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Figure 6. Expression of brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) and macrophage antigen (Mac)-2
correlated to the phenotype of activated microglia/macrophages and increased spinal cord compression in fwy/fwy mice.
Immunofluorescence staining for the expression of BDNF, NGF, and Mac-2 (red) colocalized with iNOS and arginase-1 (green) in the anterior column
of 12- (A), 18- (B) and 24-week-old (C) twy/twy mice (n=5 for each time point). The expression levels of neurotrophic factors and Mac-2-positive cells
increased with the worsening of spinal cord compression. Neurotrophic factor and Mac-2 colocalized with arginase-1- and CD206-positive cells (arrow
heads), but not with iNOS- and CD16/32-positive cells. Scale bars=50 um. A-C microphotographs were taken using confocal laser scanning

microscope.
doi:10.1371/journal.pone.0064528.g006

number of remaining surviving neurons when the transverse
remnant area of the spinal cord of the #wy/fwy mouse spinal cord
decreased to =70% of the control (+/#wy mice) [33], and further
that the extent of demyelination and Wallerian degeneration in the
white matter increased proportionately with the magnitude of
spinal cord compression [35]. We also reported a significant
increase in TUNEL-positive cells in the anterior horn and also
glial cells in the white matter, in spinal cord segments located
rostral and caudal to the segment with maximal compression [8].
It is well-known that activated microglia/macrophages secrete
cytotoxic substances including various cytokines (e.g., TNF-or, IL-1
and -6), reactive free radicals, and nitric oxide. In addition, the
major role of microglia at the lesion centre is probably rapid
phagocytosis of debris [25,40]. Our results suggest that neuronal
loss through the mechanisms of necrosis and apoptosis is
associated with activation of microglia/macrophages, production
of proinflammatory cytokines by these cells, and putative
phagocytosis, which may also be associated with axonal demye-
lination in the #wy/fwy spinal cord. This chain of events is
somewhat similar to the delayed apoptosis of oligodendrocytes
following activation of microglia after SCI [41].

As part of the response to chronic and progressive spinal cord
compression, the present results showed high numbers of CD11b-
positive cells, representing resting and activated microglia, as well
as recruited macrophages, at different stages of microglia/
macrophages activation and polarization [29]. The proportion of
both M1 and M2 microglia/macrophages increased with the
severity of spinal cord compression with abundant cells appearing
as the M2 phenotype at 24 weeks in fwy/twy mice. Furthermore,
the results also showed increased M1/M2 antigen expression rate,
a ratio known to correlate with CNS damage and repair [22]. M2
microglia/macrophages seem to promote neuroprotection, neu-
rogenesis, and repair even in severely compressed spinal cord. On
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the other hand, further progression of the spinal cord compression
may have resulted in the induction of CD11b -positive cells into
the M1 phenotype, which is known for its deleterious effects [27].
We reported previously the presence of axonal and dendritic
outgrowth, which were induced by overexpression of neurotrophic
factors at the site of compression in the #oy/fwy mice spinal cord
[36]. Immunostaining in the present study demonstrated high co-
expression of neurotrophic factors in M2 phenotype macrophages
as well as increased expression of Mac-2, which reflects enhanced
phagocytic activity [40,42]. These changes possibly represent the
spinal cord response to chronic progressive spinal cord compres-
sion in order to maintain neuronal function [28,36].

The results of flow cytometry provided further details on the
phenotypes of the involved cells, where resting microglia mainly
expressed M2 markers, as described previously by other groups
[17,32]. Our data confirmed that resting microglia are also the
source of activated microglia/macrophages, since the population
of resident microglia decreased while that of the activated
microglia/macrophages increased in response to severity of spinal
mechanical compression. In addition, the phenotypic changes in
activated microglia/macrophages showed dynamic behavior with
important M2 phenotype populations in 18- and 24-weck-old twy/
fwy mice and further increase in the M1 phenotype at 24 weeks,
probably reflecting worsening of chronic spinal cord compression.
The results related to the serial changes in the expression levels of
phenotypic markers in activated microglia deserve special atten-
tion. It has already been documented both i vitro and i vwo that
resting microglia possesses the M2 phenotype and are the only
neural cells that express arginase-1 [26,32]. However, after their
activation, these cells express different markers in a time-related
manner. For example, arginase-1 is a well-documented early
marker expressed in those cells that undergo the alternative
pathway of activation to acquire the M2 macrophage phenotype,
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Figure 7. The prevalence of CD4-positive cells in the spinal cord of twy/twy mice. Inmunostaining of infiltrating helper T cells increased
with the worsening of spinal cord compression, especially in 18-week-old twy/twy mice (A-E). Panel (C) and (E) are high-power photographs of the
anterior horn (boxed area). (F) CD4-positive area in control ICR, 12-, 18-, and 24-week-old twy/twy mice. Scale bar=500 pum (A, B, D); 200 um (C, E).

Data are mean=SD. **p<<0.01 (n=3 for each time point).
doi:10.1371/journal.pone.0064528.g007

whereas INOS is a marker of cells activated through the classical
pathway, changing into M1 activated macrophages [22]. As the
activation process advances, the fully mature activated cells
express CD16/32 and CD206, which are phenotypic hallmarks
of M1 and M2 macrophages, respectively [17,28]. Our immuno-
histochemical and flow cytometric data showed a similar behavior
where the expression of such phenotypic markers increased with
time, representing completion of the macrophage activation
process. CD206 is an endocytic receptor that recognizes glyco-
protein for antigen processing and presentation and is widely used
to identify the M2 phenotype [26]. Our results showed that the
expression of iINOS and arginase-1 persisted and increased with
time; possibly related to the persistence of the insult triggering
microglial/macrophages activation, since these markers mainly
reflect the early stages of activation [22].

