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Figure 5. Immunoblot analysis showing expression of activated-caspase-3, caspase-8, caspase-9, and p75*™® (A) and photomicrographs of double-
staining immunofluorescence (B-Q). The active form of each of these caspases was downregulated in the AdV-BDNF gene-transfected twy/twy
mice (A: upper righl on each panel) compared with the AdV-LacZ gene-transfected twy/twy mice (A: upper left on each panel). Photomicrographs
show double-stained immunofluorescence in the gray maller and the white matter of the twy/twy mouse at the maximal compression sile for
aclivated-caspase-3/NeuN (B and C), /RIP (D and E), caspase-8/NeuN (F and G), /RIP (H and 1), caspase-9/NeuN (J and K), /RIP (L and M) p75M%/
NeuN (N and O), and /RIP (P and Q) at 4 weeks after AdV-LacZ and AdV-BDNF gene transfection. Decreased immunopositivily for activated-
caspase-3, caspase-8, caspase-9, and p75*"™® were noted in neurons and oligodendrocytes of the AdV-BDNF gene~transfecled twy/twy mice com-
pared with the AdV-LacZ gene-transfected twy/twy mice. Scale bar = 10 um (B-Q). NeuN indicates neurons; RIP, reaclive immunology protein.

2. Such targeted delivery of AdV-BDNF to the compressed
area of the spinal cord resulted in downregulation of the
caspase-3 pathway apoptotic cascade and a significant
decrease in the number of apoptotic cells present.

3. BDNF gene delivery also resulted in a significant
promotion of NF and NG2 immunopositivity in the
compressed spinal cord, which is indicative of decreased
neuronal loss and demyelination.

These encouraging findings should be discussed in terms of
neuroprotective effects and technical advantages.

In a series of previous studies using acute injury models,
our group evaluated the feasibility and efficacy of retrograde
gene delivery, using recombinant adenovirus vectors? through
the mouse sternomastoid muscle, innervated by the spinal
accessory nerve, into the injured cervical spinal cord.'®!%:30
In these studies, the expression of the B-galactosidase (AdV-
LacZ) marker gene was found in the cervical spinal cord
from 4 to 6 weeks after the injection of adenovirus vector,
and transduction efficacy was confirmed in 87.5% to 98.9%
of the surviving cervical spinal cord motor neurons within
3 days after the injection.'®!? In this study, we found abundant
B-galactosidase-labeled cells in the twy/fry mouse spinal cord
4 weeks after injection of AdV-LacZ gene into the sternomas-
toid muscle bilaterally, in cells which were also immunoreac-
tive to various neural cell markers, including motor neurons
and glial cells. Hence, these were similar results in terms of
successful retrograde gene delivery into a chronic spinal cord
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lesion to those obtained with acute spinal cord injury.?'- It
should be noted that the efficiency of retrograde delivery of
neuropeptide genes is influenced by various factors,* such
as the Jocal secretion of proteins from AdV-infected muscles,
uptake and retrograde axonal transport of AdV in motor neu-
rons, and secretion of proteins in AdV-infected muscles into
the systemic circulation. In this context, our previous study
suggested that AdV-LacZ is transported via retrograde axo-
noplasmic flow through axons but not through the systemic
circulation because no gene expression was noted in other
body organs.* The present results indicate that retrograde
gene delivery via intramuscular injection into the chronically
compressed spinal cord was attained not only to the spinal
motor neurons and interneurons, but also to proglial cells that
may have been induced by acute and/or chronic mechanical
compression.

Several investigators have reported that exogenous admin-
istration of BDNF promotes neural cell survival, alleviates
neuronal atrophy,® facilitates axonal regeneration, prevents
apoptosis,®*?® enhances differentiation of neuronal stem cells
to neurons, improves motor function,* and induces glial cell
proliferation as well as axonal outgrowth and myelination.!!
Apoptosis and necrosis after traumatic cord injury occur
through different pathways in the neuronal tissue. Apoptosis
of neurons and oligodendrocytes involves the activation of
caspase-3 after acute spinal cord injury.® In our previous
study in #wy/twy mouse using the TUNEL method to iden-
tify apoptotic cells,”” no TUNEL-positive cells were observed
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Figure 6. Photornicrographs showing immunopositivily for NF (A-C)
in twy/twy mice lransaxial (A and B) and sagiilal (C) sections of the
spinal cord al 4 weeks after AdV-LacZ or AdV-BDNF gene Lransfection.
In twy/twy mice lransfected with the AdV-BDNF gene, the levels of NF
immunopositivity in neurons of the gray maller were increased (B and
C) compared with that seen in the mice transfecled with the AdV-lacZ
gene (A). The NF-immunopositive areas were significantly greater at all
anatornical sites measured in the AJV-BDNF gene-lransfecled mice
(n = 3} than that in the AdV-Lac Z gene-transfected mice (n = 3) (D).
Data are mean % SD. *F < 0.01. Scale bar = 500 um (C), 10 pm (A
and B). NF indicates neurofilament.

in 16-week-old twy/twy mice, whereas both TUNEL-pos-
itive and caspase 3-positive cells were detected in the gray
and white matters of the spinal cord of 24-week-old mice.
Our previous data indicated that transgene expression of
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Figure 7. Pholomicrographs showing NG2-immunopositivity in twy/
twy mice transaxial (A and B) and sagittal (O) sections of the spinal cord
al 4 weeks alter AdV-LacZ (A) or AAV-BONF (B and C) gene transfection.
NG2-immunoposilivity in glial cells was increased after AdV-BDNF
gene transfection (B and C) compared with AdWLacZ gene transfection
(A). The NG2-immunoposilive areas in the AdV-BDNF gene-lransfecled
mice {n = 3) were significantly greater at all anatomical sites measured
than that in AdV-LacZ gene-transfecled mice {n = 3) (D). Data are mean
+ SD. *P < 0.01. Scale bar = 500 um (C), 10 pm (A and B).

the targeted AdV persists for 4 to 6 weeks after injection,'?
and thus in this study, we attempted to perform intramuscu-
lar AdV-BDNEF injection in 18-week-old twy/tury mice with
relatively mild cord compression and observed the subjects
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until they became 22-week-old, showing an increased spinal
cord compression, although no image analysis {radiography
or computed tomography) was performed before the histo-
logical study. We found attenuation of apoptosis of neurons
and oligodendrocytes at 4 weeks after injection. Our current
observations further suggest that this reduction in apoptosis
was attributable to downregulation of the caspase-3, -8, and
-9 mediated pathway in the zoy/tiwy mouse spinal cord. Most
interestingly in oligodendrocytes, p758™ not only serves as a
low affinity receptor from neurotrophins, but it also mediates
the effects of myelin inhibitors.”* Recently, enhanced neuro-
logical recovery was identified in p75¥™ knockout mice,* a
process integral to neuronal survival and intracellular repara-
tive mechanisms after compressive spinal cord injury.* Hence,
the downregulation of p758™ after AdV-BDNF injection that
we have ohserved may indicate suppression of apoptosis,
particularly of oligodendrocytes in mechanically compressed
spinal cord.

