tomography images of the cervical spine using
a multidetector CT (SOMATOM Sensation 64 Cardiac; Sie-
mens AG, Erlangen, Germany) were also taken for all patients
on the same day when lateral radiographs were taken. Specific
settings for CT imaging, which were selected to optimize eval-
uating bony lesions and bone density, were 1 tube rotation/sec;
17.28 mm/sec table feed speed; and 160 milliamperes and 120
kilovolts.

Three-dimensional and multiplanar reconstructions were
obtained by use of the CT console (Wizard; Siemens) at
0.5-mm intervals from the 0.75-mm scan slice data. Bone
window CT images were used to construct 3D CT images.
Laminae of the cervical spine were removed from the com-
puter images, and OPLL was visualized from the poster-
oanterior view (Fig. 2). The presence of OPLL and its
type in each vertebra as well as intervertebral level from
C2 to C6 were determined.

Ossification types as determined by 3D CT imaging
were classified into three types: flat, irregular, or localized
(Fig. 3). In the flat type, flat longitudinally extended ossifi-
cations were observed along the posterior margin of both
the vertebral body levels and the intervertebral disc levels.
The width of the ossification was more than 50% of the spi-
nal canal, and the length was more than three continuous
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Fig. 2. Use of bone window computed tomography images to construct the three-dimensional image of OPLL in a 66-year-old woman. (Left) posteroanterior
view of the cervical spine, (Middle) removal of laminae from computer images, and (Right) visualization of ossification of the posterior longitudinal ligament

from the back.

vertebral levels. In the irregular type, irregularly shaped
ossifications were observed, such as ossifications only at
the bilateral edge of the spinal canal and not in the middle,
or ossifications with a double-edged shape. The width of
the ossification was less than 50% of that of the spinal
canal, and the length was more than three continuous ver-
tebral levels. In the localized type, ossifications were
observed only behind the vertebral body or they were not
extended more than three continuous vertebral levels.

Preoperative MRI was done in some patients without
a history of cervical spine surgery to determine the extent
of spinal cord compression. Spinal cord compression was
measured by T2-weighted MRI to determine the extent of
disappearance of the reserve space in the spinal canal and
the deformity of the spinal cord.

Three of the authors (YK, SS, and TH), all spine sur-
geons, independently evaluated the 3D CT images for

OPLL type on two separate occasions. The extent of intra-
rater agreement was measured by calculation of the kappa
statistic (JMP 8; SAS Institute, Cary, NC, USA). The ana-
lysts then compared their 3D CT findings, and when they
disagreed, they reevaluated the 3D CT images to arrive at
a consensus about OPLL type. The extent of interrater
agreement was also evaluated by calculation of the kappa
statistic.

Then, OPLL type and the longitudinal area of ossified
lesions determined by 3D CT imaging were compared
with the corresponding findings obtained by lateral radi-
ography. A test to determine the discrepancy in the type
of ossification between lateral radiography and 3D CT
finding was carried out by Fisher exact test. The
one-sample chi-square test was performed to test for the
discrepancy between lateral radiography and 3D CT find-
ings in detecting the ossification area of OPLL. These

Fig. 3. Schematic of the various types of ossification of the posterior longitudinal ligament using three-dimensional computed tomography. (Left) Flat, (Mid-

dle) irregular, and (Right) localized.
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statistical analyses were done with the use of SAS soft-
ware, Version 9.1. A p value of less than .05 was consid-
ered statistically significant.

Results

All 55 patients with OPLL as diagnosed by lateral radi-
ography from April 2006 to March 2007 were enrolled in
the study. The enrollees included 35 men and 20 women
with a median age of 66 years (range, 48-81 years). Of
these enrollees, thirty-five had previously undergone cervi-
cal spine surgery by the posterior approach. However, the
previous surgery did not reach the OPLL and therefore
did not affect the evaluations in this study.

Each of the analysts independently evaluated the 55 3D
CT images to determine OPLL type on two separate occa-
sions. For analyst YK, the analyses disagreed one time in
the 55 cases, and for analyst SS and TH, the analyses dis-
agreed five times and seven times, respectively. The extent
of intrarater agreement between the two separate determi-
nations of OPLL type by 3D CT by an analyst was substan-
tial (kappa statistic value, 0.86 [95% CI=0.78-0.97]).

When the analysts compared their 3D CT determinations
to arrive at a consensus of the type of OPLL, they initially
disagreed about three cases. In one case, two analysts
agreed that OPLL was of the flat type, but the other con-
cluded that the OPLL was of the irregular type. They ar-
rived at a consensus of the flat type. In another case, two
analysts agreed that OPLL was of the flat type, but the other
concluded that the OPLL was of the localized type. They
arrived at a consensus of the flat type. In the third case,
two analysts agreed that OPLL was of the irregular type,
but the other concluded that the OPLL was of the localized
type. They arrived at a consensus of the irregular type. The
extent of interrater agreement among the three analysts of
OPLL type by 3D CT was substantial (kappa statistic value,
0.78 [95% CI=0.69-0.86]).

