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Introduction

Psychological factors are known to affect the subjective
experience of pain. Pain catastrophizing is one such maladaptive
response to pain that is characterized by heightened pain
intensity [1], increased disability [2]and difficulty disengaging
from pain [3]. Recently, functional neuroimaging techniques
have been developed that allow the neural correlates of
psychological states to be explored. The blood oxygenation
level-dependent contrast (BOLD-fMRI) is currently the most
popular tool for mapping human brain activity [4]. Pain-related
brain activations which could be considered as psychological
factors have been reported in various studies. In healthy
volunteers, several brain regions, including the primary and
secondary somatosensory cortices, insula, anterior cingulate
cortex (ACC), thalamus, and motor cortex, respond to real
noxious stimuli and are regarded as part of the “pain matrix”
[5,6]. However, it is also known that the expectation of pain can
evoke brain activation patterns resembling that of a real pain
experience [7].

In a previous study [8,9], Ogino reported that the imagination
of pain even without physical injury engages the cortical
representations of the pain-related neural network. Also, we
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reported that prior pain experiences can strongly affect pain
anticipation and associated brain activations. We have also found
that the anticipation of painful stimuli can cause the activation of
cortical areas underlying pain-related affect in chronic neuro-
pathic pain patients [10]. Activation in the brain during the
visualization of a painful experience was found in the ACG and
the medial prefrontalcortex (MPFC), which are regions known to
be areas associated with pain and affect processing. Similar
activations were found to be correlated with pain catastrophizing
in individuals with fibromyalgia [11]. In that study, pain
catastrophizing was associated with greater activity in the
dorsolateral prefrontal cortex, rostral ACC, and MPFC, regions
implicated in pain vigilance, attention and awareness
[12,18,14,15]. These results suggest that pain-related neuronal
activities might reflect the development and maintepance of
chronic pain syndromes. .

Low back pain (LBP) is one of the most common chronic
pain syndromes. A recent fMRI study in humans reported
actual LBP-related cerebral substrates [16]. Abnormal activa-
tions were identified in the prefrontal cortex, insula, thalamus,
posterior cingulate cortex (PCC), supplementary motor area
(SMA), and premotor areas (PMA) — predominantly in the right
hemisphere.
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Table 1. Evaluations of task-related discomfort and pain.

LBP group (n=11) non-LBP group(n=11)

Experiences evoked by tasks
Discomfort (range) 35 (1-6) 0
Pain (range) 2.1 (0-6) 0
RDQ (mean = SD) 3.1%349 0
0D (mean = SD) 19.827.8% 0

RDQ, Roland-Morris Disability Questionnaire; ODI, Oswestry Disability Index 2.0.
doi:10.1371/journal.pone.0026681.t001

We hypothesized that visualization of a painful experience
would provoke unpleasant emotions, and these emotions might
have a role in the maintenance of chronic pain syndromes. The
present study investigated neural correlates of affect processing in
subjects with nonspecific LBP and subjects without LBP by using
virtual visual stimuli.

Visualization of Painful Experiences in Lumbago

Results

Self-reported discomfort and pain (Table 1)

All subjects in the LBP group reported discomfort associated
with viewing the simulated back pain (mean NRS score, 3.5;
range, 1-6). 7 of the 11 subjects in the LBP group described pain
associated with the task. However, no subjects in the non-LBP
group reported any discomfort or pain resulting from viewing the
picture of back pain.

fMRI results

Compared with the non-LBP group, the LBP group
demonstrated significantly more activation in the left fusiform,
as well as left inferior temporal gyrus, bilateral precentral gyrus,
left middle frontal gyrus, left superior frontal gyrus, bilateral
thalamus, bilateral caudate, right insula, left postcentral gyrus,
bilateral lingual gyrus, bilateral parahippocampal gyrus, right
superior temporal gyrus, left angular gyrus, left superior
occipital gyrus, left precuneus, left middle temporal gyrus, left
posterior cingulate cortex (PCC), and left cerebellum (Table 2,
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Table 2. Talairach coordinates and Broadmann's areas for regions of statistically significant activation (p<<0.0005 at voxel level
uncorrected threshold) in response to virtual LBP stimulation (task — control condition).
Anatomical region Side Coordinate Broadmann area Z score
LBP group as compared to non-LBP group
Fusiform gyrus Lt —46, —34, —13 Area 20 453
Inferior temporal gyrus Lt ~57, —43, ~15 Area 37 3.60
Precentral gyrus Lt -32,8,38 Area 9 4.38
Rt 28, 24, 56 Area 4 4.03
Middle frontal gyrus Lt 46, 20, 43 Area 8 3.68
-32,11,60 Area 6 350
Superior frontal gyrus Lt -40, 16, 53 Area 8 3.56
Thalamus Lt -24, -25,7 - 434
Rt 24, ~27,0 - 3.40
Caudate Lt -28, ~32,13 , - 357
Rt 38, ~35, -3 - 391
Insula Rt 28, -27,12 Area 13 430
Rt 34, ~20, 18 Area 13 350
Postcentral gyrus Lt ~8, —55, 64 Area 7 407
Lingual gyrus Rt 18, -62, 0 Area 19 3.99
Lt -6, =72, =5 Area 18 3.81
Parahippocampal gyrus Lt ~-36, —43,0 Area 19 3.96
Rt 32, —53, -4 Area 19 391
Rt 28, ~41, —10 Area 36 362
Superior. temporal gyrus Rt 40, ~35, 4 Area 41 3.78
Angular gyrus Lt -32, ~74, 30 Area 39 3.88
Superior occipital gyrus Lt -38, ~80, 33 Area 19 378
Precuneus Lt -42,-72,35 Area 19 342
Middle temporal gyrus Lt —60, —35, =5 Area 21 362
Posterior cingulate gyrus Lt ~10, —41, 30 Area 31 361
; Lt —4, —43,37 o Area 31 355
Cerebellum Lt -24, =30, —20 - 388
non-LBP group as compared to LBP group
Caudate ‘ Rt 2,-34,20 - , 361
doi:10.1371/journal.pone.0026681.t002
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Figure 1. Areas of cortical activation in the LBP group
compared with the non-LBP group in response to virtual LBP
stimuli (task - control condition) detected by fMRI(p<0.0005, Z
score>3.4, uncorrected threshold).
doi:10.1371/journal.pone.0026681.g001

Fig. 1). The reverse contrast showed that the LBP group had
lower activations than the non-LBP group in a single cluster in
right caudate (Table 2).

In the LBP group, activations related to discomfort were found
in the bilateral thalamus, bilateral medial frontal gyrus, right
claustrum, left cerebellum (Table 3, Fig. 2). Activations associated
with self-reported pain were found in the right thalamus and right
lingual gyrus. RDQ scores were associated with activation in the
left ACC, and ODI scores were associated with activations in the
right insula (Table 3, Fig. 3).

Table 3. Cortial areas showing a linear signal increase with
the discomfort rating, pain rating, RDQ scores and ODI scores.

Broadmann Z
Anatomical region Side Coordinate area
Thalamus

RDQ, Roland-Morris Disability Questionaire; ODI, Oswestry Disability Index 2.0.
dok:10.1371/journal.pone.0026681.t003
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Figure 2, Areas of cortical activation showing an association
with perceived discomfort.
doi:10.1371/journal.pone.0026681.g002

Discussion

Our results demonstrate that viewing images of simulated back
pain evoke unpleasant feelings, and specific brain activations in
individuals with LBP. According to the International Association
for the Study of Pain, pain is defined as, “an unpleasant sensory
and emotional experience associated with actual or potential tissue
damage, or described in terms of such damage™. As this definition
suggests, both real pain stimuli and virtual pain experiences such
as the visual stimuli in our study may play an important role in
pain recognition and interpretation in the brain.

Functional MRI results showed that many of the areas
described as being part of the “pain matrix” are also active
during virtual pain. These results suggest that previous experiences
of low back pain can sensitize an individual to pain anticipation.
Activation in the insular cortex is associated with pain discrim-
ination [17,18,19]. Additionally, the posterior insular cortex also
plays a role in directing appropriate motor behaviors [20].
Furthermore, the insular cortex has projections to the SMA
[21,22]. The SMA and PMA are commonly activated by pain
[19,23], and usually associated with motor preparation. Activation
in those areas might be associated with preparation for protective
behavior against pain. In addition, we found virtual LBP stimuli
led to increased activation in cerebellum. Activity in the
cerebellum is frequently found in pain neuroimaging studies.
Cerebellar activation is considered to be primarily associated with
motor responses [13]. The need for temporally precise information
may also be relevant for brain areas involved in initiating,
propagating, and executing defensive motor responses to noxious
stimuli 11,13,24,25].

