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developmentally regulated manner.?> Upregulation of these
proteins could accelerate chondrocyte hypertrophy and final
maturation of hypertrophic chondrocytes. Wnt/B-catenin
signaling is also thought to act downstream of Thh signaling
in enchondral ossification.”® The downstream signal of Ihh
suppresses Wnt/B-catenin signaling and prevents proliferat-
ing chondrocytes from final maturation and differentiation.
Although the interaction of Thh signaling and Wnt/B-catenin
signaling in OPLL remains unclear, we suggested that Thh sig-
naling induces chondrocyte hypertrophy whereas suppresses
Wnt/B-catenin signaling in the early stage of OPLL progres-
sion. Furthermore, Thh signaling may release the suppression
of Wnt/B-catenin signaling in the late stage, and finally, differ-
entiation of mature chondrocytes is accelerated by upregula-
tion of the Wnt/B-catenin signaling. This scenario may play
an important role in the progression of OPLL.

In conclusion, our results demonstrated the expression of
Ihh in the ossification front in OPLL and that its expression
level was higher in cells derived from OPLL. The results sug-
gest that Thh signaling may be an important factor in OPLL,
and the expression of PTHrP and Sox9, which are involved
in Thh signaling, may contribute to the maturation and dif-
ferentiation of chondrocytes during progression in OPLL.
The present study was limited to the examination of factors
involved in only one aspect of chondrocyte differentiation.
Further studies are needed both to examine chondrocyte and
osteoblast differentiation and to determine whether the accu-
mulation of mesenchymal cells initiates the ossification pro-
cess. If we could regulate cell differentiation by controlling
the cell signaling pathway, we might be able to maintain the
homeostatic balance of chondrocyte/osteocyte differentiation
and prevent the ossification of spinal ligaments.

, > Key Pomts

u OPLL speamens showed enchondral ossnﬁca- -
~ tion with the presence of chondrocytes atvarious
, k”stages of differentuatlons - -
a ,Hypertrophlc chondrocytes were present in calcu-
 fied cartilaginous area, and apoptottc chondro-
~ cytes appeared near the OSSIﬁed area. o
a TProhferatmg chondrocytes were posmve for Ihh o
- PTHrP, and Soxg, whereas hypertrophic chondro-
; cytes were strongly posmve for PTHrP.
-0 Cultured cells derived from OPLL samples
~ expressed high levels of Ihh, PTHrP, and Sox9
compared wuth non- -OPLL sampies L
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Blockade of Interleukin 6 Signaling Improves the Survival Rate of
Transplanted Bone Marrow Stromal Cells and Increases
Locomotor Function in Mice With Spinal Cord Injury

Ying Tan, MD, Kenzo Uchida, MD, PhD, Hideaki Nakajima, MD, PhD, Alexander R. Guerrero, MD,
Shuji Watanabe, MD, Takayuki Hirai, MD, Naoto Takeura, MD, Shao-Yu Liu, MD, PhD,
William E.B. Johnson, PhD, and Hisatoshi Baba, MD, PhD

Abstract

Bone marrow stromal cells (BMSCs) have the potential to improve
functional recovery in patients with spinal cord injury (SCI); how-
ever, they are limited by low survival rates after transplantation in the
injured tissue. Our objective was to clarify the effects of a temporal
blockade of interleukin 6 (IL-6)/IL-6 receptor (IL-6R) engagement
using an anti-mouse IL-6R monoclonal antibody (MR16-1) on the
survival rate of BMSCs after their transplantation in a mouse model
of contusion SCL. MR16-1 cotreatment improved the survival rate of
transplanted BMSCs, allowing some BMSCs to differentiate into
neurons and astrocytes, and improved locomotor function recovery
compared with BMSC transplantation or MR16-1 treatment alone.
The death of transplanted BMSCs could be mainly related to apo-
ptosis rather than necrosis. Transplantation of BMSC with cotreatment
of MR16-1 was associated with a decrease of some proinflammatory
cytokines, an increase of neurotrophic factors, decreased apoptosis
rates of transplanted BMSCs, and enhanced expression of survival
factors Akt and extracellular signal-regulated protein kinases 1/2, We
conclude that MR16-1 treatment combined with BMSC transplants
helped rescue neuronal cells and axons after contusion SCI better than
BMSCs alone by modulating the inflammatory/immune responses and
decreasing apoptosis.

Key Words: Apoptosis, Bone marrow stromal cells, Cell survival,
Inflammation, Interleukin 6, Spinal cord injury, Transplantation.

From the Department of Spine Surgery, The First Affiliated Hospital, Sun
Yat-Sen University, Guangzhou, People’s Republic of China (YT, SYL);
Department of Orthopaedics and Rehabilitation Medicine, Faculty of
Medical Sciences, University of Fukui, Fukui, Japan (YT, KU, HN, ARG,
SW, TH, NT, HB); and Life and Health Sciences, Aston University, Aston
Triangle, Birmingham, United Kingdom (WEBJ).

Send correspondence and reprint requests to: Kenzo Uchida, MD, PhD, De-
partment of Orthopaedics and Rehabilitation Medicine, Faculty of Medi-
cal Sciences, University of Fukui, Matsuoka Shimoaizuki 23-3, Eiheiji,
Fukui 910-1193, Japan; E-mail: kuchida@u-fukui.ac.jp
This work was supported in part by grants-in-aid to Hisatoshi Baba and
Kenzo Uchida for General Scientific Research of the Ministry of Education,
Science and Culture of Japan (No. B-22390287 and No. B-24390351).

The authors do not have a financial interest or other relationship with any
commercial company or institution.

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions
of this article on the journal’s Web site (www.jneuropath.com).

980

INTRODUCTION

Spinal cord injury (SCI) is a complex and variable
process that develops in distinct temporal stages; often, there
is an expansion of the initially damaged area and persistent
loss of function. The lack of recovery after SCI is thought to
result from a failure of axonal regeneration that has been
attributed to the development of a nonpermissive microen-
vironment within the injured tissue in which there are in-
flammatory mediators that increase neuroglial cell death, a
lack of neurotrophic support, and the formation of cysts and
a glial scar (1-5). Therefore, aggressive treatments that may re-
construct permissive microenvironments for neuronal regenera-
tion would be beneficial; these could both prevent neuronal
tissue loss and cyst and glial scar formation after the injury, as
well as promote axonal growth and regeneration.

A variety of experimental strategies including stem cell
transplantation are emerging to promote regeneration of the
injured spinal cord and recovery of function. The injection of
bone marrow—derived mesenchymal stromal or stem cells (bone
marrow stromal cells [BMSCs]) into the injured spinal cord
may provide clinical advantages over other stem cell types
(6-8). Bone marrow stromal cells can be readily harvested,
expanded, and stored from donors but also obtained directly
from the patient (9), allowing for autologous transplantation
and thereby avoiding immunologic and potential ethical or
safety issues linked to embryonic and induced pluripotent stem
cells. One major mechanism by which BMSCs may promote
functional recovery after SCI is through their secretion of
a broad spectrum of bioactive macromolecules that are trophic
or immunoregulatory and that could contribute to the re-
structuring of the nonpermissive wound microenvironment. In
particular, we have shown that BMSC transplantation after
acute SCI is associated with a reduction in the presence of
inflammatory mediators (10). Other possible mechanisms in-
clude the potential for BMSCs to remyelinate axons directly
(11), to transdifferentiate to form neurons (12), and to provide a
bridging effect for axonal regeneration across the injury site
(13). All of these mechanisms have been demonstrated in vivo;
however, the application of BMSCs is limited by their poor
survival when transplanted into the injured spinal cord (14-16).
In fact, some studies have suggested that the survival rate of
transplanted BMSCs correlates with improvement of tissue

| Neuropathol Exp Neurol ¢ Volume 72, Number 10, October 2013

Copyright © 2013 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

—679—



J Neuropathol Exp Neurol * Volume 72, Number 10, October 2013

Survival of Transplanted BMSCs in SCI

repair (14). One likely major cause for the loss of BMSCs is the
inflammation that occurs in the injury site as a result of the SCI
or the immediate inflammatory response elicited by the cell
transplantation procedure (17, 18). Therefore, combination
therapy that provides support to transplanted cells by sup-
pressing acute inflammation may increase the survival of
grafted cells as well as benefiting behavioral outcomes.

