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Abstract

Obijectives: The main objective of this study was to establish a mouse model of spinal
ligament ossification to simulate the chronic spinal cord compression observed in
patients with ossification of the posterior longitudinal ligament (OPLL). The study also
aimed to examine the mice's neurobiological, radiological, and pathological changes.
Methods: In the previous study, a genetically modified mouse strain was created
using Crispr-Cas9 technology, namely, Enpp1/°*/f°*/E|ig-Cre (C57/B6 background), to
establish the OPLL model. Wild-type (WT) mice without compression were used as
controls. Functional deficits were evaluated through motor score assessment, inclined
plate testing, and gait analysis. The extent of compression was determined using CT
imaging. Hematoxylin and eosin staining, luxol fast blue staining, TUNEL assay, immu-
nofluorescence staining, qPCR, and Western blotting were performed to evaluate
levels of apoptosis, inflammation, vascularization, and demyelination in the study.
Results: The results demonstrated a gradual deterioration of compression in the
Enpp17°/foX/E||a-Cre mice group as they aged. The progression rate was more rapid
between 12 and 20 weeks, followed by a gradual stabilization between 20 and
28 weeks. The scores for spinal cord function and strength, assessed using the Basso
Mouse Scale and inclined plate test, showed a significant decline. Gait analysis

revealed a noticeable reduction in fore and hind stride lengths, stride width, and toe
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1 | INTRODUCTION

Ossification of the posterior longitudinal ligament (OPLL) is a preva-
lent degenerative disease characterized by progressive ossification.
Without timely and effective treatment, the compression of the spinal
cord by ossified tissue can result in chronic spinal cord injury and sub-
sequent limb paralysis. At present, there is no effective treatment
other than surgery for OPLL.1™3 Mechanical compression of the spinal
cord can lead to reduced activity in neuronal cells, demyelination of
axons, damage to nerve tissue, decreased protein synthesis, and even
neuronal death.*® Nevertheless, the mechanisms responsible for
these pathological changes remain unclear, partly because it is difficult
to estimate the changes in human and animal experiments, as well as
the scarcity of suitable animal models for studying long-term
compression-induced progressive spinal cord injury.”

Previous studies have employed various animal models to simu-
late chronic spinal cord compression, such as tumor cells, screws,
dilated sacs, and hydrophilic polymers.8=** During the initial stages of
spinal cord compression research, tumor cell transplantation emerged
as a frequently employed technique. Additionally, the gradual tighten-
ing of screws, including titanium screws and root canal screws, was
utilized to induce spinal cord compression. An alternative technique
for inducing spinal cord compression involves the insertion of a dilata-
tion balloon into the epidural or subarachnoid space using a catheter.
In recent years, hydrophilic swelling polymers have gained traction as
a means to replicate progressive spinal cord compression.t?
Researchers have recently used the tip-toe Walking Yoshimura
(twy/twy) mouse, a unique animal that presents with spontaneous spi-
nal cord compression, providing a good in vivo model of chronic cervi-
cal spondylosis. The twy mice develop progressive spinal cord
dysfunction secondary to C2-3 epidural calcific deposits, leading to
compression of the cervical spinal cord. OPLL-induced neuropathies
in twy/twy mice, including paralysis and spasticity, are similar to those
observed in humans, and OPLL-induced chronic spinal cord injury is
simulated.’® However, obtaining twy mice is challenging and may
have limited availability. Multiple incisions and sutures cause wound

infection and increase mortality, and tumor models may have irregular

spread. Chronic spinal cord compression resulted in neuronal damage and activated
astrocytes and microglia in the gray matter and anterior horn. Progressive posterior
cervical compression impeded blood supply, leading to inflammation and Fas-
mediated neuronal apoptosis. The activation of Bcl2 and Caspase 3 was associated
with the development of progressive neurological deficits (p < 0.05).