The thalamus and the pulvinar are heavily interconnected with
the visual and parietal cortices. Neuroimaging studies suggest
responses in the pulvinar have a spatiotopic organization that are
modulated by visual attention [26,27,28]. These results suggest
that low back pain experiences may make individuals pay more
attention to pain-related visual stimuli.

Many reports identify a role of the PGC in negative emotion
[29,30,31,32,33,34], visuospatial orientation, and assessment of
self-relevant sensation [35]. Exaggerated cerebral activation by
pain stimuli may also be associated with pathologic pain states
such as allodynia [36,37]. Together with its possible role in
inflammatory pain [38], PCC activation could possibly reflect the
negative emotion and the pathologic state of pain.
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Figure 3. Sagittal sections showing cortical clusters where activity was linearly correlated with perceived pain, RDQ scores and ODI

scores.
doi:10.1371/journal.pone.0026681.g003

We found other regions with heightened activity in LBP
participants, in areas outside of the classic pain matrix. Those
regions included the hippocampus, fusiform gyrus and angular
gyrus. While not typically considered a nociceptive processing
region, activation in the hippocampus has been previously
reported to be activated in response to painful heat [14,39] and
laser stimulation [40]. The hippocampus has been traditionally
associated with recent memory consolidation [41], spatial
memory [42], and fear-initiated avoidance behavior [43]. The
hippocampus might also play a role in memorizing the pain
stimulation and preparing fear-initiated avoidance. The
fusiform gyrus is often associated with facial recognition [44].
It is conceivable, therefore, that our visual stimuli (which
included a human face) may have been responsible for
observed activations in the fusiform gyrus. However, our
visual stimuli included a human facewithout any faical
expression. This might suggest that the fusiform gyrus plays
another important role in the cognitive neuroscience field. The
angular gyrus is associated with empathy and ‘theory of mind’
[45]. Visual stimuli may cause subjects in the LBP group to
imagine self pain or feel empathy towards the individual in
pain in the picture.

Via parametric analyses in the LBP group, we identified several
regional activations that were associated with discomfort rating,
pain rating, RDQ scores and ODI scores. The SMA and PMA
were related to the discomfort rating. As indicated previously, the
SMA and PMA are involved in motor preparation. Activation in
those areas might therefore be associated with preparation of
protective behaviors against discomfort and pain. Thalamic
activation was associated with both discomfort and pain ratings.
Greater insula activation was associated with higher ODI scores.
The thalamus and insula are considered part of the sensory
component of pain processing [46]. But, a recent study suggests
that imagining oneself in painful situations is sufficient to trigger
some pain sensory regions [47]. The ACC was associated with
RDQ scores. The ACGC is an important part of affective pain
processing [48,49] and can be activated in tasks of pain empathy
[47,50,51,52,53,54,55]. It is unknown, therefore, whether the
ACC activations, which were observed in the LBP group, were
due to imagined self pain, or empathetic pain for the individual in
the picture.

In this study, we showed that pain-related visual stimuli can
activate several regions of the pain matrix in LBP patients, but
not normal volunteers. Moreover, the pain questionnaire scores
in the LBP patients were associated with greater activation of
pain-processing brain regions. Functional MRI and the virtual
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visual tasks are non-invasive methods for probing pain-related
fear and catastrophizing. These results might be applied to the
evaluation of chronic pain syndromes, such as low back pain, in
the future.

Materials and Methods

‘We recruited subjects with nonspecific LBP (LBP group) (n =11,
6 male, 5 female, mean age 20.4 years) and subjects without LBP
(non-LBP group) (n=11, 5 male, 6 female, mean age 21.5 years).
All participants were right-handed, had no history of cerebrovas-
cular disease, and were free from any medication within 24 hours
of the study. Scores for the Roland-Morris Disability Question-
naire (RDQ) and Oswestry Disability Index 2.0 (ODI) were
obtained for all participants. Participants in the LBP group
reported low back pain, and a RDQ or ODI score greater than
zero. Participants in the non-LBP group had never experienced
low back pain lasting longer than 1 week, and their RDQ) and
ODI scores were zero. No participants in either group displayed
any evidence of structural abnormality in the lumbar spine on
MRI, or any neurologic symptoms. None reported having a
history of psychiatric disorders, or currently using any psychoac-
tive medications.

We used virtual LBP stimuli depicting a man who is carrying
luggage in a half-crouching position (Fig. 4). This picture
represents an action that would likely cause pain in an individual
with low back pain, and may therefore cause pain anticipation in
the LBP group. Participants were also shown a picture depicting a
man standing in front of luggage, providing the baseline
stimulation (control condition) (Fig. 4). Participants in the LBP
group had painful experiences in the half-crouching posture but
did not have any pain in the standing posture. In addition, the
participants in the LBP group currently feel little pain in daily life.
During the fMRI session, trials were presented in a fixed block
design. The distance between the participants’ eyes and the screen
was 12.5 cm, with a visual angle of 7.4x11.3°. The trials were
applied eight times in.each series, with each trial presentation
lasting 3 seconds. The entire functional experiment lasted
150 seconds (see details of the experimental paradigm in Fig. 4).
Self-reported discomfort and pain measures were collected using a
numerical rating scale after the experimental session.

Images of the entire brain were acquired using GE SIGNA 3.0
Tesla scanner. Blood oxygenation level-dependent (BOLD) signals
were collected with a T2-weighted, muiti-slice, gradient echo-
planar imaging (EPI) sequence (TE =35 ms, TR = 3000 ms, flip
angle =90°, slice width=4 mm, gap=0 mm, 36 axial slices).
Participants were scanned in the supine position, with the head
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Figure 4, Experimental design. Subjects enrolled in the experiment
were shown a picture demonstrating a man holding luggage in a half-
crouching position (task picture) and a picture demonstrating a man
standing in front of luggage, providing the baseline stimulation (control
condition picture).

doi:10.1371/journal.pone.0026681.g004

0 150 s

fixed to minimize movement artifact. During the experiment,
participants were simply instructed to observe the picture on
screen.

The study was approved by the Ethical Committee of Kochi
Medical School. All participants were informed of the study
purpose beforehand and provided written consent to participate.

Results were analyzed on a Unix workstation using SPM2
(Statistical Parametric Mapping) software; Wellcome Department
of Cognitive Neurology, Institute of Neurology, London: http://
www filion.ucl.ac.uk/spm). The acquired images were realigned,
spatially normalized to a standard EPI template and finally
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smoothed with an isotropic Gaussian kernel of 6 mm FWHM (full
width at half maximum). Significance was assessed using the box
car approach, convolved with the canonical hemodynamic
response function. Activation maps represent t-test contrasts
between the different experimental conditions. To identify the
neural substrates for the virtual pain task, we contrasted the task
condition and control condition in the LBP and non-LBP groups.
Thresholds for activation were set at p<<0.0005 for the voxel level
of activation, and were further corrected for multiple comparisons
at the cluster extent threshold of p<(0.05. The Talairach atlas was
used to anatomically localize foci of significant activation [56].
Brain activation between the LBP group and the non-LBP group
was statistically compared to identify the neural processing specific
to the LBP group (p<<0.05, corrected, one-way ANOVA).

For the LBP group only, parametric analyses were also
performed to determine associations between brain activity and
perceived discomfort, perceived pain, RDQ score and ODI score.
Normalized ratings were introduced at the subject level, taking
into account only trials from the LBP group.
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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,*+§
Shao-Yu Liu, MD, PhD,* and Hisatoshi Baba, MD, PhD*

Study Design. To examine the effects of a tumor necrosis factor
(TNF)-o 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 deoxynucleotidy! 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. Immunoblot 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.68

Traumatic spinal cord injury initiates a complex series of
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Tumor necrosis factor (TNF)-a is a potential trigger of neu-
ral cell injury in the spinal cord.>'! TNF-a mediates several
biologic and immunoregulatory responses in a variety of in-
flammatory diseases and trauma of the central nervous system
including the spinal cord.’>** It is highly possible that both
TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2), both
members of the TNFR superfamily,'s'” are involved in these
potentially destructive cellular reactions mediated by TNF-c.
In a chronic spinal cord compression model, we showed that
TNF-a, TNFR1, and TNFR2 induced neuronal and oligoden-
droglial cell apoptosis after spinal cord injury."® The biologic
activity of TNF-« is inhibited by the TNF-« antagonist etaner-
cept, which has demonstrated efficacy in rheumatoid and pso-
riatic arthritis by reducing joint inflammation and pain.*#
Etanercept inhibits TNF activity by competitive binding for
cell-surface receptor interactions. It binds to TNF-o and
TNEF-B, in a reversible fashion, and after dissociation, the TNF
remains bioactive. Etanercept also reduces secondary inflam-
matory damage to the spinal cord after traumatic injury.”*
However, it remains unknown how etanercept suppresses
neuronal and oligodendroglial apoptosis in spinal cord injury.