Cells that were double immunopositive for M1 and M2
phenotypic markers were seen locally within the spinal cord,
which is highly suggestive of microglia/macrophages undergoing
phenotype change due to environmental influences created by the
cervical compression. Polarization of the microglia/macrophages
requires an active response in the form of inflammatory cytokines,
other immune effector molecules and neurotrophic factors
released from the cells in the injured tissue as well as from
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different cells recruited to the site of the primary insult [27]. The
sources of these cytokines remain controversial. Astrocytes seem to
be the main source of TINF-a since they are the most abundant cell
type after SCI capable of producing this cytokine [43]. Previous
studies indicated that the main source of IFN-y is blood-derived
cells recruited to the site of injury (macrophages, natural killer
cells, neutrophils and helper T cells) through the inflammatory
process mediated by some ILs [44,45]|. Some of these recruited
cells can produce Th2 cytokines, but the main source of IL-4 and
IL-13 seems to be microglia [46,47]. However, the pathophysi-
ology of chronic spinal cord compression in the fwy/fwy mouse
spinal cord could include a limited blood cell access into the
injured spinal cord, and there is no evidence of the destruction of
the blood spinal cord barrier [33,35,37], thus limiting the
infiltration of helper T cells and neutrophils. Under such
circumstances, the expression of IFN-y is expected to be weak
and TINF-o becomes the most important Thl cytokine responsible
for macrophage activation. The preserved blood spinal cord
barrier would also limit the supply of Th2 cytokines; leaving
resting and activated microglia at the injury site as the main source
of Th2 cytokines for alternative activation of microglia/macro-
phages [46,47]. While there is no evidence to our knowledge of
disruption of the blood spinal cord barrier in the fwy/fwy mouse to
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Figure 8. Cytokine expression and phagocytic activity in the twy/twy mouse. Immunoblot analysis of T helper 1 (Th1), T helper 2 (Th2)
cytokines, neurotrophic factors and phagocytic activity in control ICR, 12, 18, and 24-week-old twy/twy mice. (A) The expression of IFN-y was not
detected in all age groups, but the expression levels of TNF-o. and IL-6 increased significantly with the severity of spinal cord compression. (B) The
expression levels of Th2 cytokines were highest in 18-week-old and remained significantly elevated in 24-week-old twy/twy mice. (C) The expression
levels of neurotrophic factors and Mac-2 (D) increased significantly with the severity of spinal cord compression. Each graph shows the relative band
intensity normalized to that of B-actin. Data are mean=SD. *p<<0.05 (n=3 for each time point).

doi:10.1371/journal.pone.0064528.g008

date, future research may prove otherwise. For analysis of this
aspect, special fwy/twy background chimeric mice models would
be required [42], which are not currently commercially available;
therefore, the possibility of cytokines deriving from blood and
having an important role in determining inflammatory and
immunomodulatory activity within the spinal cord remains as a
possible limitation of our animal model. Our immunoblot results
provided insight on the polarization process; the expression of Th2
cytokines increased from 18 weeks in possible correlation with the
enlarged activated microglia population. The transient increase of
Th2 cytokines explains our findings of M2 phenotype being the
predominant type of activated cell; which would also explain the
enhanced expression of neurotrophic factors and Mac-2
[19,26,29]. The present results also demonstrated increased
expression of Thl cytokines, as reported previously by our group
[8], together with the reported increase in IL-6 expression as part
of the inflammatory process [42,48]. Thus, over-expression of
TNF-o in the #wy/twy mice may be the most important Thl
cytokine responsible for M1 macrophage activation [28].
Interestingly, the resultant increase in the neurotropic factors at
the site of spinal cord compression did not reverse the pathological
changes of increased expression of proinflammatory cytokines and
apoptosis of neurons and glia. Accordingly, the only treatment
available at present is the surgical removal of the cause of chronic
spinal cord compression [1-4}. However, surgery is unlikely to
reverse the symptoms in patients with advanced cervical
compressive myelopathy. In such patients, the use of specific
antibodies against Fas ligand to reduce apoptosis of neurons and
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oligodendrocytes [7,37], promotion of neuronal regeneration,
through blockade of the inflammatory cascade, and induction of
the M2 phenotype [48] are promising options for combined
medical therapies in future management of this condition.

In conclusion, the present study demonstrated that chronic and
progressive spinal compression induced over-expression of Thl
cytokines (TNF-a, IL-6) and increased the population of classically
activated macrophages (M1 phenotype). These changes could be
responsible, at least in part, for neuronal loss and may also induce
the demyelination of axons found in CSM and OPLL; however,
they could also induce alternative activation by Th2 cytokines (IL-
4, -10, and -13) and increase M2 microglia/macrophages, which
provide neuroprotection and enhanced phagocytic activity. This
work provides the rationale for therapeutic targeting of alternative
activation of microglia/macrophages in human CSM and OPLL.

Supporting Information

Figure S1 Assessment of aging effects in control ICR
mice by immunofluorescent staining. (A) Immunofluores-
cence staining for the expression of CD11b (red) and NeuN (green)
in 12-; 18- and 24-week-old ICR mice. (B) Immunofluorescence
staining for the expression of INOS and CD16/32 (green)
identifying classically activated microglia/macrophages (M1
phenotype) and arginase-1 and CD206 (green) characterizing
alternatively activated microglia/macrophages (M2 phenotype);
co-localized with CD11b (red) in the anterior column of 12-, 18-
and 24-week-old ICR mice. (C) Immunostaining of infiltrating
helper T cells in 12-, 18- and 24-week-old ICR mice. In these
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assessments, there were no differences between samples from
different ages. Scale bars =500 um (A-upper row, C), 50 um (A-
lower row, B).

(TTE)

Figure S2 Assessment of aging effect in control ICR
mice by flow cytometry and immunoblot analysis. (A)
Semi-quantitative flow cytometric analysis of resting microglia and
activated microglia/macrophages in the CD11b P*" cells in 12-,
18- and 24-weck-old ICR mice. (B) Immunoblot analysis of T
helper 1 (Thl), T helper 2 (Th2) cytokines, neurotrophic factors
and phagocytic activity in 12-, 18- and 24-weck-old ICR mice. In
these assessments, there were no differences between samples from
different ages.

(TIFF)

Figure 83 Characterization of resting microglia popu-
lation in spinal cord of twy/twy mice. Semi-quantitative
analysis for iNOS, CD16/32, arginase-1, and CD206 in resting
microglia was performed in flow cytometry. Representative data of
12- (A), 18- (B), and 24- (C) week-old fwy/twy mice (n =3 for each
time point). Arginase-1 P resting microglia constituted
10.2%2.2% (45897 cells) and 73.0+16.1% (4017884 cells) of
the cells in 12- and 18-week-old mice. The number of arginase-1
positive poting microglia in control ICR mice was same as in 12-
week-old fwy/twy mice. Only a few iINOS-, CDI16/32- and
CD206-positive resting microglia were present in control ICR and
fwy/twy mice (D). Data are mean®SD.

(TIF)
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Introduction

Very few factors can change the strategy for cancer treat-
ment, including spine surgery, in such a radical way as the
presence or absence of bone metastases assessed during
the initial stage or during follow up. The vertebral column
is the region of the skeleton most frequently affected by
metastasis. The tumors that most commonly metastasize
to the vertebrae are carcinomas of the breast in women
and carcinomas of the lung and prostate in men; however,
metastases are also frequently seen in patients with lym-
phoma and multiple myeloma [1,2]. It is well known that
vertebral metastases represent hematogenous dissemina-
tion of the primary tumor, direct extension through the
intervertebral foramina or invasion of the epidural space
from adjacent vertebral segments. Metastatic lesions often
cause compression of the adjacent neural structures such
as the spinal cord, cauda equine and/or nerve roots and
in the latter, they are often associated with radiculopathy
[1]. In order to increase the chances of a favorable out-
come, the most important issue remains avoiding the de-
velopment of any permanent neurological or functional
deficit through early diagnosis and treatment [3]. While
in a selected group of patients a combined approach;
including chemotherapy and surgery; may be plausible
for the treatment of metastatic spinal tumors, radiation
remains the primary choice [4].

