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Fig. 5 Overall decrease in average expression of mRNA for PDGFRo and IGF-1R (A) and for Flt-1 and
TGFBR1 (B) from day 0 to day 14 of consolidation (by quantitative real-time RT-PCR). GAPDH was
used for a control; the amount of receptors’ mRNA expression was calculated in relation to expression
for GAPDH.

DISCUSSION

Growth factors are indispensible during any bone formation e.g., skeleton growth,*?? fracture
healing® or callotasis,®* or development of pathologic bone.?® They control all stages of
osteogenesis® including mesenchymal cell chemotaxis,?® osteoprogenitor differentiation and
proliferation,”” matrix apposition, mineralization and remodeling,”® and osteogenesis-related
angiogenesis.!'*” Growth factors or growth-factors-rich PRP accelerate the consolidation of
distraction gaps,*” bone cyst healing,”® incorporation of bone grafts®3® and osteogenic differentia-
tion of bone marrow.” Higher concentrations of PRP (GFs) have even superior impacts on bone
formation.?» VEGF, TGFB, IGF and PDGF are obligatory for osteogenesis and are particularly
abundant in PRP thus easily available. Therefore, receptors for these four growth factors became
the scope of our investigation.

Since it was not feasible to examine receptors’ mRNA in the four callus’ zones individually, it
posed a serious limitation to this study. However, consistently with the tissue-specific immunohis-
tological examination, the mRNA analysis served to prove the overall drop in receptors’ activity.
Another limitation of this study was the semiquantitative evaluation of immunohistochemical
staining. The cell count was subjective, and only randomly selected sections were evaluated.
Moreover, no reasonable control could be designed (neither fracture healing nor healthy bone
provides a sufficient fibrous zone or zone of rapid osteogenic changes for comparison). Such a
selectivity of material, subjectivity of analysis and lack of control could not provide sound basis
for a statistical analysis. However, semiquantitative analysis is a recommended method for the
evaluation of cellular components,'®?*32 and it allows observations of temporal changes in recep-
tors’ profiles and permits discussion of their clinical significance. We concluded that our results
might at least provide a valuable indication for an improvement of distraction osteogenesis.

The initiation and sustaining of a distraction callus formation requires the vessels’ development,
in which osteogenesis follows angiogenesis. The inhibition of an Fltl tyrosine kinase domain gene
or the receptor itself reduces skeletal development.!? We have found Fltl in all callus regions,
confirming its uniform involvement. Cells lining the new trabeculae expressed an exceptionally
strong VEGF dependence. Flt 1 remained mild to moderate, especially in the woven and the
trabecular tissue through the experiment, what was similar to findings in an early consolidation
of a distracted mandible.'®
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TGFB is stored in platelets, bone and cartilage. It guides mesenchymal cells and osteo-/
chondroblasts towards the formation of mineralized, mature bone.*'® Endochondral and intramem-
branous ossification involve all isoforms of TGFB receptor,?” and only the interaction of TGFB
receptors I and II promotes bony tissue turnover.'>'” During distraction osteogenesis, a vigorous
proliferous activity is dependent upon TGFBR1.*» In our experiment the woven and trabecular
zones stained positively for TGFBR1 with only a slight decrease through consolidation. Such
prolonged sensitivity, however, applied only to zones already differentiated towards bone. In
contrast, TGFBR1 decreased early in the fibrous zone. That may imply an early loss of pro-
osteogenic (consolidation) potential soon after an active distraction is terminated.

IGF is the most abundant growth factor stored in a bone matrix. Its cascade is activated
in all rapidly growing tissues, it stimulates pro-osteogenic activity'” and mediates mechanical
stress effects.?¥ It appears that the receptor itself has a greater regulatory effect than its ligand:
IGF-R1 null mutation, IGF-R1 antibody,'” and age related reduction of IGF-1R™ all impair
the pro-osteogenic effect. At the end of distraction we found abundant IGF-R1, especially in
the osteoblasts. In distraction osteogenesis IGF-R1 is limited to bone of rich histology™ (a
low proliferation rate during impaired bone formation provokes abundant IGF activity and thus
receptor down-regulation). We also found a weak though persistent IGF-R1 expression in fibrous
tissue. Currently there is a growing interest in IGF binding proteins, which complicates the
interpretation of the ligand-receptor signaling axis.

PDGF is an ideal initiator of a wound healing. It presents in the first hours after osteotomy
and remains active until the late stages of bone formation.*® During consolidation, PDGF is stored
in all cells and matrix components.®® PDGFRo transduces potent mitogenic signals® and exerts
an antiapoptotic effect.’® It is present in rapidly forming heterotrophic and osteophytic bone*¥
and during fracture healing.?® We, for the first time, confirmed the participation of PDGFRa
in distraction osteogenesis. In cell cultures, the expression of the receptor declines after cells
maturation.*” Since PDGF may suppress osteogenic transformation, it is reasonable that we also
found an initially very high PDGFRa participation reducing in an already formed bone (trabecular
or woven). However, its rapid reduction in the fibrous zone (as seen in our study) may lead
to an insufficient number of precursors ready for further osteogenic differentiation promoted by
other growth factors.

Late bone formation in the distracted callus occurs through at least two mechanisms — central
and peripheral. In the center, the pluripotential cells of the fibrous zone undergo osteogenic dif-
ferentiation. In the periphery, the trabeculae provide an actively proliferating front of osteogenesis
with pre-/ and osteoblasts invading the fibrous zone and replacing it. It seems that as soon as
an active distraction is stopped, the decreased ability of the fibrous zone to respond to the
pro-osteogenic factors (early decrease of receptors) may reduce central osteogenesis. During late
consolidation, although receptors in the trabecular zone are preserved to some extent, growth
factors seem to primarily stimulate bone maturation but no longer proliferation (a rich net of
actively proliferating osteoblasts is replaced by sparsely distributed mature osteocytes). The
trabecular zone loses its potential to invade the fibrous zone. Thus, both the central and peripheral
consolidations decelerate. Replacement of the fibrous tissue may fail, and gap consolidation may
be inefficient.

A predominantly fibrous distraction callus is encountered in various clinical situations: in
congenital pseudoarthrosis, tumors, after irradiation, in osteoporotic bone, in various musculo-
skeletal dysplasiae and in case of an inadequate rate of distraction. A prolonged presence of a
fibrous gap is one of the most serious concerns during bone lengthening and may have dramatic
consequences. Thus, particularly in a poorly forming fibrous callus, a timely administration of
growth factors seems to be imperative. This study shows that the callus’ receptors are elevated
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shortly after the termination of distraction and may provide a good target for exogenous growth
factors. Therefore administration of growth factors into the distraction gap at this point should
be the most beneficial, especially for promoting an early osteoinduction within the fibrous zone.
During the later consolidation it might be more difficult to enhance osteogenesis with growth
factors alone, as the number of target cells (carrying the specific receptors) decreases. However
the behavior of receptors after growth factor injection is unforeseeable. For example their down
regulation might occur. Further studies are warranted to examine receptors’ response to exogenous
growth factors. It would be essential to compare the rates of callus maturation when enhanced,
with growth factors administered early or late during consolidation.
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Mesenchymal stem cells (MSCs) have a fibroblast-like morphology, multilineage potential, long-term via-
bility and capacity for self-renewal. While several articles describe isolating MSCs from various human
tissues, there are no reports of isolating MSCs from human spinal ligaments, and their localization
in situ. If MSCs are found in human spinal ligaments, they could be used to investigate hypertrophy or
ossification of spinal ligaments. To isolate and characterize MSCs from human spinal ligaments, spinal lig-
aments were harvested aseptically from eight patients during surgery for lumbar spinal canal stenosis
and ossification of the posterior longitudinal ligament. After collagenase digestion, nucleated cells were
seeded at an appropriate density to avoid colony-to-colony contact. Cells were cultured in osteogenic,
adipogenic or chondrogenic media to evaluate their multilineage differentiation potential. Immunophe-
notypic analysis of cell surface markers was performed by flow cytometry. Spinal ligaments were pro-
cessed for immunostaining using MSC-related antibodies. Cells from human spinal ligaments could be
extensively expanded with limited senescence. They were able to differentiate into osteogenic, adipo-
genic or chondrogenic cells. Flow cytometry revealed that their phenotypic characteristics met the min-
imum criteria of MSCs. Immunohistochemistry revealed the localization of CD90-positive cells in the
collagenous matrix of the ligament, and in adjacent small blood vessels. We isolated and expanded MSCs
from human spinal ligaments and demonstrated localization of MSCs in spinal ligaments. These cells may
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Ectopic ossification

play an indispensable role in elucidating the pathogenesis of numerous spinal diseases.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The ligaments surrounding the spine guide segmental motion
and contribute to the intrinsic stability of the spine by limiting
excessive motion [1]. Hypertrophy and ossification of the spinal
ligaments can contribute to the narrowing of the spinal canal. This
is seen in cases of lumbar spinal canal stenosis (LSCS), ossification
of the longitudinal ligament (OPLL) and ossification of the ligamen-
tum flavum (OLF) [2] and may cause spinal cord injury and mye-
lopathy, with many patients suffering from various symptoms.
Patients require drug treatment and in severe cases surgery may
be required to decompress the spinal cord by removing spinal lig-
aments. Although the pathologies of these diseases are not fully
understood at a cellular level, stem cells are believed to play an
important role in their progression [3-5].