The primary mechanical injury in SCI is followed by
postiraumatic inflammation in which inflammatory cells such
as neutrophils, hematogenous macrophages, and resident mi-
croglia accumulate at the lesion site. These inflammatory cells
release reactive oxygen radicals and proteases that exacerbate
tissue damage (3). Because the inflammation is regulated by
proinflammatory cytokines, such as tumor necrosis factor
(TNF), interleukin 18 (IL-1B), and IL-6; these cytokines have
been targeted for potential pharmaceutical interventions for
SCI (19, 20). Among these, IL-6 is an early and key factor that
triggers the inflammatory response after SCI (21-23). Inter-
leukin 6 can enhance the expression of other inflammatory
cytokines, including TNF and IL-18 (21, 24). Complete
blockade of 1L-6 has detrimental effects on recovery from
SCI, perhaps reflecting the requirement of inflammation for
spinal cord regeneration (25). Indeed, a transient blockade of
IL-6 has been shown to downregulate the expression of other
proinflammatory cytokines in the acute phase of SCI while
preserving the beneficial effects of inflammation in the fol-
lowing stages of recovery (26-28).

Based on these previous findings, we hypothesized that
temporal blockade of 1L-6 may modify the acute-phase in-
flammatory response after SCI to create permissive microen-
vironments for neuronal regeneration at the site of injury,
which may also improve the low survival of transplanted
BMSCs. In the present study, we investigated the effects of
temporal blockade of IL-6/IL-6 receptor (IL-6R) engagement
during this response using a rat anti-mouse IL-6R monoclonal
antibody (i.e. MR16-1) (29). We focused on the potential ef-
fects of IL-6 blockade in preventing transplanted cell death,
examined the fate of any surviving cells, and determined
whether the combination of IL-6 blockade with the trans-
plantation of BMSCs had greater efficacy on functional out-
comes than BMSCs or MR16-1 alone.

MATERIALS AND METHODS

Isolation and Enrichment of BMSCs

Bone marrow stromal cells were isolated according to
the method described by Soleimani and Nadri (30), with some
modifications. In brief, femurs and tibias from transgenic mice
that express green fluorescent protein (GFP) driven by the cy-
tomegalovirus early enhancer B-actin (CAG) (so-called CAG-
EGFP mice; SLC, Shizuoka, Japan) were removed, and all
muscle and extraosseal tissues were removed. Bone marrow
cells were flushed, collected, and cultured with Dulbecco modi-
fied Eagle medium (Invitrogen Life Technologies, Carlsbad,
CA) supplemented with 15% fetal bovine serum and penicillin
(100 U/mL)/streptomycin (100 U/mL) (Invitrogen Life Tech-
nologies) at 37°C in humid air with 5% CO,. After 48 houss,
the suspended nonadherent cells were removed. The culture

© 2013 American Association of Neuropathologists, Inc.

medium was changed every 3 days, allowing the cells to grow
until almost confluent. Adherent cells were then detached by
0.25% trypsin-EDTA (Invitroge006E) and replaced using
1:3 dilutions until passage 2. Bone marrow stromal cells were
used for transplantation experiments between 3 and 4 pas-
sages.

Animal Model of SC|

The Ethics Review Committee for Animal Experimen-
tation of the University of Fukui approved the experimental
protocol. Experiments were conducted in a total of 162 adult

‘male C57BL/6 mice (Clea, Tokyo, Japan), aged 8 to 10 weeks

with a mean body weight of 28.2 + 0.71 g (+SD). The mice
were anesthetized with isoflurane (Forane; Abbott, Tokyo,
Japan) administered through a Forane vaporizer (Forawick;
Muraco Medical Co., Ltd., Tokyo, Japan), and a complete
laminectomy was performed on the 10th thoracic spinal cord
level using a surgical microscope (VANOX-S; Olympus Op-
tical, Tokyo, Japan) after exposing the dorsal aspect of the
dura mater and taking utmost care to avoid producing any
dural tear. A contusion SCI was produced using the Infinite
Horizons Impactor (Precision Systems and Instrumentation
LLC, Fairfax, VA) with an impact force of 60 kilodynes, as
previously described (28, 31). Immediately after injury, the
subjects in the cotreatment group (BMSCs + MR16-1; n = 48)
received a single intraperitoneal dose (50 pg/g body weight)
of MR16-1 antibody (Chugai, Tokyo, Japan), MR16-1 was
also administered singly (n = 36), whereas the control group
of BMSC transplantation alone (n = 99) received a single dose
of saline in the same volume. After surgery, the mice were
maintained in an isothermic cage until recovery and housed
under a 12-hour light-dark cycle in a bacteria-free biologically
clean room with access to food and water ad libitum. They
received manual bladder expression twice daily until sphinc-
ter control recovered.

GFP-Positive BMSC Transplantation

The relationship between the survival rates of transplanted
BMSCs with the time after SCI that the BMSCs were trans-
planted was initially assessed. Hence, survival of BMSCs was
examined at 15 minutes and 1, 3, 7, 14, and 28 days after their

transplantation, with the BMSC injections made at 1,3, 7, and

14 days after injury. In all cases, 1 x 10° BMSCs in 3 pL of
culture medium were injected into the contusion epicenter of
the SCI using a microsyringe (VANOX-S). To assess BMSC
survival, we examined midsagittal sections prepared and ran-
domly selected from the injured portion of the spinal cord that
had been harvested from 3 mice per group, that is, where
3 mice per time point of BMSC transplantation and 3 mice per
time posttransplantation were analyzed. To count the surviving
cells, 3 midsagittal sections were randomly selected. From the
epicenter area (0—1 mm caudal and rostral to the epicenter),
20 nonoverlapping high-power fields were chosen for analysis
at 400x magnification and the surviving GEP-positive cells
were counted by a color image analyzer (MacSCOPE). Having
established the number of surviving BMSCs, we used the same
technique to transplant 1 x 10° BMSCs 3 days after SCI in the
MR16-1-treated group and the non-M16-1-treated control

981

Copyright © 2013 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited:

—680—



Tan et al

J Neuropathol Exp Neurol e Volume 72, Number 10, October 2013

group for further detailed analysis of the combined effects of
BMSC transplant and IL-6 blockade.

Assessment of Locomotor Behavior

Hindlimb motor function was evaluated using the Basso
Mouse Scale open-field locomotor test in which the scores
range from 0 (no ankle movement) to 9 points (complete func-
tional recovery) (32). Basso Mouse Scale scores were recorded
at 28 days after transplantation by 2 independent examiners
(Hideaki Nakajima, Shuji Watanabe) blinded to the experi-
mental conditions (n = 6 in each time point). We assessed
hindlimb motion mainly to evaluate coordinated movement and
stepping. When differences in the Basso Mouse Scale scotes
between the right and left hindlimbs were detected, we took the
average of the 2 scores.

Immunoblot Analysis

Immediately after terminal anesthesia, the damaged
spinal cord around the epicenter of the lesion (5 mm in total
length) was carefully dissected at 1, 7, and 14 days after
transplantation en bloc from the thoracic spine and stored
immediately at —80°C in liquid N, (n =3 in each time point).
Segments were centrifuged at 15,000 x g for 30 seconds
using a BioMasher Rapid Homogenization Kit (Funakoshi,
Tokyo, Japan) and then solubilized in RIPA lysis buffer 1x
(Santa Cruz Biotechnology, Santa Cruz, CA), homogenized,
and stored at —80°C. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis and Western blotting were performed to
determine levels of the cytokines IL-6, TNF, brain-derived
neurotrophic factor (BDNF), nerve growth factor (NGF),
vascular endothelial growth factor (VEGF), and insulin-like
growth factor 1 (IGF-1) using methods previously described
(10, 20, 28); each lane was loaded for equal amounts of
extracted protein (20 g per lane).

