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the incidence of infections. In contrast, G-CSF increases
the number of white blood cells in the peripheral blood.
This feature of G-CSF is used clinically to treat neutro-
penia and prevent infectious complications. In this manner,
G-CSF treatment might decrease the incidence of infec-
tions in SCI patients. Previous studies have reported a
31.4 % incidence of pneumonia in SCI patients with a
Frankel Grade of A, B, or C [15]. Matsumoto reported a
304 % incidence of pneumonia and a 4.3 % incidence of
urinary tract infections in SCI patients who received MPSS
[16]. We cannot directly compare the incidence of infec-
tions between the present study and previous reports, and
the anti-infection properties of G-CSF remain to be clari-
fied, but our findings suggest that the incidence of pneu-
monia might be reduced in patients treated with G-CSF
compared to those treated with MPSS.,

We observed a lower incidence of gastric ulcers in
patients treated with G-CSF than in patients treated MPSS.
When we analyzed the incidence of ulcers among patients
with severe incomplete paralysis (AIS grades B and C) to
exclude the bias introduced by the difference in paralysis
severity between the groups, no significant difference was
observed. Treatment of gastric ulcers has been dramatically
improved by the increased use of proton pump inhibitors.
Our results might thus reflect this change in ulcer pro-
phylaxis and treatment,

Those findings suggest that G-CSF treatment has a lower
risk of severe adverse events than MPSS treatment, Hence,
G-CSF may be a reasonable alternative to MPSS, but a
direct comparison of the efficacy of each drug is needed.

As for the cost, the price of G-CSF (300 ug) in Japan is
24,926 yen (175.2 Euro in the rate of Jan. 26, 2014).We
employed the G-CSF dose regimen of 10 pg/kg/d x 5 days.
Therefore, the total cost of G-CSF therapy in patient with
60 kg body weight is 249,260 yen (1,752.05 Euro). MPSS
(500 mg) costs 3,536 yen (24.85 Euro). The dose regimen of
MPSS in NASCIS 2 is 5.4 mg/kg as a bolus injection fol-
lowed by 5.4 mg/kg/h for 23 h. Therefore, the total cost of
MPSS therapy protocol in patient with 60 kg body weight is
67,184 yen (472.17 Euro). The cost of G-CSF therapy is
higher than that in the MPSS therapy, of which difference in
total cost is 182,816 yen (1,284.83 Euro).

The present study has several major limitations, First,
the patients were not randomly allocated to the treatment
groups. Second, the control group was historical. Third, the
number of patients was too small to prove the efficacy of
G-CSF treatment with sufficient statistical power. Finally,
the timing of treatment initiation differed between treat-
ment groups {within 8 h after injury in the MPSS group
and within 48 h after injury in the G-CSF group).

The results of the current study suggest that G-CSF
administration is both safe and effective. Although we
cannot draw conclusions about the efficacy of G-CSF

without prospective randomized controlled trial, the pres-
ent results encourage us to make step forward to perform
next phase of clinical trial.

Coenflict of interest None.

References

I. Bauchet L, Lonjon N, Perrin FE et al (2009) Strategies for spinal
cord repair after injury: a review of the literature and information.
Ann Phys Rehabil Med 52:330-351

2. Park E, Velumian A, Fehlings MG (2004) The role of excito-
toxicity in secondary mechanisms of spinal cord injury: a review
with an emphasis on the implications for white matter degener-
ation, J Neurotrauma 21:754-774

3. Varma AK, Das A, Wallace G 4th et al (2013) Spinal Cord
Injury: a review of current therapy, future treatments, and basic
science frontiers. Neurochem Res 38:895-905

4. Bracken MB, Shepard MJ, Collins WF et al (1990) A randomized,
controlled trial of methylpredaisolone or naloxone in the treatment of
acute spinal-cord injury: results of the second national acute spinal
cord injury study. N Engl J Med 322:1405-1411

5. Bracken MB (2012) Steroids for acute spinal cord injury,
Cochrane Database Syst Rev, doi:10.1002/14651858

6. Hurlbert RJ, Hadley MN, Walters BC et al (20(3) Pharmaco-
logical therapy for acute spinal cord injury. Neurosurgery
72(Suppl 2):93-105. doi:10.1227/NEU.Ob0O13e31827765¢6

7. Nicola NA, Metcalf D, Matsumoto M et al (1983) Purification of
a factor inducing differentiation in murine myelomonocytic leu-
kemia cells. Identification as granulocyte colony-stimulating
factor. J Biol Chem 258:9017-9023

8. Roberts AW (2005) G-CSF: a key regulator of neutrophil pro-
duction, but that’s no all! Growth Factors 23:33-41

9. Kawabe J, Koda M, Hashimoto M et al (2011) Newroprotective
effects of granulocyte colony-stimulating factor and relationship
to promotion of angiogenesis after spinal cord injury in rats.
J Neurosurg Spine 15:414-421. doi: 10.3171/2011.5.SPINE10421

10. Koda M, Nishio Y, Kamada T et al (2007) Granulocyte colony-
stimulating factor (G-CSF) mobilizes bone marrow-derived cells
into injured spinal cord and promotes functional recovery after
compression-induced spinal cord injury in mice. Brain Res
1149:223-231

1. Nishie Y, Koda M, Kamada T et al (2007) Granulocyte colony-
stimulating factor (G-CSF) attenuates neuronal death and pro-
motes functional recovery after spinal cord injury in mice.
J Neuropathol Exp Neurol 66:724-731

12, Kadota R, Koda M, Kawabe J et al (2012) Granulocyte Colony-
Stimulating Factor (G-CSF) Protects Oligpdendrocyte and pro-
motes hindlimb functional recovery after spinal cord injury in
rats, PLoS One 7:¢50391. doi: 10.137 {/journal.pone. 0050391

13. Takahashi H, Yamazaki M, Okawa A et al (2012) Neuroprotective
therapy using granulocyte colony-stimulating factor for acute
spinal cord injury: a phase I/Ila clinical trial, Eur Spine J 21:2580~
2587, doi: 1L 1007/s00586-012-2213-3