Conclusions: The study presents a validated model of chronic spinal cord compres-

sion, enabling researchers to explore clinically relevant therapeutic approaches

apoptosis, chronic spinal cord injury, motor function, myelopathy, OPLL, pathophysiological

shapes, resulting in varying degrees of compression and poor repro-
ducibility. Most of the spinal cord compressions in the models are
short-term and do not adequately simulate the situation in which cer-
vical spondylotic myelopathy (CSM) or OPLL results in chronic spinal
cord compressions.**° Spinal cord compression in animal models pri-
marily occurs dorsally, whereas in cases of OPLL, the compression
predominantly affects the ventral side.

Based on our previous studies, we developed Enpp1M/foX/E|iq-
Cre mice, which were obtained by crossing Enpp1 <+ mice created
using gene editing technology with Ella-Cre tool mice. The mice
exhibited ectopic ossification of spinal ligaments within the spinal
canal, leading to chronic compression of the ventral spinal cord. This
study aimed to develop a reliable model of chronic spinal cord injury,
allowing for the identification of potential therapeutic interventions
to enhance spinal cord function in individuals with OPLL.

2 | MATERIALS AND METHODS

2.1 | Animals and diet

By employing CRISPR-Cas9 technology, we successfully introduced a
stop codon at position 568 in the Enppl gene, generating Enpp1°
flox/Ella-Cre mice (Figure S1A). The Enppl gene produces diphosphate
(ppi) and a nucleotide pyrophosphatase, which are important for bone
mineralization and soft tissue calcification by regulating pyrophos-
phate levels, while ppi inhibits bone mineralization and soft tissue cal-
cification by binding to nascent hydroxyapatite crystals, preventing
further growth of these crystals. The loss of Enpp1 expression results
in ectopic ossification of the spine. Ella-Cre mice carry a Cre trans-
gene under the control of the adenoviral Ella promoter, which targets
the expression of Cre recombinase to the early mouse embryo and is
useful for the deletion of loxP-flanked genes in the germline. Cre-
mediated recombination occurs in a wide range of tissues, including
the germ cells that transmit the genetic alteration to progeny. In gen-
eral, there were 48 mice in the three groups of Enpp1 /o /Ejla-Cre
(12, 20, and 28 weeks) and WT group (28 weeks), and 12 mice were
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needed in each group. For each group, six tissues requiring parafor-
maldehyde perfusion after sacrifice (4 were randomly selected for CT
scanning) were further histologically verified. RNA and protein of the
spinal cord were extracted from the remaining six mice in fresh tissue
samples and perfused with frozen PBS for the RT-gPCR and WB anal-
ysis. Among them, nine Enpp1 /f%/Ellg-Cre and nine WT mice, all of
the same age, were subjected to behavioral observation during
28 weeks of feeding.

Our previous studies have confirmed that Enpp1*f°%/Ejla-Cre
mice exhibit ectopic spine ossification. For the experiments con-
ducted, only male mice were utilized due to the need to breed enough
female mice to obtain the desired genotypes. Mice were weaned at
3-4 weeks of age and kept on a standard laboratory diet. Behavioral
experiments were conducted under a 12-h light and 12-h dark cycle.
In this study, we utilized Enpp17/f*/E|la-Cre mice (each group,
n = 12) and WT mice (n = 12) as control groups based on previous
study and published literature.?® All experimental procedures were
approved by the Institutional Animal Care and Use Committee of Sun
Yat-Sen University (No. 2020000147).

2.2 | Neurobehavioral testing

The flowchart is shown in Figure 1A. At 12, 20, and 28 weeks, we
examined locomotor function in Enpp1™f°/Ella-Cre mice and WT
mice. In this study, the Basso Mouse Scale (BMS) scoring tools were
used (Table S1). An assessment was conducted by trained, blinded
investigators, and a consistency score was calculated. The BMS is a
sensitive, valid, and reliable tool for measuring motor function in mice
with spinal cord injuries. Depending on the position of the mouse's
paws and the instability of its trunk, a 10-point scale (0-9 points) was
used to assess the degree of instability, supplemented with a BMS
scoring form as detailed in Table $1.2” In general, a score of 9 indicates
normal movement and a score of O indicates complete paralysis of the
hindlimbs.

