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We read with great interest the manuscript of Bonilla et al.
entitled “Pain and brachial plexus lesions: evaluation of
initial outcomes after reconstructive microsurgery and
validation of a new pain severity scale” [3]. The authors
described a new pain scoring scale to quantify pain after
brachial plexus injuries and used it to assess patients' pain
before and after reconstructive surgery. Within this scale,
{3] the authors integrated pain intensity scale (measured on
a scale ranging from 0 to 10), with other parameters like the
disability in daily activities and sleep, pain frequency, use
of pain medication, and the number of zones affected by
pain.

We agree with the authors that the use of such a multi-
dimensional pain scale would be useful as a standard
outcome measure across studies for BPA pain that would
greatly enhance the comparability, validity, and clinical
applicability of these studies. Whereas most of the available
reports used pain intensity scales, such as the visual
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analogue scale as the sole outcome measure, the new pain
scale integrated factors beyond changes in pain intensity
which may be more objective and of more relevance to the
patient outcome.

One limitation of the above-mentioned pain scale is that
it did not distinguish between the different patterns of BPA
pain. It is well known that BPA pain has two patterns which
are quite distinct from each other in terms of frequency and
pain quality [5, 6]. Continuous background pain is usually
described as burning, throbbing, and/or aching sensations
and continues for a long duration, whereas paroxysmal pain
is usually described as “electrical shock™ or “shooting”
paroxysms and usually lasts only for a few seconds [5, 6].
Although the authors included pain frequency [3], described
as no pain to continuous pain, in their pain scale, this may
not be sufficient to allow distinction between the two types
of pain. Instead, we suggest that pain character (buming vs
shooting) be also included during evaluation [1, 4]. Each
type of pain should be quantified separately using visual
analogue scale [1, 4]. Separate rating for the two patterns of
pain will be particularly useful in evaluating the outcome of
neurosurgical procedures for BPA pain [l, 6], thereby
allowing clinicians to study the differential effects of the
procedures on pain. Sindou et al. reported that DREZotomy
was more effective for paroxysmal than continuous pain [6].
They explained the differential effects of DREZotomy based
on the distinct pain origin for each type of pain [6].
Paroxysmal pain is said to originate from hyperactive
neurons in the dorsal horn, whereas continuous pain
extend beyond the dorsal horn up to the thalamus [6].
Also recently, our group reported that electrical motor
cortex stimulation was more effective for continuous than
paroxysmal pain [1]. Therefore, it can be said that pain
classification is important to appropriately select patients

@ Springer
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3]

for treatment and to better understand the underlying
mechanisms of pain as well {1, 4]. Finally, such distinction
goes in line with several previous reports which have

emphathized that classifying neuropathic pain, according 3.

to their different components, will help to develop a
mechanism-based treatment [2].
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Spinal cord stimulation (SCS) is an effective therapy for chronic neuropathic pain. However, the detailed
mechanisms underlying its effects are not well understood. Positron emission tomography (PET) with H,'°0
was applied to clarify these mechanisms. Nine patients with intractable neuropathic pain in the lower limbs
were included in the study. All patients underwent SCS therapy for intractable pain, which was due to failed
back surgery syndrome in three patients, complex regional pain syndrome in two, cerebral hemorrhage in
two, spinal infarction in one, and spinal cord injury in one. Regional cerebral blood flow (rCBF) was
measured by H,'0 PET before and after SCS. The images were analyzed with statistical parametric mapping
software (SPM2). SCS reduced pain; visual analog scale values for pain decreased from 76.1 + 25.2 before SCS
to 40.6 £ 4.5 after SCS (mean = SE). Significant rCBF increases were identified after SCS in the thalamus
contralateral to the painful limb and in the bilateral parietal association area, The anterior cingulate cortex
(ACC) and prefrontal areas were also activated after SCS. These results suggest that SCS modulates
supraspinal neuronal activities. The contralateral thalamus and parietal association area wouid regulate the
pain threshold. The ACC and prefrontal areas would control the emotional aspects of intractable pain,
resulting in the reduction of neuropathic pain after SCS.
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Regional cerebral blood flow
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Introduction

Neuropathic pain arises as a direct consequence of a lesion or
disease affecting the somatosensory system (Loeser and Treede,
2008). It is generally more severe and more likely to be drug-resistant
and persistent than nociceptive pain (Finnerup et al., 2005; Dworkin
et al., 2003). Thus, chronic pain is often under-diagnosed and under-
treated (Taylor, 2006), and it impairs quality of life. The causes of
neuropathic pain vary and include such conditions as failed back
surgery syndrome (FBSS), complex regional pain syndrome (CRPS),
central post-stroke pain, phantom limb pain, peripheral and central
nerve system injury, and post-spinal cord injury pain (Dworkin et al.,
2003). Chronic neuropathic pain is most common in the back and legs.

Shealy et al. (1967) were the first to report that electrical
stimulation of the dorsal spinal cord relieves cancer pain. Spinal
cord stimulation (SCS) has since been applied not only to numerous
cases of intractable pain but also to other conditions such as angina

* Corresponding author. Department of Neurosurgery, Osaka University Faculty of
Medicine, 2-2 Yamadaoka, Suita, 565-0871, Japan.
E-mail address: neurosaitoh@mbk nifty.com (Y. Saitoh).

1053-8119/3$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2009.10.054

pectoris (AP), ischemic pain, and persistent vegetative state (Morita et
al., 2007; Borjesson et al., 2008; Pedrini and Magnoni, 2007). Taylor
(2006) reported that SCS not only reduces the pain but also improves
quality of life in patients with FBSS or CRPS, He also reported that SCS
is a cost-saving therapy. Kumar et al. (2007) reported that SCS
provides better pain relief than conventional medical management
alone in FBSS patients, and this was supported by a multicenter trial
(Manca et al, 2008). Furthermore, the European Federation of
Neurological Society guidelines support the effect of SCS in patients
with FBSS or CRPS (Cruccu et al., 2007). For the central pain (spinal
cord or brain lesions), SCS was reported to have some effect for pain
relief. Katayama et al. (2001) reported that 7% of post-stroke pain
patients revealed pain reduction with SCS and Kumar et al. (2006)
also reported that SCS relieved 79% of the chronic pain due to multiple
sclerosis. Thus, SCS is an essential treatment for relief of chronic
neuropathic pain.