The most commonly used imaging procedure for the
assessment of bone metastases is ™Tc-methylene di-
phosphonate (MDP) bone scintigraphy, though it cannot
detect accompanying soft-tissue abnormalities and lacks
specificity, given the multiplicity of abnormal, but benign
processes, that could affect bones, leading to false nega-
tive and positive results [5]. On the other hand, F-flu-
orodeoxyglucose (FDG) positron emission tomography
(PET) is more sensitive than bone scintigraphy in patients
with lung cancer and lymphoma, and can detect early
bone marrow involvement including spinal metastasis be-
fore the appearance of cortical changes on bone scintigra-
phy [6,7]. With the increased use of whole-body *F-FDG
PET for the staging and follow-up of malignant diseases,
it is not uncommon to encounter vertebral metastases.
Recent studies described limitations regarding how many
lesions with abnormal *F-FDG PET findings in bone
show corresponding morphologic abnormalities, even if
they are not suspected of representing definite bone me-
tastasis [8]. Other studies have reported false-positive *F-

FDG PET results in patients suspected of bone metastases

[9]. Due to these limitations, several clinical applications
have become available for use with the recently released
generation of combined PET/computed tomography (CT)
scanners [10-12]; which can provide detailed anatomic
information and abnormal findings beyond the capabili-
ties of the PET scanner alone [13]. At present, detection
of bone metastases on the PET is usually followed by the
CT for assessment of the morphologic features regarding
the lesions [14].

The present study was designed to retrospectively inves-
tigate the diagnostic values of *F-FDG PET in the evalu-
ation of spinal metastases and to compare *F-FDG PET
in PET/CT with the conventional *Tc-MDP bone scan,
and to assess the added value of CT in PET/CT studies in
lesion detection and localization of vertebral lesions, and
to correlate between the morphological changes detected
on CT and the positive findings of "*F-FDG PET findings
or bone scan in spinal metastatic lesions.

Materials and Methods

1. Study cohort

The subjects of this retrospective study were 227 patients
(121 men, 106 women; age range, 35—82 years; mean,
59.9) with primary malignant tumors in the lung (n=91),
breast (n=43), gastrointestinal tract (n=33) (esophageal,
gastric and colonic cancers), kidney (n=21), prostate
(n=15), uterus or ovaries (n=10), lymph nodes (n=8, ma-
lignant lymphoma), head and neck (n=3), and bone and
soft tissues (n=3), who were suspected of having spinal
metastases. They underwent combined whole-body PET/
CT scanning for evaluation of known neoplasms in the
whole spine between January 2005 and December 2008.
#"Tc-MDP bone scan was performed within 2 weeks
after PET/CT examinations. The final diagnosis of spinal
metastasis was established by a histopathological exami-
nation of the bone biopsy or MRI findings, and a follow-
up MR], CT, and BE_EDG PET of extensively wide lesions
with subsequent progression.

2.”™Tc-MDP bone scans
Routine bone scans were obtained with a large field-of-

view, dual-head gamma camera (E-CAM, Siemens Medi-
cal System, Hoffman Estates, IL, USA) with a low-energy
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Table 1. Differences between morphological changes on CT with true-positive lesions on each bone scan or FDG PET

32314)

Osteolytic changes

1 9“(1 8. 6)
189

Osteosclerotic changes

’ 4 (376) ’
b7

Values are presented as bone scan and FDG PET represent number of lesions.

Data in parentheses are percentages.
p<0.05; for "Bone scan” and “FDG PET” (by Mann-Whitney U-test).

CT, computed tomography; FDG, fluorodeoxyglucose; PET, positron emission tomography; SUV, standardized uptake value; NS, not significant.

high-resolution collimator. Anterior and posterior whole-
body images were acquired 3 hours after an intravenous
injection of approximately 740 MBq of *"Tc-MDP.

3. PET/CT scanning

¥F-FDG PET/CT was performed using a combined PET/
CT scanner (Discovery LS, General Electric Medical Sys-
tems, Waukesha, WI, USA). For the PET/CT scanners,
35 transaxial images were acquired simultaneously per
field of view with an interslice spacing of 4.25 mm. The
PET/CT scanner incorporates an integrated 4-slice mul-
tidetector CT scanner, which was used for attenuation
correction. The CT scanning parameters were as follows:
Auto mA (upper limit, 40 mA; noise index, 20), 140 kV,
5-mm section thickness, 15-mm table feed, and pitch of
4. After at least 4 hours of fasting, the patient received an
intravenous injection of 185 MBq of *F-FDG and image
acquisition began 50 minutes after injection. A whole-
body emission scan was performed from the head to the
inguinal region with 2 minutes per bed position (7-8 bed
positions). A transmission scan with CT was performed
prior to the emission scan. CT images for attenuation
correction were applied to the emission data and the at-
tenuation-corrected emission images were reconstructed
with an ordered-subset expectation maximization itera-
tive reconstruction algorithm (2 iterations, 14 subsets).

4. Image analysis
Two experienced physicians (H.N., T.H.) identified the

spinal lesions on bone scans as sites of increased MDP
uptake relative to the surrounding normal bone activity.

Whole-body FDG PET skeletal images were indepen-
dently and visually analyzed by two experienced physi-
cians (T.M., T.T.) on a high-resolution display to compare
them with the corresponding *"Tc-MDP whole-body
bone scan findings. A spinal lesion on *F-FDG PET was
defined as a focus of increased ""F-FDG uptake, above
the intensity of the surrounding normal bone activity, ex-
cluding the physiologically increased "*F-FDG uptake ar-
eas of renal pelvis, urinary bladder, bowel, myocardium,
and brain. In order to examine the differences between
morphological changes on the CT with the true-positive
lesions at each bone scan or FDG PET, a region of interest
(ROI; size, 20x20 mm) was placed by one author (T.M.)
over all suspected lesions, and the maximal single pixel
value was determined for each lesion on the whole spine.
The standardized uptake value (SUV) was calculated us-
ing the following formula: SUV=ROI,./(ID/BW); where
ROl is the radioactivity concentration within the region
of interest (in becquerels per milliliter), ID is the injected
dose of "F-FDG (in becquerels), and BW is body weight
in grams.