The correspondence of the findings regarding the type of
OPLL from 3D CT imaging with findings obtained by lat-
eral radiography is shown in Table. Of the 55 patients, 41
(75%) had a type of OPLL as visualized by lateral radiog-
raphy that corresponded with only one type of OPLL as vi-
sualized by 3D CT. That is, for example, all 16 findings of
the segmental type and 13 of the mixed-type OPLL as vi-
sualized by lateral radiography corresponded only with

Table
The combined analysis of OPLL types using 3D CT images and lateral
radiographic images

X-ray 3D CT Continuous type Segmental type Mixed type Other type

Flat type 12 0 0 0
Irregular type 12 0 13 0
Localized type 0 16 0 2

OPLL, ossification of the posterior longitudinal ligament; 3D CT,
Three-dimensional computed tomography.

findings of the localized-type OPLL and irregular-type
OPLL, respectively, as visualized by 3D CT images. How-
ever, the continuous-type OPLL by lateral radiography cor-
responded to the flat or the irregular-type OPLL by 3D CT.
Statistical analysis showed that this was a significant differ-
ence in the type of OPLL as visualized by lateral radiogra-
phy (p<<.001).

In 39 (71%) of the 55 cases, areas of the ossified lesions
in each vertebra and intervertebral level from C2 to C6 us-
ing 3D CT were the same as those using lateral radiography.
These 39 cases comprised 12 patients with the flat type, 13
with the irregular type, and 14 with the localized type of
OPLL by the evaluation of 3D CT images.

In contrast, in the other 16 (29%) cases, the results be-
tween 3D CT and lateral radiography differed. In 9 of these
16, the ossified lesions were too small to be confirmed by
radiography but could be observed by 3D CT, which re-
vealed irregular-type OPLL in 5 and localized-type OPLL
in 4. In the remaining 7 cases, the discontinuity of the os-
sified lesions was unclear on radiographic imaging but it
could be clearly observed on 3D CT images. Of these seven
cases, six had the irregular-type OPLL and one had flat-
type OPLL as visualized by 3D CT. The discrepancy
between lateral radiography and 3D CT findings in the
detection of the ossification area of OPLL was statistically
significant (p<.001).

In all 55 cases, 3D CT imaging showed that the trans-
verse width of OPLL was within the bilateral Luschka
joints and that OPLL never extended above the axial level
of the superior tip of the odontoid process. These character-
istics were not identified by lateral radiography.

Fig. 4 shows an example of superior visualization of
OPLL afforded by 3D CT compared with lateral radiogra-
phy. It was difficult to visualize ossification of C6 by lateral
radiography (Fig. 4, Left). However, the 3D CT imaging
showed small ossified lesions at C5 and C6.

Fig. 4. Images of the cervical spine of a 72-year-old male patient. (Left)
Lateral radiograph. (Right) Three-dimensional computed tomography im-
age. The arrows show small ossified lesions at C5 and C6.
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Fig. 5. Images of the cervical spine of a 67-year-old male patient. (A)
Lateral radiograph of the cervical spine. (B) Three-dimensional computed
tomography prepared from the posterior view of the ossified lesions. (C)
Sagittal view of T2-weighted magnetic resonance imaging (MRI). (D) Ax-
ial view of T2-weighted MRI at C3-C4. In (C) and (D), the arrows show
ossification of the posterior longitudinal ligament at C3-C4.

Of the 14 patients who underwent MRI, 3D CT revealed
7 who had OPLL of the irregular type and 6 who had OPLL
of the localized type. In these 13 patients, MRI showed that
spinal cord compression was at the superior or inferior
edges of the ossified lesions that had been shown by 3D
CT. In the other subject, 3D CT revealed the flat type of
OPLL, which was thickest at C4 and C5, and MRI revealed
that the spinal cord compression was in the middle of the
ossified lesion.

Fig. 5 shows an example in which MRI revealed spinal
cord compression in a case of OPLL. Based on lateral ra-
diography, continuous OPLL was diagnosed from C2 to
C6 (Fig. 5A). However, 3D CT clearly revealed discontinu-
ity of the ossified lesion at C3-C4 (Fig. 5B), and OPLL of
the irregular type was diagnosed. A sagittal view of
T2-weighted MRI revealed spinal cord compression at
C3-C4 (Fig. 5C). Spinal cord compression was marked
at C3-C4, where the edge of the ossified lesions was
detected on the 3D CT images. An axial view of
T2-weighted MRI at C3-C4 showed severe spinal cord
compression (Fig. 5D).

Discussion

The advancement of imaging technology and equipment,
such as 3D CT, made it possible to detect lesions that had
not been previously seen by conventional radiography. Us-
ing 3D CT, we presented a new classification scheme for
OPLL, and in comparing the findings of 3D CT with those
of conventional lateral radiography, we found an interesting
difference between these two methods. Analyses of the 3D
CT images by three different spine surgeons to determine
the type of OPLL substantially agreed, suggesting that
our results will be useful for other surgeons.