Oakley and Prager (2002) investigated some of the mechanisms
underlying relief of pain by SCS. SCS was shown to stimulate the
neurcns of the dorsal horn of the spinal cord to release increased
amount of acetylcholine and GABA and decreased amounts of
aspartate and glutamate in rat models (Meyerson and Linderoth,
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2000; Schechtmann et al., 2008). SCS was also shown to induce
neurophysiological change, normalizing neuronal hyperexcitability in
the dorsal horn (Yakhnitsa et al., 1999). In addition to these spinal
mechanisms, functional alteration at the supraspinal level has been
suggested to play an important role in pain reduction. Physiological
study revealed cortical modulation during SCS (Polacek et al., 2007;
Schlaier et al., 2007). However, the mechanism of pain relief by SCS is
not fully understood. Brain activation during SCS has been analyzed by
means of H,'*0 positron emission tomography (PET) in patients with
AP (Hautvast et al, 1997) and by means of functional magnetic
resonance imaging (fMRI} in patients with FBSS (Kiriakopoulos et al,,
1997; Stancak et al., 2008).

The investigators reported that SCS activates the primary and
secondary sensorimotor cortex, cingulate cortex, insula, thalamus,
and premotor cortex. Pain relief continues for several hours after SCS,
so most patients with chronic pain use SCS intermittently, for
example, several times per day. The modulation of brain activity
after SCS has not been thoroughly examined.

In the present study, we used H,'°0 PET to investigate the pattern
of SCS-related neuronal activation and/ or attenuation before and after
SCS. H,'®0 PET visualizes regional cerebral blood flow (rCBF), which
reflects focal neuronal activation (Kapur et al., 1994). We also used
statistical parametric mapping of normalized brain images to identify
functionally specialized brain responses.

Materials and methods
Patients and surgical procedure

Nine patients (six men and three women) with intractable neuro-
pathic pain in their lower extremities were included in this study
(Table 1). Patients ranged in age from 28 to 65 years. The intractable
neuropathic pain was due to FBSS in three patients, CRPS in two,
cerebral hemorrhage in two, spinal cord infarction in one, and spinal
cord injury in one. Pain was left-sided in five patients, right-sided in
two patients, and bilateral in two patients. One of two patients with
bilateral pain (patient 3) had more severe pain in right leg and the other
(patient 8) had more severe pain in left leg. Their purposes of SCS were
to reduce the pain in the more painful leg. Medical therapy had not
been satisfactory, and the nine patients suffered from the intractable
pain for 31 to 147 months before SCS was tried. Five of the nine patients
showed slight to moderate motor weakness, and all had slight to severe
sensory disturbance in the affected legs (Table 1). A visual analog scale
(VAS), ranging from 0 to 100, and the short form of the McGill Pain
Questionnaire {SF-MPQ) were used to evaluate the degree of pain.

The standard surgical procedure was used to place the SCS lead. In
brief, under local anesthesia, a quadripolar electrode lead (Pisces
Quad, 3487A; Medtronic, Inc., Minneapolis. MN, USA) was inserted
percutaneously into the epidural space of the lumbar or tharacic spine
by fluoroscopic guidance. The electrode was finally positioned after
electrical sensation was detected in the region of pain upon stimu-

Table 1
General characteristics of patients with deafferentation pain.

lation. After confirmation of pain reduction in response to stimulation
for 5-10 days, the electrode was connected to a subcutaneously
implanted stimulator (Itrel IIf; Medtronic, Inc.).

Habitual bipolar stimulation was used for pain relief, and
stimulation parameters varied between patients. General stimulation
parameters were as follows: voltage, max 10 V; frequency, 10-85 Hz:
pulse width, 210 to 450 ps; and duration of stimulation, 30 min. The
patients controlled the stimulation at will and used SCS for at least 6
months before the PET study.

PET scanning procedure and activation task

The PET study was performed 6 to 12 months after implantation of
the stimulation electrode. A Headtome-V PET scanner (Shimadzu,
Kyoto, Japan) was used to scan in the three-dimensional acquisition
mode with a shield to protect against scattered rays. Patients went
without spinal cord stimulation for more than 12 h before the PET
study. The patients lay with eyes closed in a silent and dim room. A
15-min transmission scan was acquired first with ®%Ge sources to
correct for y-ray attenuation. Relative CBF was measured based on the
distribution of radioactivity after a slow bolus i.v. injection of H,'°0
(7 mCi/scan, each lasting 90 s). Six PET scans corresponding to six
H,'*0 injections were obtained before SCS, SCS was performed for 30
min under the habitual condition, and six PET scans were obtained
after pain reduction was confirmed. The PET protocol was the same as
the motor cortex stimulation (MCS) protoco! described previously
(Kishima et al., 2007).

Data analysis

Attenuation-corrected data were reconstructed into an image
(voxel sizes, 2x2x3.125 mm; field of view, 256 x 256 « 196 mm)
with a resulting resolution of 4 x 4 x 5 mm at FWHM (full width at half
maximum). The images were analyzed with statistical parametric
mapping (SPM) software (SPM2; Wellcome Department of Cognitive
Neurology, London, UK) (Friston et al, 1991). PET images were
anatomically normalized to fit with ICBM coordinates of the Montreal
Neurological Institute. Images from each patient were realigned to the
first volume of PET images and normalized to the template (Friston
et al,, 1995a) to account for variation in gyral anatomy and inter-
individual variability in the structure-function relation and to
improve the signal-to-noise ratio. This procedure was used for
image realignment, anatomic normalization, smoothing (12 mm at
FWHM), and statistical analysis (Kiebel et al., 1997). Data were
normalized to global blood flow (average =50). State-dependent
differences in global blood flow were subjected to ANCOVA.

All nine patients were included in the same statistical analyses,
with voxel-to-voxel comparison. Statistical parametric maps (SPM)
were generated with an ANOVA model with the General Linear Mode!
formulation of SPM2 (Friston et al., 1995b). We analyzed the main
effect of SCS by comparing images obtained after SCS with those

Patient  Age (years), sex Etiology of pain Pain laterality =~ Motor (0-5) Sensory (0-10) Duration of pain (months) Pre-SCS VAS Post-SCS VAS
1 44, M Spinal infarction Rt 4 4 36 80 40
2 60, F Putaminal hemorrhage Lt 4 10 99 100 55
3 65, F FBSS Bi (Rt > Lt) 5 10 147 90 30
4 45, M CPRS Lt 2 2 65 60 20
5 41.M FBSS Rt 3 5 54 85 25
6 28, F CRPS Lt 2 2 31 70 60
7 59, M Putaminal hemorrhage Lt 5 1 59 55 50
8 50, M Spinal injury Bi (Rt < Lt) 5 6 42 60 40
9 38, M FBSS Lt 5 10 57 85 45

FBSS, failed back surgery syndrome: CRPS, complex regional pain syndrome; Rt, right; Lt: left; Bi, bilateral: Motor, MMT score {0, complete paresis; 5, normal); Sensory, sensory
scores (0, anesthesia; 10, normal}; Pre-SCS VAS, VAS of pre-SCS; Post-5CS VAS, VAS of post-SCS.
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Table 2
increased rCBF after SCS.