The CT images were evaluated by two physicians (D.S.,
S.W.) using CT planes that corresponded to the planes in
which the lesion appeared on the FDG PET. The physi-
cians were aware of the positive spinal lesions on the PET,
and they used a workstation to display the CT scans with
the bone and soft-tissue windows. The CT analysis deter-
mined the presence or absence of spinal metastasis and
the type of morphologic changes (nonspecific, osteolytic,
osteosclerotic). Nonspecific changes represented abnor-
mal CT findings that were neither neoplastic nor degen-
erative changes [14]. Lesions exhibiting both osteolytic
and osteosclerotic changes were considered to be either
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type based on the predominant change in that lesion.
5. Statistical analysis

The Mann-Whitney U-test was used to compare differ-
ences between the percentages of patients being evaluated
through “Bone scan” and “FDG PET” (Table 1). A prob-
ability value less than 0.05 denoted statistical significance.
All statistical analyses were conducted using SPSS soft-
ware (ver. 15.0, SPSS, Chicago, IL, USA).

E-FDG PET/CT for diagnosis of spine metastasis 5] I

Results

A total of 504 spinal lesions in 227 patients found on
either bone scans or FDG PETs were evaluated. Positive
FDG PET as well as positive bone scan findings were
identified in 280 spinal lesions. In the remaining 224 le-
sions with discordant findings, 68 had positive bone scan
images, but negative FDG PETs, while 156 had negative
bone scans but positive FDG PETs (Table 2). In 156 spinal
lesions (cervical 25, thoracic 90, and lumbar 41), includ-
ing 22 examined histopathologically, the final diagnosis

Fig. 1. Bone scan (A), CT, (B, D) and FDG PET (C, E) images of a 77-year-old man with prostate carcinoma. Note the facal intense
uptake of osteoblastic spine metastases (vertebral body of T11) on the bone scan only but not an the PET images (arrows). Axial
and coronal CT images show ostesclerotic changes in the vertebral body (B, D) and no focal intense uptake on the PET images (C, E).
CT, computed tomography; FDG, fluorodeoxyglucase; PET, positron emission tomagraphy.
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was 122 spinal metastatic lesions and 34 benign lesions.
Of the 122 metastatic lesions, positive bone scan findings
were recorded in 102 lesions and negative findings were
recorded in 20 lesions. Positive FDG PET findings were
recorded in 109 lesions and negative findings were re-
corded in 13 lesions. The sensitivity with regards to bone
scans and FDG PETs were 84% and 89%, respectively. In
contrast, for the 34 benign lesions, the positive and nega-
tive bone scan findings were recorded in 27 and 7 lesions,
respectively, whereas positive and negative FDG PET
findings were recorded in 8 and 26 lesions, respectively
(the specificity for bone scans and FDG PETs were 21%
and 76%, respectively) (Table 3).

The morphological changes were determined for true-
positive lesions on each bone scan (102 lesions) and FDG
PET (109 lesions) (Table 1). No changes on CT were seen
for bone scans in 32 lesions (31%), and on FDG PETs in
35 lesions (32%). Bone scans depicted predominantly
sclerotic changes in 37 lesions (36%) and mainly osteo-
Iytic changes in 19 lesions (19%) (Fig. 1). On the other
hand, FDG PETs depicted predominantly osteolytic
changes in 41 lesions (38%) and mainly osteosclerotic
changes in 16 lesions (15%) (Fig. 2).

Discussion

In the assessment of spine tumors, while evaluating the
epidural extension or marrow involvement, the MRI
remains as the gold standard [15-18]. However, when
evaluating large numbers of screenings in suspected bone
metastases cases, bone scintigraphy is the most com-
mon modality used due to its high sensitivity, availability,
cost, and ease of surveying the entire skeleton. However,
many patients with bone metastases do not show typical
or specific patterns on these scans [5,19]. Several factors
can influence the tracer uptake, such as degenerative joint
disease and related benign bone diseases or osteocartilag-
inous abnormalities, such as previous skeletal trauma; all
of which will finally limit the specificity of the bone scan.
Since the conventional bone scan is sensitive enough
to detect accelerated osteoblastic activities, which are
nonspecific indicators of pathology; the image provided
by a different modality such as tissue glucose utilization
mapped with F-FDG, would be expected to provide a
different view of bone pathology. Tumor cells release a
myriad of biologically active substances that could ac-
tively interfere with glycolysis, following tumor invasion.

Table 2. Distribution of bone scan and FDG PET findings in spinal le-

sions examined in present study

Positive

Negati

Values are presented as number of lesions.
FDG, fluorodeoxyglucose; PET, positron emission tomography.

Table 3. Distribution of bone scan/FDG PET findings based on final
diagnosis in all spinal lesions

Values are presented as number of lesions.
FDG, fluorodeoxyglucose; PET, positron emission tomography.

Therefore, not only the measurement of mineral turnover,
as conventionally achieved in bone scans, but also the
assessment of glucose metabolic processes, could be of
great significance for differentiating benign from malig-
nant bone lesions [20]. The present study was undertaken
in order to evaluate the usefulness of *F-FDG PET in
measuring glycolytic activity in bone marrow metastatic
lesions in patients with suspected malignant spinal me-
tastases, and to compare bone scans and FDG PETs in the
detection of spinal metastases. Our results indicate that
PF-FDG PET is potentially useful for the detection of
vertebral metastatic lesions based on the analysis of 122
spinal lesions.

Several studies compared bone scans to FDG PETs in
the detection of different types of cancers [21,22]. FDG
PETs were superior to bone scans in the detection of
breast cancer in patients with known skeletal metastases;
with the exception of a subgroup of patients with osteo-
blastic metastases [23], though the bone scan had been
reported to be superior than PET in detecting osteoblas-
tic metastatic lesions [22]. Such data emphasize the com-
plementary nature of bone scans and FDG PETs in the
evaluation of skeletal metastases in breast cancer patients,
as reported previously [24]; as well as in the staging of
bone metastasis in breast cancer, where each modality
cannot substitute the other. It has been reported already
that the FDG PET is less sensitive than the bone scan in
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prostate cancers [25]; where the FDG with a sensitivity of
65%, only identified 131 of 202 untreated metastases in
a group of 22 patients [26]. Morris et al. [27] found that

the bone scan was significantly more sensitive (94%) than
the FDG (77%) in a series of 134 bone metastases. While
the FDG appears to be quite useful in the detection of
bone metastases from lung cancer, it is not so effective in
prostate cancers due to the osteoblastic characteristics of
the lesions [25]. A higher accuracy of PET in the detec-
tion of bone metastases, relative to the bone scan, was
also reported [7]. Thus, it is clear that PETs and bone

E.EDG PET/CT for diagnosis of spine metastasis HI0)¢ I

scans provide different diagnoses according to the type of
the primary cancer, being an important limitation to our
study, and implies the need for larger studies to examine
each primary cancer.