{4, Kliesch WF, Cruse JM, Lewis RE et al (1996) Restoration of
depressed immupe function in spinal cord injury patients
receiving rehabilitation therapy. Paraplegia 34:82-90

15. Jackson AB, Groomes TE (1994) Incidence of respiratory com-
plications following spinal cord injury. Arch Phys Med Rehabil
75:270-275

16. Matsumoto T, Tamaki T, Kawakami M et al (2001) Early com-
plications of high-dose methyl-prednisolone sodium succinate
treatment in the follow-up of acute cervical spinal cord injury,
Spine 26:426-430

@ Springer

-203-



Chapter 13

Granulocyte Colony-Stimulating
Factor-Mediated Neuroprotective Therapy
for Spinal Cord Injury

Masao Koda, Takeo Furuya, Taigo lanada, Keshiro Kamiya, Mitsutoshi Ota,
Satoshi Maki, Akihiko Okawa, Kazuhisa Takahashi, and Masashi Yamazaki

Abstract To prove the efficacy of granulocyte colony-stimulating factor (G-CSF) for
spinal cord injury (SCI), we performed several animal experiments in rodent SCI models.
Through those experiments, we showed G-CSF’s mechanisms of action for SCI.

G-CSF showed efficacy for SCI through mobilization of bone marrow-derived
cells. G-CSF attenuated neuronal cell death in vitro and in vivo, resulting in promotion
of functional recovery after SCI. Expression of 1L-1p and TNF-a was significantly
suppressed by G-CSF in the acute phase of SCI. G-CSF promoted upregulation of
anti-apoptotic protein Bcl-X1 on oligodendrocytes and suppressed apoptosis of
oligodendrocytes after SCI. G-CSF exerted neuroprotective effects via promotion
of angiogenesis after SCI.

G-CSF’s current use in the clinic for hematopoietic stimulation and its ongoing
clinical trial for brain infarction make it an appealing molecule that could be rapidly
placed into trials for acute SCI patients. G-CSF is one of the hopeful candidates for
clinical application.

Keywords G-CSF = Neuroprotection = Secondary injury

13.1 Introduction

The pathologies following acute spinal cord injury (SCI) are divided into two
sequential events: the primary injury and the secondary injury [1]. Direct mechanical
trauma induces the primary injury, which includes the spinal cord tissue damage.
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This initial insult then triggers a progressive wave of secondary injury, which
exacerbates the injury to the spinal cord via the activation of pathophysiological
mechanisms.

Known pathophysiological mechanisms of the secondary injury after SCI include
ischemia, posttraumatic inflammatory response mediated by resident microglia and
blood-derived inflammatory cells, release of excitatory amino acids, generation of
reactive oxygen species, influx of Ca?, and so on [1]. Those multiple mechanisms
instigate neuronal and glial cell death, resulting in exaggeration of tissue damage
after SCL

Secondary injury is the main therapeutic target for various kinds of drug therapies.
Thus a huge effort has been expended by clinicians, basic scientists, and industry to
discover effective neuroprotective agents which can act against mechanisms of the
secondary injury following SCI [1].

Currently, high-dose methylprednisolone sodium succinate (MPSS) is the only
clinically available treatment for acute SCI to reduce the secondary injury. In recent
years, however, the use of high-dose MPSS in acute SCI has become controversial,
largely based on the risk of serious adverse effects versus what is perceived to be a
modest neurological benefit [2]. Therefore, development of new SCI drug therapies
that could replace high-dose MPSS is an area of intense study.

Granulocyte colony-stimulating factor (G-CSF) is a 19.6 kDa glycoprotein that
was identified initially as a serum component that induced differentiation of the
murine myelomonocytic leukemic cell line and is capable of inducing the survival,
proliferation, and differentiation of cells of neutrophil lineage [3, 4]. In addition to
its effects as a hematopoietic cytokine, it was recently reported that G-CSF has the
potential to promote the survival of other types of cells, including in ischemic
myocardium (5]. In the central nervous system, G-CSF has direct neuroprotective
effects against glutamate-induced neuronal death and stroke [6, 7]. Most recently,
clinical trials have reported on the safety and feasibility of G-CSF administration
following stroke, supporting the hypothesis that G-CSF may also be an effective
therapeutic for SCI [8].

To prove the efficacy of G-CSF for SCI, we performed several animal experiments
in rodent SCI models. Here we show the results of those experiments, indicating
G-CSF’s mechanism of action for SCI.

13.1.1 G-CSF Receptor Expression

To assess the expression of G-CSF receptor (G-CSFR), we performed immunofluo-
rescence double staining on histological sections of spinal cords. The data revealed
that G-CSFR was expressed on neurons, astrocytes, and oligodendrocytes in normal
spinal cord (Fig. 13.1). According to the expression pattern of G-CSFR, we speculated
that G-CSF can act on neuron, astrocyte, and oligodendrocyte.
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Fig. 13.1 Expression of granulocyte colony-stimulating factor receptor (G-CSFR) in normal spinal
cord. Immunohistochemistry for G-CSFR and cell type markers was performed. G-CSFR was
expressed by MAP2+ neurons (a), GFAP+ astrocytes (b), and MOSP+ oligodendrocytes (c)

13.1.2 G-CSF Promotes Migration of Bone Marrow-Derived
Stem Cells into Injured Spinal Cord

To elucidate the effects of G-CSF-mediated mobilization of bone marrow-derived
stem cells on the injured spinal cord, we constructed bone marrow chimera mice. Bone
marrow cells of green fluorescent protein (GFP) transgenic mice were transplanted into
lethally irradiated C57BL/6 mice. Four weeks after bone marrow transplantation, a
large part of the bone marrow cells of those chimera mice was GFP-positive, enabling
the tracking of bone marrow-derived cells by green fluorescence. SCI was produced by
a static load (20 g, 5 min) at T8 level on those chimera mice. G-CSF (200 pgrkg/d)
was injected subcutaneously for 5 days. Immunohistochemistry for GFP and cell
lineage markers was performed to evaluate G-CSF-mediated mobilization of bone
marrow-derived cells into injured spinal cord. Hind limb locomotor recovery was
assessed for 6 weeks.