This study investigated the effects and possible mechanisms
of action of etanercept in the rat spinal cord contusion model,
with a particular focus on the inhibition of TNF-a-mediated
neuronal and oligodendroglial apoptosis. To our knowledge,
this is the first experimental investigation of etanercept on
neuronal function and neurologic improvement after spinal
cord injury.

MATERIALS AND METHODS

Animal Model of Spinal Cord Injury

Experiments were conducted in 108 adult male Sprague-
Dawley rats (Clea, Tokyo, Japan), aged 8 to 10 weeks with
a mean body weight of 275 * 35.2 g (£SD). After anesthe-
sia by intraperitoneal injection of sodium pentobarbiturate
(0.05 mg/g body weight), laminectomy was performed at the
T9 and T10 levels using a surgical microscope (VANOX-S,
Olympus, Tokyo, Japan), taking utmost care to avoid damag-
ing the dura mater. The dorsal surface of the spinal cord was
compressed extradurally at the T10 cord level using a 90-g
static load (custom-made rod, 2 X 3 mm in diameter) for 2
minute, as described previously.? In one group of rats were
treated by intraperitoneal administration of etanercept at the
dosage of 5 mg/kg 1 hour after the contusion (n = 45). In the
other group of rats with the same magnitude of spinal cord
injury (n = 45), 1 mL of saline was injected 1 hour after the
contusion injury: these animals served as the control group.?
Rats subjected to laminectomy, but with no spinal cord injury
sustained, served as the sham-operated group (n = 18). After
surgery, all animals were housed under a 12-hour light-dark
cycle in a bacteria free biologically clean room with access to
food and water ad libitum.

This study was carried out in the Orthopaedic Spinal Cord
Laboratort of University of Fukui. The experimental protocol
strictly followed the Ethics Review Committee Guidelines for
Animal Experimentation of our University.

Spine

Immunoblot Analysis

Immunoblot analysis was performed at 6 hour, 12 hour,
1 day, 3 day, 1 week, and 2 week after spinal cord injury using
the method described previously by our group.®'®* Immedi-
ately after anesthesia by intraperitoneal injection of sodium
pentobarbiturate, the damaged spinal cord around the epicen-
ter of the lesion {longitudinal section approximately 20 mm
in length) was dissected en bloc from the spine and stored
immediately at —80°C in liquid nitrogen. Sections were cen-
trifuged at 15,000g for 30 second using a BioMasher Rapid
Homogenization Kit (Funakoshi Co Ltd, Tokyo, Japan). Sam-
ples were then solubilized in RIPA buffer [S0 mmol/L Tris-
HCI, pH 7.5, 150 mmol/L NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 20 pg/mL leupeptin, and 1 mmol/L
phenylmethylsulfonylfluoride (PMSF)], homogenized, and
stored at —80°C. Protein concentration was determined by a
DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA).
Laemmli sodium dodecylsulfate buffer samples containing the
protein mixtures were boiled and subjected to immunoblot
analysis. Total protein (20 pg/lane) was separated on 12.5%
SDS-PAGE and transferred onto polyvinylidene difluoride
membrane (PE Applied Biosystems, Foster, CA) for 70 minute
using a semidry blot apparatus. The membrane was washed
twice in phosphate-buffered saline (PBS) containing 0.05%
Tween 20, blocked by 5% skim milk in PBS for 1 hour at
room temperature, and then incubated with either anti-
TNF-a (code No. Ab9755, 1:500, rabbit IgG, Abcam plc,
Cambridge, UK), anti-TNFR1 (code No. SC7895, 1:200,
rabbit IgG; Santa Cruz Biotechnology, Santa Cruz, CA), anti-
TNFR2 (code No. SC7862, 1:200, rabbit IgG; Santa Cruz
Biotechnology), antiactive caspase-3 polyclonal antibody
(code No. Ab2302, 1:200, rabbit IgG; Abcam plc), and an-
ticaspase-8 polyclonal antibody (code No. Ab52183, 1:200,
rabbit IgG; Abcam plc) overnight at 4°C, followed sequen-
tially by antirabbit or antimouse IgG antibody and avidin-
biotinylated peroxidase complex (1:10000; Envision System-
HRP Labeled Polymer, Dako Cytomation, Carpenteria, CA)
for 30 minutes each. After triple washing in 0.1 M PBS, the
membrane was immersed in a chemiluminescence reagent for
1 minute and then subjected to radiography to visualize the
peroxidase activity and thus level of antibody binding. The
band intensities of TNF-o, TNFR1, TNFR2, and active-cas-
pase-3 and caspase-8 were normalized to p-actin (code No.
IMG-5142A, 1:1000, rabbit IgG, Imgenex, San Diego, CA).

Immunofluorescence Staining and Double Staining

At 6 hour, 12 hour, 1 day, 3 day, 1 week, and 2 week after
spinal cord injury, animals were reanesthetized and 300 mL
of PBS was perfused intracardially followed by 200 mL of
2% paraformaldehyde in 0.1 M PBS (pH 7.6). Immediately
after perfusion, the spinal cord from T8-T12 cord segments
was removed en bloc and stored in 0.1 M PBS containing
20% sucrose at 4°C for 36 hour. Tissue blocks were embed-
ded in Tissue-Tek [optimal cutting temperature (OCT) com-
pound 4583; Sakura Finetechnical, Tokyo, Japan), frozen,
and then stored at —80°C. Three sham-operated rats that un-
derwent laminectomy without compression were also killed
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and processed for the other groups. Using a cryostat, serial
25-pm-thick transverse frozen sections were prepared for im-
munofluorescence staining. All sections were serially mounted
on glass slides and fixed with 2% paraformaldehyde in 0.1 M
PBS for 5§ minutes, rinsed in PBS, and then stored at —20°C.
Serial 25-pum-thick transverse frozen sections were also treat-
ed with 0.1 M Tris-HCl buffer (pH 7.6) containing 0.3% Tri-
ton-X-100 for another 24 hour to allow reaction of the cell
membrane with the antibodies. Sections were incubated at
4°C overnight with anti-TNF-a antibody (code No. SC1348,
1:100, gout IgG; Santa Cruz Biotechnology), anti-TNFR1
antibody (code No. SC7895, 1:100, rabbit IgG; Santa Cruz
Biotechnology), or anti-TNFR2 antibody (code No. SC7862,
1:100, rabbit IgG; Santa Cruz Biotechnology) diluted in Anti-
body Diluent with Background Reducing Components (Dako
Cytomation, Carpinteria, CA). The secondary antibody was
goat antirabbit Alexa Flour 488-conjugated antibody (1:250;
Molecular Probes, Eugene, OR), applied for 1 hour at room
temperature.

For double immunofluorescence staining, the sections
were further incubated with antineuronal nuclei monoclo-
nal antibody (code No. MAB377, NeuN, 1:100, mouse IgG;
Chemicon International, Temecula, CA), antioligodendro-
cyte monoclonal antibody (code No. MAB1580, RIP, 1:100,
mouse IgG; Chemicon International), antimacrophage mono-
clonal antibody (code No. Ab1211, 0X-42, 1:100, CD11b,
Abcam plc), or antiglial fibrillary acidic protein monoclonal
antibody (code No. G3893, 1:100, mouse IgG; o-Aldrich Co.,
St Louis, MO) diluted in Antibody Diluent with Background
Reducing Components (Dako Cytomation) at 4°C overnight.
The sections were then incubated with goat antimouse Alexa
Flour 568-conjugated antibody (1:250; Molecular Probes).
The immunostained cells were visualized under a fluorescent
microscope (Olympus AX80, Tokyo, Japan) or confocal mi-
croscope equipped with a 15-mW krypton argon laser (model
TCS SP2, Leica Instruments, Nussloch, Germany). The 488-
and 568-nm lines of the argon/helium-neon laser were used
for fluorescence excitation.