2.3 | Assessment of locomotor function

Inclined plane test: Animals were placed individually on a 28 x 30 cm
plate covered with a grooved rubber surface, and their ability to main-
tain body position was evaluated as the plates were gradually raised
to increasing angles. As the tilt angle increased toward the vertical
position, the animal could no longer maintain stability. We assigned a
score based on the maximum angle of inclination at which an animal
was able to maintain a stable body position for 5 s.

Footprint analysis: A walking track footprint analysis was con-
ducted using the method described by de Medinaceli et al. with modi-
fications.*® In both the front and hind paws of the animals, nontoxic
dyes were applied. As the mice walked from a brightly lit start frame
to a dark box with food baits at the end of the box, they passed

through a narrow wooden board measuring approximately 0.5 m in
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length and 10 cm in width. The footprints were scanned and digitized
by measuring the images. Toe extension was measured as the dis-
tance between the first and fifth toes of the forepaw, and interarm
coordination was measured as the distance between the ipsilateral
forepaw (pad center) and hindpaw (pad center). Three mice from each
group underwent BMS and inclined plane tests at 12, 20, and
28 weeks, while another set of nine from each group underwent foot-

print analysis at the same time points.

24 | Micro-CT analyses

Micro-CT analysis (SCANCO MEDICAL, uCT100 Bassersdorf) was
performed, scan energy intensity 70 KVP, 200 pA; filter tablet 0.5 Al;
CT values corrected to 1200 mgHA/cm; image matrix 3072 x 3072;
FOV 75 mm, resolution 24.5 um. Sampletim (exposure time) 300 ms.
Software, including CTVol v.2.2.1, CTAn v.1.18.4.0 (Bruker, Kontich,
Belgium), and ImageJ v1.53e (Media Cybernetics, Inc., Rockville, MD),
was used to analyze the reconstructed images. For CT evaluations,
each mouse had its minimum diameter measured four times on differ-
ent sections near the sagittal axis at approximately the mid-horizontal
position. Concurrently, the transverse sections of the cervical spine
were horizontally divided into four equal segments, with the measure-
ment of the minimal area conducted and recorded for subsequent sta-
tistical analysis.

2.5 | Tissue processing

To determine the degree of spinal canal compression and heterotopic
ossification of the spine in mice, we sacrificed the mice by deep anes-
thesia after completing all the observation trials, and the scanning was
performed after formaldehyde systemic perfusion to fix the tissue
samples. Sacrificed Enpp1™/f°/E|la-Cre mice starting at 12 weeks of
age and subsequently every 8 weeks until reaching 28 weeks of age,
While the WT group collected data at the corresponding time points
and sacrificed at 28 weeks. The animals were administered an over-
dose of isoflurane inhalant.

For tissue preparation, transcardial perfusion and fixed with 4%
paraformaldehyde (PFA, Biosharp) overnight. After washing with PBS
(Solarbio) for three times (20 min each). Then decalcify with 12.5%
EDTA decalcification solution (Leagene Biotechnology) for 1-2 weeks,
with a solution change every 2 days until decalcification was com-
plete. After washing with PBS buffer, specimens were incubated in
PBS solution containing 30% (w/v) sucrose (Biofroxx) for 24 h. We
used standard sectioning techniques, ensuring that for sagittal sec-
tions, the cut was made in the central position of the spine to obtain a
comprehensive view of the anatomy. The sampling of axial sections
was based on the CT evaluation of the characteristics of the vertebral
body, Both Enpp1/f°X/E|lg-Cre and WT mice at 28 weeks were
selected for histological sections. Because Enpp1™°/°*/E|la-Cre mice

were found to be most severely compressed at T1 level, the
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performed on the same group of mice (9 Enpp17/f°*/Ella-Cre and 9 WT
determined by BMS scores. Hindlimb function was scored from O to 9 (fl