Immunoreactivity was revealed using a commercially
available kit (ECL Advance Western Blot Detection kit; GE
Healthcare, Buckinghamshire, UK); the levels of each protein
detected were normalized to (B-actin.

Flow Cytometry Analysis

Bone marrow stromal cells alone (n = 6) and MR16-1 +
BMSCtreated (n = 6) mice were killed at 7 days after
transplantation; the damaged spinal cord around the epicenter
of the lesion (6 mm in total length) was surgically harvested
and digested with-175 U/mL collagenase (Sigma-Aldrich, St.
Louis, MO) for 1 hour at 37°C. Extracted cells were washed
in Dulbecco modified Eagle medium (Invitrogen Life Tech-
nologies) containing 10% fetal bovine serum and filtered to ob-
tain a single-cell suspension, as previously described (28, 33).
From this point on, cell counts were performed before every
staining step in every sample to maintain a cell density of 1.0 x
10° cells/100 L. Cells were incubated for 1 hour on ice. For
intracellular staining, the cells were resuspended in commercial
fixation buffer and treated with permeabilization buffer (both
Santa Cruz Biotechnology) followed by resuspension in ice-
cold 0.1 mol/L PBS and incubation for 1 hour with rabbit anti-
Akt and/or anti-extracellular signal-regulated protein kinase 1/2
(ERK.1/2) (both diluted at 1:200) conjugated to peridinin chlo-
rophyll protein (PerCP-Cy5.5; Santa Cruz Biotechnology) (34).

982

The mechanism of transplanted BMSC death (i.e. whether ap-
optosis or necrosis) was assayed using Annexin V-Percific
Blue/propidium iodide (PI) staining (BioLegend, San Diego,
CA), where 5 pL of Pacific Blue Annexin V and 10 pL of PI
solution were incubated with 100 pL of cell suspension for
15 minutes at 25°C in the dark, then with 400 uL of Annexin V
Binding Buffer before flow cytometry (FACS Canto II; Becton
Dickinson Biosciences, San Jose, CA). In each test, a minimum
of 250,000 cells was analyzed, and the data were processed
using BD FACSDiva software (Becton Dickinson Biosciences).

Immunohistochemistry and Terminal
Deoxynucleotidyl Transferase-Mediated
dUTP-Biotin Nick End Labeling

After deep anesthesia, transcardial perfusion was per-
formed in each mouse, followed by fixation with 4% parafor-
maldehyde in 0.1 mol/L. PBS and postfixed in 10% sucrose in
0.1 mol/L PBS (for 24 hours) and 20% sucrose in 0.1 mol/L. PBS
(for 24 hours). Serial sagittal frozen sections, 20 pm thick, were
cut and mounted from the harvested spinal cord (T helper 8 [Th§]
to Th12) on glass slides, fixed with 4% paraformaldehyde in
0.1 mol/L PBS for 5 minutes, and rinsed in PBS.

For immunofluorescence staining, frozen sections were
permeabilized with 0.1 moVL Tris-HCI buffer (pH 7.6)
containing 0.3% Triton X-100. The following primary anti-
bodies were diluted in commercial diluent (Antibody Diluent
with Background Reducing Components; Dako Cytomation,
Carpinteria, CA) and applied at 4°C overnight: anti-neuronal
nuclei (NeuN) monoclonal antibody (1:400, mouse IgG;
Chemicon International, Temecula, CA) for neurons, anti-glial
fibrillary acidic protein (GFAP) monoclonal antibody (1:500,
rabbit IgG; Abcam, Cambridge, UK) for astrocytes, anti-
reactive immunology protein (RIP) monoclonal antibody
(1:400, rabbit IgG; Abcam) as a mature oligodendrocyte-
specific marker, anti-microglia/macrophage monoclonal antibody
(0X42, 1:100, mouse IgG; Abcam) for microglia/macrophage,
anti~caspase-3 polyclonal antibody (caspase-3, 1:200, rabbit
IgG; Santa Cruz Biotechnology), anti-caspase-8 polyclonal
antibody (caspase-8, 1:200, rabbit IgG; Santa Cruz Biotech-
nology), anti-caspase-9 polyclonal antibody (caspase-9, 1:200,
rabbit IgG; Santa Cruz Biotechnology), anti-pAkt polyclonal
antibody (pAkt, 1:100, rabbit IgG; Santa Cruz Biotechnology),
or anti-pERK 1/2 polyclonal antibody (1:100, goat IgG; Santa
Cruz Biotechnology). The secondary antibodies were goat anti-
rabbit Alexa-Fluor 568-conjugated antibody or goat anti-
mouse Alexa-Fluor 568—conjugated antibody (1:250;
Molecular Probes, Eugene, OR).

DNA fragmentation was detected by terminal deo-
xynucleotidyl transferase~mediated dUTP-biotin nick end la-
beling (TUNEL) using ApopTag Plus Fluorescein In situ
Apoptosis Detection kit (Chemicon International), exactly as
described (20).

All images were obtained using a fluorescence micro-
scope (Olympus AX80; Olympus Optical) or a confocal laser-
scanning microscope (model TCS SP2; Leica Instruments,
Nussloch, Germany). Some sections were counterstained with
the nuclear marker DAPI (Abbott Molecular, Des Plaines, IL).
To count the merged cells, 3 midsagittal sections were randomly
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selected. From the epicenter area (0—1 mm caudal and rostral to
the epicenter), 20 nonoverlapping high-power fields were cho-
sen for analysis at 400x magnification and the merged cells
were counted using a color image analyzer (MacSCOPE).

Electron Microscopy

Electron microscopy was performed on mice that had
BMSC transplants at 3 days after SCI with (or without as a
confrol) an immediate MR16-1 injection (n = 3 mice in each

group). Mice were harvested at 7 days after transplantation.
After anesthesia, each mouse was fixed with 2.5% glutaral-
dehyde and 2.5% paraformaldehyde, followed by late fixation
in 1% osmium tetroxide for 2 hours. Fixed specimens were
dehydrated in a graded series of alcohols, embedded in epoxy
resin, and polymerized at 60°C for 2 days. Ultrathin sections
were cut with an ultramicrotome, stained with urany! acetate
and lead citrate, and examined with a Hitachi H-7650 trans-
mission electron microscope (Hitachi, Tokyo, Japan).
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FIGURE 1. Histologic evaluation of the effect of MR16-1 cotreatment on the survival of transplanted bone marrow stromal cells
(BMCSs) in spinal cord injury (SCI) and its functional outcome. (A-L) BMSCs marked by green fluorescent protein (GFP) and
transplanted into 3-day-old injured spinal cords are shown with time after transplantation. The MR16-1 + BMSC cotreatment group
(F-J, L) versus controls (BMSCs alone) (A-E, K) showed significantly increased numbers of surviving transplanted BMSCs from 7 days
after transplantation, particularly at 14 and 28 days after transplantation (M). (N) Serial changes in locomotor Basso Mouse Scale
(BMS) score after SCI. There was a significant improvement in hindlimb motor function in the MR16-1 cotreatment group with
transplanted of BMSCs versus the BMSCs alone, MR16-1 alone, and nontreatment (SCl only) groups from 7 days and thereafter after

injury. Scale bars = (A-}) 25 pm; (K, L) 500 wm. * p < 0.05.
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Statistical Analysis
All values are expressed as mean £ SD. The nonpara-

metric Mann-Whitney U test was used to analyze differences
between 2 groups. Kruskal-Wallis test and Games-Howell
post hoc test were used to analyze differences among 3 or 4
groups. A value of p < 0.05 denotes the presence of a sig-
nificant difference. The above tests were conducted using
SPSS software version 13.0 (SPSS Inc., Chicago, IL).