Histology and Measurement of Cystic Cavities

Sections of the spinal cord were also taken at the same ear-
lier-mentioned time course of immunohistochemistry after
intracardial perfusion with PBS and 4% paraformaldehyde.
Sections were fixed for 24 hour in 4% paraformaldehyde solu-
tion at 4°C, dehydrated through a graded ethanol series, and
embedded in paraffin. Tissue sections (10-um thick) were de-
paraffinized in xylene and stained with luxol fast blue (LFB)
and with hematoxylin and eosin (HE). For a semiquantitative
analysis of demyelination, lesion areas were cross-referenced
with the HE staining to establish cellularity. The axial 10 ran-
dom sections within 1500 pm rostral and caudal to the epi-
center were examined using standard brightfield microscopy.
At 2 week, 4 week, and 8 week after spinal cord injury, LFB-
positive areas in ventrolateral funiculus were analyzed under
400X magnification using grain counting with the light inten-
sity automatically set by a color image analyzer (MacSCOPE;
Mitani, Fukui, Japan). LFB-positive area in which the density
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significantly exceeded the threshold of each background was
calculated as percentage cross-sectional area of residual tissue. 2

Assessment of Locomotor Behavior

To assess the behavior of each rat after spinal contusion and
recovery of locomotor function, 48 rats from each group [the
control (injected with saline), etanercept-treated, and sham-
operated groups] were investigated at 1 day, 3 day, 1 week,
2 week, 4 week, and 8 week after administration of saline or
etanercept. Locomotor function of the hind limbs was graded
using the Basso-Beattie-Bresnahan (BBB) hind limb locomo-
tor rating scale.” The BBB rating scale is a 21-point system
on the basis of operationally defined behavioral features,
which follow the recovery progression from complete paraly-
sis to normal locomotion. The rating scale ranges from 0 to
21, with a score of 0 indicating complete hind limb paralysis,
whereas a score of 21 denotes completely normal locomo-
tor function. Scores of 0 to 20 indicate an animal’s altered
ability to move the hind limb joints, to bear weight, and to
coordinate forelimb and hind limb movement.

Terminal Deoxynucleotidyl Transferase (TdT)-Mediated
dUTP-Biotin Nick End Labeling (TUNEL) Staining

Serial 25-um-thick transverse frozen sections were prepared
for TUNEL staining as for immunofluorescence staining.
Deoxyribonucleic acid fragmentation was detected by the
TUNEL method using the ApopTag Peroxidase # situ Apop-
tosis Detection kit (Chemicon International). The experi-
ments were performed as described in the kit manual. The re-
action with TdT was terminated by washing the sections with
stop-wash buffer for 10 minute at room temperature. Antidi-
goxigenin peroxidase was then applied for 30 minute at room
temperature, and then the sections were incubated with an-
tineuronal nuclei monoclonal antibody (code No. MAB377,
NeuN, 1:100, mouse IgG; Chemicon International) and anti-
oligodendrocyte monoclonal antibody (code No. MAB1580,
RIP, 1: 100, mouse IgG; Chemicon International) diluted in
Antibody Diluent with Background Reducing Components at
4°C overnight. Goat antimouse Alexa Flour 568/fluorescein-
conjugated secondary antibody (1: 250; Molecular Probes)
was subsequently applied. To quantitatively examine the
numbers of apoptotic cells, TUNEL-positive cells at each time
point were counted in 20 random sections between 5 mm and
10 mm rostral and caudal to the injury epicenter, respectively
on gray matter and white matter of sections from control
and etanercept-treated animals with a color image analyzer
(MacSCOPE). The average number of sections labeled with
TUNEL (green) was calculated throughout the lesion site of
each animal. The number of TUNEL-positive cells in which
the density significantly exceeded the threshold in each back-
ground calculated in sham-operated rats in each gray and
white matter was counted.”’ The immunostained cells were
also visualized by confocal microscopy.

Statistical Analysis
All values are expressed as mean = SD. Differences between
groups were examined for statistical significance using the
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Figure 1. A, Immunoblot analysis of TNF-a expressions in saline
groups (control) and etanercept-treated groups. B, Graphs indicate
relative band intensities compared with that of B-actin. The relative
expression in the etanercept-treated group was weaker than those in
the control animals, especially in the acute phase (12 hours, 1 day, 3
day) after spinal cord injury compared (B: n = 3 for each time point).

paired ¢ test. A P <0.05 denoted the presence of a significant
difference. The above tests were conducted using SPSS soft-
ware version 11.0 (SPSS, Chicago, IL).

RESULTS

Temporal Pattern of Inflammatory Cytokine Expression
with or Without Etanercept Administration

Differences in TNF-a expression in the injured spinal cord
were assessed by immunoblot analysis with or without
etanercept administration at several time points after spinal
cord injury (Figure 1A). The highest expression of TNF-a
was observed at 1 day after cord injury. Administration of
etanercept significantly suppressed the TNF-o expression

Figure 2. Photomicrograph showing the
colocalization of cell-specific markers (red)
and TNF-a (green) in saline groups and
etanercept-administered groups at 1 day
after spinal cord injury at 5 mm rostral to
the injury epicenter. Expression of TNF-
a was significant in neurons (NeuN: A),
oligodendroglia (RIP: B), microglia (OX-
42: ©), and astroglial cells (GFAP: D) in
control. In the etanercept-treated group
(E~-H), numbers of all double-positive cells
(yellow) were significantly decreased.
Arrowheads indicate colocalization of the
cell-specific marker and TNF-o.. Scale bar
= 50 um (A, E), 10 um (B-D, F-H).

Spine

Etanercept

i NeuN/TNFa |

at 12 hour, 1 day, and 3 day after cord injury (Figure 1B).
Next, we evaluated the cellular expression of TNF-a path-
way components by double immunofluorescent staining us-
ing TNF-a/NeuN (for neurons), TNF-a/OX-42 (for mac-
rophages), TNF-o/GFAP (for astrocytes), and TNFR1/RIP
and TNFR2/RIP (for oligodendrocytes). Spinal cord injury
resulted in the induction of TNF-a expression in neurons,
oligodendroglia, microglia, and astroglial cells at 1 day af-
ter the cord injury (Figure 2 upper row, control) at an adja-
cent section of epicenter. Etanercept treatment suppressed the
expression of TNF-a in all neurons and glial cells (Figure 2;
lower row).

Cellular Expression of the TNF-o/TNFR Pathway in
Injured Spinal Cord
Differences in expressions of TNFR1 and TNFR2 between
control groups and etanercept-administered groups were in-
vestigated by immunoblot analysis (Figure 3A). Overexpres-
sion of TNFR1 and TNFR2 was evident in the injured spinal
cord at 6 and 12 hour after the contusion injury in control
animals, whereas in the etanercept-treated group, the immu-
noreactivity was decreased for TNFR1 at 6 and 12 hour and
for TNFR2 at 6 hour after injury (Figure 3B, C).
Double-stained sections for TNFR1 and TNFR2 with neu-
ral and oligodendroglial cell marker revealed markedly re-
duced coexpression of TNFR1 and TNFR2 with NeuN in the
gray matter or RIP in the white matter at 6 hour after injury
in etanercept-treated animals at 5 mm rostral to the epicenter
(Figure 4).

Histologic Evaluation of the Injured Spinal Cord

The severity of trauma at the injury epicenter site was evalu-
ated in both groups. Axial samples of the spinal cord were
evaluated at each time point using HE and LFB staining. HE
staining (Figure 5A) showed a significant decrease in neu-
ral injury with etanercept treatment (right column panels)
compared to controls; edema was also reduced and struc-
tural preservation of the spinal cord was enhanced. Cystic
formation was weak in the etanercept group at 2, 4, and 8
week after injury. In LFB-stained samples, while at 2, 4, and
8 week, images demonstrated significantly smaller areas of

= RIPITNFa | Ox-42TNFa |
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cystic cavity formation and enhanced staining in both gray
and white matters (Figure 5B, C). At the injury epicenter sites,
the percentage cross-sectional area of residual tissue was sig-
nificantly larger in the etanercept-treated group than in con-
trols at 2 week, 4 week, and 8 week after spinal cord injury
(Figure 5D).