This study demonstrated the superiority of 3D CT imag-
ing to lateral radiography and revealed new information
about the disorder. Findings from MRI complemented
the 3D CT findings by revealing the extent of spinal cord
compression in OPLL. Three-dimensional computed to-
mography imaging showed ossified lesions too small to
be visualized by lateral radiography, and 3D CT imaging
clearly visualized discontinuities that were unclear on lat-
eral radiography. Furthermore, 3D CT revealed new infor-
mation about OPLL in that 3D CT, and not lateral
radiography, showed that the transverse width of OPLL
was within the. bilateral Luschka joints and that OPLL
never extended above the axial level of the superior tip
of the odontoid process.

The fact that the transverse width of OPLL was within
bilateral Luschka joints that can be attributed to the ana-
tomic features of the posterior longitudinal ligament
(PLL). The PLL is attached to the vertebral body and inter-
vertebral disc, and it never extends to the bilateral Luschka
joints [6,7]. However, the reason as to why OPLL never ex-
tends above the odontoid process remains obscure. The
PLL shifts toward the tectorial membrane above the odon-
toid process [6,7]. The border between the PLL and the tec-
torial membrane is unclear. A deep layer and thin layer
have been identified in the anatomical structure of PLL
[6,7]. In contrast, these layers are not found in the tectorial
membrane. Thus, the difference between the anatomical
features of the PLL and the tectorial membrane might con-
tribute to the cause of OPLL. We are currently examining
the detailed structural differences between the PLL and
the tectorial membrane.

Ossification of the posterior longitudinal ligament pro-
gression has been observed in studies using lateral radiogra-
phy [8,9]. Although we could observe the precise shape of the
ossified lesions using 3D CT, it is unknown how the 3D
images of ossified lesions change during long-term progres-
sion. The irregular shape of the ossification or the lack of
OPLL in the central part in the sagittal plane might indicate
OPLL progression. A long-term follow-up study should be
carried out to attempt to visualize OPLL progression as visu-
alized by 3D CT imaging.

Three-dimensional computed tomography imaging
would also be valuable for surgical simulation of OPLL
by increasing the accuracy of surgical procedures.
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Hasegawa and Homma [S] described the usefulness of 3D
images obtained from helical CT for preoperative simula-
tion in seven patients with OPLL. However, the quality of
the images in that report was relatively poor compared with
the image quality presently obtainable because of the im-
provements in imaging technology during recent years.
The slice interval in their report [5] was 5 mm, and they
did not classify ossified lesions. In contrast, the slice inter-
val in the present report was 2 mm, and the ossified lesions
were classified into three types: flat, irregular, and
localized.

In conclusion, 3D CT can be the basis for a new
classification of OPLL, as it provides new information
about the ossified lesions in OPLL. Combining 3D CT
with MRI might be useful to detect the patterns, distribu-
tion, extent, and cord compression in OPLL. Three-
dimensional computed tomography visualization of OPLL
was superior to that of lateral radiography, it provided new
OPLL information and can be the basis for classification.
Combining 3D CT with MRI might be useful to detect the
patterns, distribution, extent, and spinal cord compression
in OPLL.
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Abstract

Introduction Cervical compressive myelopathy is the
most serious complication of cervical spondylosis or ossi-
fication of the posterior longitudinal ligament (OPLL) and
the most frequent cause of spinal cord dysfunction. There is
little information on the exact pathophysiclogical mecha-
nism responsible for the progressive loss of neural tissue in
the spinal cord of such patients. In this study, we used the
spinal hyperostotic mouse (nvy/twy) as a suitable model of
human spondylosis, and OPLL to investigate the cellular
and molecular changes in the spinal cord. Mutant rwy/twy
mouse developed ossification of the ligamentum flavum at
C2-C3 and exhibited progressive paralysis.

Materials and methods The mutant rwy/twy mice, aged
16 and 24 weeks, were used in the present study. The
cervical spinal cord was analyzed histologically and
immunohistochemically.

Results We observed that a significant correlation
between the proportion of apoptotic oligodendrocytes in
the compressed area of the spinal cord and the magnitude
of cord compression. Immunohistochemical analysis indi-
cated overexpression of TNFR 1, CD9S, and p75NTR in the
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nwy/twy mice, which was localized by the immunofluo-
rescence in the neurons and oligodendrocytes.

Conclusion The expression of such factors seems to play
at least some role in the apoptotic process, which probably
contributes to axonal degeneration and demyelination in
the nwy/nwvy mice spinal cords with severe compression.