Mesenchymal stem cells (MSCs) have a fibroblast-like morphol-
ogy, multilineage potential, long-term viability and a capacity for
self-renewal [6,7]. They are phenotypically characterized by the
expression of the cell surface markers [8]. MSCs can be isolated

* Corresponding author. Fax: +81 172 39 5023.
E-mail address: furukawa@cc.hirosaki-u.ac.jp (K.-I. Furukawa).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.12.106

from various human tissues, and have many common features
[6,7,9,10], however, many reports describe distinguishing charac-
teristics that are dependent on their origin [12-14].

Although MSCs from various tissues have been used in regenera-
tive medicine [15] and for elucidating the pathogenesis of numerous
diseasesinrats [3,4,16], there are no reports on the isolation of MSCs
from human spinal ligaments and their localization in situ. We at-
tempted to test the hypothesis that MSCs exist in human spinal lig-
aments and contribute to the pathogenesis of spinal diseases. If
MSCs are found to exist in human spinal ligaments, they may be used
to investigate the pathogenesis of hypertrophy or ossification of
spinal ligaments. Additionally, understanding the localization of
MSCs in human spinal ligaments may assist in future strategies to
treat spinal diseases. Therefore, the purpose of this study was to iso-
late and characterize MSCs from human spinal ligaments.

2. Materials and methods
2.1. Clinical diagnosis and spinal ligament samples

Lumbar spinal canal stenosis or OPLL diagnosis was confirmed
by X-ray, computed tomography and magnetic resonance imaging
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of the spine. Spinal ligament samples were harvested aseptically
from eight patients during surgery. Clinical diagnoses and features
of samples used in this study are shown in Table 1 (No. 1-8).

2.2. Cell isolation and culture

Spinal ligament tissues were rinsed with phosphate-buffered sal-
ine (PBS) to remove blood and debris, and the surrounding tissue and
calcification area were carefully removed under a dissection micro-
scope. Collected ligaments were minced into 0.5 mm?> pieces and
washed twice with PBS, then digested using 3 mg/mL collagenase
(Type 5; Sigma-Aldrich, St. Louis, MO, USA) in a-modified Eagle's
medium (a-MEM; Invitrogen, Carlsbad, CA, USA) at 37 °C. After
3 h, digested tissue was filtered through a 70-um nylon filter (BD
Biosciences, San Jose, CA, USA) to remove debris. Nucleated cells
were resuspended after centrifugation [10], and plated at densities
of 1x10% 1 x 10°% 5 x 10° or 1 x 10° cells/94-mm culture dish
(Greiner Bio-One, Mosonmagyarovar, Hungary), in triplicate for
each density. Cells were maintained in o-MEM supplemented with
10% fetal bovine serum (JRH Bioscience, Lenexa, KS, USA),
100 U/mL penicillin G sodium and 100 pg/mL streptomycin sulfate
(Invitrogen). Cultures were incubated in a humidified atmosphere
of 95% air and 5% CO, at 37 °C for 14 days at passage 0. After 14 days,
arepresentative dish for each seeding density was stained with 0.5%
crystal violet (Wako Pure Chemical Industries, Osaka, Japan). The
optimal initial cell density was determined based on the following
criteria [9]: (a) colony size was not affected by contact inhibition;
and (b) the highest number of colonies obtained. From the two
remaining dishes, the cells were detached with a solution of 0.02%
EDTA and 0.05% trypsin, washed twice with conditioned medium,
and centrifuged at 200g for 5 min. Cells were then counted to deter-
mine the number of cells at passage 0 and replated at a density of
50 cells/cm? in 94-mm dishes and cultured at subconfluent levels.
Serial passaging of the cells was performed at the same density.

2.3. Colony-forming unit-fibroblast (CFU-F) assay

To test colony-forming efficiency [17], cells from passage 0
were replated at a density of 100 cells/94-mm dish in three dishes.
After 14 days, colonies were visualized and counted after fixing in
4% formaldehyde followed by staining with 0.5% crystal violet in
methanol for 5 min. Cells were washed twice in distilled water
and the number of colonies per dish was determined. Aggregates
of >50 cells were scored as colonies.

2.4. Cell proliferation assay
To examine cell proliferative ability [12], cells were replated at

50 cells/cm? every 14 days and at 5000 cells/cm? every 5 days.
Cells were counted and replated at the same density until their

Table 1
Clinical diagnosis, patient gender and age of tissue samples.

No. Sex [Age Diagnosis Spinal ligament
1 F/62 LSCS PLL

2 M/45 OPLL LF

3 F/72 LSCS LF

4 F/72 LSCS LF

5 M/74 LSCS LF

6 F/68 OPLL LF

7 M/69 OPLL PLL

8 M/71 OPLL LF

M: male, F: female.

LF: ligamentum flavum; LSCS: lumbar spinal canal stenosis; OPLL: ossification of
the posterior longitudinal ligament of the spine; PLL: posterior longitudinal
ligament.

expansion potential was lost. For each passage, we calculated pop-
ulation doubling (PD) using the formula PD = log; [Nc/Ng]. Ny is the
inoculum cell population and Nc is the number of cells at conflu-
ence. The PD values from each passage were added together to ob-
tain cumulative population doubling values.

2.5. Flow cytometry

Approximately 1 x 10° cells from passages 1-3 were washed
with PBS containing 2% FBS (washing buffer). Cells were resus-
pended in 50 pL PBS containing fluorochrome-conjugated mouse
anti-human CD11b, CD19, CD34, CD45, (D73, CD90, CD105 and
HLA-DR (Becton Dickson) monoclonal antibodies. Mouse monoclo-
nal isotype antibodies were used to detect any non-specific fluo-
rescence, following manufacturer's recommendations. After
incubation in the dark for 40 min at 4 °C, cells were resuspended
in 300 puL washing buffer. Cell fluorescence was evaluated using a
FACSCanto™ II instrument (BD Biosciences); data were analyzed
with CellQuest software (BD Biosciences).

2.6. Cell differentiation

For osteogenic differentiation, cells from passages 1-3 were re-
plated at densities of 1 x 10° cells/94-mm dish for cytohistological
staining, and 3 x 10 cells/35-mm dish for PCR analysis. They were
cultured to subconfluent levels; osteogenic medium was then
added for 21 days. Osteogenic medium consisted of conditioned
medium supplemented with 1 nM dexamethasone (ICN Biomedi-
cals Inc., Costa Mesa, CA, USA), 10 mM p-glycerol phosphate (Wako
Pure Chemical Industries) and 50 pg/mL ascorbic acid (Wako Pure
Chemical Industries), as previously reported [11]. To evaluate the
mineralized matrix, cells were fixed in 4% formaldehyde for
10 min and stained with 1% Alizarin Red S (Sigma-Aldrich) for
10 min.

For adipogenic differentiation, cells from passages 1-3 were re-
plated at densities of 1 x 10° cells/94-mm dish for cytohistological
staining, and 3 x 10 cells/35-mm dish for PCR analysis. They were
cultured to subconfluent levels; medium was then changed to adi-
pogenic medium for 21 days. The adipogenic medium consisted of
conditioned medium supplemented with 100 nM dexamethasone,
0.5 mM isobutylmethylxanthine (Wako Pure Chemical Industries)
and 100 uM indomethacin (Sigma-Aldrich), as previously reported
[18]. To evaluate droplet formation, cells were fixed in 4% formal-
dehyde for 5 min and stained with Oil Red O (Nacalai Tesque Inc.,
Kyoto, Japan) for 20 min.