Immunohistochemistry revealed that G-CSF increased the number of GFP-positive
cells in injured spinal cord, indicating that G-CSF promoted mobilization of bone
marrow-derived cells and enhanced migration of those cells into injured spinal cord.
The numbers of double-positive cells for GFP and glial markers were larger in the
G-CSF-treated mice than in the control mice. G-CSF-treated mice showed significant
recovery of hind limb function compared to that of the control mice. G-CSF showed
efficacy for SCI treatment through mobilization of bone marrow-derived cells [9].

13.1.3 G-CSF Suppresses Apoptosis of Neurons After SCI

To elucidate the direct neuroprotective effect of G-CSF, we performed in vitro
experiments using cultured neurons and in vivo experiments using mouse compressive
SCI model. We found that G-CSF is neuroprotective against glutamate-induced cell
death of cerebellar granule neurons in vitro.

Next, we used a mouse model of compressive SCI to examine the neuroprotec-
tive potential of G-CSF in vivo. Histological assessment with cresyl violet staining
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revealed that the number of surviving neurons in the injured spinal cord was signifi-
cantly increased in G-CSF-treated mice. Immunohistochemistry for neuronal apop-
tosis revealed that G-CSF suppressed neuronal apoptosis after SCI. Moreover,
administration of G-CSF promoted hind limb functional recovery. G-CSF might
promote functional recovery by inhibiting neuronal apoptosis after SCI [10].

13.1.4 G-CSF Suppresses Inflammatory Cytokine
Expression After SCI

To elucidate the potential therapeutic effect of G-CSF for SCI in rats, rat contusive
SCI was introduced using the infinite horizon impactor (magnitude, 200 kilodyne).
Recombinant human G-CSF (15.0 pg/kg) was administered by tail vein injection
for 5 days. To detect the anti-inflammatory effects of G-CSF in the SCI model, we
performed real-time PCR for inflammatory cytokines on the spinal cord sample of
G-CSF and control rats. Twelve hours after surgery, expression of IL-1p and TNF-«
mRNAs was significantly suppressed in the G-CSF group compared to the vehicle
control group. The results of real-time PCR for the other factors showed no signifi-
cant difference between the vehicle and G-CSF-treated groups. According to these
results, G-CSF suppresses inflammatory cytokine expression after SCI{11].

13.1.5 G-CSF Suppresses Apoptosis of Oligodendrocytes
and Protects Myelin After SCI

To elucidate anti-apoptotic effect of G-CSF on oligodendrocyte, in vivo experiments
using rat contusive SCI introduced by the IH impactor (200 kilodyne) were performed.
Recombinant human G-CSF (15.0 pg/kg) was administered by tail vein injection for
5 days. Histological assessment with luxol fast blue staining revealed that the
area of white matter spared in the injured spinal cord was significantly larger in
G-CSF-treated rats. Immunohistochemical analysis showed that G-CSF promoted
upregulation of anti-apoptotic protein Bcl-X1 on oligodendrocytes and suppressed apop-
tosis of oligodendrocytes after SCI (Fig. 13.2). Moreover, administration of G-CSF pro-
moted better functional recovery of hind limbs assessed by BBB locomotor scale [11].

13.1.6 G-CSF Promotes Angiogenesis After SCI

Because the degree of angiogenesis in the subacute phase after SCI correlates with
regenerative responses, it is possible that G-CSF’s neuroprotective effects after SCI
are due to enhancement of angiogenesis. We utilized the contusive SCI rat model
using IH impactor and randomly divided subjects between a G-CSF-treated group
and a control group. In the G-CSF-treated rats, the total number of vessels was
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Fig. 13.2 Apoptosis of oligodendrocytes. Immunohistochemistry for oligodendrocyte marker
MOSP (a) and apoptosis marker cleaved caspase-3 (Casp-3) (b) was performed. There were a lot
of (¢) MOSP- and Casp-3 double-positive apoptotic oligodendrocytes in injured spinal cord | week
after SCI. In G-CSF-treated rats, the number of apoptotic oligodendrocytes decreased

significantly larger, and expression of angiogenic cytokines including bFGF, VEGFE,
and HGF was significantly higher than those in the control group. The G-CSF-
treated group showed significant recovery of hind limb function compared to that of
the control group. These results suggest that G-CSF exerts neuroprotective effects
via promotion of angiogenesis after SCI [12].

13.2 Discussion

One of the major obstacles for conducting clinical trials for neuroprotective drugs is
to first establish the safety and competency for use in human subjects. The complexity,
size, and duration of clinical trials of novel drugs often make them quite costly to
conduct and may impede the development of therapeutics that could have a signifi-
cant impact in clinical practice. Therefore, although the efficacy of various drug
therapies in models of SCI has been reported, few drugs have been practically carried
into clinical trials. Thus, drugs with proven clinical exploitability have a significant
advantage for clinical trials for novel therapeutic purposes. From this point of view,
G-CSF’s current use in the clinic for hematopoietic stimulation and its ongoing
clinical trial for brain infarction make it an appealing molecule that could be rapidly
placed into trials for acute SCI patients. Although many hurdles such as optimal
dosage, therapeutic time window, and more precise mechanism of action still need
to be resolved, the present results encourage us to make steps towards future clinical
trials of G-CSF for acute SCI patients.

13.3 Conclusion

(G-CSF exerts neuroprotective action for SCI via the abovementioned pleiotropic
effects. Therefore G-CSF is one of the hopeful candidates for clinical application.
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A 68-year-old woman who suffered from C5 nerve palsy because of a C4-5 disc herniation was referred to our hospital. We
conducted anterjor cervical decompression and fusion (ACDF) at the C4-5 level. An intraoperative radiogram obtained after
exposure of the vertebrae showed that the level at which we were going to perform surgery was exactly at the C4-5 level. After
bone grafting and temporary plating, another radiogram was obtained to verify the correct placement of the plate and screws,
and it appeared to show that the plate bridged the C5 and C6 vertebrae at the incorrect level. The surgeon was astonished and
was about to begin decompression of the upper level. However, carefully double-checking the level with a C-arm image intensifier
before additional decompression verified that the surgery was conducted correctly at C4-5. Cautiously double-checking the level

of surgery with a C-arm image intensifier is recommended when intraoperative radiograms suggest surgery at the wrong level.