Keywords Apoptosis - Neurons - Spinal cord -
Spinal hyperostotic mouse (fwy/twy) - Chronic compression

Introduction

Compression of the spinal cord may compromise its
function and ultimately lead to the appearance of neuro-
logical dysfunction and the development of myelopathy,
which is also closely correlated with presence of dynamic
factors including segmental instability during the spine
movement. Cervical compressive myelopathy is the most
serious complication of cervical spondylosis and ossifi-
cation of the posterior longitudinal ligament (OPLL).
Mechanical compression and restriction of the cervical
spinal cord during the spine movement may result in gait
clumsiness, paraesthesia in the hands, gait disturbance as
well as signs of posterior and pyramidal column dysfunc-
tion; leading eventually to tetraplegia or tetraparesis.
Cadaver studies reported that the initial insult could be
infarction of the gray matter due to compromise of the
spinal cord microvasculature originating at the compres-
sion site itself; followed by flattening of the anterior horns,
cavity formation, ascending demyelination in the posterior
columns, descending demyelination in the lateral columns
and proliferation of hyalinized small blood vessels [9, 16,
30]. Since it is difficult to properly estimate and follow the
progression of these changes in humans and animal
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experimental settings, considerable uncertainty exists
regarding the molecular mechanisms responsible for the
demyelination that takes place in these disorders, and for
the progressive loss of oligodendrocytes and neurons. Such
problem is partly related to the lack of an appropriate
animal model for investigating the effects of long-term
mechanical compression and restriction of the spinal cord.

In a series of studies [3, 4, 23-27], we examined this
issue experimentally using the tiptoe-walking Yoshimura
(hwy/twy) mouse, a unique animal that develops spontane-
ous spinal cord compression without any other reported
genetic difference in the anatomy or physiology of the
spinal cord that may contribute to the resulting myelopathic
syndrome; therefore, directly correlating the clinical
behavior to the compression alone, eliminating the multiple
factors already mentioned, that may alter the results of our
observation. The twy/nwy mouse is thus suitable for
investigating the effects of chronic mechanical compres-
sion of the spinal cord, produced without any artificial
manipulation of the cord [3, 18]. Using these mice, we
reported previously a progressive reduction in the number
of anterior horn cells when the transverse remnant area of
the spinal cord decreased to <70% of the control [3, 4],
decreased usage of neurotrophins in autocrine and para-
crine interactions [23, 24], and presence of accidental and
apoptotic dying spinal cord cells [28, 29]. However, the
correlation between spinal cord damage and neural cell
apoptosis is not fully understood.

The present study was thus designed to investigate the
localization of apoptotic cells, particularly neurons and
oligodendrocytes, within the chronically compressed fwy/
mwy mouse spinal cord as well as the potential role of tumor
necrosis factor receptor 1(TNFR1), CD95 and p75™™® with
neuronal and oligodendroglial apoptosis.

Materials and methods
Animal model

Experiments were conducted in 28 nvy/rwy mice (Central
Institute for Experimental Animals, Kawasaki, Japan),
aged 16 (n = 9) and 24 weeks (n = 19) and with a mean
body weight of 29.5 £ 7.3 g (£SD). Mutant nvy/nvy mice
were maintained by brother—sister mating of heterozygous
Institute of Cancer Research (ICR) mice (+/nvy). The
disorder is inherited in an autosomal recessive manner and
the homozygous hyperostotic mouse is identified by a
characteristic tip—toe walking at 6-8 weeks of age,
although no congenital neurological abnormalities are
detected at that age. The spontaneous calcified deposits
particularly in the atlantoaxial membrane grow progres-
sively with age, causing profound motor paresis later in

@_ Springer

Fig. 1 Photographs showing representative hematoxylin and eosin
(H&E)-stained sagittal (a, b) and transaxial (c) sections of the
cervical spine and spinal cord in 16-week-old (a) and 24-week-old
rwy/twy mice (b, ¢). Calcified lesions originating from atlantoaxial
membrane in nvy/rwy mice grow progressively with age, compressing
the spinal cord between C2 and C3 segments laterally or posteriorly.
Asterisk calcified lesions. Scale bar 500 pm (a, b), 200 pm (c)

life. Figure 1 shows hematoxylin and eosin (H&E) stained
sections of cervical spinal cord in 16-week-old (Fig. 1a)
and 24-week-old (Fig. 1b, c) rwy/twy mice. According to
previous papers that analyzed the compressed transverse
remnant area of the spinal cord (TRAS, %) using transaxial
serial sections [3, 25], mice were divided into two groups
based on the value of TRAS%: moderate compression
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group (TRAS% between 50 and 70%); and severe com-
pression group (TRAS% <50%) in this study. ICR mice,
age-matched with the nvy/fwy mice, were used as controls
(n = 12) [3, 18]. The Ethics Review Committee for Ani-
mal Experimentation of Fukui University approved the
experimental protocol.

Histology and measurement of demyelination
in the spinal cord

Sections of the spinal cord were obtained for immunohis-
tochemistry after intracardial perfusion were dehydrated
through a graded ethanol series, and embedded in paraffin.
They were then cut into 10-pm thick sections, deparaffi-
nized in xylene and stained with H&E and luxol fast blue
(LFB). For semi-quantitative analysis of demyelination, the
LFB-positive areas in the ventro-lateral funiculus were
analyzed by a color image analyzer (MacSCOPE; Mitani,
Fukui, Japan). An area was considered LFB-positive area
when the density significantly exceeded the threshold of
the background; being calculated as percent cross-sectional
area of the residual tissue [19].

Terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-biotin nick end labeling (TUNEL) staining

Immediately after perfusion, the cervical cord was removed
en bloc, postfixed, and then embedded in paraffin. Samples
were cut in 4 pm-thick serial transverse sections. Deoxy-
ribonucleic acid (DNA) fragmentation was detected by the
TUNEL method using the ApopTag Peroxidase In Situ
Apoptosis Detection kit (Chemicon International, Teme-
cula, CA). The procedures used were performed as
described in the kit manual. Color was developed using
3,3'-diaminobenzidine tetrachloride. Finally, the sections
were counterstained with methyl green.

Immunoblot analysis

After cardiac arrest, the cervical spinal cord was immedi-
ately removed en bloc and stored in liquid nitrogen. The
sample was solubilized in RIPA buffer, homogenized and
then stored at —80°C. The protein concentration was ana-
lyzed by Bio-Rad DC protein assay kit (No. 500-01 16, Bio-
Rad Laboratories, Hercules, CA). Total protein (80 pg/
lane) was subjected to sodium dodecylsulfate polyacryl-
amide gel (15%) electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene difluoride membrane in a semi-
dry blot apparatus. The membranes were then washed
twice in PBS, subsequently reacted with anti-TNFRI
(1:200, rabbit IgG; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-CD95 (1:1,000, rabbit I1gG; Abcamn plc,

Cambridge, UK) and anti-p75N™® (1:10; rabbit IgG; Ab-
camn plc) diluted overnight at 4°C sequentially by anti-
rabbit IgG antibody and avidin-biotinylated peroxidase
complex (1:200; Envision™ System-HRP Labeled Poly-
mer, Dako Cytomation, Carpenteria, CA) for 3 h. After
triple washing in 0.1 M PBS, the membrane was immersed
and then subjected to radiography to visualize the peroxi-
dase activity and thus level of antibody-binding. To
quantify the relative level of expression of TNFR1, CD95
and p75™™® in ICR and nwy/twy mice spinal cord, we
analyzed the density of the bands on the photographic film
with a densitometer using the NIH imaging software (ver.
1.59/ppc). Data were expressed in relative values as a semi-
quantitative data, representing the ratio of each band den-
sity to S-tubulin (1:500, rabbit I[gG; Abcamn plc).

Double immunofluorescence staining

To identify the type of apoptotic cells, double immuno-
fluorescence staining was performed using frozen sections.
Serial 25 pm-thick transverse frozen sections were treated
with 0.1 M TRIS-HCI buffer (pH 7.6). For immunofluo-
rescence staining, the sections were incubated at 4°C with
anti-TNFR1 antibody (1:100, rabbit IgG; Santa Cruz
Biotechnology), anti-CD95 antibody (1:50, rabbit IgG;
Abcamn plc), and anti-p7S~N™® polyclonal antibody (1:100,
rabbit [gG; Abcamn plc). The secondary antibodies were
donkey anti-gout antibody Alexa Flour® 488/fluorescein-
conjugated antibody (l: 250; Molecular Probes, Eugene,
OR), and goat anti-rabbit Alexa Flour® 488/fluorescein-
conjugated antibody (1:250; Molecular Probes) for | h at
room temperature. For double immunofluorescence stain-
ing, the sections were further incubated with anti-neuronal
nuclei monoclonal antibody (code No. MAB377, NeuN,
1:100, mouse IgG; Chemicon International), and anti-oli-
godendrocyte monoclonal antibody (code No. MAB1580,
RIP, 1:100, mouse IgG; Chemicon International). The
sections were then incubated with goat anti-mouse Alexa
Flour® 568-conjugated antibody (1:250; Molecular
Probes). The immunostained cells were visualized under
confocal microscope equipped with a [S-mWatt crypton
argon laser (model TCS SP2, Leica Instruments, Nussloch,
Germany).

Statistical analysis

All values are expressed as mean £ SD. Differences
between groups were examined for statistical significance
using the paired ¢ test. A P value < 0.05 denoted the
presence of a significant difference. The above tests were
conducted using The Statistical Package for Social Sci-
ences software version 1.0 (SPSS, Chicago, IL).
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Results

Histological evaluation of the mechanically compressed
spinal cord

Luxol fast blue staining of the spinal cord (between C2 and
C3 dorsal roots; the site of maximal compression) showed
spongy necrosis spreading over the entire section of the
spinal cord of the 16 and 24 weeks rwy/rwy mice but not
the ICR mice (n = 4 in each group) (Fig. 2a). The differ-
ences were significant, especially in the marginal areas of
the anterior and lateral columns. Further examination

showed separation of the myelin sheath from the axon and

axonal swelling and deformity; however, there was no
severe degeneration, such as vascular degeneration or
spongy degeneration, in the areas of compression. The
percentage of the cross-sectional area of residual tissue was
decreased with age, being significantly smaller than in the
ICR mice (Fig. 2b).