For chondrogenic differentiation, 2 x 10° cells from passages 1-
3 were centrifuged for 10 min at 450g in a 15-mL polypropylene
tube. The pellet was then treated with chondrogenic medium for
21 days. Chondrogenic medium consisted of conditioned medium
supplemented with 500 ng/mL bone-morphogenic protein 2 (R&D
Systems, Minneapolis, MN, USA), 10 ng/mL transforming growth
factor-B3 (R&D Systems) and 100 nM dexamethasone, as previ-
ously reported [10,19]. For microscopy, the pellet was fixed in
10% formaldehyde, dehydrated through serial ethanol dilutions
and embedded in paraffin. Blocks were cut into 5-pum sections
and stained with Toluidine Blue (KANTO Chemical Co., Inc., Tokyo,

Japan).
2.7. Gene expression analysis

On 0, 7, 14, and 21 days, total RNA was extracted from differen-
tiation-induced and uninduced cultured cells or cell pellets, using
an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to the
manufacturer’s instructions [13]. First strand cDNA was synthe-
sized from 1 pg of total RNA, using standard random hexamer
priming techniques. Real-time polymerase chain reaction (PCR)
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was carried out with Power SYBR Green PCR Master Mix on an ABI
Prism® 7000 Sequence Detection System (Applied Biosystems, Fos-
ter City, CA, USA). Primers for the genes we examined were de-
signed using Primer Express software (Applied Biosystems) as
indicated in Table 2. Real-time PCR conditions and analysis was
performed as previously described [20]. Graphs show relative
expression levels compared with the control on day 0.

2.8. Immunohistochemical staining of spinal ligaments

Spinal ligaments from two patients (Table 1, No. 7 and 8) were
fixed in 10% formaldehyde for 7 days at 4 °C. The samples were fur-
ther decalcified for 4-7 days at room temperature in KC-X (Falma,
Tokyo, Japan), embedded in paraffin, and cut into 4-pm sections.
For immunohistochemical staining, serial 4-pm sections were depa-
raffinized with xylene, and treated with ethanol. After washing with
PBS, endogenous peroxidases were blocked with 0.3% H,0,/metha-
nol atroom temperature for 10 min and then washed with PBS. Anti-
gen retrieval was conducted using a PASCAL pressure chamber
(DAKO Cytomation, Produktionsvej, Glostrup, Denmark) following
the manufacturer’s protocol. Sections were blocked with normal
serum at room temperature for 30 min, then incubated with the fol-
lowing primary antibodies at 4 °C overnight: monoclonal anti-CD34
(diluted antibody; Ventana medical system Inc., Tucson, AZ, USA);
monoclonal anti-CD45 (1:200; DAKO Cytomation); and monoclonal
anti-CDY90 (1:250; Abcam, Cambridge, MA, USA). Sections were
incubated with secondary and tertiary agents from a streptavidin-
biotin-peroxidase detection kit (Histofine SAB-PO Kit; Nichirei,
Tokyo, Japan). N,N'-diaminobenzidine was used to visualize peroxi-
dase deposition at the antigenic sites; these sections were lightly
counterstained with hematoxylin. Specificity was confirmed by
replacement of primary antibodies with non-immune sera or by
omission of primary antibodies.

2.9. Statistical analysis

Expression levels of each mRNA are shown as mean + standard
error of the mean (n = 6). Mann-Whitney U-test was used to assess
significant differences between cultured cells on each day vs the
control on day 0, and between induced and uninduced groups on
each day. P £ 0.05 was considered statistically significant.

3. Results

3.1. In vitro expandability with limited senescence of human spinal
ligament cells

Adherent cells appeared to be a relatively homogenous popula-
tion of fibroblast-like and spindle-shaped cells (Fig. 1A). First, we
determined the optimal initial density of nucleated cells that
avoided colony-to-colony contact inhibition to be 5 x 10° cells/
94-mm dish (Fig. 1B). Cells were replated at a density of

Table 2
Primer oligonucleotide sequences used for real-time PCR.

Gene Forward primer 5'-3' Reverse primer 5'-3’

G3PDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
BMP2 AGATGAACACAGCTGGTCACAGA GGAAGGATGCCCTTTTCCA
Runx2 GCCTTCAAGGTGGTAGCCC CGTTACCCGCCATGACAGTA
ALP ACGAGCTGAACAGGAACAACGT CACCAGCAAGAAGAAGCCTTTG
PPARy2  TGAATGTGAAGCCCATTGAA CTGCAGTAGCTGCACGTGTT

LPL ATGTGGCCCGGTTTATCA CTGTATCCCAAGAGATGGACATT
Sox9 GTACCCGCACTTGCACAAC TCGCTCTCGTTCAGAAGTCTC
COL2A1  CCGGGCAGAGGGCAATAGCAGGTT  CATTGATGGGGAGGCGTGAG

COL10AT CATGTTTGGGTAGGCCTGTATAAGA  ACTCCCTGAAGCCTGATCCA

100 cells/94-mm dish to estimate their colony-forming efficiency.
After 14 days, cells were stained with 0.5% crystal violet and sin-
gle-cell-derived colonies were counted. Colony-forming efficiency
was determined as 8.8 + 6.8 colonies/100 cells plated. Data are
shown as mean * standard deviation of 18 plates.

To investigate in vitro expandability, cells were replated at a low
density (50 cells/cm?) every 14 days, and a high density (5000
cells/cm?) every 4-5 days until their expansion potential was lost.
The proliferative ability of the cells was retained even at a low
density at passage 7. Population doubling was greater than 30 dou-
blings for low-density cells and 10 doublings for high-density cells
(Fig. 1C).

3.2. Immunophenotypic characterization of spinal ligament cells

Flow cytometric analysis showed positive expression for CD73,
CD90 and CD105, and low or no expression of CD11b, CD19, CD34,
CD45 and HLA-DR, indicating that cells derived from human spinal
ligaments had MSC characteristics (Fig. 2). Mean surface immuno-
phenotype expression values and standard deviations were as fol-
lows: CD11b (0.03 £0.05%), CD19 (0.08 £0.04%), CD34 (7.70
7.17%), CD45 (0.20 £0.15%), CD73 (99.9 +0.08%), CD90 (100%),
CD105 (99.9 + 0.08%), and HLA-DR (0%).

3.3. In vitro differentiation into osteoblasts, adipocytes and
chondrocytes

Cells treated with osteogenic medium for 21 days changed from
a spindle-shaped morphology, and became broader as periods of
osteogenic induction increased, forming a mineralized matrix, as
shown by Alizarin Red S staining. Cells grown in control medium
did not form a mineralized matrix. Real-time PCR showed that both
induced and uninduced groups expressed osteogenesis-specific
genes compared with the control on day 0. Expression levels in in-
duced groups were always higher than in uninduced groups. Espe-
cially, the expression level of Runx2 on day 21 in the induced group
was significantly higher than in the control on day 0 and the unin-
duced group on day 21. ALP mRNA expression on day 21 was sig-
nificantly higher in the induced group than in the control on day
0 (Fig. 3A).

The adipogenic potential of cells was assessed by treating with
adipogenic medium for 21 days. Lipid vacuoles were noticeable as
early as 7 days after adipogenic induction and visualized by stain-
ing with Oil Red O. There was no formation of lipid vacuoles in con-
trol medium. Expression of adipogenesis-specific genes was
elevated not only in induced groups but also in uninduced groups
compared with the control on day 0. However, expression levels in
induced groups were always higher than in uninduced groups.
Especially, LPL mRNA expression on each day was significantly
higher in induced groups than in uninduced groups, and the con-
trol on day 0. PPARy2 mRNA expression on each day was signifi-
cantly higher in induced groups than in the control on day 0; by
day 21, it was significantly higher than in uninduced groups
(Fig. 3B).

To evaluate chondrogenic potential, cell pellets were treated
with chondrogenic medium for 21 days. The cell pellets treated
with chondrogenic medium were morphologically smooth, with
increased size due to production of extracellular matrix. Thin sec-
tions of the cell pellet displayed cartilage-specific metachromasia
through Toluidine Blue staining after 21 days in chondrogenic
medium. Expression of chondrogenesis-specific genes was ele-
vated in both induced and uninduced groups compared with the
control on day 0. Expression levels in induced groups were always
higher than in uninduced groups. Especially, Sox9 mRNA expres-
sion on day 14 was significantly higher in induced groups than in
uninduced groups, and in the control on day 0. COL10A1 mRNA
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Fig. 1. (A) Phase-contrast views of cells from human spinal ligaments. Cells that adhered to plastic and formed colonies were fibroblast-like and spindle-shaped. (B) Colony
formation of passage 0 cells seeded at various densities. The optimal cell density to avoid colony-to-colony contact while obtaining the most colonies was 5 x 10° cells/94-
mm dish. (C) Proliferation potential of cells from human spinal ligaments. Passage 1 cells were replated at 50 cells/cm? (low density) every 14 days and at 5000 cells/cm?
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Fig. 2. Expression of stem cell-specific surface markers on cells isolated from human spinal ligaments. (A) A representative histogram of each surface marker. (B) Data are

shown as mean + SD of samples from six donors (No. 1-6).

expression on day 14 was significantly higher in induced groups
than in uninduced group, and in the control on day 0 (Fig. 3c).