1. Introduction

Wrong-site surgery (WSS) is rare [1-15], but once it occurs, it
distresses both patients and doctors [6]. Therefore, spine sur-
geons should make every effort to avoid wrong-site surgery.
Here, we report a rare experience where a radiogram, which
was obtained during anterior cervical decompression and
fusion (ACDF), almost misled a surgeon into performing
surgery at the wrong level.

2. Case Report

A 68-year-old woman suffered from left-side C5 nerve
palsy because of a C4-5 disc herniation. Manual muscle
testing scores of her left-side deltoid and biceps were 1 and
4, respectively, and physical examination showed no symp-
toms of myelopathy. Magnetic resonance imaging and com-
puted tomography (CT) after myelography showed that

the herniated disc at the C4-5 level compressed her left C5
nerve (Figure 1).

We conducted ACDF at the C4-5 level. During ACDEF, we
always obtain two radiograms to avoid WSS. One is taken
after exposure of the vertebrae, with a needle inserted into
a disc to verify that the level at which the decompression and
fusion are to be conducted is correct. The other one is taken
after temporary fixation of a plate following bone grafting to
verify the correct placement of the plate and screws. During
the surgery for the current case, the first radiogram showed
that the needle was inserted into the C4-5 disc (Figure 2),
so we continued the surgery and performed the herniotomy
and bone grafting. After bone grafting, we positioned a plate
to bridge the C4 and C5 vertebrae and fixed them tempora-
rily. The radiogram after temporary placement of the plate
astonished the surgeon because it appeared to show that the
plate bridged the C5 and C6 vertebrae (Figure 3). The surgeon
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F1GURE 1: Computed tomography after myelography showing left-side C4-5 disc herniation. (a) Parasagittal view and (b) axial view at the

C4-5 level.

Ficure 2: The first intraoperative radiogram after exposure of the
vertebrae showing the needle inserted into the C4-5 disc.

removed the plate and was about to begin decompression
of the upper level. However, because we were unable to
determine the reason why the level was apparently incorrect,
we decided to double-check the level with a C-arm image
intensifier before decompression of the upper level. The
image verified that the surgery was conducted correctly at the
level of C4-5, and not C5-6 as we were mistakenly led to
believe. The final radiograms before the extubation also
verified that the surgery was correctly performed at the C4-5
level (Figure 4).

After completing the surgery, we investigated why the
radiogram apparently indicated the wrong site. Using a 3D
CT image obtained after the surgery, we were able to con-
struct a picture in which it appeared as if the plate bridged the
C5 and C6 vertebrae (Figure 5). This revealed that the radio-
gram was taken from a caudal to cranial perspective during
the surgery, and that the direction of exposure was not per-
pendicular to the axis of the spine.

FIGURE 3: The second intraoperative radiogram after decompres-
sion, bone grafting and temporally plate fixation. It appears to show
that the plate bridges the C5 and C6 vertebrae.

3. Discussion

Various risk factors of WSS of the spine have been reported
including emergency surgery, obesity, anatomic variations,
time pressure to complete surgery, unusual equipment, mul-
tiple surgeons involved in the surgery, multiple procedures
in a single surgery, and insufficient communication between
the surgical team and the patient [10, 12, 14, 16-20]. In
addition, failure to identify the vertebral level by intraoper-
ative radiograms and misinterpretation of the radiogram are
especially associated with wrong-level surgery [18, 20, 21]. As
for cervical spine surgery, inadequate radiograms of the lower
cervical spine hidden by the shoulders and cervical anomalies
including Klippel-Feil syndrome and a block vertebra at C2-3
are major causes of wrong-level surgery [20]. In the current
case, the patient did not have any of these factors.
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FIGURE 4: The final radiograms before extubation showed that ACDF was indeed performed at the correct level at C4-5. (a) Anteroposterior

view and (b) lateral view.

FIGURE 5: A constructed picture simulating the second intraopera-
tive radiogram was obtained from 3D CT after the surgery. The plate
appeared to bridge the C5 and C6 vertebrae.

There are some protocols for preventing WSS [22-24].
However, the effectiveness of the implementation of these
protocols is controversial. Vachhani and Klopgenstein
reported that the universal protocol (UP) by the Joint
Commission on Accreditation of Healthcare Organizations
was effective to reduce WSS events [25], but Wong and
Watters III reported the UP was not effective [26]. Kwaan et al.
reviewed cases and concluded that even the implementation
of the UP would not have prevented 38% of WSS [8]. One
of the main methods to avoid WSS is the use of radiograms
during the surgery and this method is supported by many
surgeons [6, 7, 14, 15, 27-29]. However, radiograms during
the surgery cannot avoid every case of WSS because some
patients have congenital anomaly of the spine or where
radiograms are inadequate [10, 12, 25]. Some authors
recommend using fluoroscopy during the surgery to identify
correct levels for spinal surgery [13, 15, 30, 31]. Mayer

et al. reported that surgeons now use fluoroscopy more
frequently than plain radiograms during posterior surgery
of the thoracic and lumbar spine, and surgeons who
experienced WSS tend to have used plain radiograms more
than fluoroscopy [31]. Intraoperative CT scan [32-36] is also
useful to prevent WSS, but using this method routinely for
only localizing the correct level is not practical.