RESULTS

Characteristics of Isolated BMSCs

Flow cytometric analysis showed that the culture-
expanded cells were positive for CD44, CD90, and CQZQ
(cell surface markers specific for stromal cells) but negative
for CD45 and CD11b (markers associated with hematopoietic
cells); this is the phenotype of BMSCs (Figure, Supplemental
Digital Content 1, http://links.Iww.com/NEN/A502).

NeuN

GFAP

Relationship Between Survival Rate of
Transplanted BMSCs and Time of Transplantation
To determine the appropriate time of BMSC transplan-
tation before the examination of the effect of MR16-1 treat-
ment, the relationship between survival rate of transplanted
BMSCs and time of transplantation after injury was exam-
ined. In all cases (i.e. at all times after SCI of BMSC trans-
plants), there was a decrease in the presence of GFP-positive
cells with time. By 28 days after BMSC transplants, very few
or no viable BMSCs were observed; however, the number of
surviving BMSCs that had been transplanted at 1 or 3 days
after SCI was markedly greater than the number of surviving
BMSCs that were transplanted at 7 or 14 days after SCI, with
the greatest surviving number seen when BMSCs were trans-
planted at 3 days after SCI (Figure, Supplemental Digital
Content 2, http:/links.Ilww.com/NEN/AS503). Based on these
results, we determined that the optimal time to examine the
effects of MR16-1 cotreatment with BMSC transplantation

RIP 0OX~42

MR16-1+BMSC
)] 10 ked
8
@2 8 X
23 1
= 6 =
58
N 0
o) 4 =
26
& - ] 0
NeuN GFAP

FIGURE 2. Colocalization of neuronal nuclei (NeuN), glial fibrillary acidic protein (GFAP), reactive immunology protein (RIP), OX-42,

and green
injury. (A-

fluorescent protein (GFP)-positive bone marrow stromal cells (BMSCs) in the injured spinal cord at 14 days after spinal cord
H) BMSCs did not express markers for neurons, astrocytes, oligodendrocytes, or microglia/macrophages in the control

group (BMSCs alone), whereas there were GFP-positive BMSCs colocalized with NeuN and GFAP in the MR16-1 + BMSC cotreatment

group (white arrow

heads). (1) Graph shows the percentages of colocalized GFP-positive cells with NeuN- and GFAP-positive cells in

the control and MR16-1 + BMSC cotreatment groups. Scale bars = (A, E) 50 um; (B-D, F-H) 25 um. * p < 0.05.

984

© 2013 American Association of Neuropathologists, Inc.

Copyright © 2013 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

—683—



] Neuropathol Exp Neurol » Volume 72, Number 10, October 2013

Survival of Transplanted BMSCs in SCI

was when BMSCs were transplanted at 3 days after SCI be-
cause any enhancement of cell survival seen after this time
point might be less likely to occur. Hencefoith, the results
shown evaluating the effects of MR16-1 cotreatment are in
mice that were transplanted with BMSCs at 3 days after SCL.

MR16-1 Cotreatment Increases the Survival Rate
of Transplanted BMSCs and Improves
Locomotor Function After SCI

In the 3 days delayed BMSC transplantation group,
the number of GFP-positive BMSCs within the contusion
area was significantly lavger in the MR16-1 cotreatment group
than the control group (BMSCs alone) at 7, 14, and 28 days
after transplantation (Fig. 1). The survival rate at 28 days after
transplantation was markedly different between the 2 groups
(17.8% vs 1.2%) as shown in the sagittal sections (Fig. 1K, L).

Significant motor disturbance in the hindlimbs was noted
in mice of the BMSC alone group (SCI + BMSCs) and MR16-1
alone group (SCI+ MR16-1), although some degree of recovery
was evident subsequently, which reached a functional plateau
at 28 days after SCIL In contrast, the cotreatment group of
MR16-1 +BMSC transplants (SCI + MR16-1 + BMSCs) showed
a significantly increased Basso Mouse Scale score compared
with both of these single-treatment groups (BMSCs alone or
MR16-1 alone) from 7 days after SCI and thereafter (Fig. 1N).

BMSCs in MR16-1-Treated Mice
Transdifferentiated Toward Neuronal Lineages

To investigate the differentiation status of surviving
BMSCs, immunostaining of spinal cord sections for NeuN,
RIP, GFAP, and OX-42 was performed at 14 days after
transplantation of BMSCs in the 3 days delayed transplanta-
tion group. In the control group (BMSCs alone), there was no
obvious colocalization of NeuN, GFAP, RIP, or OX-42 with
GFP-identified BMSCs. However, in the MR16-1 cotreatment
group, there were GFP-positive cells colocalized with NeuN
(7.7% + 2.1%; 79.7 + 21.7 cells) and GFAP (4.8% + 1.4%;
497 + 14.5 cells) (Fig. 2); no colocalization with RIP and
0X-42 was found. These results indicated that some BMSCs
may have the potential to transdifferentiate into neurons and
astrocytes under conditions that promote blocking the ex-
pression of IL-6 using MR16-1.

Treatment With MR16-1 + BMSCs Reduced the
Protein Levels of IL-6 and TNF and Increased
the Levels of BDNF, NGF, VEGF, and IGF-1
at the Lesion Site After SCI

There was a gradual decline in the protein levels of IL-6
and TNF in the control BMSCs alone group and MR16-1
alone group with time; however, these levels were signifi-
cantly lower in the MR16-1 + BMSC cotreatment group than
in the single treatment groups at each time point. Conversely,
protein levels of BDNF, NGF, VEGF, and IGF-1 also de-
‘creased with time in the control single treatment groups (and
were evidenced only by a low-density band at 1 and 7 days
after SCI); levels of these trophic factors were maintained and
were significantly higher in the MR16-1 + BMSC cotreatment

group (Fig. 3).

© 2013 American Association of Neuropathologists, Inc.

The Death of Transplanted BMSCs Was Caused
by Apoptosis

To establish the mechanism of transplanted BMSC
death, we performed flow cytometry using Annexin V and PI
on extracted GFP-positive cells from the injured spinal cords.
Most of the transplanted BMSCs (GFP-positive cells) were
Annexin V positive/PI negative at 7 days after transplantation
in the control (BMSC alone) group (98.2% of GFP-positive
cells; 16,909 + 3,711 cells of the 17,215 + 3,891 GFP-positive
cells scored); this strongly suggests that the BMSCs die be-
cause of early apoptosis, as opposed to necrosis. Conversely;,
the rate of apoptotic BMSCs observed was significantly de-
creased (53.3% of GFP-positive cells; 12,178 £ 2,279 cells of
the 20,809 + 4,103 GFP-positive cells scored) in the MR16-1 +
BMSC cotreatment group at the same time point after BMSC
transplant (Fig. 4).

The positive area of TUNEL staining that colocalized
with GFP positivity in the injured spinal cord was significantly
decreased in the MR16-1 + BMSC cotreatment group com-
pared with that in the control group (BMSCs alone) at 1 and
7 days after BMSC transplantation. At 14 days after BMSC
transplantation, only small areas that were positive for both
TUNEL and GFP were found in the MR16-1 + BMSC
cotreatment and also the control group (Fig. SA-E). The
presence of apoptotic cells was further confirmed using
electron microscopy, where cells with a segmented nucleus
were seen more frequently in the control (BMSCs alone)
group (Fig. 5F) than in the MR16-1 + BMSC cotreatment
group (Fig. 5G).

The positive areas of caspase-3, -8, and -9 that
colocalized with GFP positivity in the injured spinal cord were
significantly decreased in the MR16-1 + BMSC cotreatment
group compared with those in the control (BMSCs alone) group
at 1 and 7 days after BMSC transplantation. At 14 days after
transplantation, only small remnants of these positive areas
were found in both groups (Fig. 6).