Neuroimage 49 (2010) 2564-2569

Area Cluster

Talairach coordinates {x, y, z mm} Voxel equiv. Z

p {corrected )

Size {voxels)

A} Rt thalamus 0.006 197
(B} Rt orbitofrontal (BA11) 0.040 161
(C) Lt Inf. parietal (BA7) 0.009 178
{D} Rt Sup. parietal (BA7) 0.014 158
(E} Lt anterior cingulate (BA24) 0.001 301
{F) Lt dorsolateral prefrontal (BA10) 0.050 100

119, ~ 156,00 4.64
4.70

4.39

376. 459,539 4,57

- 798, 38,1, 234 4.64
~33.7,360, 184 4.27

Rt, right; Lt, left; inf, inferior; Sup, superior
P, sup

obtained before SCS, with the statistical threshold set at p<0.02
(corrected for multiple comparisons) in False Discovery Rate (FDW)
for peak height, corrected for spatial extent (>8 voxels per cluster),
and the cluster size was set at 100 contiguous voxels.

Fhis method was used to generate SPM (t) of rCBF changes
associated with each comparison. For between-group comparisons,
the SPM (t) maps were transformed into SPM (z), and the levels of
significance of areas of activation were assessed according to the peak
height of foci estimation based on the theory of random Gaussian fields.

Three patients had been treated to reduce the right lower limb
pain {patients 1, 3, and 5). MRIcro (http://www.sph.sc.edu/comd/
rorden/mricro.html) was used to invert the images obtained from
these patients from the right to the left so that statistical analysis
would be consistent with that of other patients. The images were then
realigned, normalized, and analyzed as previously described. Further-
more, to detect the correlation of the rCBF change and SCS efficacy,
these images were performed covariance analysis with the VAS
reduction rate after SCS {(pre-VAS - post-VAS) / pre-VAS).

Significance was accepted if a cluster showed a cluster corrected
threshold of p<0.05. Anatomical locations were indicated according
to the atlas of Talairach and Tournoux {1988).

This study adhered to the guidelines of the Declaration of Helsinki
on the use of human subjects in research, and the patients provided
written informed consent. This study was approved by the ethics
committee of Osaka University Hospital.

Results
Pain reduction after 5CS

After SCS, all nine patients showed various degrees of pain re-
duction according to VAS data (76.1 + 25.2t0 40.6 +-4.5) (Table 1).The
pain reduction began during SCS and continued for at least 120 min
after SCS. The degree of pain reduction remained stable for 60 min
during the post-SCS PET scanning phase. in general, results of the SF-
MPQ were for the most part compatible with VAS scores.

Fig. 1. Statistical parametric maps (Z maps) of intensity in normalized images. Comparison of rCBF before and after SCS shows that rCBF is increased after SCS in the right thalamus

A}, right orbitofrontal cortex (BA11!
£). Colored bar indicates Z value (threshold, p<0.05}. Panels A-F correspond to Table 2

(B}, left inferior parietal lobule (C), right superior parietal lobule {D}, left anterior cingulate cortex {E}, and left dorsolateral preirontal cortex
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Table 3

increased rCBF after SCS in reference to the affected side.

Area Cluster Talairach coordinates (x, y, z mm) Voxel equiv. 2
p {corrected Size {voxels)
A} C. Inf. parietal (BA40; 0.002 207 30,9, —47.9, 53.5 5.48
B) C.Inf. parietal {BA40] 0.003 432 432, ~46.0,30.8 4.96
C; C. dorsolateral prefrantal {BA10) 0.004 169 256, 56.8, 6.2 4.78
D} C. anterior cingulate (BA24) 0.005 183 8.0, 18.0, 306 455
E} L lateral precentral (BAG 001 109 —46.6, 06, 103 422
F) C. thalamus 0.011 108 4.17
G) [ dorsolateral prefrontal (BA9) 0.013 128 4.06
H) 1. orbitofrontal {BA10)} 0014 143 4.02
(13 L Sup. parietal (BA7} 0.018 127 385

I psilateral to affected side; C, contralateral to affected side; Bi. bilateral: Inf, inferior; Sup, superior.

600

Fig. 2. Statistical parametric maps (Z maps) of intensity in normalized images. Comparison of rCBF before and after SCS by positioning the affected sides on the left shows that rCBF is
increased after SCS in the contralateral inferior parietal lobules {Z=:5.48. 4.96) (A, B), contralateral dorsolat srefrontal cortex (BA10) (74 (), contralateral anterion
cingulate cortex (BA24) (Z = 4.55} (D), contralateral orbitofrontal cortex {BAI0;} {Z = 4.63) and contralateral medial prefrontal cortex {BA10) (7 = 4,56}, ipsifateral lateral prec |
cortex {BAG) 17 = 4. {E), contralateral thalamus (7= 4,17 (F}, ipsilateral dorsolateral prefrontal (BA9; (7= 4.06; (G, ipsilateral orbitofrontal cortex (BA10) (7= 4.02 (H}, ar
ipstlateral superior parietal lobule {BA7; (7= 3.85) (1), Colored bar indicates Z value. Colored bar indicates Z value (threshold, p - 0.05). Panels A-i correspond ta |
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Brain activation profiles in response to SCS

Comparison of rCBF before and after SCS showed significant rCBF
increases in the right thalamus (Z=4.64), right orbitofrontal cortex
(BA11) (Z=4.70), left inferior parietal lobule (BA7) (Z=4.39), right
superior parietal lobule (BA7) (Z=4.57), and left anterior cingulate
cortex (ACC) (BA24) (Z=4.64), and left lateral prefrontal cortex
(BA10) (Z=4.27) (Table 2, Fig. 1). There was no region where rCBS
decreased after SCS.