In the current case, we obtained two radiograms during
ACDF and the second radiogram almost misled a surgeon
into performing unnecessary decompression at the wrong
level, even though the patient did not have any anatomical
anomalies of the cervical spine and the shoulders of the
patient were pulled caudally during the radiograms to make
it easier to see the correct level. On the other hand, a C-arm
image intensifier clearly showed that we performed ACDF
at the correct level. The cause of this event was that the
second radiogram was inadequate and the surgeon could
therefore not correctly interpret the picture. We constructed
another picture from the 3D CT after the surgery that was
similar to the second radiogram. This constructed picture
revealed that the second radiogram was taken from a caudal
to cranial perspective and the direction of exposure was not
perpendicular to the axis of the spine as believed. Careful
examination of Figure 5 shows that the “C3-4” disc is not
clearly visualized. However, the surgeon in the operating
room is under pressure to interpret radiograms quickly in less
than ideal conditions and so their evaluation is compromised
if they are inadequate. We highly recommend using a C-
arm image intensifier to double-check the level of surgery if
an intraoperative radiogram shows an unexpected finding,
because a C-arm image intensifier can provide many images
on many planes at once whereas plain radiograms do not offer
real time feedback when the image is oblique or obscured by
the shoulders. The fact that surgeons now use fluoroscopy
more frequently than plain radiograms and surgeons who
experienced WSS tend to have used plain radiograms more
than fluoroscopy [31] also indicates that fluoroscopy is more
useful than plain radiograms.
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In conclusion, radiograms obtained during ACDF sur-
gery can mislead surgeons into performing surgery at the
wrong site. Cautiously double-checking the surgical level
with a C-arm image intensifier is recommended when intra-
operative radiograms suggest wrong-site surgery.
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ARTICLE INFO ABSTRACT

It is known that the severity of compression myelopathy sometimes waorsens rapidly and results in poor
functional recovery bécause of limited axonal regereration. Levels of phosphorylated neurofilament sub-
unit NF-H (pNF-H), which indicate axonal degeneration, are elevated in other neurological disorders. To
our knowledge, there has been no examination of pNF-H levels in compression myelopathy. Therefore,
we conducted a pilot cross-sectional study to evaluate pNF-H levels in the cerebrospinal fluid (CSF) of
patients with worsening symptoms of cervical compression myelopathy, From January 2011 to March
2013, 51 samples of CSFF were collected frow patients at the time of myelography before spinal surgery.
The indications for surgery wergacutely worsening compression myelopathy (AM) in eight, chronic com-
pression myelopathy (CM) in six, and lumbar canal stenosis (LCS) in 37 patients. The pNF-H levels were
measured using 4 standard epzyme-linked tmmiunosorbent assay. The mean £ standard deviation pNF<H
value was 2127.1 £ 556.8 pgf/ml In AM patients, 175.8 £ 67.38 pgfml in CM patients and 518.7 + 665.7 pg/f
il in LCS patients, A significant fncrease in pNI-H levels was detected in the CSF of patients with AM
compared with those with either CM or LCS, The clinical outcome of surgical treatment for patients with
cervical myelopathy was satisfactory in both AM and CM patients. Despite the limitations of small sample
size and tack of healthy CSF contral data due to ethical considerations, our results suggest that pNF-H in
CSF can act as a biomarker that reflects the severity of AM.
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1. Introduction

Cervical compression myelopathy is one of the most common
spinal cord disorders affecting the elderly. It is well known that
the mechanism of compression myelopathy is chronic compression
of the spinal cord by osteophytes, degenerated discs, thickened lig-
amenta flava, and ossification of the posterior longitudinal liga-
ment [1]. Usually, a slow and stepwise decline in function is
observed after compression myelopathy. However, a rapid progres-
sion of motor paralysis and paresthesia with mild or no trauma is
occasionally observed. The severity of compression myelopathy
has been reported to worsen rapidly in almost 5% of patients {2].

* Corresponding author, Tel.: +81 43 462 8811; fax: +81 43 462 8820,
E-mail address: hitochann@syd.odn.nejp (H. Takahashi).

http:/fdx.doiorg/ 10.1016/),jocn. 2014.04.021
0967-5868/® 2014 Published by Elsevier Ltd.

Rapid worsening of compression myelopathy results in severe
neurological deficits with poor functional recovery because of lim-
ited axonal regeneration [1,3]. To date, the only effective therapy
for compression myelopathy is early surgical treatment [4]. Gener-
ally, the recovery rate of neurological function after surgical treat-
ment is about 50-70% [5). However, in some patients, sufficient
improvement of neurological function is not achieved. At present
we cannot accurately predict the recovery rate before surgical
treatment. Moreover, the only indicators to assess the severity of
neurological status are subjective, including the Japanese Ortho-
paedic Association (JOA) score [G]. Therefore, biomarkers that
reflect the degree of damage to the spinal cord and the severity
of neurological symptoms would be useful,

Phosphorylated neurofilament subunit NF-H (pNF-H) is a struc-
tural protein of axon fibers and is not detected in the cerebrospinal
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fluid (CSF) or blood of heaithy subjects. However, axonal breal-
down increases the level of pNF-H in plasma and CSF [7]. A recent
report has indicated that the level of pNF-H in the plasma and CSF
is elevated in various neurological disorders such as subarachnoid
hemorrhage, traumatic brain injury, amyotrophic lateral sclerosis,
and acute spinal cord injury [8-12]. Therefore, pNF-H may be
useful to evaluate the severity of progression and the effect of
treatment in such disorders.

However, there are no studies examining the level of pNF-H in
the CSF or plasma of patients with compression myelopathy to our
knowledge. Therefore, we conducted a pilot cross-sectional study
to determine the level of pNF-H in the CSF of patients with
compression myelopathy.

2. Methods
2.1. Patients and samples

This study was given approval by our University Human Ethics
Committee. From January 2011 to March 2013, 51 CSF samples
were obtained from patients at the time of myelography before
spinal surgery at the Toho University Sakura Medical Center.
Informed consent was obtained from all patients. The indications
for surgery were cervical compression myelopathy in 15 patients
and lumbar canal stenosis (LCS), which was used as a control dis-
order, in 37 patients. Furthermore, we divided compression mye-
lopathy samples into patients with acutely worsening symptoms
(AM) and patients with chronic symptoms (CM). We defined
acutely worsening compression myelopathy as that in which the
JOA score of patients with cervical myelopathy decreased by 2
points or more during a recent 1 month period [13]. Ultimately,
eight patients were allocated to the AM group and six patients to
the CM group. Patients who were diagnosed as having cervical
spondylotic radiculopathy and cervical spondylotic amyotrophy
were excluded from this study, Patients with double lesions (cervi-
cal compression myelopathy and LCS) were also excluded.