The present results also showed that retrograde AdV-
BDNF gene administration into the sternomastoids pre-
served or even increased levels or even NF and NG2 in the
neurons and oligodendrocyte precursors in the chronically
compressed spinal cord. NF is an essential cytoskelctal ele-
ment of axonal processes and hence its enhanced levels after
BDNF transfection may function in enhancing regional axo-
nal tegeneration and functional recovery,? although it was
impossible to estimate locomotor function because of aging-
related hyperostotic ankylosing leg joints in the twyfwy
mice.?! The presence of oligodendrocytes that survive even
under demyelinating insults to the spinal cord does not cor-
relate to remyelination.* Instead, endogenous oligodendro-
cyte progenitor cells labeled by NG2 indicate proliferation of
cycling cells,”” and they are expected to contribute to myelin
repair.®®? After spinal cord injury, expression and localiza-
tion of NG2 wecre identified in the residual white matter,®
and we also ohserved NG2-positive neuronal cells in the
compressed as well as less compressed (rostral and caudal
sites) cord segments of the twy/twy mice. Although the ques-
tion as to whether BDNF reduces oligodendrocyte apopto-
sis or not remains unsolved, the cell is expected to produce
the full-length form of trkB, and its survival may depend on
MAPK signaling pathway downstream of TrkB.*® BDNF is
reported to induce proliferation of oligodendrocytes and
myclination of regenerating axons after spinal cord injury.’!
Hence, the present finding of increased NG2 immunoreac-
tivity aftexr AdV-BDNF gene transfection could be a further
indication that BDNF exerts antiapoptotic effects on neural

Is including oligodendrocytes.

Finally, there were several limitations to the translational
interpretation of these experiments. These included (1) side
effects of the viral infection on the general and the local mus-
cle after injection; (2} a possibility of transfection to the dorsal
neuron ganglion and the gray matter of the dorsal born by
retrograde gene delivery and the side effects thereof; (3) the
issue of muscle injection selection sites suitable for the injured
site; (4} the impossibility to perform neurological assess-
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ments to evaluate the effects of suppression of apoptosis in
spinal neurons and oligodendrocytes, hased on the response
to external stmuli or testing motor skills through behavior
scores—the animal model joints present general ankylosis
followed by muscle atrophy and fibrosis. Further studies are
required to clarify these points. Nonetheless, if these issues
are resolved, then the targeted retrograde AdV-BDNF gene
delivery method that has been detailed in this study could be
a potentially useful therapeutic intervention to promote neu-
ronal and oligodendrocyte survival in those who suffer from
a compressed spinal cord.

o,tgodendroc:ytes, inthe wy/twy mouse
ntaneous chronic mechanical
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BIOMECHANICS

Cyclic Tensile Strain Facilitates the Ossification
of Ligamentum Flavum Through B-Catenin

Signaling Pathway

In Vitro Analysis

Hong-Xin Cai, MD,*+ Takafumi Yayama, MD, DMSc,* Kenzo Uchida, MD, DMSc,*
Hideaki Nakajima, MD, DMSc,* Daisuke Sugita, MD,* Alexander Rodriguez Guerrero, MD,*%

Ai Yoshida, MD,* and Hisatoshi Baba, MD, DMSc*

Study Design. Histological, immunohistochemical, and real-
time reverse transcription-polymerase chain reaction analyses of
the expression of cell signaling and transcriptional factors in human
ossification of ligamentum flavum (OLF).

Objective. To test the hypothesis that B-catenin plays a role in the
ossification of OLF cells in response to cyclic tensile strain.
Summary of Background Data, Several studies have
investigated the roles of biomechanical and metabolic factors in the
development and progression of OLF, based on the importance of
genetic and biological factors. The process of ossification includes
enchondral ossification, although such pathology remains poorly
defined.

Methods. Using real-time reverse transcription-polymerase chain
reaction, we analyzed the mRNA expression levels of signaling
factors known to be involved in the ossification process (B-catenin,
Runx2, Sox9, and osteopontin) in cultured OLF cells subjected to
cyclic tensile strain. Cyclic tensile strain was produced by Flexercell
FX-3000 (Flexercell International, Hillsborough, NC), applied for
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0, 6, 12, or 24 hours. The localization of these factors was examined
in decalcified paraffin OLF sections by immunohistochemistry.
Controlled samples were harvested from nonossified ligamentum
flavum of patients who underwent thoracic posterior surgical
procedures.

Results. Under resting conditions (no tensile strain), the mRNA
Jevels of B-catenin, Runx2, Sox9, and osteopontin in cultured OLF
cells were significantly higher than in the control non-OLF cells.
Application of cyclic tensile strain to OLF cells resulted in significant
increases in MRNA expression levels of B-catenin, Runx2, Sox9,
and osteopontin at 24 hours. Hypertrophic chondrocytes present
around the calcification front were immunopositive for Runx2 and
osteopontin. Immunoreactivity of B-catenin and Sox9 was strongly
present in premature chondrocytes in the fibrocartilage area.
Conclusion. Our results indicated that cyclic tensile strain applied
to OLF cells activated their ossification through a process mediated
by the B-catenin signaling pathway.

Key words: ossification of the ligamentum flavum, cyclic tensile
strain, B-catenin signaling, enchondral ossification, chondrocyte
differentiation. Spine 2012;37:E639~E646

™, ssification of ligamentum flavum (OLF) progresses
Jinsidiously for a long period of time and could
# eventually cause devastating and serious spinal cord
compromise.'

OLF with serious spinal cord compromise affects mainly
the Japanese population, and only few cases have been
reported from Europe, Africa, and East Asian countries.'
The estimated annual rate of surgery for thoracic myelopa-
thy in Japan between 1988 and 1994 was 5.1 per 1 million
people; and 64% of these cases were related to OLE* Since
Polgir’ first described the spinal symptoms associated with
OLF, several groups have proposed the mechanism involved
in the development and progression of OLF*'"; however,
the exact pathomechanism of OLF and the spatial progress
within the spinal canal remains poorly understood, although
the importance of certain genetic and biological factors has
been acknowledged.
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From a histological point of view, the progression of OLF
correlates with enchondral ossification.'? Structurally, path-
ological specimens exhibit an ossification front, including a
calcified cartilage layer, calcification front, and fibrocartilage
layer, between the bone formation and the ligamentous fiber
area.’*'S In our previous study, we reported the abundant
presence of chondrocytes in specimens of patients with large-
sized ossified plaques, such as fused-type (bilateral ossified
plaque fused at midline) or tuberous-type (fused at midline
with anterior growth) OLF on computed tomographic axial
images.® These chondrocytes, especially those around the cal-
cification front, were hypertrophic and secreted growth fac-
tors, such as TGF-B, bone morphologic protein, or vascular
endothelial growth factor, which prohably play a part in the
ossification process in an autocrine/paracrine mechanism.!®
Recent reports have emphasized the impostant roles of sig-
nal pathways in enchondral ossification. The Wnt/B-catenin
signaling plays a key role in enchondral ossification through
the modulation of chondrocyte maturation and hypertrophy
during growth plate development.'”"¥ However, whether this
signaling pathway also plays a role in the process of ossifica-
tion of spinal ligament is still unknown.