In our research, among the lesions finally diagnosed
as metastases using all the available resources; the CT
characterized only 31% to 32% as probable or definite
metastases whereas the remaining 68% to 69% of the le-
sions was undiagnosed. Furthermore, while morphologic
changes were often identified using bone windows to
display the CT images, only 50% of the lesions depicted

Fig. 2. Bone scan (A), computed tomography (CT) (B, D) and fluorodeoxyglucose (FDG) positron emission tomography (PET) (C, E)
images of a 69-year-old man with renal cell carcinoma. Note the focal intense uptake in osteolytic spine metastases (vertebral
body of T10) on PET only but not on the bone scan (arrows). Axial and coronal CT images show osteolytic changes in the vertebral

body (B, D) and focal intense uptake on the PET images (C, E).
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minimal and more marked osteolytic or osteoblastic
changes. These findings emphasize the limitations of the
CT in confirming or excluding bone metastases detected
on bone scans or PETs.

Our results also demonstrated differences in the detec-
tion of osteolytic versus osteoblastic lesions; where FDG-
PET showed a higher sensitivity in the detection of osteo-
lytic lesions, but lower sensitivity, relative to bone scans,
in osteoblastic metastases. Whether the greater avidity
for **F-FDG in osteolytic metastases reflects a higher
glycolytic rate in this type of lesion remains unknown;
and since osteoblastic metastases are relatively acellular
[28], the degree of *F-FDG uptake may be influenced
by the lower volume of viable tumor tissue within the le-
sion. It is also important to take into consideration the
hypoxic environment typically noted in osteolytic lesions,
compared with osteoblastic lesions, which is caused by
poor blood supply in these lesions due to their aggressive
growth. Such behavior may be an additional factor that
could influence the diagnosis, since hypoxia is known to
increase "*F-FDG uptake in some cell lines [29].

Conclusions

The present study showed a comparable diagnostic ac-
curacy of spinal metastases by bone scan and FDG PET
in PET/CT. Although the CT (as part of PET/CT) can
provide detailed anatomic information, our data suggest
that characterization of the spinal metastatic lesions is of
limited value even when optimal CT window width and
level were used. PET in PET/CT could be a substitute for
bone scan regarding the evaluation of spinal metastasis,
especially for patients with spinal osteolytic lesions iden-
tified on the CT. In contrast, osteoblastic metastases show
lower metabolic activity and are frequently undetectable
on the FDG PET. The biologic explanation for this obser-

vation remains to be elucidated.
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Indian Hedgehog Signaling Promotes Chondrocyte
Differentiation in Enchondral Ossification in
Human Cervical Ossification of the Posterior

Longitudinal Ligament

Daisuke Sugita, MD, Takafumi Yayama, MD, DMSc, Kenzo Uchida, MD, DMSc, Yasuo Kokubo, MD, DMSc,
Hideaki Nakajima, MD, DMSc, Atsushi Yamagishi, MD, Naoto Takeura, MD, and Hisatoshi Baba, MD, DMSc

Study Design. Histological, immunohistochemical, and immu-
noblot analyses of the expression of Indian hedgehog (Ihh) signaling
in human cervical ossification of the posterior longitudinal ligament
(OPLL).

Objective. To examine the hypothesis that lhh signaling in
correlation with Sox9 and parathyroid-related peptide hormone
(PTHrP) facilitates chondrocyte differentiation in enchondral
ossification process in human cervical OPLL.

Summary of Background Data. In enchondral ossification,
certain transcriptional factors regulate cell differentiation. OPLL is
characterized by overexpression of these factors and disturbance of
the normal cell differentiation process. Ihh signaling is essential for
enchondral ossification, especially in chondrocyte hypertrophy.
Methods. Samples of ossified ligaments were harvested from 45
patients who underwent anterior cervical decompressive surgery
for symptomatic OPLL, and 6 control samples from patients with
cervical spondylotic myelopathy/radiculopathy without OPLL.
The harvested sections were stained with hematoxylin-eosin and
toluidine blue, examined by transmission electron microscopy,
and immunohistochemically stained for lhh, PTHrP, Sox9, type X,
XI collagen, and alkaline phosphatase. Immunoblot analysis was
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performed in cultured cells derived from the posterior longitudinal
ligaments in the vicinity of the ossified plaque and examined for the
expression of these factors.

Results. The ossification front in OPLL contained chondrocytes at
various differentiation stages, including proliferating chondrocytes
in fibrocartilaginous area, hypertrophic chondrocytes around the
calcification front, and apoptotic chondrocytes near the ossified
area. Immunoreactivity for Ihh and Sox9 was evident in proliferating
chondrocytes and was strongly positive for PTHrP in hypertrophic
chondrocytes. Mesenchymal cells with blood vessel formation were
positive for Ihh, PTHrP, and Sox9. Cultured cells from OPLL tissues
expressed significantly higher levels of 1hh, PTHrP, and Sox9 than
those in non-OPLL cells.

Conclusion. Our results indicated that overexpression of lhh
signaling promotes abnormal chondrocyte differentiation in
enchondral ossification and enhances bone formation in OPLL.
Key words: ossification of the posterior longitudinal ligament,
Indian hedgehog signaling, parathyroid-related peptide hormone,
enchondral ossification, chondrocyte differentiation.

Spine 2013;38:E1388-E1396

*he posterior longitudinal ligament (PLL) is a 2-layer
structure. The superficial layer is located in close con-
tact with the dura mater and bridges 3 or 4 vertebrae.
The deep layer is located posterior to the vertebral body and
connects 2 adjacent vertebrae.? The failure of this ligament
results in compression of the spinal cord with potential seri-
ous myelopathy. Ossification of the PLL (OPLL) is character-
ized by pathological bone formation and has been extensively
investigated from various aspects.>~ Because this pathological
entity is common in northeast Asians, recent genetic analysis
suggests the involvement of certain genes, such as COL6A1,
COL11A2, and/or NPPS.*® In fact, the newest genomewide
association study suggested the involvement of chromosome
6 in OPLL”?

Progression of OPLL is similar in style to enchondral
ossification, which is usually seen at the growth plate.!%!!
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We described previously the presence of chondrocytes at the
ossification front and demonstrated differences in cell aggre-
gation and density according to the subtype of OPLL.!>
Furthermore, the process of enchondral ossification was regu-
lated by various growth factors and/or transcriptional fac-
tors, although abnormal expression of these factors might be
involved in the progression of OPLL.?*'® Recent reports!®2!
have indicated the involvement of Indian hedgehog (Ihh) sig-
naling in cell differentiation seen in enchondral ossification
at normal growth plate. Thus, Ihh affects the proliferation
and hypertrophy of chondrocytes through interaction with
parathyroid-related peptide hormone (PTHrP).” However,
the exact role of Thh signaling in the pathogenesis of OPLL
remains unclear.!®?