Evaluation of Locomotor BBB Score

The degree of motor disturbance in the hind limbs was as-
sessed at 1 day, 3 day, 1 week, 2 week, 4 week, and 8 week
after spinal cord injury. Rats sustaining spinal cord injury had
significant motor disturbances in the hind limb. Etanercept
administration significantly increased the BBB locomotor
score at 2, 4, and 8 week after the cord injury (Figure 6).

——— TNFR1/N

Etanercept

—— TNFR{NeuNj——

1354

www.spinejournal.com

= Control
= Etanercept

6H I12H 1D 3D 1W 2w

CTNFRAIRIP ——— TNFR2/NeuN

. <aControl

Figure 3. A, Immunoblot analysis of TNFR1 and
TNFR2 expression at several time intervals after spi-
nal cord injury. Graphs indicate relative band inten-
sity compared with that of B-actin (B, C: n = 3 for
each time point). TNFR1 expression was significantly
low in the treatment group at 6- and 12-hour postin-
jury compared to the controls. TNFR2 expression
was also reduced in the etanercept-treated group at
6 hour compared to controls. The data are expressed
as mean * SD. *P < 0.05, +P < 0.01, compared to
B-actin.

Effects of Etanercept on Neural and Glial Cell
Apoptosis

Significant levels of TUNEL/NeuN and TUNEL/RIP double
staining were evident in samples from the control group;
whereas etanercept-treated animals showed fewer TUNEL/
NeuN and TUNEL/RIP positive cells (Figure 7A, B). Count-
ing of the TUNEL-positive cells in saline groups and etan-
ercept-administered groups using a color image analyzer
(MacSCOPE) showed significantly decreased numbers at
12 hour, 1 day, 3 day, and 1 week after the cord injury in the
gray matters of etanercept-treated rats (Figure 7C), and at 12
hour, 1 day, 3 day, and 1 week in the white matters of etan-
ercept-treated animals at the adjacent sites to the epicenter
(Figure 7D).

Figure 4. Photomicrograph showing co-
localization of the cell marker (NeuN and
RIP; red) with either TNFR1 or TNFR2
(green) in the control groups (A-D) and
etanercept-treated (E-H) groups at 6 hour
after spinal cord injury at 5 mm rostral
to the epicenter. The expressions of both
receptors on neurons in the gray matter
and oligodendroglia in the white matter
were markedly suppressed by etanercept
administration. Arrowheads indicate co-
localization (yellow) of the cell-specific
marker and TNFR1 or TNFR2. Scale bar
= 50 um (A, E), 10 pm (B-D, F-H).
August 2011
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Figure 5. Histological evaluation of cord injury with HE (A) and LFB
(B) staining. A, B, The etanercept group showed a lower degree of spi-
nal cord tissue damage and edema than control groups at the injury
epicenter. LFB staining of the ventral microcystic cavity at 8 week after
cord injury (box area in B) showed a remarkable reduction in the area
of demyelination in the etanercept-treated group compared with the
control group (C). Percentage of cross-sectional area of residual tissue
and cavitations at the injury epicenter sites represented from 2 to 8
week after spinal cord injury (D: n = 3 for each time point). An over-
all significant difference was found in the areas of residual tissue and
cavitations (P < 0.001). The percentage cross-sectional area of residual
tissue was significantly different between groups at each time point.
*P < 0.05, tP < 0.01.

Next, we compared the protein expression levels of active
caspase-3 and caspase-8 after etanercept administration. The
band intensities for both active caspase-3 and caspase-8 in the
etanercept group were relatively weaker than those in con-
trols, particularly in the acute phase (6 hour, 12 hour, 1 day,
and 3 day) after cord injury (Figure 8).

DISCUSSION

This study provided new insights on spinal cord injury by
investigating the effect of TNF-a antagonist, etanercept, in
the rat spinal cord injury. The main effects of etanercept dem-
onstrated herein were as follows: (1) reduction of TNF-q,
TNFR1, and TNFR2 overexpression, especially in neurons
and oligodendroglia in the acute phase of spinal cord in-
jury; (2) prevention of tissue damage and demyelination in
the spinal cord 2 week after the cord injury and thereafter;
(3) increase in the locomotor BBB score in the hindlimb at 2
week and thereafter after injury; and (4) suppression of neu-
ronal and oligodendroglial cell apoptosis in both gray and
white matter of the spinal cord at the adjacent sites the in-
jury epicenter. These findings indicated that etanercept could
potentially play an important role in reducing neural dam-
age of the spinal cord after traumatic injury via its suppres-
sive actions on the TNF-mediated proinflammatory response

Spine

20 4 W
15 t «wSham

o
£
o
b 1
= /::( <=Etanercept
3 10 T
g =o=Control
m 5
o
m
0 - : v : : . .

1D 3D Iw 2w 4w 8w

Figure 6. Analysis of locomotor BBB score after the cord injury. A
significant improvement in hindlimb motor function was observed in
the etanercept-treated group compared with the control groups from
2 week after the injury (n = 3 for each time point; n = 2 in sham-
operated group). *P < 0.05, 1P < 0.01.

and on apoptosis of neurons and oligodendroglia within the
spinal cord.

The cascade of secondary tissue damage after spinal cord
injury is accompanied by an inflammatory response marked
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Figure 7. Representative TUNEL staining and the double immunofluo-
rescence staining (box area in TUNEL staning) of TUNEL-positive cells
(green) with NeuN or RIP (red) in control groups (A) and etanercept-
treated (B) groups at 3 day after spinal cord injury at 5 mm rostral to the
epicenter. Arrowheads indicate colocalization of TUNEL-positive cells
and the cell-specific marker. In the etanercept-treated group (B), num-
bers of all double-positive cells (yellow) were significantly decreased.
Bar graphs (C, D) represent the quantitative analysis of TUNEL-positive
cells per cross section in the gray and white matters of both groups
between 5 mm with 10 mm rostral and caudal to the injury epicenter
{(n = 3 for each time point). The number of TUNEL-positive neurons
in the gray matter (C) and oligodendroglia in the white matter (D) was
decreased in the etanercept-treated group at the adjacent site to the
epicenter. Scale bars = 500 um (left column), 50 pm (middle column),
10 wm (right column). Data are mean * SD. *P < 0.05, 1P < 0.01.
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by infiltration of neutrophils and macrophages, activation of
glial cells, and upregulated expression of proinflammatory
cytokines.?-3° Together, these factors lead to increased vascu-
lar permeability, edema, and degradation of the extracellular
matrix. Proinflammatory cytokines including TNF-a, inter-
leukin (IL)-1B, and IL-6 are involved in recruiting leukocytes
and activating macrophages and microglia, and such cytokines
are upregulated early in the inflammatory response.?! These
inflammatory cytokines, and particularly TNF-a, can initiate
a large number of cellular responses including cytotoxicity,
inflammation, immunoregulation, and transcriptional regula-
tion of a large number of genes.? This study demonstrated
that blocking the action of TNF-« decreased the magnitude of
spinal cord tissue damage, reduced the extent of edema, and
suppressed demyelination. Recently, Genovese et al** dem-
onstrated that etanercept, reduced the expression of all these
cytokines in a mouse model of spinal cord injury. Considered
together, the present results and the above findings? suggest
that TNF-a plays a detrimental role in the development and
persistence of spinal cord injury and may in fact be one of
the most important biologic triggers of the proinflammatory
response in such cases.

Apoptotic neuronal and glial cells, including microglia,
show overexpression of TNF-a in spinal cord injury, and it
was suggested that TNF-a triggers oligodendroglial cell apop-
tosis, although the source of TNF-« in injured spinal cord
was not identified.** A previous study also suggested that
activated microglia secrete various cytotoxic factors includ-
ing TNF-a in response to axonal regeneration and can there-
fore induce apoptosis of oligodendrocytes.* It was also re-
ported that the population of apoptotic cells after spinal cord
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= Control

» Etanercept Figure 8. Immunoblot results showing expression of

activated caspase-3 and caspase-8 at several time
intervals after spinal cord injury (A). Graphs indicate
relative band intensities compared with that of g-actin
(B, C: n = 3 for each time point). The intensity of both
activated caspase-3 and caspase-8 bands in the treat-
ment group was significantly low at 6 hour, 12 hour, 1
day, and 3 day, compared to control animals. The data
T are expressed as mean + SD. *P < 0.05, P < 0.01,
compared to B-actin.

contusion injury comprises oligodendroglial cells, possibly
phagocytic microglia or macrophages.* Double immunofluo-
rescence staining in this study demonstrated the expression
of TNF-« in not only microglia but also neurons, oligoden-
droglia, and reactive astroglia in the acute phase of spinal
cord injury, and that etanercept seemed effective at suppress-
ing TNF-a in all these cells. In addition, our results showed
that etanercept suppressed the expression of both TNFR1 and
TNFR2 in neurons and oligodendroglia.