Local environmental factors such as abnormal tensile strain
can also contribute to OLE. Examination of surgically resected
samples suggests the facilitating role of mechanical axial over-
load and subsequent increased repetitive tensile strain applied
to the thoracic ligamentum flavum on the ossifying process.”
It has also been suggested that various signaling pathways,
including transforming growth factor-1 (TGF-B1), osteo-
pontin, PGI2/cAMP system, Runx2 and BMP-2, are activated
under mechanical stress.?*?* In this regard, B-catenin signal-
ing, which is involved in the normal physiological response to
loading, has a stimulatory role in cellular mechanotransduc-
tion and its activation enhances the sensitivity of osteoblasts
to mechanical loading.”

This study used cultured ligamentum flavum cells under
cyclic tensile strain to test the hypothesis that the B-catenin
pathway plays a role in mechanotransduction and modula-
tion of chondrocyte and osteoblast differentiation in response
to transcription factors. To test the hypothests, the study
focused on the expression and localization of signals that
modulate the properties of fibroblasts and chondrocytes dur-
ing the process of OLE

PATIENTS AND METHODS

Patient Population

All specimens obtained from 58 patients who presented with
progressive symptoms and signs of myelopathy and radiologi-
cal evidence of OLF and underwent posterior decompression
in our department during a period of 15 years were used for
histopathological and immunohistochemical analyses. Fur-
thermore, specimens from 6 patients were harvested for cell
culture in this study (OLF group; 3 men and 3 women; mean
age at surgery, 71.0 yr; range, 59-84 yr). Samples of nonos-
sified ligamentum flavum (non-OLF group), obtained from
6 patients who underwent thoracic posterior surgical proce-
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dures for fracture (n = 4) and disc herniation (n = 2), were
used as control (4 men and 2 women; mean age, 69.4 yr;
range, 52-81 yr). None of the patients had evidence of con-
genital bone or joint disorders or musculoligamentous tissue
abnormalities. Furthermore, none was positive for rheuma-
toid factor, had hyperparathyroidism, or was being treated
with glucocorticoids.

Cell Culture

The cultured ligamentumn flavum cells were obtained by the
tissue explant method.*? The ligaments were harvested
aseptically during surgery, and the surrounding tissues were
removed carefully under a dissecting microscope. The liga-
ments were extirpated carefully from the nonossified areas to
avoid contamination with osteogenic cells. The ligaments were
minced into approximately 0.5-mm? pieces, the fragments
were washed and explanted onto 100-mm diameter dish
in 10 mL of Dulbecco’s Modified Eagle Medium (DMEM)
{GIBCO 12320, Low Glucose 1X, Lot 561521, Grand Island,
NY) supplemented with 10% fetal bovine serum qualified
(GIBCO, Lot 1395965), 1% penicillin/streptomycin (GIBCO
15140, Lot 667553) at 37°C in a humidified atmosphere of
95% air/S% CO,. The cultures were undisturbed for 48 hours
and then the medium was replaced with an equal volume of
fresh medium. The cells derived from the explants were har-
vested from the dishes with 0.02% ethylenediaminetetraace-
tic acid and 0.05% trypsin for further passages. We used these
fibroblast-like cultured cells in this study at the third passage.
Microscopic examination showed similar morphology of cul-
tured cells in each passage {spindle-like cells). Furthermore,
real-time reverse transcription-polymerase chain reaction
(RT-PCR) showed similar mRNA expression levels of colla-
gen type I and transforming growth factor-81 {TGF-B1) in
cells of the first, second, and third passages (data not shown).
The samples harvested from 6 patients of the non-OLF group
were cultured in a similar fashion.

In Vitro Application of Cyclic Tensile Strain

The cell-stretching device used in this study was a Flexercell
FX-3000 strain unit {Flexercell International, Hillsborough,
NC). The device consists of a computer-controlled vacuum
unit, a flexible bottomed polystyrene culture well plate coated
with type I collagen (Flex I, Bioflex Plates; Flexercell Interna-
tional). The culture plates consisted of 6-well (35-mm diam-
eter) flexible bottomed culture plate with a hydrophilic sur-
face. The application of a vacuum provides a hemispherically
downward deformation force onto the flexible bottom, result-
ing in a nonhomogenous strain profile, with a maximum at
the periphery and a geometric decline toward zero at the cen-
ter of the culture well bottom.?6-% The flexible bottomed cul-
ture plates were placed on the vacuum base plate in the incu-
bator (37°C in 5% CO,). After 3-day cell seeding, the cells
were subjected to cyclic tensile strain. On the basis of previ-
ous studies,?2*5¥ we set the tensile strain at a maximum 20%
elongation. Another reason for the selection was the reported
failure strength of strain of 26% in a study using human spi-
nal ligamentum flavum.*® For this experiment, cultured OLF
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rget Gene
F 5-TCTGAGGACAAGCCACAACATTACA-3’
B-Catenin NM_001904.3 122
R 5'-TGGGCACCAATATCAAGTCCAA-3’
F 5-CACTGGCGCTGCAACAAGA-3!
Runx2 Nm_001024630.3 127
R 5'-CATTCCGGAGCTCAGCAGAATAA-3’
F 5'-ACCAGTACCCGCACTTGCAC-37
Sox9 NM_00346.3 82
R S-CCGCTTCTCCCTCTCGTTCAG-37
F 5'-ACACATATGATGGCCCGAGGTGA-3'
Osteopontin NM_001040058.1 115
R 5-TGTCGAGGTGATGTCCTCGTCTCTAG-3’
£ indicates forward primer; R; reverse primer.

cells were subjected to 10-second cycles of 20% elongation
and 10 seconds of relaxation for 6, 12, or 24 hours. The cells
were observed morphologically, and quantification of mRNA
expression of transcription factors after application of cyclic
tensile strain was performed.

Measurement of Cell Viability

Cell viability of cultured ligamentum flavum cells was exam-
ined by the Live/Dead assay (Cambridge Biosciences, Cam-
bridge, UK) under a confocal microscope (Leica TCS SP2;
Wetzlar, Germany). Ethidium homodimer-1 cannot penetrate
live cells but stains the DNA of dead cells red. Calcein-AM
penetrates live cells where an esterase enzyme cleaves the mol-
ecule, which then fluoresces green, whereas dead cells contain
no esterase. To visualize, the cells were soaked in the Live/
Dead solution for 1 hour. The number of live {green) and dead
(red) cells was counted manually.