2.2. Clinical outcome of patienis with compression myelopathy

In all patients with compression myelopathy (AM and CM
groups), neurological evaluation using a JOA score for cervical
myelopathy (scores range from 0 to 17) was performed {6]. The
scores were evaluated at the time of myelography before surgery
and 8 months after surgery by two orthopedic spine surgeons.

2.3, pNF-H assay

The pNF-H assay was performed using a commercially avail-
able enzyme-linked immunosorbent assay kit (ELISA; BioVendor,
Brno, Czech Republic). Frozen CSF samples were allowed to thaw,
and diluted 1/2 in a buffer. The samples were then loaded onto an
ELISA plate. The assay was performed according to the manufac-
turer’s protocol. To standardize the pNF-H value, all samples were
tested in duplicate, and the average value for each sample was
calculated.

2.4. Statistical analyses

Results are presented as mean + standard deviation. A one fac-
tor analysis of variance with a post hoc Tukey-Kramer test was
used to evaluate the difference in the pNF-H levels between AM,
CM, and LCS patients, Spearman’s correlation coefficient by rank
test was used to evaluate the correlation between pNF-H and JOA
score. p < 0,05 was considered statistically significant.

Table 1
Patient characteristics in each group
AM M s
Patients, n 8 6 37
Sex
Male 4 5 14
Fernale 4 1 23
Age, vears’
649102 6502132 703x79
(45-79) (38-75) (55-86)
Preop JOA 9.25%2.43 10.6%0.80
(6~-14) (10-12)
Surgical procedure
Laminoplasty 4 2
Laminoplasty with posterior fusion 1 2
Anterior corpectomy and fusion 3 2

AM = acutely worsening compression myelopathy, CM = chronic compression
myelopathy, J0A = Japanese Orthopaedic Association, LCS = lumbar canal stenosis,
preop = preoperative,

" Data presented as mean i standard deviation (range).

3. Results
3.1, Patient characteristics

Table 1 shows the characteristics of each group of patients. The
mean age was 64.9+ 10.2 (range 45-79 years) in the AM group,
65.0+13.2 (range 39-75years) in the CM group, and 70.3+£7.9
(range 55~86 years) in the LCS group. The mean JOA score at the
tire of CSF sampling in the AM group was 9.5 %251 (range 6-
14}, and 10.6 £0.80 (range 10-12) in the CM group. The surgical
procedure in the AM group was laminoplasty in four patients, lam-
inoplasty with pesterior fusion in one patient, and anterior corpec-
tomy and fusion in three patients. The surgical procedure in the CM
group was laminoplasty in two patients, laminoplasty with poster-
ior fusion in two patients, and anterior corpectorny and fusion in
two patients.

3.2. Levels of pNF-H

Figure 1 shows the level of pNF-H in the CSF of patients
from each group. The level of pNF-H was 21271 £ 556.8 pg/ml in
the AM group, 175.8+%27.5pg/ml in the CM group, and
518.7 £665.7 pgfml in the LCS group. Our findings show that a sig-
nificant increase in the level of pNF-H was detected in patients in
the AM group compared with that in the CM and LCS group
(p<0.01). A slightly increased level of pNF-H was detected in CSF
from patients in the LCS group compared with levels in the CM
group. However, there was no significant difference in the levels
between these two groups.

3.3. Evaluation of clinical ouicome

Table 2 shows the change of JOA scores after surgery. JOA scores
at the time of CSF collection were 9.5 £ 2.51 (range 6-14) in the AM
group and 10.6 £ 0.80 (range 10~12) in the CM group. After sur-
gery, neurological improvement was seen in all patients. JOA
scores 6 months after surgery were 14.3 + 1.82 (range 13.5-16.5)
in the AM group and 13.9 + 0.58 (range 13.5-15) in the CM group.
The recovery rate of JOA score was 66.0 = 16.9 (range 46.2-86.7) in
the AM group and 51.2 £ 12.5 (range 30-66.7) in the CM group.
Although a slightly higher recovery rate of JOA score was seen in
the AM group, no statistical difference in recovery rate of JOA score
was observed between patients in the AM and CM groups
(p=0.096).
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Fig. 1. Levels of phosphorylated neurofilament subunit NF-H. AM = acutely wors-
ening compression myelopathy, Av. = average, (M = chronic compression myelop-
athy, LCS = lumbar canal stenosis. "p < 0.01 compared to lumbar canal stenosis and
chronic compression myelopathy group.

Table 2
Recovery of Japanese Orthopaedic Association score
AM M p value
JOA score at the time of CSF collection 9.5 +2.51 106£080 0.146
(6~14) (10-12)
JOA score at 6 months after surgery 143+1.82 1391058 0.377
(13.5-16.5) (13.5-15)
Recovery rate of JOA score 66.0+169 5122125 0086
(462-867) (30-66.7)

AM = acutely worsening compression myelopathy, (M = chronic compression
miyelopathy, CSF = cerebrospinal fluid, JOA = Japanese Octhopaedic Association.