3.4. Immunohistochemical localization of MSCs within spinal
ligaments

Spindle cells in collagenous matrix and adjacent small blood
vessels within spinal ligaments (both ligamentum flavum and pos-
terior longitudinal ligament) were positive for CD90. CD34" spin-
dle-shaped cells were mainly observed in collagenous matrix and
on vessels, but to a lesser extent than CD90. However, CD45" cells
were not seen in all ligament tissues (Fig. 4). CD34 is generally
expressed on endothelial cells of vessels and stromal cells, such

as myofibroblasts, in addition to hematopoietic progenitor cells.
In this case, CD34" cells could be stromal or endothelial cells. We
did not see marked differences between ligamentum flavum and
posterior longitudinal ligaments. Immunohistochemistry of spinal
ligaments showed that MSCs may be ligament components, and
may be associated with blood vessels.

4. Discussion

Many researchers have reported that MSCs can be isolated from
various mesenchymal tissues [6,7,9,10]; MSCs from some tissues
have already been used in clinical trials [15]. However, MSCs from
human spinal ligaments and their localization in situ have not yet
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Fig. 3. Differentiation potentials of cells from human spinal ligaments. (A) Osteogenic differentiation. After cells were treated with osteogenic medium for 21 days,
mineralization in treated cells was revealed by Alizarin Red S staining. (B) Adipogenic differentiation. After cells were treated with adipogenic medium for 21 days, lipid
vacuoles were visualized by staining with Oil Red O. (C) Chondrogenic differentiation. After a cell pellet was treated with chondrogenic medium for 21 days, 5-pum sections of
the cell pellet displayed cartilage-specific metachromasia with Toluidine Blue staining. The fold increase of each mRNA expression was compared with the control on day 0.
Values are the mean + SEM of samples from six donors (No. 1-6). Open and closed columns indicate uninduced group and induced group, respectively. *Significantly different
from the control on day 0; P < 0.05. **Significantly different from uninduced group on each day; P < 0.05.

been reported. In this study, we isolated cells from human spinal
ligaments that were fibroblast-like, could adhere to plastic, and
could be substantially sub-cultured in vitro. We showed these cells
to have high self-renewal capacity with limited senescence. Distri-
bution of cell surface markers on these cells, as analyzed by flow
cytometry, was similar to those previously reported in MSCs
[8,10]. They could also be induced to differentiate into osteoblasts
that produce mineralized matrix, adipocytes that accumulate lipid
vacuoles, and chondrocytes that produce mucopolysaccharide, un-
der appropriate conditions in vitro. Real-time PCR analysis showed
that mRNA expression of genes involved in osteogenesis, adipogen-
esis, or chondrogenesis was elevated after induction compared
with the control on day 0. Thus, we successfully demonstrated
the existence of MSCs in spinal ligaments using previously re-
ported methods [10,12]. MSCs could be obtained regardless of
the patients’ age, vertebral level and disease phenotype.
Mesenchymal stem cells isolated from various tissues share
common features [21], such as clonogenic characteristics, multilin-
eage differentiation and cell surface immunophenotypes, indepen-
dent of their origin [6,7,9,10]. However, many reports describe
significant differences in MSC properties depending on their origin
[12-14]. In this study, MSCs from human spinal ligaments could be
expanded in vitro for more than 30 population doublings at low
densities, and approximately 10 doublings at high densities. We

also showed that the self-renewal capacity of MSCs from human
spinal ligaments was not less than other mesenchymal tissues,
such as bone marrow, synovium, adipose tissue and knee muscle
[12]. Expression levels of tri-lineage specific marker genes in in-
duced groups were higher than in uninduced groups. However,
even expression levels of uninduced groups were higher than those
of the control on day 0. MSCs from human spinal ligaments might
change their expression levels owing to spontaneous differentia-
tion, or influence of long-term culture [22].

Localization of MSCs in situ is controversial; however, some
researchers have reported that MSCs may exist in perivascular cells
of various human tissues [23]. We demonstrated that spindle cells
in collagenous matrix and in adjacent small blood vessels within
spinal ligaments were positive for CD90, and partially positive for
CD34. Recently, stem/progenitor cells have been identified in
tendon extracellular matrix, suggesting that several extracellular
matrix components are critical organizers of the stem cell niche
[24]. Our immunohistochemistry results from human spinal liga-
ments agree with these reports.

Lumbar spinal canal stenosis is caused by hypertrophy of liga-
mentum flavum [25]; OPLL and OLF are caused by ossification of
spinal ligaments [2]. Hypertrophy and ossification of spinal liga-
ments can contribute to narrowing of the spinal canal, and may
cause symptoms indicative of spinal cord injury and myelopathy.
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Fig. 4. Immunohistochemical staining of spinal ligament sections with CD34, CD45 and CD90. Typical images were shown. LF: ligamentum flavum, PLL; posterior

longitudinal ligament.

Unfortunately, the mechanisms leading to hypertrophy and ossifica-
tion remain unclear. We hypothesized that MSCs from human spinal
ligaments contribute to pathogenic hypertrophy or ossification, but
also play important roles in developing and maintaining mesenchy-
mal tissues. Reportedly, aberrant stem cell differentiation can con-
tribute to matrix degeneration and ectopic ossification in patellar
tendons of rats [4,5,16] and onset of fibrodysplasia ossificans pro-
gressiva [3]. Current data also shows that the committing MSCs to
a desired differentiation state is a major requirement and challenge
for tissue repair strategies [26]. Determining the roles of stem cells
in spinal disease pathogenesis—particularly LSCS, OPLL and OLF -
is important for development of therapeutic strategies. Isolation of
MSCs from human spinal ligaments, and their localization in situ,
may thus identify new targets for investigating these diseases.

In conclusion, we have demonstrated, for the first time, the iso-
lation of MSCs from human spinal ligaments and their localization
in situ. Analyzing the mechanisms of MSC differentiation in human
spinal ligaments and how they commit to a differentiated state
may provide insight into the treatment of spinal diseases.
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Rapamycin Promotes Autophagy and Reduces
Neural Tissue Damage and Locomotor Impairment
after Spinal Cord Injury in Mice

Akira Sekiguchi! Haruo Kanno;*? Hiroshi Ozawa, Seiji Yamaya, and Ejji Itoi’

Abstract

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that negatively regulates autophagy.
Rapamycin, an inhibitor of mTOR signaling, can promote autophagy and exert neuroprotective effects in several
diseases of the central nervous system (CNS). In the present study, we examined whether rapamycin treatment
promotes autophagy and reduces neural tissue damage and locomotor impairment after spinal cord injury (SCI)
in mice. Our results demonstrated that the administration of rapamyecin significantly decreased the phosphor-
ylation of the p70S6K protein and led to higher expression levels of LC3 and Beclin 1 in the injured spinal cord.
In addition, neuronal loss and cell death in the injured spinal cord were significantly reduced in the rapamycin-
treated mice compared to the vehicle-treated mice. Furthermore, the rapamycin-treated mice showed signifi-
cantly higher locomotor function in Basso Mouse Scale (BMS) scores than did the vehicle-treated mice. These
results indicate that rapamycin promoted autophagy by inhibiting the mTOR signaling pathway, and reduced
neural tissue damage and locomotor impairment after SCI. The administration of rapamycin produced a neu-
roprotective function at the lesion site following SCI. Rapamycin treatment may represent a novel therapeutic
strategy after SCIL