RT-PCR Analysis

Real-time RT-PCR was used for semiquantitative analysis
of the relative mRNA expression levels of transcriptional
factors (repeated 3 times for each sample), using 6 cultured
OLF samples and 6 non-OLF samples. The cultured cells
on each plate were disrupted in a lysis buffer containing
B-mercaptoethanol, and the total RNA was purified using
RNAiso Plus (code no. 9108/9109; Takara Biomedicals,
Ohtsu, Japan) and treated with DNase 1 (Takara Biomedi-
cals). Reverse transcription was performed using 1 pg of total
RNA, PrimeScript RT reagent Kit (code no. RRO37A; Takara
Biomedicals), and random primer. Real-time RT-PCR was
performed on SYBR Premix Ex Taq I (code no. RRO81A;
Takara Biomedicals), using 1 wL of the synthesized cDNA
and SYBR Green PCR master mix (PE Applied Biosystems,
Foster City, CA). The primer sequences used in this study
are shown in Table 1. The target genes were amplified and
analyzed in triplicate, using ABI Prism 7000 SDS Software
(Takara Biomedicals). The expression levels of the target
genes were estimated relative to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Quality control studies
confirmed that cyclic tensile strain applied to both the control
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and OLF tissues did not significantly change the expression
level of GAPDH.

Histopathological and Immunohistochemical Staining
The resected OLF plaque together with the surrounding liga-
mentum flavum tissue was bisected midsagittally, followed
by fixation with 10% buffered formaldehyde for 48 hours at
4°C, decalcified for 4 to 7 days at 4°C in 0.5 M ethylenedi-
aminetetraacetic acid, and 0.5 M Tris-HCl buffer at pH 7.6,
and then embedded in paraffin using standard procedures.
Serial 4-pm-thick sagittal sections of the OLF were prepared
for hematoxylin and eosin, safranin O, and elastica van Gies-
son staining.

Immunohistochemical processing was performed as
described previously.'»'6332  After deparaffinization with
xylene, treatment with ethanol, and washing with water,
the intrinsic peroxidase was blocked with 0.3% H,0,-
methano] solution at 20°C for 10 minutes, followed by
washing with phosphate-buffered saline (PBS; pH 7.4).
The sections were irradiated 3 times with PBS for a period
of S minutes, using a microwave oven (500 W, ER-245;
Toshiba, Tokyo). The sections were then reacted with block-
ing solution (PBS containing carrier protein and 15 mM
of sodium azide; LSAB kit, Lot 00075; Dako, Glostrup,
Denmark) at 20°C for 10 minutes. The primary antibodies
used in this study were mouse anti-B-catenin (Lot sc-133240;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal
anti-Runx2 (Lot sc-10758; Santa Cruz Biotechnology), rab-
bit polyclonal anti-Sox9 (Lot DO406; Santa Cruz Biotech-
nology), and goat polyclonal anti-osteopontin {Lot sc-10593;
Santa Cruz Biotechnology). The sections were further reacted
with goat anti-mouse immunoglobulin antibodies conjugated
to peroxidase-labeled dextran polymer (EnVision, peroxidase,
Dako Corp., Carpentaria, CA) for monoclonal antibodies
and with goat anti-rabbit immunoglobulin antibodies (EnVi-
sion+, peroxidase, Dako) for polyclonal antibodies at 20°C
for 45 minutes and rinsed with PBS at pH 7.4. To visualize the
peroxidase color reaction, sections were incubated with DAB-
HCl solution (CB090; Dojin Chemicals, Tokyo, Japan; 50 mg
dissolved in 100 mL of 0.05 M Tris-HCI buffer at pH 7.4) at
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OLF cells 98.3 = 0.60

96.0 + 1.38

954 +1.88 92.4 + 2.35

Non-QOLF cells 97.8 = 0.51

96.2 £ 1.26

94.0 £ 1.15 90.4 £ 290

“Values given are mean £ SD.

OLF indicates ossification of ligamentum flavum,

20°C for 10 minutes. Nuclear counterstaining was carried out
with hemartoxylin.

Statistical Analysis

Data were expressed as mean = SEM. Differences between
groups were examined by the Student # test. A P value of less
than 5% was considered significant.

RESULTS

Cultured Cell Morphology

The cultured ligamentum flavum cells exhibited a fibro-
blast-like, spindle-shaped appearance. The viability of
the attached OLF cells was 92.4% = 2.35% and 90.4%
+ 2.90% in 24-hour cyclic tensile strain and nonstrain
experiments, respectively (Table 2; also see Supplemen-
tary Data 1, Supplementary Digital Content 1, available at:
beep://links.lww.com/BRS/A594). At each time point, the
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viability of stressed OLF cells was not significantly different
from that of non-OLF cells.

Real-Time RT-PCR and Immunohistochemistry of
Cultured Ligamentum Flavum Cells

Figure 1 shows the relative mRNA expression levels in OLF
cells, using real-time RT-PCR analysis. Under no-stress condi-
tion, the mRNA expression levels of B-catenin (Figure 1A),
Runx2 (Figure 1B), Sox9 (Figure 1C), and osteopontin
(Figure 1D) were significantly higher in OLF cells than in non-
OLF cells (see Supplementary Data 2, Supplemental Digital
Content 2, available at: http:/links.lww.com/BRS/AS593).
Application of cyclic tensile strain to OLF samples resulted in
significant increases in mRNA expression levels of B-catenin
and Sox9 at 6 to 12 hours and Runx2 and osteopontin at
24 hours. In the control samples, application of cyclic tensile
strain significantly increased the mRNA expression levels of
Sox9 but not those of B-catenin, Runx2, and osteopontin.

(B) Runx2
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Figure 1. Real-time reverse transcription-polymerase chain reaction analysis of ossification of ligamentum flavum (OLF) (red line) and non-OLF
(blue line) cultured ligament cells. Relative mRNA expression levels of (A) B-catenin, (B) Runx2, (C) Sox9, and (D) osteopontin increased signifi-
canlly alter the application of tensile strain in OLF cells. In control cells, cyclic tensile strain did not change the expression of p-catenin, Runx2,
or osteopontin. *P < 0.05, **P < 0.01, compared with each value at 0 hour.
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Figure 2. immunohistochemical examination showing positively
stained cultured ossification of ligamentum flavum cells. (A), Repre-
sentative case (positive staining for B-catenin). (B), Negative control
scale bar = 100 pm.

Immunohistochemically, cultured ligamentum flavum
cells derived from OLF samples were immunopositive for
B-catenin, Runx2, Sox9, and osteopontin under mechanical
stress (Figure 2A). On the contrary, non-OLF cells showed no
immunoreactivity for B-catenin, Runx2, Sox9, and osteopon-
tin without strain but became positive for Sox9 after tensile
strain application (Figure 2B).