This study is an extension to our previous studies in human
OPLL' and is designed to investigate the pathological role
of Ihh signaling in chondrocyte differentiation at the ossifi-
cation front, using immunohistochemical examination and
biological analysis of cultured cells from surgically obtained
OPLL tissue.

MATERIALS AND METHODS

Patients and Biological Samples
A total of 181 patients who presented progressive symp-
toms of myelopathy and/or radiculopathy and radiological
evidenice of OPLL (136 males and 45 females; mean age at
surgery, 67.5 yr; range, 41-85 yr) underwent anterior decom-
pressive surgery at our University Hospital between 1991
and 2012. We were able to obtain random en bloc samples
of the ligament-ossified plaque complex from 45 patients.
For cell cultures, the PLL specimens were harvested from 11
of 45 patients (8 men, 3 women; mean age 69.2 years). We
also examined samples obtained from 6 age-matched control
patients (OPLL-free group, 3 males, 3 females; mean age,
70.1 yr) who underwent anterior decompressive surgery.
OPLL was diagnosed by the presence of bone formation in
the PLL on radiographs and/or computed tomographic scans
of the cervical spine. None of the patients had evidence of
congenital bone or joint disorders or musculoligamentous tis-
sue abnormalities. None had seronegative spondyloarthropa-
thy or hyperparathyroidism or was being treated with glu-
cocorticoids or immunosuppressants. Surgical procedures of
anterior decompression and interbody fusion were described
in detail in our previous publication,® and all surgical proce-
dures were performed by 2 senior authors (H.B. and K.U.).
Briefly, the left-sided anterolateral approach was used to
expose the affected vertebral levels. The OPLL plaque was
isolated circumferentially, together with surrounding non-
ossified PLL (deep layer), like a floating island on the dura
mater (Figure 1A; see Supplemental Digital Content Data 1,
available at http:/links.lww.com/BRS/A799). Using a custom-
made micro-Kerrison rongeur, we dissected carefully the non-
ossified area of the ligament peripheral to the ossified lesion
and removed en bloc with the surrounding tissues (Figure 1B;
see Supplemental Digital Content Data 1, available at http:/
links.lww.com/BRS/A799).
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A written informed consent was obtained from each
patient, and the study protocol was approved by the Human
Ethics Review Committee of our University Medical Faculty
and strictly followed the Clinical Research Guidelines of
the Ministry of Health, Labor, and Welfare of the Japanese
Government.

Histological and Immunohistochemical Staining

The tissue blocks were stained immunohistochemically using
the methods described previously.!>%'¢ The primary anti-
bodies used in this study were rabbit polyclonal anti-Sox9
(lot DO406; Santa Cruz Biotechnology, Dallas, TX), rabbit
polyclonal anti-Thh (lot 20450; GeneTex, San Antonio, TX),
mouse monoclonal anti-PTHrP (batch 17011; AbD Serotec,
Oxford, England), mouse monoclonal anti-type X colla-
gen (lot 350521; Quartett, Berlin, Germany), rabbit poly-
clonal anti-type XI collagen (lot 584061; CosmoBio, Tokyo,
Japan), and rabbit monoclonal anti-bone alkaline phospha-
tase (lot GR79855-4; Abcamn, Cambridge, England). Sig-
nals were detected using goat anti~mouse immunoglobulin
(IgG) antibodies conjugated to peroxidase-labeled dextran
polymer (EnVision, peroxidase; Dako, Glostrup, Denmark)
for monoclonal antibodies and to goat anti-rabbit IgG anti-
bodies (EnVision+, peroxidase; Dako) for polyclonal anti-
bodies at 20°C for 45 minutes and rinsed with phosphate
buffered saline (PBS) at pH 7.4. To visualize the peroxidase
color reaction, sections were incubated with DAB-HCI solu-
tion (CB090; Dojin Chemicals, Tokyo; 50 mg dissolved in
100 mL of 0.05 M Tris-HCI buffer at pH 7.4) at 20°C for
10 minutes. Nuclear counterstaining was carried out with
hematoxylin.

Transmission Electron Microscopy

For transmission electron microscopy, harvested tissues were
resected by trimming (1.0 mm?3), fixed in 2.5% glutaralde-
hyde water solution for 2 hours, dehydrated with propylene
oxide (Nakalai Tesque, Kyoto, Japan), and embedded in
Epon 812 (Oken, Tokyo, Japan). In the final stage, ultrathin
sections (100-nm thick) were prepared with an ultramicro-
tome (Ultracut Nj Reihert, Wien, Austria), stained with 2%
uranyl acetate (50% ethanol solution), and observed under
a transmission electron microscope (H-700; Hitachi, Tokyo,

Japan).

Cell Culture

Cultured PLL cells derived from the vicinity of OPLL plaque
(named as “cultured OPLL cells”) were isolated as described
previously.' Briefly, the ligaments were harvested aseptically
from the ossified tissue, minced into approximately 0.5-mm?
pieces, and explanted onto a 100-mm diameter dish in 10 mL
of Dulbecco’s Modified Eagle Medium (#12320, Low Glucose
1X, lot 561521; GIBCO, Grand Island, NY) supplemented
with 10% fetal bovine serum qualified (#1395965; GIBCO),
1% penicillin/streptomycin (#15140, 667553; GIBCO) at
37°C in a humidified atmosphere of 95% air/5% CO,. The
cultures were undisturbed for 48 hours, followed by replace-
ment of the medium with an equal volume of fresh medium.
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The cells derived from the explants were harvested from
the dishes with 0.02% ethylenediaminetetraacetic acid and
0.05% trypsin for further passages. The samples harvested
from 6 patients without OPLL were cultured in a similar con-
dition (named as “cultured non-OPLL cell”).

Immunohistochemical Staining of Cultured Cells

For immunohistochemical staining with cultured cells, 2%
paraformaldehyde was used for cell fixation at room tem-
perature for 15 minutes after washing with PBS. The primary
antibodies used in this study and in examination after cell
fixation were as described previously (under the “Histological
and Immunohistochemical Staining™ section).