No statistical correlation was found between the level of pNF-H
and the recovery rafe of JOA score (p=0.128),

4. Discussion

To our knowledge, the present cross-sectional study is the first to
determine the level of pNF~H in CSF samples from patients with cer-
vical compression myelopathy and LCS. Our results showed a signif-
icant increase in the level of pNF-H of up to 2000 pg/ml in patients

with AM, Elevated levels of pNF-H have suggested axonal break- |

down in studies of other neurological disorders {7-9,11]. Further-
more, plasma pNF-H was found to be elevated proportional to the
severity of acute spinal cord injury (SCI) and to reflect a greater
extent of axonal damage because of the secondary damage to the
injured spinal cord [10,12]. Increased levels of plasma pNF-H were
seen in patients with complete SCI, but not in patients suffering
incomplete paralysis [10]. In the present study, we hypothesized
that increased levels of plasma pNF-H are not seen in compression
myelopathy because of minor injury to the spinal cord compared
with SCL Therefore, we determined the levels of pNF-H in CSFrather
than plasma. Although the pathogenesis and prognosis of compres-
sion myelopathy remain unclear, inflammation, hypoxia, and
excitotoxicity are likely to cause secondary damage in SCL An
increase in the concentration of interfeukin-6 has been detected in
the CSF of patients with cervical compression myelopathy [14]. An
increase in the concentration of interleukin-8 has been detected in
the CSF of patients with cervical spondylotic myelopathy [15]. The
increased level of pNF-H in the present study suggests that pNF-H
reflects the severity of AM, and the pathogenesis in AM may be acute
axonal damage foliowed by secondary damage, as seen in SCIL

In the present study, although a slightly higher recovery rate of
JOA score was seen in the AM group, no statistical difference was

observed between AM and (M patients. The surgical outcome
was satisfactory in patients from both the AM and CM groups,
There was no correlation between the level of pNF-H and the
recovery rate of JOA score. Although surgical procedures for com-
pression myelopathy are not standardized, our study suggests that
early surgical treatment of AM results in sufficient neurological
improvement, even in patients with CM.

The present study has several limitations. First, because CSF
samples were only collected from patients at the time of myelog-
raphy before surgery, the sample size was small and there is bias
toward more severe disease. We found no statistical correlation
between pNF-H and JOA recovery rate. However, a slightly higher
JOA recovery rate was seen in AM patients. Further investigation
with long-term follow-up after surgery and standardization of both
the severity of the myelopathy and the surgical procedure per-
formed are required to support our findings. Second, the collection
method for CSF precludes the collection of CSF samples from
healthy control subjects because of ethical issues. A slightly
increased level of pNF-H was found in the CSF from LCS patients.
A rodent study indicated that the level of pNF-is up-regulated in
rat dorsal root ganglions |16]. In humans, increased interleukin-6
levels were detected in the CSF of patients with lumbar radiculop-
athy [14]. The present finding of slightly increased pNF-H levels in
the CSF of patients with LCS may reflect axonal damage to the
nerve roots or the cauda equina. The average level of pNF-H in
the CSF of patients with LCS was about 500 pg/ml. The present
findings suggest that pNF-H may be useful in the differential diag-
nosis of double lesions (cervical myelopathy and LCS). Further
investigation using comparison samples from healthy control sub-
jects is required. Third, the detailed pathogenesis of increased pNF-
H levels in the CSF of patients with AM or CM remains unclear. Fur-
ther research using animal models of compression myelopathy
may clarify the pathogenesis,

In conclusion, despite the limitations indicated above, a signif-
icantly increased level of pNF-H was detected in the CSF of patients
with AM. Clinical outcome after surgical treatment for cervical
myelopathy was satisfactory in patients with both AM and CM.
The present results suggest that pNF-H in CSF may be a biomarker
that reflects the severity of AM.
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AR SNz, AH, HESRECHBCHESRT S0\, EAEEHH
FEMT e DF BERE EMESIE O35 G-CSF DRRIIRIE &, ERERIZL S G-

CSF OESFERAEF ICDOWTHET 5.

(A ¥ 7YY=y 35:1026-000, 2014)

F—U— 8 FHEERESE, BRERo oo —HME T, AR RE

LIS

T EERE YRR & 13 2009 4F DU IZ AR TR T
HAENB IR o7eH LVBET, M5Hh0
HHEECRERNTAHAEZRIFL TS, ik
BEWFOBSIRE L, WEICHETLIZE
A% v, RFICBW TR RO BED
EEAEFRECER TS 2L 8HmESINTE
DY, FHMICE2BBHIRDILTLIF L%
V., F0RD, BROEFEH->TLTH T4
BIRBENHEL SN TV RWEWR B,

WAk Bk o o = —HJEAF (Granulocyte—colo-
ny stimulating factor : G-CSF) &, kIR
Hilg ot - B85 - AFAREL EOERY AT

AREMMES A M A T, RIFETIE, WAALE
DU X B IFRERIRAE R, RS MMl A
K O3S MBI O RKMIM~OB B 7% L DO HT
BRFEH ST a?, FRMERICBVL TR
BAFEH 7OV T B R R A S
THHY, WEEICHT ZHERABLITHNT
WAHEIZ EL, bLbhEERBE I LT
L G-CSEXEMTHAEELZ, BMEREF
NVERWTZEORMERME L TE5Y. F7,
Fehlings 5791%, #HREE & T EEEFRE
OFREREIFELEN S w20, FREEE
EEHE U CHAERBE S LT 2 iR R
Fi, GEHEENFMEICY LCHBETRETS
HEHELTWS., ZoHE*BELZ, bhtb
NIE 2008 FE2 5, SMFHEE B L OEER
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% 1 G-CSFixEaiOBET R

iR il ()J . Ull ﬁ"ﬁ 9:3
i ﬁ%[&](ﬂJQ¢SD) 6065
o W WA A 8

DAk 4
i fir - 5 Hi 9

i) M 3
R (4E) (4% = SD) 9+85
PEIGER @ At-level 8

Below-level 8

: Lz

it A xR L, G-CSF % il v 72 ikt
SRR O R SR D T 5910 AT
WZBWT, G-CSF O%ah & Aty \nézsdlﬂdy
(1o A WAl O R & 218 4 11119, N SV
Tid, Pl LT, ﬁ‘f‘xﬁlizﬁflr _;tiuil;ﬂé“
B PN HSUE IR U 7B A A e S TR L
oW o kb, G-CSF o il i 5k 9%
IR 2 ARMEATRIE S 7z 720, JREEH
RAE LA E U 7 R & o 4, G-
CSF DR 217 - 22, S0, HW3
PECHES T 5 2 & D%\, FEEME Rl o
F iR = Ve (o oh L CAT o 72 G-CSF DR
MBS &, FOEHBETF BRI O 7572
FERETFZEIC DWW TS 5.