Histopathological and Immunohistochemical Findings
of Paraffin Sections

In non-OLF samples, a thin-layered structure was identified
between the fiber area and the laminar bone, and the elastic
fibers showed uniform arrangement extending into the bony
attachment. In OLF samples, the ossification fronts, including
the fibrocartilage layer, calcification front, and the calcified
cartilage layer, were wider showing significant irregularities

HE

NON-OLF

OLF

Safranin O

with several disruptions. A significant number of chon-
drocytes were present at the ossification front, particularly
around the calcification front. The elastic fibers showed irreg-
ular arrangement and abnormally fragmented elastic fibers of
small diameter (Figure 3).

The hypertrophic chondrocytes present around calcifica-
tion front were immunopositive for Runx2 and osteopontin
but negative for B-catenin and Sox9, and strong immunore-
activity to f-catenin and Sox9 was noted in premature chon-
drocytes in the fibrocartilage area. On the contrary, 3-catenin
and Sox9 expression levels were significant in mesenchymal
cells present around the ossification front, where the ligamen-
tous matrix showed degenerative changes in these patients

- (Figure 4, Table 3).

DISCUSSION

The current study characterized the distribution and expres-
sion levels of various signal transduction factors involved in
the process of ossification of the thoracic ligamentum flavum.
The main findings of our study were as follows: (1) cultured
ligamentum flavum cells from OLF samples overexpressed
B-catenin, Runx2, Sox9, and osteopontin compared with
control non-OLF samples; (2) cyclic tensile strain applied for
24 hours increased the mRNA expression Jevels of 3-catenin,
Runx2, Sox9, and osteopontin in OLF cells, whereas similar
mechanical stress produced negligible changes in the mRNA
expression of B-catenin, Runx2, and osteopontin in non-OLF
cells; and (3) immunoreactivity for B-catenin and Sox9 was
noted in premature chondrocytes, and immunostaining for
Runx2 and osteopontin was strongly positive in hypertrophic
chondrocytes around the calcification front.

Elastlca van Gieson

Figure 3. Histopathological examination showing the presence of a thin-layered structure between the fibers and the laminar bone. The elastic
fibers show uniform arrangement extending to the ligamentous enthesis in non-OLF cells. In the OLF sample, note the wider bundles of elastic
fibers, with significant irregularities and several disruptions. Also note the significant number of chondrocytes at the ossification front, particularly
around the calcification front (scale bar = 100 um). HE indicates hematoxylin-eosin; Non-OLF, nonossiflied ligamentum flavum; OLF, ossification

of ligamentum flavum.
Spine
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Figure 4. Immunchistochemical analysis of B-catenin (A), Runx2 (B), Sox9 (C), and osteopontin (D). The hypertraphic chondrocytes were positive
for Runx2 and osteopontin. The immunoreactivities of B-catenin and Sax3 were strong in premature chondrocytes in the fibrocartilage area. NC

indicates negative control. Scale bar = 100 pm.

Several studies have discussed the possible roles of mechani-
cal, metabolic, genetic, and cellular factors in the development
and progression of OLE At the genetic level, previous studies
identified abnormalities in COL6A2 and COL11A1 genes on
chromosome 6p21 and chromosome 21p22.3, respectively, in
patients with ossification of the spinal ligaments, suggesting
that these genetic abnormalities might explain the diversity of
biological properties in OLF cells.?™* Furthermore, we have
demonstrated, for the first time, the upregulation of B-catenin,
Runx2, S0x9, and osteopontin mRNA levels in cultured OLF
cells. Considered together, these results suggest that cultured
OLF cells have unique cell properties compared with non-
OLF cells and can possibly respond to genetic, environmental,
and/or biological factors in a manner different from that of
non-OLF cells.

The ligamentum flavum is persistently subjected to dis-
traction strain along its longitudinal axis, as well as Jarge
mechanical overload, and such mechanical stress contrib-
utes to the ossification process. In the histopathological
study, elastic fibets displayed irregular arrangement asso-
ciated with the degeneration process compared with the
normal ligamentum flavum with regular arrangement of
elastic fiber bundles.> Previous studies analyzed the degen-
erarive changes by quantifying the decrement in elastic
fibers, increment in collagen fibers, and changes in the
expanding chondrometaplastic areas in the degenerated
ligament.?%3¢ Studies from our group also demonstrated the
disappearance of the normal arrangement of elastic fibers

E644  www.spinejournal.com

after expansion of fibrosis as well as the presence of chon-
drometaplastic areas at the ossification front, especially
in large ossified plaques, such as fused- or tuberous-type
OLF cells.'” We think that these degenerative changes
are followed by the ossification process and mechanical
stress contributes to the Joss of normal ligament arrange-
ment. In addition, previous studies reported that repetitive
distraction strain could change the sensitivity of spinal
ligament cells through the modulation of their osteogenic
properties, such as the expression of osteopontin, result-
ing in initiation and development of ossification.®*3 Qur
results also demonstrated that cyclic tensile strain altered

B-Catenin - + ++ -
Ruinx2 - + + -
Sox9 - - ++ *
Osteopontin - + + -

+++ indicates sirongly positive; +, moderately positive; £, weakly positive;
—, negative staining, semiquantitative analysis conducled according to the
nethod described by Kokubo et al*! and Song et al.*?
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the upregulation of signaling and transcriptional factors
secreted by cultured OLF cells.

The progression of OLF correlates with enchondral ossifi-
cation, which is also an important process in the development
of the growth plate. During enchondral ossification, regu-
lation of chondrocyte differentiation is the most important
factor for osteoblast differentiation and maturation under
the influence of growth and transcriptional factors.'** The
Wnt/B-catenin signaling regulates chondrocyte phenotype,
matutation, and function in a developmentally regulated
manner, and the regulated action of this pathway is critical
for growth plate organization, cartilage boundary definition,
and enchondral ossification.’?%% Upregulation of this signal-
ing pathway could accelerate chondrocyte maturation, which
regulates the initiation of chondrocyte hypertrophy and also
controls the final maturation of hypertrophic chondrocytes,
suggesting cooperation with Runx2, Sox9, and/or other tran-
scriptional factors.“'* Using an animal model, Yuasa et al'®

reported that transient activation of the Wnt/B-catenin signal-

ing pathway induces abnormal closure of the growth plate
and thickening of the articular cartilage. Considered together,
our results suggest that cyclic tensile strain induces overex-
pression of B-catenin signaling, resulting in upregulation of
transcriptional factors, growth factors, and/or cytokines, dur-
ing the enchondral ossification process in OLE