Functional assessment reveals impaired motor in Enpp17©/f°%/E|lg-Cre mice compared to the WT group. Behavioral tests were

) over different time points. (A) Experimental design. (B) Walking ability as
accid paralysis to normal gait). (C) Animals were tested using the inclined

plane test, and the angle (°) was recorded to reveal motor function recovery for week 12, week 20, and week 28. (D) Raw data from animals on
the walkway in real color. (E) The step length and step width of Enpp1™°/f*/E|la-Cre mice were significantly unbalanced, and the Toe spread was
significantly reduced compared with WT. Differences were greater at 20 weeks. Data are expressed as mean + SD. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, Enpp 1o/ /E[1a-Cre versus WT group.

corresponding segments were also selected for wt to ensure consis-
tency of comparison. We performed a systematic analysis of all slices
to ensure that our findings were reliable and reproducible. Finally, the
specimens were embedded in the optimum cutting temperature (O.C.
T, SAKURA) compound, and frozen sections were then sliced to a
thickness of 10 mm.

2.6 | RNA extraction and quantitative real-time
polymerase chain reaction (qQRT-PCR)

After receiving an overdose of inhaled isoflurane, the animals were pre-
pared for transcardial perfusion with phosphate-buffered saline (PBS,

pH 7.4) followed by spinal cord dissection. We obtained fresh samples
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from the cervical and thoracic segments of the spinal cord for dissection,
which we used to isolate tissue and extract RNA at the most severely
compressed part. The RNeasy Animal RNA Extraction Kit (Beyotime)
was used for RNA extraction. Spinal cord tissue was rapidly minced on
ice and lysed, and cDNA was synthesized using the Primescript RT Mas-
ter Mix (perfect real-time) cDNA Synthesis Kit (Takara Biomedical Tech-
nology, Beijing, CHN). PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, USA) was used for gRT-PCR (Bio-Rad). Each reaction mixture
was 10 pl and contained 2 pl of 5 ng/pl ¢cDNA, 5 pl of 2x PowerUp
SYBR Green Master Mix, 2 pl of nuclease-free water, and 0.5 pl each of
10 uM forward and reverse primers. The following thermocycler condi-
tions were used: 50°C for 2 min; 95°C for 2 min; and 44 cycles of 15 s
at 95°C and 1 min at 60°C. The specific primers used in this study were
designed using Primer 6.0 software (Applied Biosystems) (Table S2). The

data were analyzed using the 2722t algorithm.

2.7 | Efficient protein extraction methods for
western blot analysis

For spinal cord protein analysis, the principle of selecting tissue sites is
consistent with the method in Section 2.6. Place the dounce grinder on
ice that has been pre-cooled, wash the spinal cord three times with cold
PBS, and then shred it before placing it in the desired location. In the
presence of 1% HaltTM protease inhibitor cocktail (Thermo Fisher Scien-
tific) and 1% PMSF (Boster), the tissues were lysed using RIPA lysis
buffer (Boster and subjected to 30 s of ultrasound treatment; Sonics
CVX130). After centrifugation at 12000g at 4°C for 10 min, the protein
was separated. The protein extract was resolved using NUPAGE 4%-
12% Bis-Tris gel (Invitrogen), and subsequently transferred onto a PVDF
membrane (Invitrogen) through electroblotting. Following a water rinse,
the membrane was sealed at room temperature with 5% skimmed milk
powder in TBST (Biosharp) under continuous stirring for 1 h. Subsequent
to membrane sealing, the PVDF membrane was incubated with the fol-
lowing primary antibodies, appropriately diluted in TBST, at 4°C: anti-
ARG1 (1:1000, AF1381, Beyotime), anti-MRC1 (1:1000, AF7500, Beyo-
time), anti-NeuN (1:1000, GB11138, Servicebio), anti-cleaved CASP3
(1:5000, ab214430, Abcam), anti-VEGF (1:1000, AF1309, Beyotime),
and anti-GAPDH (1:1000, D16H11, Cell Signaling Technology). Subse-
quently, the membrane was subjected to three washes with TBST.