TNF-a has been associated with degeneration of the re-
maining axons in the injury sites of spinal cords,? the promo-
tion of myelin phagocytosis by macrophages,®” and the death
of the remaining oligodendrocytes capable of regenerating the
myelin sheet. It has been considered that TNF-a eventually
leads to a massive demyelination.?* Eranercept is a dimeric
fusion protein consisting of two extracellular domains of the
human p75 TNF receptor, linked to the Fc portion of a type
1 human immunoglobulin (IgG1), which helps to retain the
molecule in the circulation.®® By competitive inhibition, the
molecule of etanercept binds to two of the three receptor-
binding sites on the TNF trimer; preventing TNF-a binding
to the cell membrane receptors.®® In this study, etanercept re-
duced the associated tissue damage of spinal cord injury and
improved hindlimb locomotor function from 2 week after
spinal cord injury. Our results may indicate that injection of
etanercept after spinal cord injury leads to not only a delay
of demyelination but also of the axonal degeneration at the
injured site.

A variety of signal transduction pathways are involved in
the complex process of apoptosis. Caspases are a family of
cysteine proteases that are important in the effector phase of
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apoptosis. Caspases are activated through intrinsic and ex-
trinsic pathways. Spinal cord injury induces apoptosis via the
activation of caspase-3*° and increased expression of death
receptors, especially Fas and p75 receptors.*! On the contrary,
the extrinsic pathway is initiated by ligands of cell-surface
death receptors belonging to the TNF/nerve growth factor
receptor superfamily.*? The discovery and studies of a “death
domain” in TNFR1 and related receptors revealed much
about the signaling pathways mediating the activation of cas-
pase-8 and caspase-3, before apoptosis.*® It therefore seems
reasonable to suggest that after a traumatic injury to the spinal
cord, accumulation of TNF-a could initiate an apoptotic cas-
cade via receptor-mediated signaling. Although TNFR1 me-
diates the majority of the apoptotic effects, whereas TNFR2
predominantly transmits cell-survival signals, their complete
suite of locations and roles in TINF-a-induced signaling re-
mains incomplete and controversial.* Holmes et al'” localized
the TNF receptors by immunocytochemistry; TNFR1 was
found on neuronal cells and afferent fibers within the dorsal
root ganglion, whereas TNFR2 immunoreactivity was absent
in these locations. On the contrary, Yan et al*é reported pos-
sible roles for TNFR1 and TNFR2 in adult rat spinal cord
injury. These authors reported overexpression of TNFR1 and
TNFR2 in the spinal cord and localized the receptors on neu-
rons, astroglia, and oligodendroglia in spinal cord injury. Our
results now indicate that suppression of both TNF-a recep-
tors in the acute phase of spinal cord damage might inhibit
apoptosis of neural and glial cells, whereas lifting the suppres-
sion of TNFR2 expression from 12 hour onward after the in-
jury with TNF-a antagonist promoting regeneration of these
same cells and contribute to a better recovery of locomotor
function and decreased spinal cord tissue damage.

In conclusion, our results demonstrated that the adminis-
tration of etanercept is likely to reduce the development of
inflammatory tissue injury after spinal cord contusion. They
also suggested that suppression of TNF-o/TNFR in the acute
phase of cord injury by etanercept administration could con-
tribute to inhibition of neuronal and glial cell apoptosis and
promote better recovery of locomotor function.
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Ossification process involving the human thoracic
ligamentum flavum: role of transcription factors
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Abstract

Introduction: Ossification of the ligamentum flavum (OLF) of the spine is associated with serious neurologic
compromise, but the pathomechanism of this process remains unclear. The objective of this study was to
investigate the pathomechanism of the ossification process, including the roles of various transcriptional factors in
the ossification of human thoracic ligamentum flavum.

Methods: Sections of the thoracic ligamentum flavum were obtained from 31 patients with OLF who underwent
posterior thoracic decompression, and from six control patients free of OLF. Cultured ligamentum flavum cells (n =
6, each) were examined with real-time reverse transcription-polymerase chain reaction (RT-PCR) analysis for Sry-type
high-mobility group box 9 (Sox9), runt-related transcription factor 2 (Runx2), muscle segment homeobox 2 (Msx2),
Osterix, distal-less homeobox 5 (DIx5), and AP-1. The harvested sections were examined with hematoxylin-eosin,
the terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) method, and
immunohistochemistry for the transcriptional factors.

Results: Compared with the control, the OLF showed disorganization of the elastic fiber bundles and abundant
‘hypertrophic chondrocytes in the ossification front. TUNEL-positive chondrocytes were found near the ossified
plagues. The mRNA expression levels of Sox9, Runx2, Msx2, and AP-1 in cultured cells from the ligamentum flavum
of OLF patients were significantly different from those of the control. OLF samples were strongly immunoreactive
to Sox9, Runx2, and Msx2 at proliferating chondrocytes in the fibrocartilage area. Hypertrophic chondrocytes were
positive for Runx2, Osterix, DIx5, and AP-1.

Conclusions: The ossification process in OLF seems to involve chondrocyte differentiation under the unique
expression of transcriptional factors. Accumulation of hypertrophic chondrocytes was evident around the calcified
area at the ossification front, and we suggest that the differentiation of these cells seems to be concerned with
the ossification process. :

introduction
Various pathologic conditions are known to result in
ossification of the spinal ligament with subsequent neu-

clinical entity has been reported almost exclusively in
northern East Asian countries, although it has been
investigated in other regions, including southern China,

rologic compromise. Ossification of the ligamentum fla-
vum (OLF) is an isolated form of spinal column
ossification but also occurs in association with diffuse
idiopathic skeletal hyperostosis, ankylosing spondylitis,
and metabolic diseases such as Paget disease, hypopar-
athyroidism, and X-linked hypophosphatemia [1-5]. This
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India, the Middle East, and Caribbean Islands [6-8].
Although recent advances in radiologic and electrophy-
siological techniques allow early diagnosis of OLF [9,10],
little is known about the spatial progress within the
spinal canal, and no standardized treatment is known
for OLF.

Several studies have described the possible roles of
mechanical, genetic, metabolic, and cell biologic factors
in the development and progression of OLF [11-15].
From a histopathologic point of view, enchondral ossifi-
cation contributes to bone formation in the spinal

© 2011 Yayama et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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ligaments [16]. The ossification fronts exist between the
ossified plaque and the non-ossified fibrous area; they
form a multiple-layer structure that includes the fibro-
cartilage layer, calcification front, calcified-cartilage
layer, and ossified region. In our previous studies, we
observed disordered orientation of the elastic fibers and
expansion of the cartilaginous area in the early stages of
ossification in the fwy/twy mouse, which is known to
develop spontaneous spinal ligament ossification [11,17].
In human samples of the ossified spinal ligament, the
ossification front includes proliferating small blood ves-
sels and clusters of hypertrophic chondrocytes produ-
cing various forms of collagen (such as collagen type II
or type X), particularly around the calcification front
[18,19]. Thus, we considered that these chondrocytes
are involved in the progression of OLF, although these
pathologic processes have not yet been elucidated.

The present study is an extension of our previous stu-
dies [11,17-19] and was designed to determine the ossi-
fication process in human OLF samples. Specifically, we
focused on the expression and localization of the tran-
scriptional factors that modulate the properties of fibro-
blasts-like cells and chondrocytes at the ossification
front during the process of ossification,

Materials and methods

Patient population

A total of 31 patients who presented with progressive
symptoms and signs of myelopathy. and radiologic evi-
dence of OLF (18 men, 13 women; mean age at surgery,
69.0 years; range, 52 to 86 years) underwent posterior
decompressive surgery for thoracic OLF between 2001
and 2009. Samples of non-ossified ligamentum flavum
obtained from six patients (three men and three women;
mean age, 69.8 years; range, 60 to 81 years), who under-
went posterior surgery for fracture or disc herniation in
the thoracic spine, served as the controls. None of the
patients had evidence of congenital bone or joint disor-
ders or musculoligamentous tissue abnormalities. None
of the patients was positive for rheumatoid factor, had
hyperparathyroidism, or was taking glucocorticoids or
bisphosphonate.