In conclusion, chondrocyte differentiation leading to
enchondral ossification in OLF is regulated by signal trans-
duction, such as B-catenin, and transcriptional factors. These
factors were overexpressed in cultured OLF cells, suggesting
genetic control of this process. The mRNA expression levels
of transcriptional factors and B-catenin signaling were higher
under mechanical stress, indicating that transient activation
of B-catenin signaling is an important process in the ossifi-
cation process in OLE Although the duration of the c¢yclic
tensile stress applied to cultured cells is shorter than that in
the in vivo environment, we think that such stress is an impor-
tant factor in the initiation of the ossification process. Fur-
ther studies are needed to investigate the relationship between
mechanical force and the expression of various signal trans-
ductions in OLE

This study has certain limitations. We conducted studies of
the cellular responses in cultured cells maintained 2 vitro, and
the findings cannot be extrapolated with certainty to human
where cells are surrounded by the extra-cellular matrix. Fur-
thermore, although the duration of the cyclic tensile strain
applied to cultured cells was shorter than that i vivo, we
think that such strain is an important factor in the initia-
tion of the ossification process. Further studies are needed to
investigate the relationship between mechanical force and the
expression of various signal transduction factors in OLE

In conclusion, chondrocyte differentiation with subse-
quent enchondral ossification in OLF is regulated by the
expression of signal transduction and/or transcriptional fac-
tors. The mRNA expression levels of transcriptional factors
and B-catenin signaling were higher under mechanical stress,
indicating that transient activation of B-catenin signaling is an
important process in the OLF ossification process.

Spine

> Key Points

Q) In OLF samples, the ossification front contained
numerous chondrocytes and abnormally arranged
elastic fiber bundles.

0O OLF samples contained premature chondrocytes im-
munostained for B-catenin and Soxg, whereas hyper-
trophic chondrocytes around the calcification front
immunostained strongly for Runx2 and osteopontin.

0 Cultured ligamentum flavum cells derived from surgi-
cal specimens of patients with OLF expressed high
levels of B-catenin, Runxz, Soxg, and osteopontin
mRNAs, compared with non-OLF samples.

0 Cyclic tensile strain applied for 24 hours to cultured
cells upregulated the expression levels of $-catenin,
Runxz, Soxg, and osteopontin in OLF cells but had
little effect on B-catenin, Runx2 and osteopontin
mMRNAs in non-OLF cells.

Supplemental digital contents are available for this article.
Direct URL citations appear in the printed text and are pro-
vided in the HTML and PDF versions of this article on the
journal’s Web site (www. spinejournal.org).
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Abstract We determined quantitative and qualitative altera-
tions in lipids during the occurrence and progression of spinal
cord injury (SCI) in rats to identify potential clinical indicators
of SCI pathology. Imaging mass spectrometry (IMS) was used
to visualize twelve molecular species of phosphatidylcholine
(PC) on thin slices of spinal cord with SCI. In addition, twelve
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species of phospholipids and five species of prostaglandins
(PGs) were quantified by liquid chromatography—electrospray
ionization—tandem mass spectrometry (LC-ESI-MS/MS) of
lipid extracts from control/injured spinal cords. Unique distri-
bution patterns were observed for phospholipids with different
fatty acid compositions, and distinct dynamic changes were
seen in both their amounts and their distributions in tissue as
tissue damage resulting from SCI progressed. In particular,
PCs containing docosahexaenoic acid localized to the large
nucleus in the anterior horn region at one day post-SCI and
rapidly decreased thereafter. In contrast, PCs containing
arachidonic acid (AA-PCs) were normally found in the pos-
terior horn region and were intensely and temporarily elevated
one week after SCI. Lysophosphatidylcholines (LPCs) also
increased at the same SCI stage and in regions with elevated
AA-PCs, indicating the release of AA and the production of
PGs. Moreover, LC-ESI-MS/MS analysis of lipid extracts
from the spinal cord tissue at the impact site demonstrated a
peak in PGE2 that reflected the elevation/reduction pattern of
AA-PCs and LPC. Although further investigation is required,
we suggest that invasive immune cells that penetrated from
the impaired blood-brain barrier at 1-2 weeks post-SCI may
have produced LPCs, released AA from AA-PCs, and pro-
duced PGs in SCI tissue at sites enriched in AA-PCs/LPC.

Keywords Imaging mass spectrometry - LC-ESI-MS/MS -
Phospholipids - Prostaglandins - Spinal cord injury
Introduction

Lipids are the most common biomolecules found in the central
nervous system (CNS), including the spinal cord, and comprise

up to half its dry weight [1]. Diverse types of lipids play
fundamental roles in cellular functions of the CNS, particularly
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in regulating the physical properties of cellular membranes
[1-5] and in transmitting signals via the production of bioac-
tive lipids such as prostaglandins (PGs) [1, 6, 7]. Alterations in
lipid metabolism may play an important role in neurological
disorders and CNS injury. Indeed, levels of several lipids are
strongly correlated with the occurrence and progression of
tissue disorganization due to spinal cord injury (SCI), which
results from an initial trauma followed by a degenerative
process. Severe inflammation found in injured spinal cord
[8, 9] was associated with bioactive lipids, including PGs
produced by invasive immune cells. Similarly, elevated levels
of the lysophospholipid group in SCI were also observed
[10, 11], highlighting the importance of lipid dynamics in
tissue inflammation [10-13].

Lipid research has traditionally focused on the biochemical
quantification of lipids in fluid samples of cellular or tissue
extracts to elucidate numerous physiologically important roles
of lipids. However, the emerging lipid molecular imaging
technology, imaging mass spectrometry (IMS) allows spatially
resolved imaging of lipids, and provides qualitative informa-
tion on lipid distribution in situ [14]. Furthermore, the integra-
tion of quantitative techniques [e.g., liquid chromatography or
gas chromatography coupled to MS or tandem mass spectrom-
etry (MS/MS)] with qualitative methods such as IMS provides
researchers with the tools needed to quantify the amount of
lipid molecules produced by specific cells in situ.

In particular, IMS incorporating matrix-assisted laser de-
sorption/ionization (MALDI) is a powerful and practical tool
in lipid research [10, 14—17]. The unique advantages of IMS
include the following: (i) simultaneous detection of multiple
lipids in the same specimen, which has shown that slight
structural differences in lipid molecules produce a heteroge-
neous distribution pattern in biological tissues [13, 14,
18-20]; (ii) application to a wide range of analytes [21],
ranging from small and simple to large and more complex
lipids such as glycolipids with complex oligosaccharide moi-
eties [22, 23]; (iii) a simple and fast protocol [17]. In fact,
using SCI model rats, a recent study by Cooks’ group found
that specific lipid species accumulated in the lesion epicenter
and adjacent areas after SCI [13].