Next, the membrane was exposed to a secondary antibody, goat
anti-rabbit HRP (1:4000, ab205718, Abcam), at room temperature for
1 h. After incubation, the membrane was washed three times with TBST
to eliminate any unbound antibodies. Immunoblotting signals were visual-
ized using an ECL reagent (Beyotime). The entire experimental procedure

was repeated three times to ensure the reproducibility of the results.
2.8 | Histological analysis and
immunohistochemical analysis

Hematoxylin-eosin (HE) staining (C0105S, Beyotim) and luxol fast
blue (LFB) staining (RS1730, Gclone) were performed according to

standard protocols. Images were captured using the Leica DM4B sys-
tem and the Digital Pathology Section Scanner (KF-PRO-005, KFBIO
technology). For immunofluorescent staining, samples were incubated
with an antibody against IBA1 (GB113502, Servicebio). For immuno-
histochemical visualization of the astrogliosis and protoplasmic astro-
cytes, samples were incubated with anti-GFAP (GB11096, Servicebio),
anti-NeuN (GB11138, Servicebio), anti-von
(GB11020, Servicebio), Anti-Myelin Basic Protein (GB11226, Service-
bio), anti-Fas ligand (GB11090, Servicebio), and anti-VEGF (Beyotime,
AF1309) antibodies overnight at 4°C followed by incubation with a
donkey anti-rabbit 1gG (H + L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor Plus 488 (A11008, Thermo Fisher Scientific)
and donkey anti-rabbit IgG (H + L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor Plus 594 (A32754, Thermo Fisher Scientific)

secondary antibodies for 1 h. Subsequently, the samples were stained

willebrand  factor

with DAPI. Images were captured with a Leica DM6B system micro-
scope. The intensity of each fluorescence intensity signal obtained
was evaluated by ImageJ software (NIH, Bethesda, MD).

2.9 | Statistical analysis

Quantification was performed from at least three independent experi-
mental groups and presented as the mean + SD. Statistical analysis
was performed using GraphPad Prism 9 software (GraphPad Software
Inc., San Diego, CA). For quantitative data, Shapiro-Wilk (S-W) is
used to test whether the data conform to normal distribution and to
test the hypothesis of homogeneity of variance. If the data conforms
to the normal distribution and the homogeneity test of variance, the
t-test is used for the comparison between two groups, and one-way
ANOVA is used for the comparison between multiple groups. If there
were significant differences in the results of one-way ANOVA, the
Bonferroni test was used for multiple comparisons. For behavioral
observation, we used two-way ANOVA for statistical analysis. Signifi-
cance was indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001), and p < 0.05 was considered significant.

3 | RESULTS
3.1 | Age-related decline in motor ability and
impaired limb strength in mice

We selected mice at 12, 20, and 28 weeks of age based on previous
findings indicating the onset of walking dysfunction in the test group
at 12 weeks. Additionally, behavioral differences between 20 and
28 weeks were relatively minimal. The BMS score and inclined plane
test were used to record motor function. Compared to the WT group,
the Enpp1°/fox/Elia-Cre group showed a significant reduction in the
BMS score at 12 weeks (7.29 + 0.77), 20 weeks (4.13 + 0.88), and
28 weeks (3.00 + 0.84) (Figure 1B). At the same time, the inclined
plane test showed that the Enpp1™°/°*/Elia-Cre group had a smaller
angle and could maintain 34.46 + 2.36° at 12 weeks but only 24.21
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+2.35° at 28 weeks (Figure 1C). In general, The Enpp17°/fox/E|lg-Cre
group showed significantly reduced mobility compared to the WT
group.