Key words: autophagy; Beclin 1; LC3; mTOR; rapamycin; SCI

Introduction unwanted damaged organelles in a cell during development
and under stress conditions (Levine and Klionsky, 2004;
RAPAMYCIN is a macrolide antibiotic that was first devel- ~ Shintani and Klionsky, 2004). It has been reported that au-
oped as an antifungal agent. Rapamycin is knowntobea tophagy is also important for normal cell growth, differenti-
specific inhibitor of the mammalian target of rapamycin ation, and survival (Reggiori and Klionsky, 2002; Schmelzle
(mTOR) (Ravikumar et al., 2004; Schmelzle and Hall, 2000). and Hall, 2000).
Rapamycin binds to the cytosolic protein FK-binding protein Recent studies demonstrated that rapamycin treatment
12 (FKBP12). The rapamycin-FKBP12 complex inhibits enhances autophagy and rescues neuronal cells in several
mTOR, preventing phosphorylation of p70S6K and 4EBP1 neurodegenerative diseases such as Huntington’s disease and
(Vignot et al., 2005). Consequently, the inhibition of mMTOR by ~ Parkinson’s disease (Malagelada et al., 2010; Ravikumar et al.,
rapamycin promotes autophagy (Kamada et al., 2004; 2004). In such neurodegenerative diseases, induction of au-
Klionsky and Emr, 2000; Schmelzle and Hall, 2000; Wang and  tophagy by rapamycin enhances the clearance of a wide range
Klionsky, 2003). of aggregation-prone proteins and reduces their toxicity
Autophagy is an intracellular catabolic mechanism for the  (Berger et al., 2006, Webb et al,, 2003). Previous studies
degradation of cytoplasmic constituents in the autophagoso- ~ demonstrated that the activity of autophagy was increased in
mal-lysosomal pathway (Mizushima, 2004). This mechanism damaged neural tissue after traumatic brain injury and cere-
plays an important role in homeostasis and it is defective in  bral ischemia (Bigford et al., 2009; Diskin et al., 2005; Rami
certain diseases (Hara et al., 2006; Liang et al., 1999; Ru- et al, 2008). Administration of rapamycin enhances the au-
binsztein et al., 2005; Shintani and Klionsky, 2004). Autop- tophagic activity and reduces neural tissue damage after
hagy eliminates and recycles long-lived proteins and traumatic brain injury and neonatal hypoxia—ischemia
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induced brain injury (Carloni et al., 2008; Erlich et al., 2007a).
Several studies also showed that the enhancement of autop-
hagy can reduce apoptosis in damaged neural tissue of the
central nervous system (CNS) (Carloni et al., 2008; Pan et al.,
2008). Therefore, the promotion of autophagy using rapa-
myecin is considered to provide a neuroprotective function in
the CNS.

We previously reported that autophagic activity was sig-
nificantly increased in damaged neural tissue after spinal cord
injury (SCI) (Kanno et al., 2009b, 2011). However, the actual
function of autophagy in the damaged neural tissue after SCI
is still unclear (Kanno et al., 2009¢). Furthermore, whether
rapamycin treatment can promote autophagy and induce a
neuroprotective function in the damaged neural tissue after
SCI remain to be elucidated.

The purpose of the present study was to examine whether
rapamycin treatment inhibits the mTOR signaling pathway
and promotes autophagy after SCI, using a spinal cord con-
tusion model in mice. We also examined whether rapamycin
treatment reduces neural tissue damage such as demyelin-
ation, neuronal loss, and cell death, and improves locomotor
recovery following SCI.

We show here that rapamycin treatment significantly en-
hanced autophagic activity by inhibiting mTOR in the injured
spinal cord. Furthermore, rapamycin significantly reduced
neural tissue damage and improved locomotor function after
SCI. Therefore, administration of rapamycin may represent a
novel therapeutic strategy after SCI.

Methods
Animals

All experimental procedures were approved by the In-
stitutional Animal Care and Use Committee of Tohoku Uni-
versity. All efforts were made to minimize the number of
animals used and to decrease the suffering of the animals used
in the study. A total of 58 adult female C57BL/6] mice (10-12
weeks old; Charles River, Japan Inc., Yokohama, Japan) were
used in this study. Four or five animals were used for each
experimental group at each time point. The mice were housed
three or four per cage and kept at a temperature of 24°C with
free access to water and food before and after surgery.

Spinal cord contusion injury

The mice were anesthetized with 1.25% halothane in an
oxygen/nitrous oxide (30/70%) gas mixture. During surgery,
the rectal temperature was monitored and maintained at
37.0+0.5°C by a heating pad. The skin above the vertebral
column was shaved and cleaned with antiseptic. A 15-mm
mid-line skin incision was made, and the laminae of the T8~
T12 vertebrae were exposed. A laminectomy was performed
at T10, exposing the dorsal cord surface with the dura intact.
The vertebral column was stabilized with angled clamps at-
tached to the T8 and T12 transverse processes. A SCI was
induced by a modified New York University Impactor (Basso
et al., 1996; Gruner, 1992; Hashimoto et al., 2007; Kanno et al.,
2009a; Kim et al., 2001; Okada et al.,, 2004). A 10g rod (tip
diameter: 1.5mm) was dropped from 3mm onto the T10
segment. The impact rod was removed immediately after
injury. The muscles and skin were closed in layers. Bladders
were expressed twice a day until spontaneous voiding began.

SEKIGUCHI ET AL.

The sham-operated animals received the same surgical pro-
cedures, but no impact injury was sustained.

Rapamycin preparation and freatment

Rapamycin (Calbiochem) was dissolved in dimethyl sulf-
oxide (DMSO) (25mg/mL) and further diluted in 0.5mL
aqueous solution containing 5% polyethylene glycol 400 and
5% Tween 80 immediately before injection. At 4h after SCI,
mice in the rapamycin treatment group were injected intra-
peritoneally with rapamycin at a dose of 1mg/kg body
weight. Control animals were injected with an equivalent
volume of the vehicle.

Behavioral analysis

To evaluate the functional consequences of SCI, a locomo-
tor rating test using the Basso Mouse Scale (BMS) was per-
formed (Basso et al., 2006; Engesser-Cesar et al., 2005). This
scale was developed specifically for mice because the char-
acteristics of locomotor recovery are different in mice than in
rats. We also analyzed the BMS subscore, because some ani-
mals can show improvements in specific aspects of locomo-
tion that do not follow a typical pattern of recovery, and
therefore are not reflected in any change in the overall score on
the BMS (Basso et al., 2006). Before surgery, the mice were
placed individually in a molded plastic open field for 4 min to
assure that all subjects consistently obtained the maximum
score. The mice were placed in the open field, and well-trained
investigators scored them on the BMS in a blinded manner.
The BMS scores were measured at 4 and 24h, and at 3, 7, 14,
21, 28, 35, and 42 days after SCI.

Western blot analysis

The mice were killed at 24 h or 3 days after SCI, and their
spinal cords were removed. The spinal cords were homoge-
nized in lysis buffer containing 50 mM Tris HCI (pH 7.6),
20mM MgCi2, 150mM NaCl, 0.5% Triton-X, 5 units/mL
aprotinin, 5ug/mL leupeptin, 5ug/mL pepstatin, 1mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride. The
debris was removed by centrifugation, and the protein levels
in the lysates were determined with the aid of the Bio-Rad
protein assay (Bio-Rad Laboratories, GmbH, Munich, Ger-
many). The proteins in the lysates were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) in 15% gels, and
then electrophoretically transferred to polyvinylidene di-
fluoride membranes. The membranes were blocked for 1h in
TBST buffer (0.01 M Tris HCI, pH 7.5, 0.15M NaCl and 0.05%
Tween 20) containing 3% milk, and incubated with rabbit
anti-phospho-p7056K antibody (1:1000; Cell Signaling Tech-
nology), rabbit anti-LC3 antibody (1:500; MBL) or rabbit anti-
Beclin 1 antibody (1:100; Santa Cruz Biotechnology) diluted in
TBST buffer overnight at 4°C. The membranes were washed
three times and incubated with secondary antibody linked to
horseradish peroxidase (1:1000; Invitrogen) for 1h at room
temperature. The immunoreactive bands were developed us-
ing enhanced chemiluminescence reagents (Amersham Corp.)
and digitalized by the LAS-1000 Pro (FUJIFILM, Tokyo, Japan).
The band densities were quantified using a scanned densito-
metric analysis and the Image J 1.42q software program (Na-
tional Institutes of Health). The quantities of the band densities
were normalized to f-tubulin, and thereafter, those quantities
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were compared among the rapamycin-treated mice, the
vehicle-treated mice and the sham controls.

Tissue preparation

At 3 days and 42 days after SCI, the mice were overdosed
with an intraperitoneal injection of 100 mg/kg sodium pen-
tobarbital. The mice were transcardially perfused with normal
saline, followed by 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) at pH 7.4. For immunohistochemical
staining, the spinal cord segments containing the injured site
were collected, post-fixed in the same fixative overnight at
4°C, and embedded in paraffin. Serial 7-um transverse sec-
tions around the injured site were mounted on slides. A total
of 9 sequential sections at 250 um intervals were collected,
spanning a 2000 um length in the spinal cord centered at the
epicenter. The sections were used for immunohistochemical
staining as described in the next section.