The introduction of IMS into classical lipid research is a
frontier issue because, both qualitative and quantitative
analyses are necessary in medical/biological research in order
to understand complex biological phenomena and their regu-
lation (i.e., the regulation of local concentrations of biomole-
cules in subcellular organelles up to the tissue substructure
level). RNAs are routinely localized using in situ hybridization
and quantitative real-time PCR with oligonucleotide probes,
whereas proteins are localized by immunostaining methods
and quantified by western blotting with antibodies. In this
context, we and other groups have integrated MALDI-IMS
with liquid chromatography—electrospray ionization—MS/MS
(LC-ESI-MS/MS) in order to identify specific tissue regions or
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the cellular production of specific lipids in situ [18, 24].
However, given the complex nature of biological tissue
samples that have not been subjected to analyte purification,
numerous competing endogenous ion peaks are present in each
spectrum acquired by MALDI-IMS. Both LC-resolved lipid
identification (based on MS/MS scanning data) [26] and
quantification data (based on multiple reaction monitoring
[MRM] data) [25, 27] can enhance the data obtained by IMS.

Therefore, an improved understanding of the molecular
mechanism of lipid pathophysiology involved in SCI may be
achieved through the integrated use of qualitative and quantita-
tive lipid analyses, which may also lead to the discovery of
efficient therapies. The aim of the present study was to quanti-
tatively and qualitatively examine alterations in lipids during the
occurrence and progression of SCI in order to identify potential
clinical indicators that may be used to evaluate SCI pathology.

Materials and methods
Chemicals

Methanol, potassium acetate, and ultrapure water were pur-
chased from Wako Chemicals (Osaka, Japan). Calibration-
standard peptide and 2,5-dihydroxybenzoic acid (DHB) were
purchased from Bruker Daltonics (Leipzig, Germany), and
9-aminoacridine was purchased from Acronics (Pittsburgh,
PA, USA). All of the chemicals used in this study were of the
highest purity available.

Abbreviations for glycerophospholipids

The structures of the side chains of gycerophospholipid spe-
cies with one or two radyl side chains are indicated within
parentheses in the “headgroup(coupling scheme/snl/sn2)”
format [e.g., PC(diacyl-16:0/18:1)].

Animals

All experiments were performed according to the guidelines
for animal experimentation and the care and use of laboratory
animals established by Nagoya University School. Nine-week-
old Sprague—Dawley rats (190-210 g) were used in this study.

Generation of SCI rats

All rats were deeply anesthetized with 25 mg/kg pentobarbital
sodium. Laminectomy was performed at the ninth and tenth
thoracic (T10) levels, and contusion injury of the spinal cord
was introduced at level T10 using the Infinite Horizon impactor
(TH impactor, 200 kdyn; Precision Systems and Instrumentation,
Lexington, NY, USA). After contusion injury, the laminectomy
was closed by suturing the muscle with nylon, followed by the
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use of wound clips to close the skin incision site. Rats with SCI
at the site of injury were sacrificed 12 h (hours); 1 d (day); or 1,
2, or 8 w (weeks) post-SCIL.

Tissue preparation

Rats were anesthetized with 25 mg/kg pentobarbital sodium
and sacrificed by transcardial perfusion with cold PBS, and the
spinal cords of rats with SCI were extracted (approximately
2 cm in length around the SCI). Similarly, the spinal cords of
rats without SCI were also extracted (approximately 2 cm in
length around the T10-level cord). Immediately after dissec-
tion, the spinal cords were flash frozen in dry ice and stored in a
deep freezer at —80 °C. Spinal cord tissues were divided into
four sections of thickness 5 mm from the proximal to the distal
side of the SCIT site.

Overall experimental procedure

An outline of the experimental procedure employing MALDI-
IMS and LC-ESI-MS/MS to analyze alterations in the lipids in
the spinal cords of rats with SCI is shown inFig. S1 of the
“Electronic supplementary material” (ESM) . Dissected rat
spinal cords with/without SCI treatment were sectioned into
four tissue blocks (from the proximal to the distal side) and
stored at —80 °C until further use. For IMS, each frozen block
was thinly sliced in a cryo-chamber, and the residual blocks
were used for LC-ESI-MS/MS. Spatial alterations of lipids
between different tissue locations and time points after SCI
were explored by IMS. The relative abundance of phospholi-
pids and the absolute abundance of PGs in lipid extracts from
tissue blocks were quantified by LC-ESI-MS/MS.

IMS sample preparation

The 5 mm tissue sections were sliced to a thickness of 8§ um
with a cryostat (CM1950; Leica, Wetzler, Germany), placed
directly onto MALDI plate inserts, and stored at 20 °C until
matrix application and subsequent IMS analysis.

Spray coating of the matrix solution for IMS

A DHB solution (40 mg/mL DHB, 20 mM potassium acetate,
70% MetOH, and 0.1% TFA) was used as the matrix solution
to image phosphatidylcholine (PC). The matrix solution
(approximately 100 pL) was sprayed over the tissue surface
using a 0.2 mm nozzle caliber airbrush (Procon Boy FWA
Platinum; Mr. Hobby, Tokyo, Japan). Tissue sections for
comparison were simultaneously spray coated with each
matrix solution to equalize analyte the extraction and co-
crystallization conditions. The distance between the nozzle
tip and the tissue surface was 10 cm, and the spraying period
was fixed at 5 min.

IMS conditions

Single MS imaging was performed using a MALDI TOF/TOF-

type instrument (Ultraflex 2 TOF/TOF; Bruker Daltonics)

equipped with a 355 nm Nd: YAG laser. The data were acquired
in the positive reflectron mode under an accelerating potential
of 20 kV using an external calibration method. Signals between
m/z 400 and 1,000 were collected. Raster scans on tissue
surfaces were performed automatically using the FlexControl
and FlexImaging 2.0 software (Bruker Daltonics). The number
of laser irradiations was 200 shots at each spot. Image recon-
struction was performed with the FlexImaging 2.0 software.

LC-ESI-MS/MS

ESI-MS/MS analysis was performed using a 4000Q-TRAP
quadrupole linear ion trap hybrid mass spectrometer (Applied
Biosystems/MDS Sciex, Concord, ON, Canada) with an Acq-
uity Ultra Performance LC (Waters, Milford, MA, USA). A
chromatographic method was developed using an Acquity
UPLCTM BEH C18 column (2.1 x50 mm i.d., 1.7 um par-
ticles) fitted with an identically packed guard column (2.1x
5 mm; Waters). The column oven was maintained at 40 °C. A
gradient elution with mobile phase A [acetonitrile:methanol:
water, 19:19:2 (v/v/v) containing 0.1% formic acid and
0.028% ammonia] and mobile phase B (isopropanol, 0.1%
formic acid, and 0.028% ammonia) was used at a flow rate of
0.4 mL/min: 0-~10 min: 5% B — 5% B; 10-15min: 5% B —
50% B; 15-20 min: 50% B — 5% B; and 20-25 min: 5% B.