TUNEL staining in the twy/twy mouse spinal cord

Figure 3a shows the topographic distribution of TUNEL-
positive cells in the chronically compressed spinal cord of
16 and 24 weeks rwy/twy mice (n =4 in each group)
examined by the TUNEL method. No TUNEL-positive
cells were identified in both the grey and white matters of
the control ICR mice spinal cord (17 = 2). In contrast,
TUNEL-positive cells were found in the gray and white
matter in 16 weeks nwvy/fwy mice. In comparison, fewer
TUNEL-positive cells were found in 24 weeks twy/iwy
mice particularly in the anterior horn, though these cells
remained abundant in the anterior columns. Figure 3b

Fig. 2 Photographs showing A ICR
representative LFB staining of
the ventral microcystic cavity in
16 and 24 weeks rwy/nvy and
ICR mouse. Spotted white holes
caused by separation of myelin
sheaths from the axons in the
anterior and lateral columns in
nvylnvy mouse. Note also
swelling and deformity (arrow
heads) of axons particularly in

shows the results of comparative quantitative analysis of
TUNEL-positive cells per sections in the anterior horn and
anterior column at the maximal compressed spinal cord
level in 16 and 24 weeks nvy/twy mice (n = 4 in each
group). In the spinal cord of 24 weeks rwy/rwy mice with
severe compression, the number of TUNEL-positive cells
was significantly higher in the anterior column compared
with moderate compression mice.

Differences in expression of apoptotic signals
between rwy/rwy and ICR mice

We evaluated the differences in the expression of various
apoptotic signals between 24 weeks nwy/nvy mice (n = 3)
and ICR (n = 3) mice by immunoblot analysis of the spinal
cord. TNFRI, CD95, and p75™"™® were overexpressed in
nwy/twy mice but not in ICR mice (Fig. 4a). Semi-quanti-
tative analysis confirmed increased immunoreactivity to
TNFER1, CD95, and p75™™ in rwy/twy mice (Fig. 4b).

In sections double-stained for TNFRI, CD95, and
p75NTR with NeuN and RIP, a number of double-stained
cells were identified in the gray and white matters of
24-week-old nwy/twy mice (n = 6). Although the number
of neurons (gray matter) was lower in twy/twy mice than in
ICR mice (n = 3), the expression of TNFR1, CD95, and
p75~TR was mainly noted in the abundant oligodendrocytes
(white matter) (Fig. 4¢).

Discussion

Previous investigators have characterized the pathological
features of chronically compressed spinal cords of patients

16W-twy

the anterior columns in nvy/nwy B 20 F * 1
mice (a). The percentage of the 18 ——— e WS *_ .
cross-sectional area of residual g 18 4- e
tissue was decrease with age in L] P — oo M
rwy/twy mice and, being 5 12 4— B . B
significantly smaller when g i [ o B -
compared with ICR mice (b). 73
Data are mean + SEM (n = 4). v 5 i et
*P < 0.05 = 81 . 1 ———
R 47
] y 1
ICR 16W-twy 28Wetwy
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Fig. 3 Photomicrographs of
terminal deoxynucleotidyl
transferase (TdT)-mediated
dUTP nick-end labeling
(TUNEL) staining in
representative control ICR (left
column) mice and 16 weeks
(middle column) and 24 weeks
(right column) nvy/nvy spinal
cord (a). Quantification of the
number of TUNEL-positive
cells at C1-C2 vertebral level of
the 16 weeks nwy/hwy mice
(moderate compression) and

24 weeks nwy/nwy mice (severe
compression). The number of
TUNEL-positive cells was
higher in the anterior column in
24 weeks nwvy/rwy mice
compared with 16 weeks rwy/
twy mice. Black arrows
representative TUNEL-positive
cells. Scale bar 50 pm. Data are
mean 4 SEM (n = 4).

*P < 0.05

ICR

Gray
matter

White
matter

NN
[T

Average number of
TUNEL-positive cells
=

(=T )

with cervical myelopathy secondary to spondylosis or
OPLL [9, 16, 30]. These studies indicated that spinal cord
mechanical compression is characterized by the loss and
exfoliation of anterior horn neurons with progressive spongy
degeneration and demyelination in the white matter. In our
previous publications, we observed a significant reduction in
the number of remaining surviving neurons (Niss! stain-
positive motoneurons) with reduction of TRAS of the
rwy/twy spinal cord to <70% of that of the control [3, 4].
Moreover, we also reported that the extent of demyelination
and Wallerian degeneration in the white matter increased
proportionately with the magnitude of spinal cord com-
pression [25]. In the present study, examination of LFB-
stained sections of the cervical spinal cord of the nvy/nwy
mouse showed features of spongy necrosis over the entire
section of the spinal cord, especially in the marginal areas of
the anterior and lateral columns, compared with the ICR
mice. We also found a clear decrease in TUNEL-positive
cell count in both the anterior horn of the grey matter and the
anterior column of the white matter in the maximally
compressed spinal cord segment of the 24-week-old nvy/twy
mice with severe compression. Although TUNEL staining is
not specific to apoptosis [I1], because the staining also
reflects necrosis, our finding suggests that neuronal loss in
the anterior horn, after grey matter atrophy or together with
spongy degeneration and demyelination of the white matter
of twy/nwy mouse spinal cord, is likely to be due to apoptotic
death of neurons and glia.