L G |

EEETERERNROTHEESEER
(2349 2 FRPR AR

1) HWREF*

Eiﬂ’ﬁ%“?ﬁﬁﬁ@ﬁ‘ﬁ’ﬂfwlﬁ W PAE DLk

LT OB Ll OWNIREEE (R
PEBRSIIMH L Cwivy) TlEHa Rz Eo
BoneWiER &S & L7z 2009 4E 8 A
5 2011 4E 10 H o W # 12 G-CSF #¥& 5L, 6
B AL ERSRER LSO 12 R Th o 72,
RS M O I O B 5 W L
BERSOMIBZZEIL L #5E, PEEE
HHRMESMMEENO 7 ba— v ERTL

10 pne/kg/H x 5 H o g & Lz,

FE[RR P s O 43 U HE S, PEHBAL & s
BTN PR 6, F RS M & BB
R AL B 2 Wi LN o ik o At-level pain
& 3 LD e o> $H 3% 0O Below-level pain
AL 7oL 9 o B I visual analogue
scale (VAS : 0~100) # H v -CaPili L7z, #%
FHERYFHINC 13 Wilcoxon O 5 AR E %
JHw, p<005 R HEEDD & L

2) &% &
RGBS, Pk 3 RERIT, PR
i 69 1K TdH o 72, R L AATS LI D

FEBIC, BB O Gl o ER, it 3 5
BICdH o7z, EROMBHENMITFEHT7IELE
Ao 7. At-level pain % 4 JEH], Below-level
pain 2° 4 FEB, WE OGN AEHNTH - 72
(F1)., FWWCIERAT T A P RAERE
(NSAIDs) QEB, 7 LAY v 49EH, 2
0B8N L 2HEBI O, 1 A 2.6 W & ik
AL Tz RIfEH OMEC R % EOBET,
L NIRBHEE L TR WER S 2 SERIFEA
L7

WEYRTER i & K L C, G-CSF# 5.1 @
VASHHIZ &R TS50 L L TH - 7. G-CSF
BHEHIZ20 L EO VASEORELRD b
DT 12EFIR 7R 58%) WEEY, #
D9 B 6IEBITHR G 3 H HLREIC VAS fED
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B EDBRREREICS AREDEE

&2 G-CSF#E5#D VAS O%1t

S5 No. VAS
wHEN  1H %A 3#A 67A
1 60 20 20 20 30
2 50 40 40 40 50
3 80 50 50 50 50
4 90 90 90 90 90
5 60 0 0 60 60
6 90 45 45 90 90
7 90 90 90 90 90
8 80 60 60 80 80
9 80 80 80 80 80
10 60 40 40 60 60
11 60 50 60 60 65
12 80 20 20 80 80
35 +SD 73+14 49* £ 28 50T £28 67 % £22 69f £19

*RGERNCLLE L CERICES (p<001)

ToRGERMICE LARICRS (p<005)

TG B LARICHEN (p<0.05)

HERAZZD (F2). FHVASHEIES
73205 G-CSF# 5% 1 BT LEELR
D SN (p<00l) oD, &E5H%3
HATIE67 &, FHANITEVWIRBICHEBEEL
TEY, ERBEMEI bt (E1).
ARBICBWTHIREROUEIXIZLAEES
Nhholzh, BELGAERZOREIRDOR
VAW AR

3) % &
FREEEA L, AFFTRE SN Ly
WaThy, £72, KEHZ AL I,
F & A EPERMBEROMBEERRFICOWT
WEINLDOTHY, BEOMRADEL {1ZZ
NEDOWEIZEDSNBDTH L. FREIEM
TREZTDLRBFOBHIZIN TV WD, &
EORFRICE Y, EHORBRBELORE L
LT, HREBAME o BEEEMS, TIHE
TR OBEEY, FRHEMICBT L7 7H

TEOTEMEALS, HEHBEATORERED RN
i (long-term potentiation)®, # & ALK
DOREED L EHPBIHINTE . IS
S L TREFMOBRMAL NV, HoHWIEE
P L ANV BAE (central sensitiza-
tion) LWL EL B Z & T, BEER
WS L TWwAEZEZLNTVAS.,

At-level pain [Z R P BERFHEHORE
EXFWLTBY, KL PR O
5 E 2 5N b MREERHETH L. FHE
B, WENENECHERET L vwbRTw5.
— 5 T, Below-level pain iZ, At-level pain
CRESRL Y, FRMERBORE S KL
BEEZONTEY, HikZ R R S
BWTHD. At-level pain L Y B THHEL,
LB TH L EIBREANTVAY, 4
B OGS TiE, BREE O RV EFREE R
D 7= & WM D Below-level pain @& & 2%
{, HHBEENTRBEICE TRATERENRICT
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LB LD TR L, 4 F TIEHRE NS
BRI E & L THREEIR DS 14 D 1255 B

Top<005 (4 15H1)
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Wizl wz L, UL, HEZHOBIC
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i L et o BE s HicT s 2 L
A% kv, BAETE, JOACMEQ 2 & D
BETWBOFTMAMIH S NS L HIZhoTE
TBY, BEORAIEFAETHI S NS &
I ol Fiz, P22 FENS, HAES
WA &0 TR E MR T ) AR
Jho I e S W TRBE RS D S hTwn
B7:, SR, BRI R 5 5 A
WZDWT O EL 2 s h D, B
WL LT, T SMIE, EENEMED
T & BAFETBI T A, LOhoFHEIE
EbohnEHELTnb. T/ HoDiZ
JE B REAE VA 5 BB SR I R o
TAYET B0, 0%k, BT 6005 %
EHELTWA. ZOIZ s, EAMHE
WA O BRI E VRS T A BRE AR OB R
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FIFIZ BT B G-CSF O%hHE L, REMNIHE
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