The result analyzed after three images of patients 1, 3, and 5 were
inverted so that the affected side appeared on the left, showed that
rCBF was increased in the contralateral (right) inferior parietal lobules
(Z=5.48, 4.96), contralateral dorsolateral prefrontal cortex (BA10)
(Z=4.78), contralateral ACC (BA24) (Z=4.55), contralateral thala-
mus (Z=4.17), and ipsilateral lateral precentral cortex (BAG)
(Z=4.22), dorsolateral prefrontal (BA9) (Z=4.06), ipsilateral orbito-
frontal cortex (BA10) (Z=4.02), and ipsilateral superior parietal
lobule (BA7) (Z=3.85) (Table 3, Fig. 2). There was no region where
rCBF decreased after SCS. When these images were performed
covariance analysis with VAS reduction rate after SCS, increased
rCBF in ipsilateral dorsolateral prefrontal cortex (BA9) (Z=5.59),
ipsilateral lateral precentral cortex (BA6) (Z=5.18), ipsilateral medial
prefrontal cortex (BA8) (Z=4.08), and contralateral medial prefron-
tal cortex (BA8) (Z=4.18) were positively correlated with pain
reduction rate (Table 4, Fig, 3).

Discussion

This is the first report that rCBF is madified after SCS for chronic
neuropathic pain as shown by H,'°0 PET. rCBF is thought to reflect
focal neuronal activation (Kapur et al., 1994). Thus, we concluded that
there is a change in neuronal activation after SCS in patients with
neuropathic pain. Our study included nine patients who underwent
SCS to relieve their neuropathic pain. Although the etiology of chronic
pain varied, all nine patients experienced some pain relief with SCS,
and all used SCS everyday for more than several months. So we
categorized them as SCS responders based on their pain reduction,
and we report that the observed rCBF changes may be involved in the
pain relieving mechanism of SCS.

We measured neuronal activity with H,'”0 PET before and after
SCS, and all PET images were normalized and then analyzed by SPM
(Fristonetal. 1991; 1995a.b; Kiebel et al., 1997). Therefore, the results
of this study were based on anatomically well-standardized samples.
Furthermore, images of three patients having only right-sided pain
were reversed to move the affected side to the left and were analyzed
with the others. This method statistically enhances the results,
especially in pain cognition-related regions.

We found that rCBF increased in the right thalamus and superior
parietal lobule (BA7) and left inferior parietal lobule (BA7) after SCS.
rCBF was also shown to be increased in the contralateral thalamus and
contralateral inferior parietal lobule (BA40), and ipsilateral superior
parietal lobule { BA7) when we moved the affected side to the left. BA7
is the secondary somatosensory area {S2), and BA40 is the parietal
association area. These areas play important roles for cognition of the
somatosensory input.

Table 4
Increased rCBF after SCS covariate with pain reduction rate.

Neurolmage 49 (2010) 2564-2569

Fig. 3. Areas of significantly increased rCBF correlated to the VAS reduction rate after
SCS, rendered in the normalized images. indicate ipsilateral to affected side of
dorsolateral prefrontal cortex (BA9), ipsilateral lateral precentral cortex (BA6), and
bilateral medial prefrontal (BA8; (threshold, p<0.05).

One interesting finding of this study is that neither the contralateral
primary motor cortex (M1} nor §1 corresponding to the affected leg
showed rCBF change after SCS. This finding is contrary to previous
reports that the contralateral S1 and the contralateral paracentral
regions are activated during SCS as shown by electrophysiological
methods (Polacek et al, 2007) and fMRI (Stancak et al., 2008). We
attribute this difference to the fact that we performed PET scanning
before and after SCS rather than during SCS as in the previous studies.
During SCS, the patient often feels a stimulating sensation, and this
might influence S1. After SCS, this sensation might diminish quickly;
consequently, activation of S1 and paracentral regions would normalize.
Moreover, the pain relief continues for several hours after SCS. Thus, S2
and the parietal association area are modulated by SCS and would
control the threshold of the chronic pain for several hours after SCS.

An important finding is that the contralateral thalamus was shown
to be activated in the post-SCS phase after the affected side was
adjusted to the left. This finding is contrary to that of a previous report
based on fMRI that did not describe thalamic activation during SCS
{(Stancak et al, 2008). It is also reported that the thalamus
contralateral to the painful side shows hypometabolism in cases of
central pain {De Salles and Bittar, 1994; Laterre et al.. 1998), Hsieh
et al. (1995) reported that rCBF in the contralateral thalamus was
decreased by the peripheral nerve block with lidocaine in the
mononeuropathy patients. We suppose this method might inhibit
the sensory input of the peripheral to spinal cord and it might reduce
the spino-thalamic information, resulting to the reduction of the
contralateral thalamic activity. In our study, however, SCS never
blocks the sensory input and it just controls the pain. So the result in
this study is different from the previous report of Hsieh et al. Although
the detailed role of the contralateral thalamus in the pathology of

Area Cluster

Talairach coordinates (x, y, z mm) Voxel equiv. 72

P {corrected)

Size {voxels)

(A) L dorsolateral prefrontal (BA9) 0.001 396
(B} L lateral precentral (BA6) 0.002 559
(C} C Sup. prefrontal (BAS) 0.008 168
(D} L Sup. prefrontal (BA8) 0.01 112

-44.8, 14.1, 32.1 5.59
44.8, — 18.8, 340 5.18
13.3, 20.0, 53.6 4.18

- 18.4, 14.1,49.7 4.08

I ipsilateral to affected side; C, contralateral to affected side; B, bilateral; Sup. superior.
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neuropathic pain remains unclear, it is possible that SCS induces
neuronal activity in contralateral thalamus, resulting in pain relief,
and that the thalamus alters the pain threshold and sensory cognition
after SCS, as previously reported (Garcia-Larrea et al., 1999).