=y
(2.3
"

i

24W-twy

1
] [[J anterior hom
M anterior column

-

18W-twy 24W-twy

After acute spinal cord injury, apoptosis of neurons and
glial cells occurs rapidly at the level and vicinity of the
traumatic insult, leading to a secondary pathologic cascade
of neural injury. Several groups have concluded that neu-
ronal cell apoptosis is the underlying process of spinal cord
damage after traumatic injury [7, 10, 14]. Another study
suggested the role of mitogen activated protein-kinase
cascade in neuronal cell apoptosis of nwy/twy mice, in
addition to other yet unknown mechanism(s) [17]. In spinal
cord injury, apoptotic oligodendrocytes are found along the
spinal cord longitudinal axis both proximally and caudally
far from the level of injury, but most significantly at and
around the level of injury [I, 13, 19]. It has been reported
that extensive damage of oligodendrocytes and neurons
occurs initially at the site of trauma, followed by a second
wave of injury, mainly evidenced by apoptotic oligoden-
drocytes in the white matter, in the following seven days;
which spreads both proximally and caudally from the ini-
tial point of insult [14]. Axonal damage is followed by
depletion of neurotrophic factors, which leads to apoptosis
of oligodendrocytes present in the area distal to the spinal
cord injury site [7]. A strong correlation has been found
between the delayed axonal demyelination that follows
spinal cord injury and apoptosis of oligodendrocytes [13].
In the present study, immunocytochemistry of double
stained sections indicated that most of the apoptotic cells
were oligodendrocytes. Though insignificant when com-
pared to the acute spinal cord injury, the longitudinally
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Fig. 4 Immunoblot analysis showing expression of TNFRI1, CD95
and p75™® (a) and photomicrographs of double-staining immuno-
fluorescence (c¢). The intensity of the band in 24 weeks twy/nvy mice
(upper right on each panel, a) was significantly increased compared to
that in [CR mice. Graphs indicate the band intensities relative to that
of f-tubulin (b). The intensity of TNFRI, CD95 and p75™™® in the
rwy/nwy mice was significantly higher than that of [CR mice. Data are

diffuse and extensive pattern of oligodendrocyte apoptosis
in twy/rwy mouse may be similar to the secondary damage
process observed after acute trauma. Interestingly, the
increment in the number of apoptotic cells in the nvy/twy
mouse was proportional to the magnitude of chronic
external compression.

In the complex process of apoptosis, multiple signal
transduction pathways are integrated |22, 28]. The effector
phase of apoptosis involves the activation of caspases, a
family of cysteine proteases that are activated through
intrinsic and extrinsic pathways. Caspase-3 mediates the
induction of apoptosis in spinal cord injury [21] with aug-
mented expression of the death receptors as p75 receptors
and especially Fas (CD 95) [5]. The p75 neurotrophin
receptors are not only involved in the promotion of neuronal
cell death [15] but also in neuronal survival [6]. On the other
hand, it has been reported that the extrinsic pathway is
activated via the ligand of cell surface death receptors
belonging to the TNEF/nerve growth factor receptor super-
family [2]. As an event of spinal cord injury, various cells
(e.g., apoptotic neuronal and glial cells) over-express

@ Springer

CD95

twy ICR twy

Density of p75NTR

mean £ SEM (n = 3). *P < 0.05. Photomicrographs show represen-
tative double-stained immunofiuorescence in the gray and white
matter of 24 weeks nwy/nwy and ICR mouse at the site between C2
and C3 dorsal roots (maximal compression site in swy/nvy mouse) for
TNFR[/NeuN, /RIP, CD95/MNeulN, /RIP and p75™""/NeuN, /RIP.
Note the double-positive cells in twy/twy mice. Scale bar 10 pm (c)

TNF-« [8], which seems to trigger apoptosis of oligoden-
drocytes [12]. A previous study suggested that apoptosis of
oligodendrocytes may be induced by activated microglia
through the secretion of various cytotoxic factors, including
TNF-2, in response to axonal regeneration. It also has been
reported that oligodendrocytes and possibly phagocytic
microglia or macrophages comprised the population of
apoptotic cells following spinal cord injury [20].

Double immunofluorescence staining in this study also
indicated the expression of TNFRI, CD95 and p75™™® in
local cells including neurons and oligodendrocytes, while
apoptotic neurons and oligodendrocytes were identified by
TUNEL staining in the segment with the most severe cord
compression in the rwy/twy mice. These results suggest the
involvement of certain mechanisms in upregulation of
inflammatory cytokines, including TNFRI, and that
mechanical compression-induced expression of CD95 and
p75"™ may closely contribute to apoptosis, particularly
that of neurons and oligodendrocytes in the severe spinal
cord compression observed in nvy/twy mouse. These find-
ings seem to follow a similar pattern to the human cervical
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compressive myelopathy, which may validate the use of
this animal model for the comparative study of such
pathology in humans; making it suitable for the future
assessment of the efficacy of the multiple therapeutics used
in our patients as well as the study of the recovery mech-
anisms; in order to finally increase our knowledge of the
human condition as our ultimate goal.