Patients had a variable degree of OLF-related spinal-
cord impingement posteriorly and posterolaterally (Fig-
ure la, b). The lesion was categorized as lateral (six
cases), extended (seven cases), enlarged (seven cases),
fused (six cases), or tuberous (five cases) subtype, based
on examination of computed tomography (CT) images
taken at the level suspected to be responsible for the
myelopathy and the proposed CT classification of thor-
acic OLF [20,21].

All patients underwent posterior decompressive sur-
geries: one-level decompression in 19 patients, two-level
decompression in 10 patients, and three-level
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Figure 1 Representative case of tuberous type OLF. Sagittal (a)
and axial (b) CT images obtained in a 72-year-old woman with T11-
12 OLF. Note the fusing of the ossified plaque at midiine and the
progression of this process into the spinal canal. The resected
sample (c) contains a hard mass from dura mater aspect (arrow,
ossification). CT, computed tomography; OLF, ossification of the
ligamentum flavum.

decompression in two patients. A level-specific diagnosis
was made based on neurologic signs, CT findings, spinal
cord-evoked potentials, and magnetic resonance imaging
(MRI: 1.5-Tesla Signa, General Electric, Milwaukee, W1,
USA).

The applied surgical technique was described in
detail in our previous publication [19]. The OLF sam-
ple was obtained through a posterior midline approach
followed by exposure of the vertebral laminae and liga-
mentum flavum. The spinous processes and cortices of
the laminae near the OLF lesion were cut or resected,
by using either a high-speed surgical drill or a micro-
Kerrison rongeur (with a 2-mm blade and 1-mm thick-
ness), under a direct surgical microscope (OPM
16CFC; Carl-Zeiss, Oberkochen, Germany). Because
the OLF lesion often extended laterally, just medial to
the facet joint, approximately the medial one third of
the facet joint at the affected vertebral level(s) was
resected, followed by cutting the inner cortex of the
far-lateral site of the lamina. The OLF lesion was then
isolated and floated like an “island” on the dura mater
vis a tergo. At that stage, a pair of epidural electrodes
(Unique Medical, Tokyo, Japan) was positioned
approximately 4 to 6 cm away from the OLF lesion,
proximally and distally, for spinal cord monitoring [9].
A pair of fine-tip skin-hooks was then applied to the
sides of OLF lesion to lift carefully the ossified plaque
dorsally away from the dura mater, before it was finally
resected. The dura mater was also sometimes resected
even when ossified, but care was taken to preserve the
arachnoid membrane.

A written informed consent was obtained from each
patient, and the study protocol strictly followed the
Human Ethics Review Committee of our University.
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Cell culture

Ligament specimens were harvested under aseptic con-
ditions during surgery from six patients (three men and
three women; mean age at surgery, 71.0 years; range, 59
to 84 years; four fused type and two tuberous type on
CT classification) for cell culture. Samples of non-ossi-
fied ligamentum flavum (three men, three women; mean
age, 69.8 years; range, 60 to 81 years) were obtained
from six patients who underwent thoracic posterior sur-
geries and served as the control. The tissues surround-
ing the ligaments were removed carefully under a
dissecting microscope, and the ligaments were extir-
pated carefully from the not-ossified areas to avoid con-
tamination with osteogenic cells. The collected
ligaments were minced into approximately 0.5-mm?
pieces and then plated onto 25-mm? culture dishes and
maintained in Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum, 100 unit/ml peni-
cillin G sodium, and 100 pg/ml streptomycin sulfate in
a humidified atmosphere of 95% air and 5% CO, at 37°
C. At confluence, the cells were harvested from the
dishes with 0.02% ethylenediaminetetraacetic acid
(EDTA) and 0.05% trypsin for further passages. The cul-
tured cells were characterized at the third passage. Sam-
ples of six control specimens were cultured in a similar
fashion.

Real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Real-time RT-PCR was used for semiquantitative ana-
lysis of the relative mRNA expression levels of tran-
scriptional factors (repeated 3 times for each sample),
by using cultured ligamentum flavum cells from six
ossified samples and six control non-ossified samples.
The cultured cells on each plate were disrupted in a
lysis buffer containing B-mercaptoethanol, and the
total RNA was purified by using RNAiso Plus (code
no. 9108/9109; Takara Biomedicals, Ohtsu, Japan) and
treated with DNase I (Takara Biomedicals). Reverse
transcription was performed by using 1 pg of total
RNA, PrimeScript RT reagent Kit (RR037A; Takara
Biomedicals) and a random primer. Real-time RT-PCR
was performed on SYBR Premix Ex Taq II (RRO81A,
Takara Biomedicals) by using 1 ul of the synthesized
c¢DNA and SYBR Green PCR master mix (PE Applied
Biosystems, Foster City, CA). The primer sequences
used in the present study were Sox9, 5-ACC AGT
ACC CGC ACT TGC AC-3’ and 5-CGC TTC TCG
CTC TCG TTC AG-3’; Runx2, 5-CAC TGG CGC
TGC AAC AAG A-3' and 5’-CAT TCC GGA GCT
CAG CAG AAT AA-3’; Msx2, 5-ATG CCA CGC
CAG TGG GAT A-3’ and 5-TGC ACG CAG GGT
TAG CAG AG-3’; Osterix, 5-GCC ATT CTG GGC
TTG GGT ATC-3’ and 5-GAA GCC GGA GTG CAG
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GTA TCA-3’; DIx5, 5-TAG CTA CGC TAG CTC
CTA CCA CCA G-3' and 5'-GGT TTG CCA TTC
ACC ATT CTC A-3’; and AP-1, 5-GGG AAC AGG
TGG CAC AGC TTA-3 and 5-GCA ACT GCT GCG
TTA GCA TGA-3. The target genes were amplified
and analyzed in triplicate by using ABI Prism 7000
SDS software. The expression levels of the target genes
were estimated relative to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

All data were expressed as mean + SEM. Differences
between groups were examined with the Student ¢ test.
A P value < 5% was considered significant.

Histopathologic processing and immunchistochemical
staining

Histopathologic and immunohistochemical examinations
were performed as described previously by our group
[17-19,22]. The resected OLF plaque together with the
surrounding ligament and ligamentous enthesis were
bisected midsagittally and then fixed with 10% buffered
formaldehyde for 48 hours at 4°C, and further decalci-
fied for 4 to 7 days at 4°C in 0.5 M EDTA; and 0.5 M
Tris-HCI buffer at pH 7.6, and then embedded in paraf-
fin by using standard procedures. Serial 4-pm-thick
sagittal sections of the OLF-ligament-enthesis complex
were prepared for hematoxylin and eosin (H&E) and
elastica van Gieson (EVG) staining.

For immunohistochemical staining, serial 4-pm-thick
sections were prepared from the paraffin-embedded spe-
cimens, deparaffinized with xylene, and treated with
ethanol. After washing with water, the intrinsic peroxi-
dase was blocked with 0.3% H,O,-methanol solution at
20°C for 10 minutes and washed with phosphate-buf-
fered saline (PBS; pH 7.4). The sections were irradiated
3 times in a polypropylene side-holder with a cap filled
with PBS over a period of 5 minutes, by using a micro-
wave oven (500 W, ER-245; Toshiba, Tokyo). The sec-
tions were then reacted with blocking solution (PBS
containing carrier protein and 15 mM sodium azide
LSAB kit (Lot 00075; Dako, Glostrup, Denmark) at 20°C
for 10 minutes. This was followed by reaction with the
following primary antibodies at 4°C overnight: rabbit
polyclonal anti-Sox9 (DO406; Santa Cruz Biotechnology,
Santa Cruz, CA, containing 200 pg IgG in 1 ml PBS
with < 0.1% sodium azide and 0.1% gelatin), mouse
monoclonal anti-Runx2 (JRH02; R&D Systems, Minnea-
polis, MN; containing 0.2 pm filtered solution in PBS
with 5% trehalose), rabbit polyclonal anti-Msx2 (CO404;
Santa Cruz Biotechnology; containing 200 pg IgG in 1
ml PBS with < 0.1% sodium azide and 0.1% gelatin), rab-
bit polyclonal anti-Osterix (20450; GeneTex, San Anto-
nio, TX; containing 1 mg IgG in 1 ml PBS with 2%
sucrose), rabbit polyclonal anti-DIx5 (1; Proteintech
Group, Chicago, IL; liquid solution, PBS with 0.1%
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sodium azide and 50% glycerol), and rabbit polyclonal
anti-AP-1 (SH0302281; Abgent, San Diego, CA; contain-
ing 0.25 mg/ml IgG in 0.4 ml PBS with 0.09% NaN3)
antibodies. Sections were further reacted with goat anti-
mouse immunoglobulin antibodies and conjugated to
peroxidase labeled-dextran polymer (EnVision; peroxi-
dase, mouse, Dako) at 20°C for 45 minutes and then
rinsed with PBS at pH 7.4. To visualize the peroxidase
color reaction, sections were incubated with DAB-HCI
solution (CB090; Dojin Chemicals, Tokyo; 50 mg dis-
solved in 100 ml of 0.05 M TRIS-HCI buffer at pH 7.4)
at 20°C for 10 minutes, and then washed in water.
Nuclear counterstaining was carried out with
hematoxylin.