It was shown that the ACC, dorsolateral prefrontal cortex, and
orbitofrontal cortex were activated after SCS. The ACC and prefrontal
cortex are reported to be involved in the modulation of pain and
emotion. The activation of prefrontal cortex and ipsilatearl lateral
precentral cortex was correlated with the degree of SCS efficacy
(Table 4, Fig. 3). A previous report on MCS showed correlation
between pain relief and ACC activation (Kishima et al., 2007; Peyron
et al,, 2007). Peyron et al. (2007) also reported that the prefrontal
region, orbitofrontal region, and ACC act as descending (top-down)
inhibitory controls for pain threshold in patients treated with MCS.
Ochsner et al. (2004) reported that the prefrontal region and ACC
recruit the up- and down-regulation of negative emotion. It has been
reported that the activity of the right ventrolateral prefrontal region
correlates with reduced negative emotional experience (Wager et al.,
2008) and that fear of various types of physical pain predicts
activation of the ventrolateral frontal region and anterior and
posterior cingulate regions (Ochsner et al., 2006). Furthermore,
because the ACC and prefrontal area are components of the brain
reward system, it is possible that this system is also activated by SCS.
In line with these findings, SCS itself and/or pain relief induced by SCS
would control the emotional aspects of pain, resulting in a long lasting
effect. The role of ipsilateral precentral area activated after SCS is not
clear. The activation of dorsolateral prefrontal regions would reflect
the most of the patients' satisfaction.

It was reported that rCBF increases to noxious stimuli are observed
in S2, S1, thalamus, ACC, dorsal parietal, and prefrontal area (Peyron
et al. 2000). SCS during heat stimuli increased rCBF in S2, S1, and
posterior insula (Stancak et al. 2008). Thalamus, ACC, dorsal parietal,
S2 and prefrontal regions were activated after SCS with neuropathic
pain in this study. In line with those results, we could suppose that
both acute pain stimuli and pain reduction by SCS would induce the
neuronal activation in the similar regions. After SCS for patients with
neuropathic pain, the change of sensory input, pain cognition,
attention, and memory network would activate thalamus, parietal
areas, ACC, and prefrontal areas.

Conclusions

For treatment of neuropathic pain, SCS controls pain cognition by
modulating the thalamus and parietal association area. SCS also
controls the emotional aspects of pain by modulating the prefrontal
region and ACC. These findings support the use of SCS for treatment of
neuropathic pain.
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Withstand Pressure of a Simple Fibrin Glue Sealant: Experimental Study of Mimicked

Sellar Reconstruction in Extended Transsphenoidal Surgery

Satoru Oshino, Youichi Saitoh, Toshiki Yoshimine

BACKGROUND: To examine the strength and tolerance of the fibrin glue
sealant in a situation of extended transsphenoidal surgery. The withstand
pressure of fibrin glue sealant was measured using a simple sellar reconstruc-
tion model.

METHODS: A 15-mm diameter hole at the hottom of a 51-cm high cylinder was
covered with a Gore-Tex (Gore-Tex, Tokye, Japan) sheet. A small plate was
placed on the center for a brief fixation, and 3 mL of fibrin glue was applied over
the entire bottom. Then water was gradually filled in five cylinders, and the water
level at leakage was measured as withstand pressures at 10 minutes and 24
hours after sealant application. The stability of the sealant under pressures of 20
and 30 cm H,0 for 12 hours was alse examined.

RESULTS: The median initial withstand pressure at 10 minutes was 32 cm H,0
{(n = 5), and was significantly increased to 47.5 cm H,0 after 24 hours (n = 4). In
four of five cylinders, fibrin glue sealants were stable against a pressure of 20 cm
H,0 for 12 hours and 30 cm H,0 for the next 12 hours.

CONCLUSIONS: The withstand pressure of simple fibrin glue sealant without
other biological reactions could be estimated to be more than 20 cm H,0 after
application, and increased to more than 40 cm H,0 after 24hours. These data are
practical for neurosurgeons to comprehend the strength and limit of fibrin glue
sealant and suggests the importance to control the intracranial pressure to less

than 20 cm H,0, especially for the first 12 to 24 hours.
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® Fibrin glue
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ICP: Intracranial pressure
TSS: Transsphenoidal surgery

@ From the Department of Neurosurgery, Osaka
University Graduate School of Medicine,
Suita, Japan

To whom correspondence should be addressed:

Youichi Saitoh, M.D., Ph.D.

[E-mail: saitoh@nsurg.med.osaka-u.ac.jp]

Citation: World Neurosurg. (2010} 73, 6:701-704.

DOI: 10.1016/].wneu.2010.04.001

Journal homepage: www.WORLDNEUROSURGERY .org
Available online: www.sciencedirect.com
1878-8750/$ - see front matter © 2010 Elsevier Inc. All
rights reserved.

INTRODUCTION

Prevention of postoperative cerebrospinal
fluid (CSF) leakage is one of the most im-
portant challenges in skull base surgery in-
cluding extended transsphenoidal surgery
(TSS). Diverse methods of sellar recon-
struction combining autograft tissue and
biological or artificial materials have been
developed to prevent this critical complica-
tion (2, 3, 7, 12). Fibrin glue is commonly
applied at the end of procedures as a seal-
ant. The layer of fibrin covers the recon-
structed site and adheres to the surround-
ing tissue, particularly to the bone surface
of the sphenoid sinus. In patients with large
CSF fistulas, lumbar CSF drainage is also
placed during the postoperative period, al-
though in such cases the overflow pressure
and duration of drainage can be determined
only on an empirical basis (3). The water-
tight dural closure, even if ideal (6), is not

always possible in clinical situations. We
have had experience with several patients
during their postsurgery TSS in whom we
placed fascia to cover dural and bone de-
fects, hooked autograft bone or silicon
plate to the epidural space as a buttress, and
applied fibrin glue to cover all of these (Fig-
ure 1); the same method was previously re-
ported as “Gasket-Seal” closure (8). The
CSF lumbar drainage has been placed for 5
to 7 days with an overflow pressure of 5 to 15
cm H,0, depending on clinical condition,
and fortunately there has not been perma-
nent CSF leakage among these patients. Ad-
hesion of fibrin glue to the bone surface is a
major barrier to CSF, driven by intracranial
pressure (ICP).

The withstand pressure of fibrin glue has
been measured in neurosurgical fields using
animal skin or dura mater with combinations
of various biological materials (4, 10, 13).
However, the strength of the attachment of
fibrin glue sealant to hard tissue such as bone,
which might exhibit relatively little biological
reaction in the acute phase, has not been ex-
amined. To answer this basic question we
measured the withstand pressure of fibrin
glue sealant using a simple model of mim-
icked sellar reconstruction in extended TSS.