In conclusion, the present study demonstrated increased
numbers of TUNEL-positive neurons in the gray matter
and oligodendrocytes in the white matter of the spinal cord
of the nvy/nvy mouse with progressive mechanical com-
pression. Furthermore, the number of these cells increased
with the magnitude of compression. Our immnohisto-
chemical findings suggest that TNFR1, CD9S and p75™™®
seem to play at least some role in the apoptotic process of
neurons and oligodendrocytes, which probably contributes
to axonal degeneration and demyelination in the twy/twy
mouse spinal cord with severe compression.
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Tumor Necrosis Factor-a Antagonist Reduces
Apoptosis of Neurons and Oligodendroglia

in Rat Spinal Cord Injury

Ke-Bing Chen, MD,*t Kenzo Uchida, MD, PhD,* Hideaki Nakajima, MD, PhD,*

Takafumi Yayama, MD, PhD,* Takayuki Hirai, MD,* Shuji Watanabe, MD,*

Alexander Rodriguez Guerrero, MD,*¥ Shigeru Kobayashi, MD, PhD,* Wei-Ying Ma, MD,*t§
Shao-Yu Liu, MD, PhD,t+ and Hisatoshi Baba, MD, PhD*

Study Design. To examine the effects of a tumor necrosis factor
(TNF)-a antagonist (etanercept) on rat spinal cord injury and identify
a possible mechanism for its action.

Objective. To elucidate the contribution of etanercept to the
pathologic cascade in spinal cord injury and its possible suppression
of neuronal and oligodendroglial apoptosis.

Summary of Background Data. Etanercept has been recently
used successfully for treatment of inflammatory disorders. However,
only a few studies have examined its role in suppressing neuronal
and oligodendroglial apoptosis in spinal cord injury.

Methods. Etanercept or saline (control) was administered by
intraperitoneal injection 1 hour after thoracic spinal cord injury in rats.
The expressions and localizations of TNF-o,, TNF receptor 1 (TNFR1),
and TNF receptor 2 (TNFR2) were examined by immunoblot and
immunohistochemical analyses. Spinal cord tissue damage between
saline- and etanercept-treated groups was also compared after
hematoxylin-eosin and luxol fast blue (LFB) staining. The Basso-Beattie-
Bresnahan (BBB) scale was used to evaluate rat locomotor function
after etanercept administration. Terminal deoxynucleotidyl transferase
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(TdT)-mediated dUTP-biotin nick end labeling (TUNEL)-positive cells
were counted and the immunoreactivity to active caspase-3 and
caspase-8 was examined after etanercept administration.

Results. Immuncblot and double immunofluorescence staining
revealed suppression of TNF-a, TNFR1, and TNFR2 expression after
administration of etanercept in the acute phase of spinal cord injury.
LFB staining demonstrated potential myelination in the etanercept-
treated group from 2 week after spinal cord injury, together with
an increased BBB locomotor score. Double immunofluorescence
staining showed a significant decrease in TUNEL-positive neurons
and oligodendroglia from 12 hour to 1 week in the gray and white
matters after etanercept administration. Immunoblot analysis
demonstrated overexpression of activated caspase-3 and caspase-8
after spinal cord injury, which was markedly inhibited by etanercept.
Conclusion. Our results indicated that etanercept reduces the
associated tissue damage of spinal cord injury, improves hindlimb
locomotor function, and facilitates myelin regeneration. This positive
effect of etanercept on spinal cord injury is probably attributable to
the suppression of TNF-a, TNFR1, TNFR2, and activated caspase-3
and caspase-8 overexpressions, and the inhibition of neuronal and
oligodendroglial apoptosis.

Key words: apoptosis, neurons, oligodendroglia, spinal cord
injury, tumor necrosis factor (TNF)-alpha, etanercept. Spine 2011;
36:1350-1358

cellular and molecular events that induce massive cell

death of neurons and glial cells, extensive demyelination,
and axonal destruction, leading to permanent neurologic
deficits. Several studies demonstrated the rapid appearance
of apoptotic neurons and glial cells in injured cord segments
and adjacent areas after spinal cord injury."* Programmed
cell death of oligodendroglia was also observed along the lon-
gitudinal axis of the spinal cord, possibly contributing to the
delayed and prolonged demyelination process that leads to
deterioration of spinal cord sensorimotor function.®® Preven-
tion of apoptosis after spinal cord injury could therefore po-
tentially lead to spinal cord tissue repair and improved motor
function. Indeed, a number of experiments have attempted to
suppress apoptotic cell death after spinal cord injury.5$

Traumatic spinal cord injury initiates a complex series of
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