MR16-1 Treatment Increased the Expression of
Akt and ERK1/2

Immunofluorescent staining and flow cytometry were
performed to determine the expression of Akt and ERKI1/2
(survival factors; mitogen-activated protein kinase pathway)
after MR16~1 + BMSC cotreatment. The Akt-positive areas were
extensive at 1 day after transplantation in both the MR16-1 +
BMSC cotreatment and control (BMSCs alone) groups and
decreased significantly at 7 and 14 days after transplantation. In
contrast, the expression of ERK1/2 increased from 1 to 7 days
after BMSC transplantation in the MR16-1 + BMSC cotreatment

group but decreased from 1 to 14 days after BMSC transplanta-

tion in the control group. At 14 days after BMSC transplantation,
ERK 1/2-positive areas were still found in the MR16-1 + BMSC

cotreatment group despite the uniform decrease evidenced
from 7 to 14 days (Fig. 7A-F). In the flow cytometric analysis
of extracted cells from the spinal cord of mice at 7 days after

BMSC transplantation, the number of Akt-positive and ERK1/2-
positive cells in the GFP-positive cell fraction was remarkably
greater in the MR16-1 + BMSC cotreatment group (61.6%;
14,584 + 3,583 cells and 75.1%; 17,780 £ 3,911 of GFP-positive
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FIGURE 4. Cotreatment with MR16-1 protects transplanted
bone marrow stromal cells (BMSCs) from undergoing apo-
ptosis in the injured spinal cord assessed using Annexin V and
propidium iodide (PI) staining. (A, B) Flow cytometry analysis
after MR16-1 cotreatment. Flow cytometry using Annexin V
and Pl demonstrated the apoptotic mechanism of transplanted
BMSC death. Almost all of transplanted BMSCs (green fluo-
rescent protein [GFP]-positive cells) at 7 days after transplan-
tation showed Annexin V positivity and Pl negativity, indicating
that the BMSCs died because of apoptosis but not necrosis. (C)
Graph showing effects of MR16-1 cotreatment in preventing
apoptosis of BMSCs at 3 days after BMSC transplantation. The
dotted bars indicate total numbers of GFP-positive cells.

cells, respectively) versus those in the control group (7.0%;
1,205 + 228 cells and 15.3%; 2,634 + 552 of GFP-positive cells,
respectively) (Fig. 7G-L).

DISCUSSION

MR16-1 is a neutralizing antibody for the IL-6R that
competitively inhibits its binding to IL-6, thereby blocking
IL-6R—mediated cell signaling. MR16-1 has a half-life of
3 days in mice and exhibits anti-inflammatory properties in
rheumatoid arthritis (35) and SCI (26, 27). Recent studies
have suggested that tissue sparing and functional recovery
after MR16-1 treatment in mice with SCI are mediated by the
IL-6/Janus kinase (Jak)/signal transducer and activator of
transcription 3 (STAT3) signal transduction pathways (26),
and that microglial functions associated with a decreased
expression of recruiting inflammatory chemokines and an

increased expression of granulocyte/macrophage colony-
stimulating factor are also involved (27). A single MR16-1
treatment in mice with contusion SCI reduced interferon-y
(IFN-vy) and TNF levels (Thl cytokines), with a parallel in-
crease in IL-4 and IL-13 levels (Th2 cytokines) at the site of
the spinal lesion; this was associated with the formation of
alternatively activated M2 macrophages (28). Based on these
reports and the data shown in the present study, we suggest
that MR16-1 treatment immediately after SCI may promote
the survival of BMSCs transplanted into the injured spinal
cord and hence augment the improvements seen as a result of
this cell transplantation intervention.

There are some reports that BMSCs have disappeared
during 1 to 2 weeks after transplantation in the acute or subacute
phase after injury because of the inflammatory reaction (14, 15).
Immune cells rapidly invade contused spinal cord tissue after
SCI, followed by inflammatory cells, including hematogenous
macrophages and microglia, which are major components of
the inflammatory pathology of SCI. The peak of activated
microglia/macrophage present in the spinal cord is around
7 days after injury (36, 37). We found that the survival of
BMSCs was greatest when the cells were transplanted 3 days
after SCI, which is when numbers of inflammatory cells are
still increasing in the contusion lesion (Figure, Supplemental
Digital Content 2, http://links.lww.com/NEN/A503), and as
also reported previously (14). Therefore, we determined that
this was the optimal time point to perform BMSC transplan-
tation to closely examine combinatorial effects of the BMSC
transplant with MR16-1 cotreatment.

Bone marrow stromal cells release BDNF, VEGF, and
cytokines such as IL-6, monocyte chemotactic protein 1, stromal
cell-derived factor-la (38), and IGF-1 (39). Neuroprotective
properties of BMSCs have also been shown in coculture
(9, 40, 41) and organotypic slice culture (42). Bone marrow
stromal cell transplantation continually facilitates endoge-
nous neurorestorative mechanisms that include a reduction
of apoptotic cell death and the promotion of glial, neuronal, and
blood vascular remodeling; indeed, BMSCs have been regarded
as “‘a small molecular factory” of neuroprotective function (43).
The present results demonstrate a decrease of [L-6 and TNF and
the maintenance of BDNF, NGF, VEGF, and IGF-1 levels until
14 days after a combination of BMSC transplantation with
MR16-1 cotreatment to an extent that is greater than that seen
after BMSC transplantation alone. The decrease in levels of
IL-6 may evidence the suppressive effect of MR16-1 treatment
in stopping the overexpression and secretion of IL-6 in the in-
jured spinal cord both from endogenous cells and also from the
grafted BMSCs. The IL-6 blockade is also likely to be respon-
sible for the decrease in levels of TNF present in the injured
spinal cord possibly through inhibition of TNF production in
astrocytes (26) because IL-6 regulates the expression and se-
cretion of TNF (44). Furthermore, the relative overexpression
of BDNF, NGF, VEGF, and IGF-1, which likely contributes to

FIGURE 3. Immunoblot analysis of cytokines and neurotrophic factors after MR16-1 treatment. Western blotting samples from the
MR16-1 + bone marrow stromal cells (BMSCs) cotreatment group showed significantly lower levels of interleukin 6 (IL-6) and tumor
necrosis factor (TNF) versus the BMSCs or MR16-1 alone groups, whereas brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor 1 (IGF-1) levels were significantly higher in the
MR16-1 cotreatment group versus the BMSCs or MR16-1 alone groups at 1, 7, and 14 days after BMSC transplantation.

© 2013 American Association of Neuropathologists, Inc.
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FIGURE 6. MR16-1 cotreatment protects transplanted bone marrow stromal cells (BMSCs) from undergoing apoptosis in the
injured spinal cord, as assessed by immunolocalization of proapoptotic caspases. (A-I) Representative immunofluorescence
staining showing the colocalization of caspase-3 (A, B), -8 (D, E), and -9 (G, H) (red) with green fluorescent protein
(GFP)-positive BMSCs (green) in the injured spinal cord epicenter. In (C, F, and 1), the prevalence of GFP/caspase-3, -8, or -9
double-positive cells was significantly reduced in the MR16-1 + BMSC cotreatment group versus the control group (BMSCs
alone) group at 1 and 7 days after BMSC transplantation. Scale bar = (A-H) 25 pm. *# p < 0.01.

the higher locomotion improvement found in the MR16-1
cotreatment group, depends on the higher survival rate and
activation of the grafted BMSCs by the blockade of IL-6.