Immunohistochemistry

Immunohistochemical staining for LC3 and Beclin 1 was
performed using the sections obtained 3 days after SCI. The
sections were de-paraffinized and rehydrated, and then were
washed in PBS for 10 min, followed by washing with PBS
containing 0.3% Tween for 10 min, and blocking with 3% milk
and 5% fetal bovine serum (FBS) in 0.01 M PBS for 2h. The
sections were incubated with rabbit anti-LC3 antibody (1:100;
MBL), rabbit anti-Beclin 1 antibody (1:100; Santa Cruz Bio-
technology) or mouse anti-NeuN antibody (1:100; Chemicon)
diluted in PBS overnight at 4°C. After rinsing with PBS, the
sections were incubated with goat anti-rabbit IgG Alexa Fluor
594 secondary antibody (1:500; Molecular Probes) or goat
anti-mouse IgG Alexa Fluor 488 secondary antibody (1:500;
Molecular Probes) for 1h at room temperature. The sections
were mounted with Vectashield containing DAPI to label the
nuclei (Vector Laboratories). In each experiment, the sections
were stained at the same time.

Counting of LC3-positive cells
and Beclin 1-positive cells

Each section was scanned using a laser microscope (BX 51;
Olympus, Tokyo, Japan) following the immunochemical
staining of LC3 and Beclin 1. The scanned image of the
transverse section was displayed on a monitor with a grid
using the Photoshop Elements Software Program Version 6.0
(Adobe, CA). Then LC3-positive cells and Beclin 1-positive
cells in the section were counted using a manual counter. The
LC3-positive cells were defined as those displaying punctate
LC3 fluorescent dots (Kabeya et al., 2000; Rami et al., 2008).
The LC3-positive cells and the Beclin 1-positive cells were
counted in the sections at the epicenter, and on the 250 ym and
500 pum rostral and caudal sides. The sum of the numbers in
the five sections was compared among the rapamycin-treated
mice, the vehicle-treated mice, and the sham controls.

White matter staining

The serial 7-um transverse sections cut at 250 ym intervals
around the epicenter 42 days after SCI were stained with luxol
fast blue for myelin. The section with the least amount of luxol
fast blue stain was selected as the lesion epicenter. A total of
nine sequential sections spanning 2000 ym of spinal cord

length, which included four sections both rostral and caudal
to the section at the epicenter, were assessed. The images of
the stained sections were captured by a digital photographic
camera, and the spared white matter area of the spinal cord
was analyzed using the ImageJ 1.42q software program. After
performing the luxol fast blue staining, the spared white
matter appeared dark blue and isocellular, as seen in healthy
neuronal tissue. The damaged or degenerated white matter
appeared to be either blanched or replaced by scar tissue
having clusters of cells with prominent basophilic nuclei (Bao
et al., 2011; Joshi and Fehlings, 2002; Steward et al., 1999). We
analyzed the spared white matter area in the rapamycin-
treated and the vehicle-treated mice.

Counting of NeuN-positive cells

After the immunohistochemical staining of NeulN as de-
scribed previously, each section was scanned using a micro-
scope (BX 51; Olympus, Tokyo, Japan). To investigate
neuronal loss in the SCI, the number of NeuN-positive cells in
each section 42 days after injury was counted. The NeuN-
positive cells were defined as cells double labeled with NeuN
and DAPIL The section at the epicenter, and 250 ym rostral and
caudal sections were chosen for each animal. The cell counting
procedure was the same as that described previously. The
sum of the numbers in the three sections was compared be-
tween the rapamycin-treated and the vehicle-treated mice.

Counting of TUNEL-positive cells

To detect DNA fragmentation caused by cell death in the
injured spinal cord, terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) staining was ap-
plied using the In Situ Cell Death Detection Kit (Roche,
Mannheim, Germany) for the transverse sections obtained at 3
days after injury. The labeled sections at the lesion epicenter
and the sites 250 um caudal and rostral to the lesion were
scanned with a BX 51 microscope. The number of TUNEL-
positive cells in each section was counted. The TUNEL-posi-
tive cells were defined as cells double labeled with TUNEL
and DAPL The cell counting procedure was the same as that
described previously. The sum of the numbers in the three
sections for each animal was calculated and compared be-
tween the rapamycin-treated and the vehicle-treated mice.

Statistical analysis

Significant differences in the number of LC3-positive cells,
the number of Beclin 1-positive cells, the number of TUNEL-
positive cells, the band densities obtained from the Western
blot analyses, and in the spared white matter area, were an-
alyzed using the unpaired ¢ test. The significance of any dif-
ferences in the BMS scores at each time point was determined
by Mann~Whitney’s U test. In all analyses, a p value <0.05
was considered to be statistically significant. All statistical
analyses were performed using the GraphPad Prism 5.0a
software program (GraphPad Software, Inc. La Jolla, CA).

Results
BMS locomotor scores

To evaluate the effect of rapamycin treatment on locomotor
recovery after SCI, the BMS total scores and subscores were
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measured for 6 weeks (Fig. 1A, B). The total BMS scores in the
rapamycin-treated mice and in the vehicle-treated mice in-
creased after 4 h and reached a plateau at 28 days after injury.
The averages of the total BMS scores were consistently higher
in the rapamycin-treated mice than in the vehicle-treated mice
from 14 days to 42 days after injury. The rapamycin-treated
mice had significantly higher total BMS scores than the ve-
hicle-treated mice from 21 days to 42 days. At 42 days after
injury, the total BMS scores of the rapamycin-treated mice
were 7-9 (8.4+0.4). Except for one rapamycin-treated mouse
with a BMS score of 7, the other four rapamycin-treated mice
consistently achieved coordinated plantar stepping with
normal trunk stability or with mild trunk instability at 42
days. On the other hand, the BMS scores of the vehicle-treated
mice were 5-8 (6.8+0.5). Four out of 5 vehicle-treated mice
did not keep their paws paralle] when stepping, or they

A * ok  *
84
£ 6 ST T T
(3
17 -
2 44
m
. ~m—- Rapamycin
21 -0~ Vehicle
0 i 1 ] 1] 1] ] 1] 1 L] ¥
4h 24h 3d 7d 14d 21d 28d 35d 42d
Time points post-injury
B ok FF gx K%
10+
g 8+
S e O==O -
2 6- .T'T I
= .
[}
0 44
= .
m -&—- Rapamycin
2: -0~ Vehicle
Q-

—§ T T T T T T T
4h 24h 3d 7d 14d 21d 28d 35d 42d
Time points post-injury

FIG. 1. Locomotor recovery after SCI in vehicle-treated
mice and rapamycin-treated mice. The BMS scores (A) and
BMS subscores (B) were determined from 4 h to 42 days after
injury. (A) The BMS scores were consistently higher in the
rapamycin-treated mice than in the vehicle-treated mice from
days 14 to 42. The rapamycin-treated mice had significantly
higher BMS scores than the vehicle-treated mice from days
21 to 42. (B) The BMS subscores were also consistently higher
in the rapamycin-treated mice than in the vehicle-treated
mice from days 14 to 42. The rapamycin-treated mice had
significantly higher BMS scores than the vehicle-treated mice
from days 14 to 42. The values are the means+SD (*p <0.05,
*p<0.01, n=5 per each group).
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showed severe trunk instability such as leaning, waddling, or
near collapse of the hindlimbs.

The BMS subscores of both the rapamycin-treated mice and
the vehicle-treated mice increased after 24h and reached a
plateau at 28 days. The average subscores were consistently
higher in the rapamycin-treated mice than in the vehicle-
treated mice from 14 days to 42 days. The BMS subscore was
significantly higher in the rapamycin-treated mice than in the
vehicle-treated mice from 14 days to 42 days after injury.

Phosphorylation of p70S6K

To examine the effectiveness of the rapamycin treatment on
the mTOR signaling pathway in the mice, the phosphoryla-
tion of p70S6K was evaluated by Western blot analysis. The
phosphorylated p7056K protein was decreased in the rapa-
mycin-treated mice compared with the vehicle-treated mice
and the sham controls at 24 h and 3 days after injury (Fig. 2A).
Based on the analysis of the band density, the level of phos-
phorylated p70S6K was significantly lower in the rapamycin-
treated mice (2.318+0.866) than in the vehicle-treated mice
(8.773+1.083) and in the sham controls (10.000+1.794)
(p=0.002 and 0.005, respectively) at 24 h (Fig. 2B). The level of
phosphorylated p70S6K at 3 days did not show any statistical
differences among the three groups.