MATERIALS AND METHODS

A specially made 51-cm high plastic cylinder,
which had an inside diameter of 15 mm and
outside diameter of 20 mm, was used in this
experiment (Figure 2). A round plate 5 mm in
thickness and 40 mm in diameter consisting
of epoxy-glass laminate was attached at the
bottom of the cylinder, which had a hole 15
mm in diameter in the center continuing to
the inner space of the cylinder. The hole at the
bottom was closed using Gore-Tex sheets
(JAPAN GORE-TEX Inc.; Tokyo, Japan), the
plate (LactoSorb System, Walter Lorenz Sur-
gical, Jacksonville, FL, USA), and fibrin glue
(Beriplast P, CSL-Behring; Tokyo, Japan). The
fibrin glue consisted of two components: so-
lution A contained fibrinogen, factor XIII, and
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Intracranial space

Fascia Bone

Sellar floor

Sellar window
Dura

Fascia

Figure 1. The method of our sellar reconstruction in extended-
transsphenoidal surgery 15 shown. The fascia @thick gray linel is placed to
cover the dural (thick black hne} and bone defect (dotted column), and an
autograft bone {square dotted line} is hooked to the epidural space as a
buttress. Then fibrin glue 15 applied 1o cover all layers.

aprotinin, and solution B contained thrombin
and calcium chloride.

Before the procedures, the surface of
the epoxy-glass laminate was moistened
with water as a substitute for CSF. Next, a
round Gore-Tex sheet, 20 mm in diame-
ter, was placed to cover the hole, and the
plate (7 X 20 mm) was placed across the
centre of the sheet as a buttress (Figure 2).
The plate was then fixed using 5-mm wide
gum tape to the side of the cylinder. Con-
structed in this fashion, both sleeves of
the Gore-Tex sheet were free and not
fixed. Then 3 mL of fibrin glue was ap-
plied over the entire surface of the bottom
of the cylinder. To prevent overspilling of
the fibrin glue, the outline of the bottom
was yarded with 1-cm wide plastic tape,
which was folded so thatitdid notemerge
from the adhesion face inside. Solutions
A and B were simultaneously applied
manually using a Y-shaped attachment
(Beriplast P Combi-Set, CSL-Behring; To-
kyo, Japan). Care was taken to apply all 3
mL of the fibrin glue continuously and not
to form multiple layers with it. This amount
of glue was chosen to reduce variance in
application compared with the preliminary
examinations using 1 ml, in which condi-
tions of fibrin glue coverage were not sta-
ble. A 10-minute interval was allowed for
stabilization of the fibrin glue sealant. Then
the cylinder was turned over and held in the
air (Figure 2), and water carefully filled the
cylinder along the innerwall ata slow rate of
1.cm per § seconds.

In experiment 1 (n = s), the cylinder
was filled with water until it leaked
through the bottom. The water level at

leakage was measured as the initial with-
stand pressure.

In experiment 2 (n = 5), the cylinder was
initially filled with water to the 20-cm level,
and water leakage was observed during the
next12 hours. After 12 hours, the water level
was increased to the 30-cm level and ob-
served for another 24 hours. At 24 hours,
water was filled until it leaked, and the wa-
ter level at leakage was considered the de-
layed withstand pressure.

RESULTS

Experiment 1

The initial withstand pressures at 1o minutes
after sealant application were 35, 40, 32, 16,
and 28 ecm H,0 for each of the samples (Fig-
ure 3A). At leakage, the fibrin layer itself was
not disrupted, but a part of it had been
stripped from the bottom. Once the water be-
gan to leak, the fibrin layer surrounding the
tract was immediately stripped from the bot-
tom, forming a large tract for leakage.

CXDEeT 4
There was no leakage at the initial water
level of 20 cm in any of the five cylinders.
After 12 hours, the water level was the same,
at 20 cm, in four cylinders, but had de-
creased to 7 cm in one cylinder. In that cyl-
inder, although the sealant was not dis-
rupted, small drops of water were detected
around the sealant. The water level re-
mained stable in the other four cylinders
until 24 hours, even after filling to the
3o-cm level. The delayed withstand pres-
sures at 24 hours were 40, 47, 48, and 50 cm
H,0, which were significantly higher than
the initial ones (n = 5) (Figure 3; P < 0.05,
Mann Whitney U test).

Figure 2. (A) A specially made 51-cm high plastic cylinder, which had an inside

i diameter of 15 mm and outside diameter of 20 mm, was used for the

experiments. (B} A round plate 40 mm in diameter consisting of epoxy-glass
laminate was attached to the bottom, which had a hole 15 mm in diameter

After the hole was covered with a round Gore-Tex sheet 20 mm in diamete
and the 7 x 20 mm plate (C}, the fibrin glue wi
bottom. The sheet and plate are outhned in bla

appled over the entire
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Figure 3. Withstand pressures of fibrin glue
sealant at 10 minutes (A) and at 24 hours (B)
after the application are shown. Because of
water leakage in one cylinder at 12 hours,
withstand pressures were measured in the
remaining four cylinders at 24 hours.
Withstand pressures at 24 hours were
significantly higher than those at 10 minutes
after the application (P < 0.05, Mann-
Whitney U test).

DISCUSSION

Among the diverse methods of sellar recon-
struction in endoscopic or extended TSS,
fibrin glue has commonly been used as a
sealant at the end of procedures (2, 3, 7, 8,
12). Fibrin glue has been used successfully
in the management of wound healing or
homeostasis in a wide range of surgeries
(1). In the neurosurgical field, the withstand
pressure of fibrin glue sealant has been
studied in vitro for dural closure in craniot-
omy (10) or spinal surgery (4) and sellar
closure in endoscopic TSS (13). In these
studies, the burst pressures of fibrin seal-
ant, which adhered to bovine dura mater or
rabbit skin with a combination of suture
(10) or biological materials such as polygla-
tine acid sheet (4, 13), were measured. In
the present study, we mimicked the sellar
reconstruction in extended TSS, in which
the dural defect is only partially covered by
materials, fixed by buttressing, and sealed
with fibrin glue (8). We focused on the fact
that fibrin glue adheres to the surrounding
bone in TSS, which should exhibit relatively
little biological reaction in the early postop-
erative period. In substitution for bone sur-
face, we applied the epoxy-glass laminate,
which has been widely used in nonanimal
experiments as the imitation of bone (g, 11).
Using other materials, such as hyroxyapa-

tite, would have provided a more realistic
model of the fibrin—bone interface, how-
ever, that was difficult for us because of
technology and cost.