The adult CNS, particularly the injured CNS, may pro-
vide a relatively nonpermissive environment for transplanted
BMSCs and other stem cells. Even under the best circum-
stances, levels of cell survival in the injured CNS have been
estimated to be near 10% (45, 46), and few transplanted cells
differentiate into mature neuronal phenotypes (47, 48). Bone
marrow stromal cells from autologous donor sources have been

reported to attenuate adaptive immune reactions in vitro and in
vivo (49). These attributes should promote their long-term
survival after transplantation to the CNS. To our surprise, pre-
vious researchers have documented that even transplantation
of BMSCs to the normal noninjured adult brain elicits an in-
flammatory response, with complete rejection of the BMSCs by
14 days (17); this also can induce inflammatory reactions from
host cells (18). The histologic evidence in these studies
suggested that BMSCs were rejected by an inflammatory re-
sponse related to microglia/macrophage activation. Similarly,

FIGURE 5. MR16-1 cotreatment protects transplanted bone marrow stromal cells (BMSCs) from undergoing apoptosis in the
injured spinal cord, as assessed using terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL)
and electron microscopy. (A-D) Representative immunofluorescence staining of sagittal (A, €) and axial (B, D) sections showing
the colocalization of TUNEL staining (red) with green fluorescent protein (GFP)-positive BMSCs (green) in the injured spinal cord
epicenter at 7 days after BMSC transplantation. (E) The prevalence of TUNEL/GFP-positive apoptotic BMSCs was significantly
reduced in the MR16-1 + BMSC cotreatment group versus that in the control group (BMSCs alone) at T and 7 days after BMSC
transplantation. (F, G) Using electron microscopy, apoptotic BMSCs (arrowhead) were detected in the injured spinal cord epicenter
at 7 days after transplantation. Higher numbers of apoptotic BMSCs were detected in the control group (F) than in the MR16-1 +
BMSC cotreatment group (G). Arrow: surviving BMSCs. Scale bars = (A, €) 500 um; (B, D, F, G) 25 pm. * p < 0.01.
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FIGURE 7, MR16-1 cotreatment protects transplanted bone marrow stromal cells (BMSCs) from undergoing apoptosis in the
injured spinal cord, as assessed by immunopositivity for the prosurvival pAkt and pERK1/2 signaling pathways. (A-F) Representative
immunofluorescence stainings show the colocalization of pAkt (A, B) and ERK1/2 (D, E) (red) with green fluorescent protein
(GFP)—positive BMSCs (green) in the injured spinal cord epicenter at 7 days after transplantation. The prevalence of pAkt- and
PERK1/2/GFP-positive BMSCs was significantly increased in the MR16-1 + BMSC cotreatment group versus the control group
(BMSCs alone) at 1 and 7 days after transplantation (C, F). (G-L) Representative histograms of flow cytometry data at 7 days after
cotreatment with MR16-1 + BMSC transplantation versus the control (BMSCs alone) (G, J) and MR16-1-treated (H, K) groups.
(I, L) Numbers of Akt-positive (I) and ERK1/2-positive (L) cells in the GFP-positive BMSCs are shown in the graphs. MR16-1
treatment promoted an increased population of Akt- and ERK1/2-positive BMSCs. Scale bars = (A, B, D, E) 50 pm.

990 © 2013 American Association of Neuropathologists, Inc.

Copyright © 2013 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

»

—689—



| Neuropathol Exp Neurol = Volume 72, Number 10, October 2013

Survival of Transplanted BMSCs in SC/

inflammatory and immune responses after transplantation of
BMSCs have also been observed in other organs and tissues,
such as the heart (50, 51), kidney (52), and in inflammatory
bowel disease (53). In these other areas of research, the causes
of BMSC death after transplantation are multifactorial and
influenced by host inflammatory response mediators, deficiency
of nutrients, oxidative stress, and others factors, where apoptosis
has been implicated as the main contributor in a massive loss of
donor cells (54). Therefore, we hypothesized that low survival
rates of transplanted BMSCs after transplantation into SCI
might arise through BMSCs undergoing apoptosis because the
transplanted cells are exposed to severe conditions in the injured
CNS. At least in vitro, the Fas ligand-activated ‘pathway in
BMSCs has also been demonstrated as an extrinsic induction of
apoptotic cell death (55). In the present study, flow cytome-
try using Annexin V and PI showed that almost all BMSC
deaths were caused by apoptosis but not necrosis. In addi-
tion, both TUNEL staining and electron microscopy detected
apoptotic BMSCs, with GFP positivity colocalized with
anti-caspase-3, -8, and -9 immunopositivity from 1 day after
transplantation, These findings suggest that induction of
apoptosis of BMSCs could involve both intrinsic and ex-
trinsic pathways—somewhat similar to the inflammatory and
immune responses that have been reported after transplan-
tation of BMSCs into other organs (50, 51, 54). Interestingly,
all analysis of apoptotic cell death in the present study in-
dicated that MR16-1 cotreatment immediately after injury
prevented apoptosis of transplanted BMSCs.

Concomitant with activation of apoptotic pathways,
survival signaling pathways are activated. Among them, the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway is activated
by many stimuli of apoptosis and plays a critical role in balancmg
levels of apoptosis (56). Although the ERK pathway is attrib-
uted to a survival response for many cell types, ERK activation
is thought to contribute to apoptosis as well (50). In vitro
studies have reported that enhanced expression of ERK/Akt in
BMSCs increases their survival in conditions of hypoxia (57),
whereas in vivo studies have demonstrated that increased Akt
activity in BMSCs protects them from hypoxia secondary to
ischemia (58). Our results show that MR16-1 cotreatment
suppressed apoptosis in transplanted BMSCs and simulta-
neously promoted an increased population of Akt and ERK1/2-
positive BMSCs compared with the control condition, as assessed
by both immunofluorescence staining and flow cytometric
analysis. This suggests that the Akt/ERK 1/2 pathways may play
an important role in protecting BMSCs from undergoing apo-
ptosis after their transplantation into the injured spinal cord and
that this has been augmented by the blockade of IL-6 signaling
by the MR16-1 treatment. On the other hand, adequate ex-
pression of IL-6 is both necessary and sufficient for enhanced
BMSC proliferation, differentiation, and protection from apo-
ptosis (59). Interleukin 6 has been implicated as a potent me-
diator of numerous biologic processes, including differentiation,
proliferation, and apoptosis through the gpl30/Jak/STAT
pathway (60). We recently reported that a single MR16-1
treatment (i.e. in the absence of cell transplants) to block IL-6
signaling suppressed IFN-vy expression by neutrophils and in-
creased IL-4 expression by activated microglia in a mouse SCI
model, promoting the formation of alternatively activated M2

© 2013 American Association of Neuropathologists, Inc.

macrophages (28). In addition, we have reported that the acute
transplantation of BMSCs after SCI in mice also modified the
inflammatory environment by shifting the macrophage pheno-
type from M1 to M2 (10). Other researchers have similarly

reported the alternative activation of mxcrogha/macmphag%

‘after transplantation of BMSCs in a mouse model of brain is-

chemia (39). The ability of trophlc factors to promote survival
have been attributed, at least in part, to the PI3K/Akt kinase
cascade, and it is known that many physiologic stimuli are
capable of inducing Akt kinase activity, primarily in a PI3K-
dependent manner (56). The results p1esented here, and previ-
ously by others (10, 28, 39), concerning the survival of BMSC
transplants after MR16-1 cotreatment may suggest the follow-
ing sequence of events: 1) the blockade of IL-6 signaling
suppressed the expression of Thl cytokines and pmmoted Th2
cytokines, which had anti-inflammatory and anti-immune re-
sponses and neumpmtecme effects related to promotion of the
altemative activation of microglia/macrophages; 2) transplanted
BMSCs were activated by the stress signal resulting from severe
vascular, cellular, and biochemical events after SCI despite
MRI16-1 treatment; 3) the activated BMSCs upregulated the
expression of BDNF, NGF, VEGF, IGF-1, which act as anti-
immune, antiapoptotic, and neuroprotective factors; 4) the activated
BMSCs caused alternative activation of microglia/macrophage ei-
ther by secretion of paractine factors or by cell-cell contacts; 5)
the alternatively activated microglia/macrophage further increased
the expression of cell survival or neuroprotective factors; and 6)
treatment with MR16-1 enhanced the survival of transplanted
BMSCs in addition to promoting the formation of altemative
microglia/macrophages. The overall effect of a combination
MR16-1 cotreatment with transplantation of BMSCs was there-
fore to rescue neuronal cells and axons through modulation of the
inflammatory/immune responses and decreased apoptosis, which
resulted in increased neurologic function.