Immunohistochemical and Western blot analyses
of LC3 expression

To investigate the activation of autophagy after rapamycin
treatment, immunohistochemical staining of LC3 was
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FIG. 2. The expression of phosphorylated p7056K in sham
control, vehicle-treated mice and rapamycin-treated mice.
(A) Western blot analysis of phosphorylated p70S6K and -
tubulin protein expression levels. (B) A quantitative analysis
of Western blots showed that the levels of phosphorylated
p70S6K in the rapamycin-treated mice were significantly
lower than in the vehicle-treated mice and the sham controls
at 24h (p=0.002 and 0.005, respectively). The quantities of
the band densities were normalized to S-tubulin. The values
are the means+SD (**p<0.01, n=4 per each group).
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performed, and the number of LC3-positive cells was coun- Sham Vehicle Rapamycin
ted. The cells expressing LC3 were increased in the rapamy- DAPI :
cin-treated mice and in the vehicle-treated mice compared
with the sham controls (Fig. 3A-LS). The population of cells
expressing LC3 in the rapamycin-treated mice was obviously
higher than that in the vehicle-treated mice. Higher magnifi-
cation revealed that the LC3-expressing cells displayed
punctate LC3 dots that were located in the cytoplasm (Fig. 3]J-
R). The number of LC3-positive cells was significantly in-
creased in the vehicle-treated mice and the rapamycin-treated
mice compared with the sham controls (p=0.012 and <0.001,
respectively). In addition, the number of LC3-positive cells in
the rapamycin-treated mice was significantly higher than in
the vehicle-treated mice (p=0.018) (Fig. 3T).

In the Western blot analysis, the expression of LC3-II pro-
tein was increased in the rapamycin-treated mice compared
with the vehicle-treated mice and the sham controls (Fig. 4A).
In the analysis of the band density, the level of LC3-II ex-
pression was significantly higher in the rapamycin-treated
mice (7.274+0.783) and vehicle-treated mice (4.717+0.532)
than in the sham controls (1.000+0.380) (p=0.002 and 0.001,
respectively). In addition, the LC3-II expression was signifi-
cantly higher in the rapamycin-treated mice than in the ve-
hicle-treated mice (p=0.035) (Fig. 4B).

DAPI
C
LC3
F

Immunohistochemical and Western blot analyses
of Beclin 1 expression

"m

To analyze the autophagic activity, we also performed
immunohistochemistry for Beclin 1, and counted Beclin
1-positive cells. The Beclin 1 expressing cells were clearly in-
creased in the rapamycin-treated mice and in the vehicle-
treated mice compared with the sham controls (Fig. 5A-LS).
The number of Beclin 1-positive cells was significantly in-
creased in the rapamycin-treated mice and the vehicle-treated
mice compared with the sham controls (p=0.005and <0.001,
respectively) (Fig. 5T).

In the Western blot analysis, the expression of Beclin 1
protein was significantly increased in the rapamycin-treated
mice and the vehicle-treated mice compared with in the sham
controls (Fig. 6A, B). In the analysis of the band density, the
level of Beclin 1 expression was significantly higher in the
rapamycin-treated mice (7.411+£0.882) and vehicle-treated
mice (6.506+0.609) than in the sham controls (1.000+0.594)
(p<0.001 and 0.001, respectively). In addition, the Beclin 1
expression in the rapamycin-treated mice was relatively

-y
*
*
*

>
FIG. 3. Immunohistochemical staining of LC3 in sham 600- * *

control, vehicle-treated mice and rapamycin-treated mice. | 1 |
(A-I) Representative spinal cord sections from the epicenter
show that the population of LC3-positive cells was increased
in the rapamycin-treated mice compared with the vehicle-
treated mice and the sham controls. Scale bars =100 ym. (J-
R) On higher magnification, LC3-positive cells were ob-
served in the rapamycin-treated mice and the vehicle-treated
mice (Arrowheads in Q and R). Scale bars=10um. (S) The
schematic drawing illustrates the location of the micro-
graphs. (T) The number of LC3-positive cells was signifi-
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cantly higher in the rapamycin-treated mice than in the Qf -\O\Q @c
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FIG. 4. The expression of LC3-II in sham controls, vehicle-
treated mice and rapamycin-treated mice. (A) A Western blot
analysis of LC3-II and f-tubulin protein expression. (B) A
quantitative analysis of Western blots showed that the levels
of LC3-II in the rapamycin-treated mice were significantly
higher than in the vehicle-treated mice and the sham controls
(p=0.035 and 0.001, respectively). The quantities of the band
densities were normalized to f-tubulin. The values are the
means+SD (*p<0.05, **p<0.01, n=4 per group).

higher, but not significantly so, than that in the vehicle-treated
mice.

Areas of spared white matter

To investigate the differences in the amounts of demye-
lination after the injury, the spared white matter areas were
compared between the rapamycin-treated and the vehicle-
treated mice using luxol fast blue staining. The areas of spared
white matter in the rapamycin-treated mice were obviously
larger than in the vehicle-treated mice, as indicated by the
luxol fast blue staining of the sections around the epicenter
(Fig. 7A,B). The white matter area was more preserved in the
rapamycin-treated mice than in the vehicle-treated mice, es-
pecially in the dorsal side of the spinal cord (Fig. 7B). In
quantitative analysis of the spared white matter area, the
averages of spared white matter area in the rapamycin-treated
mice were not significantly but consistently larger than in the
vehicle-treated mice at > 500 um rostral and caudal sides from
the epicenter (Fig. 7C).

The number of NeuN-positive cells

To investigate loss of neural cells after injury, the number of
NeuN-positive cells was compared between the vehicle and

>
FIG. 5. Immunohistochemical staining of Beclin 1 in sham
control, vehicle-treated mice and rapamycin-treated mice.
(A-I) Representative spinal cord sections from the epicenter
show that the population of the Beclin 1-positive cells was
increased in the rapamycin-treated mice and the vehicle-
treated mice compared with the sham controls. Scale bars=
100 um (G-I). On higher magnification, Beclin 1-positive
cells were observed in the rapamycin-treated mice and the
vehicle-treated mice (Arrowheads in Q and R). Scale bars=
10 um. (S) The schematic drawing illustrates the location of
the micrographs. (T) The number of Beclin 1-positive cells
was significantly higher in the rapamycin-treated mice and
the vehicle-treated mice than in the sham controls (p=0.005
and <0.001, respectively). The values are the means+SD
(*p<0.01, **p<0.001, n=4 per each group).
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FIG. 6. The expression of Beclin 1 in sham control, vehicle-
treated mice and rapamycin-treated mice. (A) A Western blot
analysis of Beclin 1 and f-tubulin protein expression. (B) A
quantitative analysis of Western blots showed that the levels
of Beclin 1 in the rapamycin-treated mice and the vehicle-
treated mice were significantly higher than those in the sham
controls (p<0.001 and 0.001, respectively). The quantities of
the band densities were normalized to f-tubulin. The values
are the means+SD (*p<0.01, **p<0.001, n=4 per each

group).

the rapamycin-treated mice by immunohistochemical stain-
ing. The NeuN-positive cells were sparsely observed at the
epicenter in the vehicle-treated mice. In contrast, the rapa-
mycin-treated mice showed a higher number of NeuN-posi-
tive cells compared with the vehicle-treated mice (Fig. 8A-M).
The number of NeuN-positive cells in the rapamycin-treated
mice was significantly higher than those in the vehicle-treated
mice at 42 days (p=0.012) (Fig. 8N).

The number of TUNEL-positive cells

To investigate the effect of rapamycin on cell death after
SCI, we performed TUNEL staining, and the number of TU-
NEL-positive cells was compared between the vehicle- and
the rapamycin-treated mice. In the TUNEL staining of sec-
tions obtained at 3 days after injury, the TUNEL-positive cells
were obviously decreased in the rapamycin-treated mice
compared with the vehicle-treated mice (Fig. 9A-M). When
the TUNEL-positive cells were counted, the number of TU-
NEL-positive cells was significantly lower in the rapamycin-
treated mice compared to the vehicle-treated mice (p=0.008)
(Fig. 9N).