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

Apoptotic cell death was assessed with the TUNEL tech-
nique. The specimens were deparaffinized and dehy-
drated by using standard protocols; the tissue sections
(4 pm) were incubated with blocking solution (0.3%
H,0, in methanol) for 30 minutes at room temperature.
After rinsing with PBS (pH 7.2), the sections were incu-
bated for 15 minutes at 37°C with proteinase K solution
(10 pg/ml in 10 mM Tris-HCI buffer, pH 7.4) and
rinsed twice with PBS. TUNEL reaction mixture (50 pl
enzyme solution (TdT from calf thymus in storage buf-
fer) added to 450 pl labeled solution (nucleotide mixture
in reaction buffer) and mixed well to equilibrate compo-
nents) was prepared immediately before use, placed on
slides (50 pl/slide), and incubated for 60 minutes at 37°
C. For the negative control, the labeled solution without
terminal transferase was placed on slides (50 pl/slide)
instead of the TUNEL reaction mixture. These were
rinsed 3 times with PBS, added to DAB substrate (10 pl
30% H,O, added to 5 mg/ml DAB in 50 mM Tris-HCI
buffer, pH 7.4) and incubated for 10 minutes at room
temperature. The slides were rinsed with distilled water
and counterstained with methyl green (1%) for 5 min-
utes. After mounting, the specimens were analyzed
under light microscopy.

Transmission electron microscopy

The ligamentum flavum tissue was resected by trimming
(1.0 mm®) and then fixed in 2.5% glutaraldehyde water
solution for 2 hours. It was dehydrated with propylene
oxide (Nakalai, Kyoto, Japan), and embedded in Epon
812 (Oken, Tokyo). In the final stage, 100-nm-thick
ultrathin sections were prepared by using an ultramicro-
tome (Ultracut N; Reihert, Wien, Austria), and stained
with 2% uranyl acetate (50% ethanol solution), and
observed under a transmission electron microscope (H-
700; Hitachi, Tokyo).
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Results

Histopathology, TEM, and TUNEL findings
Macroscopically, the OLF showed round, hard protru-
sions with a relatively smooth surface at certain regions
of the dorsal surface (Figure 1c). The sagittal view
showed ossification plaque that extended from the edge
of the lower lamina to the upper lamina, without a clear
border between the two areas, projecting ventrally into
the spinal canal, accompanied by ossification of the dura
mater in three (9%) patients.

Microscopically, the control samples contained a thin-
layered structure between the fiber and the laminar
bone, with uniform arrangement of the fibers (Figure
2a). In OLF samples, the ossification fronts included the
fibrocartilage layer, calcification front, and the calcified
cartilage layer, where significant irregularities and sev-
eral disruptions were prominent attributes (Figure 2b).
This irregularity extended not only along the longitudi-
nal direction of the fibers but also in other directions. In
addition, a significant number of chondrocytes were pre-
sent around the calcification front. Around the ossifica-
tion front, osteoblasts were found, just near the ossified
layer, and a gathering of infiltrative small blood vessels
with mesenchymal cells (Figure 2c, d). Although elastic
fibers had a regular arrangement in control samples,
they showed irregular arrangement, abnormally small
diameter of fragmented elastic fibers, and abundant
thick bundles of collagen fibers in OLF samples (Figure
2e, f). These histopathologic findings were observed to a
greater or lesser degree in all patients, being more
severe in larger ossified plaques (especially in the
enlarged, fused, and tuberous subtypes).

Under TEM examination, OLF samples showed the
disappearance of the elastic fiber structures as well as an
increase in fibrotic tissue, compared with the controls
(Figure 3a, b). Matrix vesicles containing electron-dense
material were also seen near the chondrocytes (Figure
3c). TUNEL-positive chondrocytes with pigmented and
condensed nuclei were found around the ossification
plaque, representing apoptotic cells (Figure 3d, e). In
particular, TUNEL-positive chondrocytes were mostly
seen in the areas close to the calcification front, espe-
cially in large ossified plaques, such as the fused and
tuberous types.

Cultured cells and real-time RT-PCR analysis
A portion of the cells from the OLF samples showed
spindle-shaped morphology, being arranged in several
layers. In the control samples, cultured cells also showed
spindle-like morphology (Figure 4a, b).

Figure 4c shows the relative mRNA expression levels
of six transcriptional factors in cultured ligamentum fla-
vum cells by using real-time RT-PCR analysis. The
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Figure 2 Histologic examination of the ossification front. Section of the control ligamentum flavum (a) showing a thin ossification front and
regular arangement of fiber bundles. In OLF samples {representative case of fused type), note the expanding ossification front, gathering many
chondrocytes, and featuring an irregular of calcification front (b). In addition to the ossification front, note the presence of osteoblasts as well as
small blood cells with mesenchymal cells (¢, d). In the EVG image, elastic fibers exhibit a regular arrangement (e), whereas the OLF samples
contained irregular, fragmented fibers or no elastic fibers {f). (a-d) H&E; (e, f) EVG staining. CCA, calcified cartilage area; EVG, Elastica van Gieson;
FA, fiber area; FCA, fibrocartilage area; OA, ossified area; OLF, ossification of the ligamentum flavum. Scale bar = 100 pm.

mRNA expression levels (relative to the control sample)
in the OLF sample were 2.7 + 0.05 for Sox9, 1.7 + 0.1
for Runx2, 2.2 + 0.2 for Msx2, 1.2 + 0.9 for Osterix, 1.0
+ 0.9 for DIx5, and 1.9 *+ 0.2 for AP-1. The relative
mRNA expression levels of Sox9, Runx2, Msx2, and AP-
1 in OLF samples were significantly higher than those in
the control group (P < 0.05, each). However, the mRNA
expression levels of Osterix and Dix5 were not signifi-
cantly different from the control.

Immunohistochemical findings .

In 23 of 31 OLF patients, the chondrocytes present in
the ossification front were immunopositive for Sox9; the
immunoreactivity was strictly limited to proliferating
chondrocytes in the fibrocartilage area, whereas the
hypertrophic chondrocytes close to the calcification
front were negative for Sox9 (Figure 5a). Conversely,
Sox9 expression was significant in mesenchymal cells
present around the ossification front, where the liga-
mentous matrix showed degenerative changes in these
patients. Runx2 expression was evident in 20 of 31 cases
and localized in proliferating chondrocytes and

hypertrophic chondrocytes (Figure 5b). Immunopositiv-
ity for Msx2 was noted in 24 of 31 cases and localized
in proliferating chondrocytes, and in particular, the
mesenchymal cells near the ossification front were
strongly positive for Msx2 (Figure 5c). Positive immu-
nostaining for Osterix was noted in 16 of 31 cases and
localized in chondrocytes present in the calcified carti-
lage layer and fibrocartilage layer. Furthermore, numer-
ous Osterix-positive hypertrophic chondrocytes were
seen around the calcification front (Figure 6a). Immu-
nostaining for DIx5 was significant in 12 of 31 cases,
and that for AP-1 was in 14 of 31 cases in hypertrophic
chondrocytes in the calcified cartilage area (Figure 6b,
c). The immunohistochemical expression of these fac-
tors is summarized in Additional files 1 and 2.

Discussion

Ligamentum flavum is a longitudinally arranged two-
layered structure lining the posterior aspect of the spinal
canal and functionally allows flexibility and stabilization
of the spine [23]. The normal ligament is highly elastic,
based on the large proportion of elastic fibers,