Altogether, our findings provide a new strategy to in-
crease the survival rate of transplanted BMSCs, and probably
other stem cells, which increases their immunomodulatory
and neump:otectwe eﬁ'ect and may enable their capacity to
of MR16-1 1s ah'eady avaxlable for the treatment of rheuma-
toid arthritis and approved by the US Food and Drug Ad-
ministration (Actemra) and the European Union (RoActenira),
suppressing the acute inflammation seen after SCI and also
cell transplantation procedures by MR1 6-1 treatment provides
an applicable method to increase the efficiency of BMSC
transplantation in the clinics. Our work also suggests a treat-
ment strategy for repairing degenerative central and peripheral
nervous system injuries in their early stages.
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Study Design. Prospective clinical study of intraoperative
transcranial motor-evoked potentials (TcMEP) amplitudes and
postoperative motor deficits.

Objective. To determine the cutoff amplitude during intraoperative
TcMEP monitoring for predicting postoperative motor deficits after
thoracic spine surgery.

Summary of Background Data. Several alarm points when
monitoring with TcMEP have been advocated, but there have been
no reports on an actual cutoff amplitude of TcMEP for predicting the
occurrence of postoperative motor deficits.

Methods. Among 80 consecutive surgical cases, 28 had a
deterioration in TcMEP amplitude in at least T monitored muscle
during surgery. We examined intraoperative electrophysiological
changes and postoperative motor deficits in 270 monitorable muscles
in those 28 patients. Through receiver operating characteristic curve
analysis, we identified the cutoff amplitudes at the intraoperative
point of deterioration and at the end of surgery for predicting
postoperative motor deficits in both relative and absolute values.
Results. The relative and the absolute cutoff amplitudes of TcMEP
at the intraoperative point of deterioration and at the end of thoracic
spine surgery were 12% of control amplitude and 1.9 uV and 25%
of control amplitude and 3.6 wV, respectively. Sensitivity/specificity
for those cutoff points are 88%/64%, 69%/83%, 90%/64%, and
70%/82%, respectively.
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Conclusion. We determined the cutoff amplitude for predicting
postoperative motor deficits in thoracic spine surgery. The results
may help establish the alarm criteria for thoracic spine surgery.

Key words: TcMEP, amplitude, absolute value, postoperative
motor deficits, thoracic surgery. Spine 2013;38:E21-E27

% urgical procedures involving the thoracic spine,
which include resection of intra- and extramedullary
.~ tumors, correction of deformities, and decompres-
sion and corrective procedures due to stenosis in cases of
ossification of the posterior longitudinal ligament (OPLL)
or ossification of the yellow ligament, are technically
demanding and carry a high risk of postoperative motor
deficit.}? Previous reports clearly demonstrated that a mul-
timodal approach to monitoring is essential for thoracic
spine surgery in order to confirm the functional integ-
rity of the entire spinal cord.>* Among many monitoring
modalities, transcranial motor-evoked potential (TcMEP)
is most effective for corticospinal tract monitoring because
it is easy to perform and has both high sensitivity and
specificity.>” Although the general method of stimulation
and recording is widely agreed upon, the interpretation of
TcMEP response remains controversial. During the past
decade, different warning criteria for TcMEP monitoring
have been proposed.®? In Japan, a nationwide, prospective
multicenter study has been conducted using a standard of
70% or greater decrease in amplitude. However, there have
been no studies presenting a scientifically established cutoff
amplitude that best determines when postoperative motor
deficits will occur.

The purpose of this article was to establish cutoff ampli-
tudes of TcMEP that indicates postoperative motor deficits
at the intraoperative point of deterioration and at the end of
surgery. To determine the ideal cutoff points, we conducted a
prospective study involving 12 major lower extremity mus-
cles in each patient and evaluated the TcMEP amplitude as a
relative value in percentage of the baseline amplitude and an
absolute value in microvolts.

www.spinejournal.com  E21
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PATIENTS AND METHODS

Patient Selection and Neurological Evaluation

From June 2009 through January 2012, 80 consecutive tho-
racic spine surgery cases performed under intraoperative
neurophysiological monitoring with T¢cMEP at our hos-
pital were prospectively reviewed. Four cases, from which
any monitorable baseline TcMEP from any lower extremity
muscles were obtained, were excluded from the study. Preop-
erative motor status itself was not included in the exclusion
criteria, but 3 of these 4 patients had severe neurological com-
promise. Seventy-six cases demonstrated acceptable baseline
TcMEP responses at least from 1 muscle. We considered
them monitorable and included them in this study. Of these,
43 cases showed preoperative motor deficits. Comorbidities
were not in the exclusion criteria. There were 2 cases of tho-
racic lesion of metastatic tumor. Other cases did not have any
lethal comorbidities.

A postoperative motor deficit was defined as a 1-point or
greater decrease in the manual muscle test on the most imme-
diate check after return to the recovery room compared with
the preoperative motor status.

Anesthetic Management

Because benzodiazepine suppresses latency and amplitude, it
was used minimally, if at all, as a preanesthetic medication.
Propofol (34 mg/kg), fentanyl (2 mg/kg), and vecuronium
(0.12-0.16 mg/kg) were administered for induction, and anes-
thesia was maintained using propofol (50-100 pg/kg/min), fen-
tanyl (1-2.5 pg/kg/h), and vecuronium (0.01-0.04 mg/kg/h).
Concomitant hypotensive anesthesia was given, as appropri-
ate, by continuously administering PGE1 and a short-acting
B1 blocker (landiolol). We always maintain our patients in a
normothermic state, and should intraoperative spinal damage
occur, the patient’s temperature is raised. The anesthesiologist
maintains end-tidal CO, in the reference range throughout
surgery.

Stimulating and Recording Methods

We used a MS120B (Nihon Kohden, Tokyo, Japan) to perform
transcranial stimulation. The stimulation parameters were §
stimuli in a row, with 2 ms interstimulus intervals, constant
biphasic current of 200 mA for a 500-ps duration, 50-1000
Hz filter, and 100 ms epoch time with 20 or less recorded signal
responses. The stimulated point was 2 ¢m anterior and 3 cm
lateral from the Cz (International 10-20 System) location over
the cerebral cortex motor area (left: anode, right: cathode).
Using the Neuromaster MEE-1000 ver. 04.12 (Nihon Kohden,
Japan), which is expandable to 32 channels, we recorded mus-
cle action potentials from the upper and lower extremities via
a pair of needle electrodes 3 to 5 cm apart. We used the del-
toid and hypothenar muscles bilaterally as controls and bilat-
eral adductor longus, quadriceps femoris, hamstrings, tibialis
anterior, gastrocnemius, abductor hallucis, and anal sphincter
muscles as the target muscles. We performed multimodality
monitoring in all cases. In particular, we combined Br-SCEP
(D-wave) and somatosensory-evoked potentials (SSEP). In

E22  www.spinejournal.com

addition, free-running electromyograms from these muscles
were monitored throughout the operation.

Monitoring and Alert Parameters

The TcMEP baseline value was taken immediately after the
documented surgical exposure of the spine but before any
decompression or instrumentation. Waiting until this point
to take the baseline measurement also reduced the effects on
TcMEP responses because of body and spinal cord tempera-
ture changes occurring with exposure. Final TcMEP testing
was recorded at the end of wound closure. These data points
included TcMEP peak-to-peak amplitude measurements in
microvolts. Signals were rechecked after surgical exposure,
decompression, tumor resection, and instrumentation, and the
surgeons were informed of any acute change in the TcMEP
responses. A 70% or greater loss in TcMEP amplitude in 1 or
more muscles was considered a possibly significant neurologi-
cal injury. If a 70% or greater decrease in TcMEP was accom-
panied with a significant decrease in D-waves or SSEPs, the
surgeon reviewed the context of the alert in terms of the stage
of the procedure and what was occurring within the operative
field and decided whether to administer intravenous cortico-
steroid and whether or not to continue surgery. We regarded
a 50% or greater decrease in amplitude from baseline of the
D-wave or a 50% or greater decrease in amplitude or 10% or
greater increase in latency of the SSEP to be significant.