Quantification of PGs

PGs in the spinal cords were quantified as described by the
method of Kita et al. [28]. Briefly, the triple quadrupole mass
spectrometer equipped with an ESI ion source (4000-Qtrap)
was operated in negative ESI and MRM mode. For accurate
quantification, an internal standard method was used that
employed a mixture of deuterium-labeled PG as an internal
standard.

Results and discussion

Characteristic distribution of PC molecular species
in normal spinal cords

IMS analysis of the spinal cord tissue of all rats revealed
characteristic PC distribution pattems that depended on fatty
acid composition, which reflected the heterogeneous membrane
lipid compositions of distinct cell types. As shown in Fig. 1a,
phospholipids in normal spinal cord sections were examined by
MALDI-IMS in the positive ion detection mode. As a result,
approximately 150 mass peaks in the mass range of 700<m/z<
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900 were detected. Among these peaks, 14 intense mass peaks
were assigned to abundant PC molecular species based on their
masses and previously reported data [12]. Subsequently,
LC-ESI-MS/MS was employed in MRM mode to quantify the
relative composition of the 14 PC molecular species in the
spinal cord block by monitoring ion transitions from intact PC
ions to a fragment ion of m/z 184, which is a PC head group
ion (Fig. 1b). As can be seen from Fig. 1a and 1b, the relative
abundance of each PC molecular species is in good agreement
with the relative peak/height ratio observed in MALDI-IMS
spectra. In addition, trace amounts of lysophosphatidylcholine
(LPC) species were detected, and their relative abundances are
shown (Fig. 1b, inset).

The tissue distributions of the twelve major PC molecular
species in the spinal cord section were subsequently visualized
(Fig. 2). The most abundant molecular PC species (diacyl-
16:0/18:1) was uniformly distributed across the entire gray
matter region of the spinal cord. However, the specific fatty
acid compositions of some other species resulted in unique
localization features. In particular, with the exception of the

@ Springer

Fig. 1a-b Characterization of
primary PC molecular species a MALDI-MS speCtra PC(diacyl-16:0118:1)
in normal rat spinal cord. a A
representative mass spectrum
obtained from an entire normal
spinal cord section by IMS. In
the spectrum, intense mass
peaks corresponding to ten = . g
abundant PCs were assigned g = s
based on their masses and Q 3 &
previously reported data. b £ < '§ . ..
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(16:0/18:1) species, PCs with oleic acid (18:1), i.e., PC
(diacyl-18:0/18:1) and PC(diacyl-18:1/18:1), were frequently
localized in the white matter region. Similarly, previous stud-
ies have shown that oleic acid-containing PCs are enriched in
the myelin sheath structure of the CNS [16, 29, 30]. Moreover,
3-docosahexaenoic acid (DHA)-containing species, i.e., PC
(diacyl-16:0/22:6), PC(diacyl-18:0/22:6), and PC(diacyl-
18:1/22:6), were frequently localized to gray matter regions.
In particular, the close-up distribution of PC(diacyl-16:0/
22:6), this PC molecular specie enriched in a region of the large
nucleus of motor neurons of the anterior horn, indicated that
this DHA-PC was selectively produced by the motor neurons
and composed their cellular membrane (Fig. 2a, b; arrowheads).

Irreversible reductions in DHA-containing PCs at one day
after SCI

Spatiotemporal changes in PCs were examined by generating
relative-abundance maps on the tissue sections at different
SCI stages and proximal/distal positions. Analyses were
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Fig. 2a-b Differential
distribution of PC molecular
species in a normal spinal cord
section. An optical image of
H&E-stained rat spinal cord
section and ion images of PCs
obtained from the same section
by IMS are shown. Ton images
of PCs are arranged according
to their fatty acid (FA)
compositions; PCs with identi-
cal FA compositions at the sn-1
position are arranged length-
wise, while those with identical
FA compositions at the sn-2
position are arranged horizon-
tally. The specific fatty acid
composition is associated with
several unique localization
features. * Possible contamina-
tion of the PC(diacyl-18:0/20:4)
signal at m/z 848 with sodiated
species of galactosylceramide
(d18:1/h24:1). a, b Detailed
distribution of
PC(diacyl-16:0/22:6), a PC
molecular species enriched in a
region of the large nucleus in
the anterior horn. The
arrowheads indicates anterior
horn cells

m/z772

performed on 24 sections from sham-operated and injured
groups during a period of 12 h to 8 weeks post-SCI (n=3 for
each group). A total of four different cross-sections located
from the proximal to the distal side, including the impact site,
were assessed. As a result, we found both temporal and
irreversible alterations in distinct PC molecular species, par-
ticularly for those containing polyunsaturated fatty acids

16:0

m/z2826

)

PC (diacyl-18:0/ )

(PUFAS), i.e., arachidonic acid (AA)- and DHA-containing
PCs. Furthermore, PCs containing the same PUFA
showed similar alteration patterns. We additionally note
that the IMS results from sham-operated samples, which
had been laminectomized, indicated no significant alteration
in PC content except for LPC(16:0) (see Fig. S2 of the
ESM).
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Fig. 3 DHA-containing PCs SE
exhibited impact site-specific D H A—CO n t& inn g pCS
irreversible reductions from
1 day to 8 weeks post-SCI. The m/z 844, PC (diacyl-16:0/22:6)

IMS results for DHA-

containing PCs, i.e., Proximal <— i Impaction —> Distal
PC(diacyl-16:0/22:6) and PC
(diacyl-18:0/22:6), are detailed. Normal
In particular, the 24 ion images
for each DHA-PC from sections
of normal (sham-operated)

and SClI-treated samples at five
different time points are
shown. The distribution of
DHA-PCs was unaltered at 12 h
post-SCI in comparison with
the control. The primary reduc-
tion was observed around the
central canal and gray commis-
sure region to a severe extent at
1 d post-SCI, whereas the
decreases at the anterior and
posterior horns were moderate
(arrowheads). However, at

1 week post-SCI, DHA-PCs
were also lost from these tissue
regions, and these reductions
evolved at later time points and
the DHA-PCs had almost
disappeared by 8 weeks
post-SCI

20 i

m/z 872, PC (diacyl-18:0/22:6)

Proximal € Impaction > Distal

Normal
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Fig. 4 Temporary elevations in
AA-containing PCs after SCI.
The IMS results for the
AA-containing PCs, i.e., PC
(diacyl-16:0/20:4) and PC
(diacyl-18:0/20:4), are detailed.
In particular, 24 ion images for
each AA-PC from sections of
normal (sham-operated) and
SCl-treated samples at five
different time points are shown.
As shown in the red square,
both AA-PCs showed intense
increases at the impact site by
1 week post-SCI, while lower
or almost no alterations were
found at other tissue locations.
The elevations were observed
as temporary events and had
resolved by 8 weeks post-SCI

m/z 820, PC (diacyl-16:0/20:4)

Normal

Proximal <

LN

m/z 848, PC (diacyl-18:0/20:4)

Proximal

Normal
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