Discussion

In the present study, we demonstrated that the adminis-
tration of rapamyecin significantly decreased the phosphory-
lation of p70S6K protein and led to higher expressions of LC3
and Beclin 1 in the injured spinal cord. In addition, neuronal
loss and cell death in the injured spinal cord were significantly
more reduced in the rapamycin-treated mice than in the ve-
hicle-treated mice. Furthermore, the rapamycin-treated mice
showed significantly higher locomotor function in BMS scores
than did the vehicle-treated mice after SCI. These results
demonstrated that the administration of rapamycin promoted
autophagy by inhibiting mTOR signaling pathway and re-
duced neural tissue damage and locomotor impairment after
SCI. The present study indicated that rapamycin treatment
had a neuroprotective effect at the lesion site following SCL
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FIG. 7. White matter sparing in the vehicle-treated mice
and rapamycin-treated mice at 42 days after SCI. Re-
presentative spinal cord sections at the 750 um rostral side
from the epicenter showed that the spared white matter area
was relatively smaller in the vehicle-treated mice (A) than in
the rapamycin-treated mice (B). Scale bars=500 um. (C) The
spared white matter area from the epicenter to 2000 um on the
rostral and caudal side was compared in the vehicle-treated
mice and the rapamycin-treated mice. The areas of spared
white matter were not significantly, but were consistently lar-
ger in the rapamycin-treated mice than in the vehicle-treated
mice at >500 um rostral and caudal from the epicenter. The
values are the means = SEM (1 =4 per each group). Color image
is available online at www liebertonline.com/neu

Previous studies demonstrated that rapamycin treatment
inhibits the mTOR signaling pathway and activates autop-
hagy in several neurodegenerative diseases (Pan et al., 2008;
Ravikumar et al., 2004). Additionally, rapamycin enhanced
autophagic activity after traumatic brain injury and neonatal
hypoxia—ischemia induced brain injury (Carloni et al., 2008;
Erlich et al., 2007a). These data indicate that rapamycin pro-
motes autophagy by inhibiting mTOR in the CNS. In the
present study, rapamycin treatment significantly reduced the
phosphorylation of p70S6K protein in the injured spinal cord.
The reduction of phosphorylated p70S6K indicated that ad-
ministration of rapamycin actually inhibited mTOR signaling
after SCI. Our results also showed that rapamycin treatment
induced upregulation of LC3 and Beclin 1 expression in the
damaged neural tissue after SCI. These findings demon-
strated that rapamycin promoted autophagy by inhibiting
mTOR pathway at the lesion site following SCI.

The autophagic activity is regulated by various molecular
factors including mTOR, Beclin 1, Bcl family, DRAM, p53, and
NF-xB (Maiuri et al., 2007; Scarlatti et al., 2009). Previous re-
search has suggested that Beclin 1 regulates not only the au-
tophagic activity, but also the cell death mechanism (Maiuri
etal., 2007). Beclin 1 interacts with Bcl-2, which is known to be
an anti-apoptotic protein (Erlich et al., 2007b). Therefore, the
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Vehicle Rapamycin level of Beclin 1 expression may not directly indicate the level

DAPI DAPI of autophagic activity. In this study, the expression of LC3, a
marker of autophagy, significantly increased due to the ad-
ministration of rapamycin after SCI. However, the increase in

' the Beclin 1 expression after the rapamycin treatment was not
statistically significant. These findings suggested that the ac-
B

tivation of autophagy after rapamycin treatment therefore did
not directly indicate the upregulation of Beclin 1 expression

after SCI.

The inhibition of mTOR by rapamycin can cause either
beneficial or detrimental effects, depending upon the disease
model and timing. Previous studies suggested that rapamycin
treatment aggravated renal ischemia/reperfusion injury
(Gongalves et al., 2007; Lui et al., 2006). Rapamycin blocks the

cardioprotective effect of ischemic or pharmacological pre-
conditioning for myocardial infarction (Jonassen et al., 2001;
Kisetal., 2003). On the other hand, rapamycin treatment had a
cytoprotective effect, including reduction of infarct size and
decreasing cell death caused by myocardial ischemia/re-
perfusion injury (Khan et al., 2006). The enhancement of au-
tophagy using rapamycin also produces a neuroprotective
function in various diseases of the CNS. Previous studies
demonstrated that administration of rapamycin rescued
neuronal cells in models of Huntington’s disease and Par-
kinson’s disease (Malagelada et al., 2010; Ravikumar et al.,
2004). Interestingly, rapamycin treatment reduces neural tis-
sue damage after traumatic brain injury and neonatal hyp-
oxia-ischemia induced brain injury (Carloni et al., 2008; Erlich
et al., 2007a). In the present study, rapamycin prevented the
neuronal loss after SCI. Moreover, the rapamycin-treated
mice showed significantly better locomotor recovery in BMS
scores. The present study suggested that administration of
rapamycin provided a beneficial effect by reducing the neural
tissue damage and locomotor impairment following SCL
Rapamycin has cytoprotective effects that have been at-
tributed to blocking the apoptotic signaling pathway (Carloni
et al., 2008; Khan et al., 2006; Pan et al., 2008). It has been
suggested that rapamycin enhances the clearance of mito-
chondria by autophagy, thereby reducing cytosolic cyto-
chrome c release and downstream caspase activation
(Ravikumar et al., 2006). Previous studies demonstrated ra-
pamycin to have a cytoprotective function by reducing apo-
ptosis in various disease models. For example, rapamycin
treatment significantly reduced the number of TUNEL-posi-
tive cells in myocytes in a myocardial ischemia-reperfusion
model (Khan et al., 2006). Rapamycin promoted autophagy
and inhibited apoptosis in a model of lactacystin-induced
neurodegeneration (Pan et al., 2008). Activation of autophagy
by rapamycin also reduced the expression of activated
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caspase-3 in a model of neonatal hypoxia-ischemia induced
brain injury (Carloni et al., 2008). Interestingly, in these dis-
ease models of the CNS, the activity of autophagy was up-
regulated even without the administration of rapamycin and
it was further enhanced by rapamycin treatment (Carloni
et al., 2008; Pan et al., 2008). These reports suggested that the
rapamycin treatment further promoted autophagic activity
and reinforced its cytoprotective function to reduce cell death
in such diseases of the CNS. In the present study, rapamycin
further promoted the activity of autophagy that had been
upregulated after SCI. Additionally, the rapamycin treatment
significantly reduced the number of TUNEL-positive cells at 3
days after SCI. These findings suggested that rapamycin
treatment enhanced the activity of autophagy and thereby
prevented cell death in the damaged neural tissue after SCI.
The administration of rapamycin in this study was per-
formed using a single injection at 4 h after SCL. Many previous
studies that investigated the pharmacokinetics of rapamycin
in vivo showed the half-life of rapamycin to be relatively long
(33-63 h) (Chen et al., 2007; Napoli et al., 1997). In fact, several
reports demonstrated that a single administration of rapa-
mycin could affect the autophagic activity and cell death for
>24h (Carloni et al., 2008; Sheng et al., 2010). In the present
study, the single administration of rapamycin at 4 h actually
inhibited the phosphorylation of p70S6K in mTOR signaling
pathway at 24 h after SCI, and produced a significant reduc-
tion in the degree of neuronal loss and cell death. These results
indicated the rapamycin treatment at 4h could reduce the
secondary injury that mainly occurs from 24 h to 3 days after
the onset of SCI (Beattie et al., 2000; Yong et al., 1998). The
present study suggested that the administration of rapamycin
produces a cytoprotective effect at the lesion site. Therefore,
the administration of rapamycin may represent a novel ther-
apeutic strategy to reduce secondary injury following SCI.
Recent studies have indicated that the inhibition of mTOR
by rapamycin can suppress the regeneration of damaged
neural tissue. The inhibition of mTOR by rapamycin sup-
presses growth cone regeneration after axonotomy (Verma
et al., 2005). Axonal regeneration activated by the adminis-
tration of adenosine-5-triphosphate (ATP) in the injured
spinal cord can decrease because of the administration of ra-
pamycin (Hu et al., 2010). Rapamycin reduces the ability of
axonal regeneration that was promoted by the deletion
phosphatase and tensin homolog (PTEN) in the CNS (Park
et al., 2008). These studies suggested that the inhibition of
mTOR by rapamycin suppressed new protein synthesis and
cell proliferation to promote axonal regeneration. On the other
hand, a few reports have indicated that rapamycin could
promote a permissive environment for neuroregeneration.

<
FIG. 9. TUNEL staining in vehicle-treated mice and rapa-
mycin-treated mice at 3 days after SCI. Representative sections
at the epicenter showed that there were obviously fewer
TUNEL-positive cells in the rapamycin-treated mice (B, D, F)
than in the vehicle-treated mice (A, C, E). Scale bar=100 ym.
(G-L) Magnified images showed TUNEL-positive cells
(arrowheads). Scale bars=20 um. (M) The schematic drawing
illustrates the location of the micrographs. (N) The number of
TUNEL-positive cells was significantly lower in the rapamy-
cin-treated mice than in the vehicle-treated mice (p=0.008).
The values are the means +SD (**p <0.01, n=4 per each group).
Color image is available online at www liebertonline.com/neu

—256—