Scoliosis 19 6 (32) 0 (0)
Extramedullary 14 4(29) 0
spinal cord tumor
Intramedullary 10 7 (70) 5(50)
spinal cord tumor
OPLL 9 5(56) 4 (44)
oYL 8 4 (50) 2 (25)
Disc herniation 4 0(0) 0(0)
Caries 4 1(25) 0(0)
Burst fracture 3 0(0) 0(0)
Spinal cord 2 1(50) 1(50)
herniation
Metastatic tumor 2 0(0) 0 (0)
Benign spinal 1 0O 0(0
tumor
76 28 (37) 12 (16)
OPLL indicates ossification of the posterior longitudinal ligament; OYL, os-
sification of the yellow ligament.
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Statistical Analysis

We compared the mean amplitude of baseline, minimum, and
final TcMEP between muscles with or without postoperative
motor deficits using Student # test, and we created receiver
operating characteristic (ROC) curves to determine the cutoff
amplitude. Sensitivity and specificity at optimal cutoff values
were calculated with P < 0.05 considered statistically signifi-
cant. Data analysis was performed with SPSS (Version 20 for
Windows, IBM, Armonk, NY).

RESULTS

Descriptive
We obtained an acceptable and monitorable baseline TcMEP
response from at least 1 muscle TcMEP in 76 surgeries.
Twenty-eight patients

(37%) experienced intraoperative

electrophysiological deterioration defined as a 70% or greater
decrease in TcMEP amplitude from baseline. In 12 of the 76
surgeries (16%), detectable postoperative muscle weakness
was found at the most immediate postoperative examination.
The etiology, wave deterioration rate, and postoperative motor
deficit rate are shown in Table 1. Table 2 presents demograph-
ics and electrophysiological and neurological data of these 12
surgical procedures. There were 12 surgical procedures for 11
patients (6 males and 5 females). Number 1 and number 2 are
2 surgical procedures performed on the same patients. The
average age at surgery was 46.4 years. Three patients sustained
muscle weakness 6 months postoperatively; the others recov-
ered fully. All these 12 surgical procedures with postoperative
motor deficits demonstrated significant deterioration of TcMEP,
and there were no false-negative cases. Other 16 cases which
showed significant intraoperative deterioration of TcMEP but

1 40 F | T1-T3 ependymoma 5/5 All monitorable 2/5 Lt. All muscles
muscles 4/5 Rt. All muscles
2 40 T1-T3 ependymoma | 3/5 Lt. All muscles All monitorable 0/5 Rt. and Lt. All 5/5 (more than 3
muscles muscles mo)
3 61 T1-T12 OPLL 4/5 Rt. llio, All monitorable 0/5 Rt. and Lt. All 2/5 Rt. and Lt. All
Quadriceps, ham muscles muscles muscles
4 42 T2-T12 OPLL 4/5 Rt. and Lt. llio, All monitorable 1/5 Rt. and Lt. All 5/5 (more than 3
ham, TA muscles muscles mo)
5 64 T9-T11 OYL 4/5 Lt. All muscles All monitorable 3/5 Rt. and Lt. 5/5 (within T W)
muscles quadriceps
6 25 T12 5/5 All monitorable 3/5 Rt. and Lt. All 5/5 (within 1 mo)
hemangioblastoma muscles muscles
7 20 T3-T5 ependymoma 5/5 All monitorable 3/5 Rt. and Lt. 5/5 (within 3 mo)
muscles Quadriceps, AL,
Ham
8 59 T5-T6 spinal cord 3/5 Rt. TA Rt. TA 1/5 Rt. TA 2/5 Rt. TA
herniation
9 68 T6-T7 OYL 4/5 Rt. and Lt. All monitorable 3/5 Rt. and Lt. 5/5 (within 3 mo)
Quadriceps, ham muscles Quadriceps, ham
10 36 T5-T6 4/5 Rt. All muscles Lt. Quadriceps, ham | 3/5 Rt. Quadriceps 5/5 (within T mo)
hemangioblastoma Rt. Quadriceps,
TA, Gc
iR 63 T9/10 OPLL 4/5 Rt. and Lt. EHL, Rt. AL, TA, Ge Lt 1/5 Lt Ge, FHL 3/5 Lt Ge, FHL
FHL Quadriceps, TA,
Gc
12 39 T6-T12 OYL 4/5 Rt. and Lt. All Lt. Quadriceps, 3/5 Rt. Quadriceps, 5/5 (within 1 mo)
muscles TA, AH Rt. AL, TA
quadriceps, TA,
Gc, AH
Postoperative 6 mo status of no. 1 was not available because 3 months after the primary operation, secondary operation was performed (case No. 2).
MMT indicates manual muscle testing; F, female; M, male; Lt, left; Rt, right; OPLL, ossification of the posterior longitudinal ligament; llio, iliopsoars; Ham,
hamstrings; TA, tibialis anterior; OYL, ossification of the yellow ligament; W, week; AL, adductor longus; Gc, gastrocnemius; EHL, extensor hallucis longus; FHL,
flexor hallucis longus; AH, abductor hallucis.
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Scoliosis 72 70(97) 36 (51) 0(0)
Extramedullary spinal cord tumor 48 38 (79) 19 (50) 0(0)
Intramedullary spinal cord tumor 78 64 (82) 51 (80) 31 (48)
OPLL 60 43 (72) 43 (100) 29 (44)
oYL 48 41 (85) 31 (76) 12 (29)
Caries 12 12 (100) 9 (75) 0(0)
Spinal cord herniation 12 2(18) 1 (50) 1(50)
Total 330 270 (82) 191 (71) 73 (27)
OPLL indicates ossification of the posterior longitudinal ligament; OYL, ossification of the yellow ligament.

no postoperative motor deficits were false-positive cases. The
alarm criteria of 70% or greater decrease from baseline TcMEP
amplitude results in substantially high false-positive rate.

Rate of Successful Derivation, Wave Deterioration,
and Postoperative Motor Deficits

In the 28 patients who experienced significant intraoperative
electrophysiological deterioration in at least 1 muscle, 330 mus-
cles in the lower extremities had been chosen for monitoring. Of
these 330 muscles, acceptable baseline TcMEP responses were
obtained from 270 (82%) muscles. Of the 270 muscles with
acceptable baseline responses, 191 (71%) had electrophysiolog-
ical deterioration during the operation, and 73 (27%) muscles
had postoperative muscle weakness (Table 3). This means that
73 muscles showed true-positive responses and 118 muscles
showed false-positive responses when 70 % criteria were applied.

TcMEP Amplitude

We compared the baseline TcMEP amplitude, the intraop-
erative amplitude decrease, and the final amplitude measure-
ments from the 197 muscles without postoperative motor
deficits and 73 muscles with postoperative motor deficits. The

baseline amplitude did not differ significantly, but both the
minimum intraoperative amplitude and the final amplitude
were significantly greater (P < 0.001) in the muscles without
postoperative motor deficits than those in the muscles with
postoperative motor deficits (Figure 1).

ROC Analysis

We performed ROC analysis to identify the intraoperative and
end-of-surgery TcMEP cutoff amplitudes that predict postoper-
ative motor deficits. Figure 2 shows the ROC curve defining the
cutoff amplitude at the deterioration point during surgery as an
absolute value (V) and a relative value (%) compared with the
baseline amplitude. Figure 3 shows the ROC curve with both
absolute and relative values defining the cutoff amplitude at the
end of surgery. Table 4 shows the sensitivity and specificity for
predicting postoperative motor deficits and the area under the
receiver operating characteristics curve for each cutoff point.

Wave Recovery

The mean amplitude was significantly (2.5-fold) greater at
the end of surgery in the group of muscles with postoperative
motor deficits than that in the muscles without postoperative
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