Immunoblot Analysis

To evaluate the expression levels of transcriptional factors, we
used immunoblot analysis using the method described previ-
ously by our laboratory.?? Briefly, the sample was solubilized
in RIPA buffer, homogenized, and then stored at —80°C. The
protein concentration was analyzed by the Bio-Rad DC pro-
tein assay kit (lot 500-0116; Bio-Rad Laboratories, Hercu-
les, CA). Total protein (80 go/lane) was subjected to sodium
dodecylsulfate polyacrylamide gel (15%) electrophoresis and
transferred onto the polyvinylidene difluoride membrane in
a semidry blot apparatus. The membranes were then washed
twice in PBS, subsequently reacted with the primary antibod-
ies (similar to those used in immunohistochemistry described
earlier), and diluted overnight at 4°C sequentially by anti—
rabbit IgG antibody and avidin-biotinylated peroxidase com-
plex (1:200; EnVision System-HRP Labeled Polymer; Dako)
for 3 hours. After triple washing in 0.1 M PBS, the membrane
was immersed and then subjected to radiography to visualize
the peroxidase activity and thus the level of antibody binding.
To quantify the relative level of expression of 3 transcriptional
factors in cultured OPLL and non-OPLL cells, we analyzed
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Figure 1. Intraoperative photographs taken
during anterior floating and en bloc resec-
tion of the OPLL. The OPLL plaque was
isolated circumferentially, like a float-
ing “island” on the dura mater (A). After
floating, the ossified plaque was lifted and
extirpated from the dura mater (B). On
hematoxylin and eosin staining, hyper-
trophic chondrocytes are present around
the calcification front between the FCA
and CCA (C). Note also the aggregation of
mesenchymal cells (arrow) near the ossi-
fication area with blood vessel formation
(D). (C, D): hematoxylin and eosin stain-
ing, scale bar = 100 pm). CCA indicates
calcified cartilage area; FCA, fibrocarti-
lage area; OPLL, ossification of the poste-
rior longitudinal ligament.

the density of the bands on the photographic film with a densi-
tometer using the NIH image analysis software (version 1.59/
ppc; National Institutes of Health, Bethesda, MD). Data were
expressed in relative values as semiquantitative data, repre-
senting the ratio of the density of each band to that of B-actin
(1:500, rabbit IgG; Abcamn plc, Cambridge, England).

Statistical Analysis

Data are expressed as mean * standard error of the mean.
Differences between groups were examined by the Student #
test. A P value of less than 5% was considered significant.

RESULTS

Histopathological Findings

The ossification front, comprising the fibrocartilage
area (FCA), calcification front, and calcified cartilage
area (CCA), was found close to the bony formation area
(Figure 1C). The components exhibited irregular arrange-
ment of features and extended longitudinally. The FCA also
contained flat-shaped proliferating chondrocytes. A calcifi-
cation front was noted along the line of ossification between
the FCA and the CCA. Mature and hypertrophic chondro-
cytes forming a thick calcified cartilage layer in toluidine
blue—stained sections were noted around the calcification
front. The CCA raggedly extended longitudinally from the
cartilage layer to the ossified area, and several hypertrophic
chondrocytes were seen. At the abuttal region of the ossified
area in the CCA, mesenchymal cells were found occasion-
ally with small blood vessel formation (Figure 1D). These
mesenchymal cells formed an island-like structure, and the
initial ossification appeared to start from the border. In con-
trast, this layered structure was not seen in the control non-
OPLL specimens. Instead, a thin, regular structure with a
few chondrocyte was present.
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Figure 2. On toluidine blue staining
(A), the ossification of the posterior lon-
gitudinal ligament section shows layered
structures from the FCA to the ossified
area. Transmission electron microscopic
examination shows hypertrophied chon-
drocytes (B) with nuclei surrounded by
granular bodies and apoptotic chondro-
cytes (C) with flattened nuclei and cyto-
plasm in the CCA. (A) Toluidine blue
staining (scale bar = 100 wm). (B, C) Trans-
mission electron microscopy, (scale bar =
10 pm). CCA indicates calcified cartilage
area; FCA, fibrocartilage area.

Transmission Electron Microscopic cell nucleus (Figure 2B). On the contrary, apoptotic chon-
Findings in Chondrocytes drocytes, with cohesion of the cellular nucleus, were seen
Hypertrophic chondrocytes were mainly evident in the close to the ossified area in the CCA (Figure 2C). They were
CCA, especially near the calcification front (Figure 2A). The  characterized by a flat cytoplasm and small-sized nuclei,
cytoplasm of these cells showed mature and hypertrophic ~ which appeared flattened, containing clusters of granular
changes, with abundant granular bodies surrounding the  bodies.
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Figure 3. Immunohistochemical staining for Ihh (A-C), PTHrP (D-F), and Sox9 (G-1) in the ossification front: staining was strongly positive for
Sox9 and thh in proliferating chondrocytes and was positive for PTHrP in hypertrophic chondrocytes. Staining for Sox9, Ihh, and PTHrP was
positive in mesenchymal cells. CCA indicates calcified cartilage area; FCA, fibrocartilage area (scale bar = 100 pm).
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Figure 4. Immunohistochemical staining for type Xl collagen (A-C), type X collagen (D-F), and alkaline phosphatase (G-I). Staining for type Xl col-
lagen was strongly positive in proliferating chondrocytes and was positive for type X collagen in hypertrophic chondrocytes. Staining for alkaline
phosphatase was positive in hypertrophic chondrocytes in the CCA. CCA indicates calcified cartilage area; FCA, fibrocartilage area (scale bar =

100 pwm).

Immunohistochemical Staining of Paraffin Section
Immunoreactivity to Thh was noted in chondrocytes at various
stages of differentiation but was particularly strong in prolif-
erating chondrocytes in the FCA near the calcification front
(Figure 3A-C; see Supplemental Digital Content Data 2, avail-
able at http://links.lww.com/BRS/A800). Staining for PTHrP
was positive in proliferating chondrocytes and hypertrophic
chondrocytes (Figure 3D-F). Immunoreactivity to Sox9 was
noted in proliferating chondrocytes but not in hypertrophic
chondrocytes (Figure 3G-I). Mesenchymal cells near the ossi-
fication area were immunopositive for Thh, PTHrP, and Sox9.
Proliferating chondrocytes, especially those in the FCA, were
positive for type XI collagen (Figure 4A-C), whereas the hyper-
trophic chondrocytes both around the calcification front and
in the CCA were positive for type X collagen (Figure 4D-F).
Staining for ALP was noted in hypertrophic chondrocytes and
chondroid matrix around the hypertrophic chondrocytes (Fig-
ure 4G-I). Immunopositive cells for these factors, such as Thh,
PTHrP, Sox9, type X collagens, and type XI collagens, were
not present in the controlled samples, including ligamentous
enthesis. Table 1 summarizes the results of immunohistochem-
ical analysis.