The results showed that, if fibrin glue is
applied properly, a withstand pressure of
more than 20 cm H,O can be obtained at 10
minutes after application, and significantly
increases with time to more than 4ocm H,O
after 24 hours. Similar findings have been
reported in which the sealing effect of fibrin
glue againstalveolar air leakage in dogs was
significantly increased to 70 cm H,O after
24 hours from lower levels at 12 hours (5).
We also found that the sealants were stable
againsta continuous pressure of 20 cm H,0
for the initial 12 hours and that of 30 cm
H,O for the following 12 hours. These data
indicate that the control of ICP at less than
20 cm H,O is especially important for the
first 12 to 24 hours. The withstand pressure
of 20 to 50 cm H, O reflects the successful
sellar reconstruction using fibrin glue with-
out any special maneuver, even in case of
incomplete dural closure, and is also rea-
sonable as shown by CSF leakage after sud-
den elevation of ICP such as in severe sneez-
ing or coughing.

As in extended TSS, we applied fibrin
glue manually and did not use a spray kit in
the present study. Although 3 mL was ap-
plied to each cylinder to reduce variance in
coverage, one of five procedures (20%) in
each experiment yielded exceptionally de-
creased withstand pressures. Technical er-
rors during manual application may have
resulted in contamination by air bubbles or
formation of gaps between the fibrin layer
and the surface of the laminate or within
multiple fibrin layers. Technical improve-
mentin application of fibrin glue to surgical
gaps or defects will be importantin increas-
ing the strength of fibrin glue.

In clinical situations, additional factors
such as oblique bone surface, impact of CSF
pulse, continuous CSF flow during fibrin
glue application and sudden variation in
ICP must also be taken into account. How-
ever, we aimed to obtain the basic data
about the strength of fibrin glue sealant be-
fore considering those variations. Our re-
sults provide unique information for neuro-
surgeons to comprehend the strength and
also the limit of fibrin glue sealant and will
be aid to develop the surgical method to
prevent CSF leakage. It will be clinically in-
teresting to perform the same experiments

with other fibrin glue agents such as Tisseel
(Baxter Corporation, Mississauga, Canada)
or a recently developed sealant DURASEAL
(Confluent Surgical Inc., Waltham, MA,
USA) and compare those results, although
both agents are not commercially available
in Japan at present.

CONCLUSION

The withstand pressure of simple fibrin
glue sealant was measured in a model of
extended TSS. The initial withstand pres-
sure was 32 cm H,O at 10 minutes after
application, and increased to more than 40
cm H,O at 24 hours. Fibrin glue sealants
were stable againsta pressure of 20cm H,0
for the initial 12 hours and 30 cm H,0 for
the next 12 hours in 80% of cases. These
practical data are important for neurosur-
geons to comprehend the strength and also
the limit of fibrin glue sealant. Technical
improvement of fibrin glue application will
be needed to make its effects more stable.
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Taurine Reduces Inflammatory Responses
after Spinal Cord Injury

Yasuhiro Nakajima, Koji Osuka? Yukio Seki® Ramesh C. Gupta Masahito Hara!
Masakazu Takayasu? and Toshihiko Wakabayashi'

Abstract

Taurine has multiple functions in the central nervous system (CNS), serving as an osmoregulator, antioxidant,
inhibitory neuromodulator, and regulator of intracellular Ca** flux. Since the role of taurine in traumatic spinal
cord injury (SCI) is not fully understood, the present study was conducted with C57 black/6 mice (18-20 g) who
underwent severe SCI at the Th-8 level using a weight compression device. Taurine was injected intraperito-
neally at doses of 25, 80, 250, and 800 mg/kg within 30 min after SCI. Controls were injected with saline. The
contusional cord segments were removed 6 h after SCI, and concentrations of interleukin-6 (IL-6) and myelo-
peroxidase (MPO) were measured using ELISA kits. Phosphorylation of STAT3, which is activated by IL-6, and
expression of inducible cyclooxygenase-2 (COX-2) were also compared between the taurine treatment group
(250 mg/kg) and the control group by Western blot analysis. Morphological changes were evaluated with H&E-
stained sections. Taurine significantly decreased IL-6 and MPO levels in a dose-dependent manner, significantly
reducing the phosphorylation of STAT3 and expression of COX-2 after SCI compared to controls. A reduced
accumulation of neutrophils, especially in the subarachnoid spaces, and secondary degenerative changes in gray
matter were also noted, and motor disturbances were significantly attenuated with taurine treatment
(250 mg/kg). These findings indicate that taurine has anti-inflammatory effects against SCI, and may play a
neuroprotective role against secondary damage, and thus it may have therapeutic potential.

Key words: interleukin-6; myeloperoxidase; spinal cord injury; taurine

Taurine, 2-aminoethane sulfonic acid, is conditionally es-
sential in humans and is ubiquitously expressed in many
tissues. It acts as an antioxidant, osmoregulator, calcium
regulator, and membrane stabilizer (Huxtable, 1992), and has
been shown to be beneficial in the treatment of congestive

Introduction

SPINAL corD INJURY (SCI) often results in devastating
permanent neurological deficits. Acute SCI not only
causes early hemorrhagic necrosis, but also endothelial

damage and marked reductions in microcirculation, leading
to major infarctions at injury sites (Tator and Fehlings, 1991).
Activated neutrophils migrate into necrotic regions after SCI
(Carlson et al., 1998; Xu et al., 1990), and release a number of
inflammatory cytokines such as interleukin-1 (IL-1), IL-6, and
tumor necrosis factor-a (Hayashi et al., 2000; Pan et al., 2002;
Streit et al., 1998; Wang et al., 1996a). SCI also increases levels
of excitatory amino acids and causes oxidative stress, and all
of these factors can contribute to progressive secondary in-
jury. Currently, only high-dose methylprednisolone is advo-
cated for the treatment of patients suffering from SCI (Bracken
et al., 1990, 1997).

heart failure (Azuma, 1994), ischemia-reperfusion injury
(Milei et al., 1992), pulmonary fibrosis (Giri and Wang, 1992),
and endothelial cell cytotoxicity (Wang et al., 1996b). Neu-
trophils contain high concentrations of taurine in their cytosol
(Fukuda et al., 1982), and they play important roles in phago-
cytosis after SCI as a host defense mechanism against infec-
tion. However, the effects of taurine under pathophysiological
circumstances, for example after SCI, have hitherto remained
unclear (Gupta et al., 2006).

The purpose of the present study was thus to investigate
any protective effects of exogenous taurine in a mouse spinal
cord compression model. To elucidate its influence on
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inflammatory responses, the IL-6 concentration, the degree of
phosphorylation in an IL-6 signal transduction pathway, ex-
pression of inducible cyclooxygenase-2 (COX-2), and myelo-
peroxidase (MPO) level were all measured in injured spinal
cords. We also examined the impact of taurine on hindlimb
motor function after SCI.

Methods
Materials

Unless otherwise specified all chemicals were from Sigma
Chemicals Co. Ltd. (St. Louis, MO).

Animals

Female mice (C57BL/6NCrj; Charles River Japan, Inc.,
Yokohama, Japan) 8-10 weeks of age (weight 18-20 g) were
housed two or three per cage and kept at a temperature of
24°C with free access to water and food before and after
surgery. The experiments were carried out in accordance with
the National Institutes of Health guidelines for the care and
use of laboratory animals, with approval of the appropriate
committee of Nagoya University Graduate School of Medi-
cine. All efforts were made to minimize the number of animals
used and their suffering.

Spinal cord injury model and drug treatment

The mice were anesthetized with 1.5% halothane and
maintained on 1.25% halothane in an oxygen/nitrous oxide
(30%/70%) gas mixture. Temperature was monitored
with rectal probes and maintained between 36.5” and 37.5°C
with heating pads and lamps. The mice were fixed with a
stereotaxic apparatus and subjected to severe spinal cord
compression as previously described by Farooque (2000;
Supplementary Fig. 1s) (see online supplementary material at
http://www liebertonline.com). In brief, laminectomy at the
Th-8 vertebra was performed with the dura intact. Then
10 g/mm? of compression was applied to the exposed spinal
cord for 5 min. After compression the skin incision was closed.
Mice receiving laminectomy without compression were used
as a sham-injury group. Taurine was administered as a single
dose of 25, 80, 250, or 800 mg/kg by intraperitoneal injection
within 30 min after SCI or sham surgery. Control mice re-
ceived intraperitoneal injection of saline instead of taurine.
The epicenters (2mm in length) of SCI mice, and spinal cord
(2mm in length) of sham-injured mice were used as samples
for analysis, and were collected after 6h from mice under
deep anesthesia killed by decapitation. The spinal cord tissues
were frozen in liquid nitrogen and stored at —80°C until use.

Analysis of the IL-6 concentration
and myeloperoxidase level

Spinal cord tissue samples for enzyme-linked immuno-
sorbent assay (ELISA) were prepared using the following
buffer: 10 mmol/L Tris-HCl (pH 8.0), 150 mmol/L sodium
chloride, 1 mmol/L EDTA, 1 mmol/L PMSF, 1% Triton X-100,
10 ug/mL aprotinine, and 1 ug/mL pepstatin. Homogenates
were centrifuged at 18,000g at 4°C for 15min, and protein
concentrations of the supernatants were determined by the
method of Bradford using bovine serum as the standard. The
concentration of IL-6 and MPO level were measured using
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sandwich ELISA kits (R&D Systems, Inc., Minneapolis, MN,
and HyCult Biotechnology, Uden, The Netherlands, respec-
tively), according to the manufacturer’s instructions.

Analysis of phosphorylation of signal transducers
and activators of transcription 3 (STAT3)
and expression of COX-2 by Western blot analysis

Spinal cord tissue samples of each group were collected at
6 h after SCI and homogenized on ice in 300 uL of buffer and
phosphatase inhibitor solution: 50 mmol/L Tris base/HCI
(pH 7.5), 0.2mmol/L EGTA (pH 7.5), 0.2 mmol/L EDTA (pH
8.0), 0.2mmol/mL phenylmethylsulfonyl fluoride (PMSF),
1ug/mL pepstatine, 0.2ug/mL aprotinine, 2ug/mL leu-
peptine, 0.1 mmol/L dithiothreitol, 1 mmol/L sodium ortho-
vanadate (Na3zVO,), 50mmol/L sodium fluoride (NaF),
2mmol/L sodium pyrophosphate (NasP,0O;, - 10H,0), and
1% Nonidet P-40, for Western blot analysis. The homogenates
were then centrifuged at 18,000g at 4°C for 15 min, and protein
concentrations of the supernatants were determined by the
method of Bradford using bovine serum as the standard.
Crude supernatant samples containing 25 ug of protein were
subjected to 7.5% SDS-PAGE, and the proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes and
incubated with primary antibodies against phosphorylated
(p)- Tyr"®-STAT3 (Cell Signaling Technology, Inc., Beverly,
MA) at a dilution of 1:500, actin at a dilution of 1:3000, and
COX-2 (BD Biosciences Pharmingen, Franklin Lakes, NJ) at a
dilution of 1:500, for 1 h at room temperature. After washing,
the membranes were incubated with goat anti-rabbit poly-
clonal or anti-mouse monoclonal IgG conjugated to horse-
radish peroxidase at a dilution of 1:3000 for 30 min at room
temperature. Reactions were developed with ECL (GE
Healthcare, Buckinghamshire, U.K.). Phosphorylated-Tyr”*-
STAT3 immunoblots were stripped from PVDF membranes
and reblotted with primary antibodies against STAT3 (BD
Biosciences Pharmingen) at a dilution of 1:500 for 1 h at room
temperature. Exposure to the secondary antibody, goat anti-
mouse monoclonal IgG, was at a dilution of 1:3000 for 30 min,
followed by color development. Band intensities were quan-
titated by densitometric scanning using the NIH IMAGE
program.

Histological examination of the spinal cord

Mice killed 6h or 4 weeks after SCI were transcardially
perfused with a phosphate-buffered solution of 10% formal-
dehyde. The spinal cord at Th-8 was then immediately re-
moved and immersed overnight in the same solution.
Transverse semi-serial paraffin-embedded sections 10um
thick were prepared and stained with hematoxylin and eosin
(H&E). An experienced pathologist blinded to study group
assessed the sections.

Behavioral analysis

To investigate the effects of taurine on SCI, we measured
recovery of hindlimb motor function using the Basso mouse
scale (BMS) motor rating scale. Severe SCI mice were treated
with taurine (n =6; 250 mg/kg IP within 30 min after induc-
tion of SCI, and then once a day from day 1 until day 7), or
saline (n=7; IP on the same schedule). Two investigators
observed each animal for 5min and scored (0-9 scale) each