Sox9, lhh, and PTHrP Expression in Cultured OPLL Cells
The cultured OPLL cells exhibited a fibroblast-like, spindle-
shaped appearance. The length of cultured cells ranged from
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150 to 300 pwm, and some cells had dendritic processes. There
was no significant difference in appearance between cultured
OPLL cells and non-OPLL cells, although the former type of
cells tended to form multilayered structures compared with
non-OPLL cells. Immunohistochemical staining showed
expression of Thh, PTHrP, and Sox9 in the cellular matrix of
cultured OPLL cells (Figure 5). In contrast, non-OPLL cells
were negative for Thh, PTHrP, and Sox9.

Immunoblot Analysis

Figure 6 shows the results of immunoblot analysis for IThh,
PTHrP, and Sox9 in cultured OPLL cells. There were sig-
nificant differences in the expression levels of these factors
between cultured OPLL cells and non-OPLL cells: compared
with the non-OPLL cells, the expression of Thh (165%; P <
0.05), PTHrP (136%; P < 0.05), and Sox9 (182%; P < 0.05)
was higher in cultured OPLL cells.

DISCUSSION

OPLL is characterized by an ectopic ossification that occurs
in the PLL. In previously reported histological studies, the
progression of OPLL was similar to enchondral ossification,
which was regulated by cytokines, growth factors, transcrip-
tional factors, or cell signaling.!®!" These processes were cou-
pled with cartilage development, involving chondrocyte dif-
ferentiation. Enchondral ossification involves mesenchymal
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Summary of Immunohistochemical Staining of the Ossification Front of the Ossification of

the Posterior Longitudinal Ligament

Mesenchymal Cells Hypertrophic Proliferating Fibroblasts
(Near Ossified Area) | Chondrocytes (CCA) | Chondrocytes (FCA) (Fiber Area)
Sox9 + = ++ =
Ihh + + ++ —
PTHrP + + = =
Col X = + = -
Col XI = = + =
ALP — + — ~
Semiquantitative analysis conducted according to the method described by Song et al*’: ++, strongly positive; +, moderately positive; *, weakly positive; —,
negative staining.
CCA indicates calcified cartilage area; FCA, fibrocartilage area.

cell condensation, aggregation, and differentiation into
chondrocytes, followed by cell maturation, hypertrophy,
calcification, and ultimately apoptotic cell death.?**** In the
present study, the ossification front in OPLL included hyper-
trophic chondrocytes positive for type X collagen, a marker
of hypertrophied chondrocytes,*® and proliferating chondro-
cytes, which were positive for type XI collagen, a marker for
chondrocyte maturation.”” Although the exact role of these

collagens in OPLL remains unclear, they are thought to play
some roles in chondrocyte maturation and development of
cartilage matrix, and genetic analysis showed involvement
of these collagens in OPLL pathogenesis.”® Alkaline phos-
phatase is also essential for the calcification process through
the concentration of phosphate ions and is highly expressed
in matrix vesicles secreted by hypertrophic chondrocytes.?®
Our study showed overexpression of growth factors and/or
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Figure 5. Representative immunohistochemical staining for Ihh, PTHrP, and Sox9 in cultured OPLL cells. Cellular matrix showed strong immuno-
reactivity. In contrast, control non-OPLL cells showed no immunoreactivity for these transcriptional factors. n.c. indicates normal control (scale
bar = 100 wm).
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Figure 6. Immunoblot analysis of Ihh, PTHrP, and Sox9. The expression levels in cultured OPLL cells were significantly higher than those in

non-OPLL cells. Data are mean * SD. *P < 0.05.

changes in matrix constitution in OPLL, suggesting distur-
bances of the aforementioned cell differentiation processes,
leading to enchondral ossification.

The initiation of chondrocytes differentiation at the growth
plate starts with the condensation of mesenchymal cells.
In OPLL specimens, mesenchymal cells accumulated in the
calcified cartilage layer with blood vessel formation. In our
previous study using reverse-transcriptase polymersae chain
reaction, we have demonstrated that cultured cells derived
from ossified spinal ligament express high levels of Sox9 and
Runx2.”* Sox9 is known to promote chondrocyte differentia-
tion, and Runx2 promotes the differentiation of premature
chondrocytes to hypertrophic chondrocytes.'® Considering
these results, we hypothesize that overexpression of Sox9
and Runx2 is due to differences in genetic background. Over-
expression of these factors in the OPLL violates the regula-
tion of chondrogenesis and differentiation of mesenchymal
or fibroblast-like cells to mature chondrocytes in a complex
autocrine/paracrine manner. New blood vessel formation is an
imperative factor for enchondral ossification, and this process
is regulated by various cytokines and growth factors, such as
vascular endothelial growth factor, which was strongly posi-
tive in chondrocytes near the ossification front.!*'* Vascular
endothelial growth factor and its receptors were expressed on
chondrocytes and acted in an autocrine/paracrine manner on
neovascularization, mesenchymal cell infiltration, and chon-
drocyte differentiation.?*%

With regard to chondrocyte hypertrophy, Thh, a member of
the Hedgehog family, is reported to be an essential factor for
chondrocyte differentiation and is expressed on prehypertro-
phic chondrocytes and acts in the surrounding tissues toward
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the metaphysic tissues.>!-3 Thh signaling is an imperative fac-
tor for bone development in the embryo during postnatal
development. The complete blocking of Ihh signaling will
induce disturbances in the structures of the growth plate and
lead to immature bone growth. There have been few reports
on the expression pattern of Thh signaling with respect to sex,
age, or race. According to an i vitro study, the overexpres-
sion of Thh signaling could bring about ectopic bone forma-
tion, or abnormal bone development, in systemic organs.?!?

Ihh signaling is also a positive regulator of PTHrP pro-
duction, acting on hypertrophied chondrocytes through the
PTHrP receptor.'»?303437 Recent studies have shown that
the interaction of Thh and PTHrP is induced by the expres-
sion of Sox9 and Runx2. Induction of Thh signaling and
PTHIrP resulted in chondrocyte maturation under upregula-
tion of Sox9, whereas maturation and calcification of chon-
drocytes were inhibited by upregulation of Runx2.3%%° The
present results suggested that coactivation of Thh signaling
and PTHrP promoted chondrocyte hypertrophy, but once
the hypertrophic change are complete in chondrocytes, the 2
proteins seem to inhibit the hypertrophy process. The present
study showed strong expression of Thh in proliferating chon-
drocytes both around the calcification front and in cultured
OPLL cells. These results suggest that Thh signaling contribute
to hypertrophy of proliferation chondrocytes in the FCA of
OPLL as well as enchondral ossification. Furthermore, highly
expressed mRNA of Thh suggests gene-based abnormal chon-
drogenesis in patients with OPLL.

We have demonstrated previously the presence of abnor-
mal expression of Wnt/B-catenin signaling,'® which regu-
lates chondrocyte phenotype, maturation, and function in a

October 2013

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

—676—