3.2 | Basal broad-based spastic gait pattern in
Enpp17°/f°/E|la-Cre mice

As demonstrated in Figure 1D, WT mice displayed a balanced 1:1
ratio of fore- to hindlimb steps, along with overlapping fore- and hin-
dlimb placements. In the case of Enpp1™f°%/Ella-Cre mice, we
observed a notable disparity in step length and stride width between
the left and right feet. Additionally, the mice exhibited smaller toe
spread, indicating an imbalance. These findings suggest a significant
reduction in physiological function for mice with spinal cord compres-
sion. The Enpp1/fioX/E|la-Cre group between 12 and 20 weeks of
age exhibited the most rapid progression of gait abnormalities. Gait
analysis demonstrated a significant reduction in fore stride length,
fore stride width, fore toe spread, hind stride length, hind stride width,
and hind toe spread in the Enpp1™f°/E|ig-Cre group compared to
the WT group. Moreover, as the mice aged, the disparity between the
two groups became more pronounced, indicating a worsening of

the gait abnormalities (Figure 1E).

3.3 | CT radiological observations

Sagittal and axial CT imaging of the cervical spine was employed to
assess the location and severity of cervical spinal cord compression.
The results showed that the mice in the WT group had no spinal ste-
nosis, while spinal stenosis in the Enpp1™/f°*/Ella-Cre group
occurred in multiple segments not only from the anterior compres-
sion but also from the compression of the anterior horn of the spinal
cord on both sides, while most of them come from abdominal com-
pression (Figure 2A-C). The axial area of the WT group was larger
than that of the model group, and the minimum axial area and diame-
ter of the vertebral canal decreased with increasing age of the
Enpp1f°/foX/E|ja-Cre group but with no statistical significance at
20 to 28 weeks. Similarly, HE/CT measurements of the spinal cord/
spinal canal-to-vertebral body ratio showed similar results
(Figure S1B). The above results demonstrated a close correlation

between CT and histological findings.
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3.4 | HE staining and LFB staining of the myelin

sheath

HE staining showed clear white and gray matter within the spinal cord
in the WT group, whereas the Enpp1™/f°%/Ejla-Cre group showed
anterior bony compression and altered pathological morphology of
the spinal cord. The WT group had normal neurons clustered in the
anterior and posterior horns of the gray matter (at x40) with a clear
boundary with the white matter and a fine texture. In the Enpp1°/
flox/Ella-Cre group, however, the boundary between gray and white
matter was blurred; vacuoles were formed around gray matter nuclei,
and white matter demyelinated to form cavities (Figure 2D). Luxol fast
blue staining showed that the spinal cord axons in the WT group were
dense without vacuolization, whereas myelin at the site of white mat-
ter injury in front of the spinal cord in the Enpp17©/f°%/Ella-Cre group
was lost. In addition, the surviving myelin appeared disordered in the
transverse and coronal sections, and vacuoles around the compression

sites appeared in the Enpp1f°*/Ella-Cre group (Figure 2E).

3.5 | Changes of nerve cells caused by chronic
compression

The formation of myelin requires Myelin Basic Protein (MBP). The
myelin cells of the central nervous system (CNS) are called oligoden-
drocytes, and they can produce the second most abundant protein of
the central nervous system, called myelin basic protein. Demyelination
is characterized by MBP decomposition. Here, we performed immu-
nofluorescence of Mbp to evaluate the changes in gray matter and
white matter in the spinal cord (Figure 3A, B). Compared to WT mice,
Enpp17/fX/E|la-Cre mice had a significantly decreased ratio of Mbp
immunofluorescence intensity in gray matter to ventral white matter
(p < 0.001). Immunofluorescence staining of Mbp axial sections
showed that the myelin sheath was regularly distributed in WT mice,
while Enpp17°¥/fioX/Ej1a-Cre mice showed demyelination and disorder
in both gray matter and white matter. These data suggested that the
reduction in oligodendrocytes is associated with chronic compression
of the ventral spinal cord in the present model (Figure 3C, D).
Compared to the WT group, Neun-positive cells in the Enpp1/
flox/Ella-Cre group decreased (p < 0.05), and most neurons in the ipsi-
lateral ventral horn were destroyed (Figure 3E, F). Neun-positive
areas, mainly in the anterior horn, decreased with spinal cord

FIGURE 2 Age-related spinal canal narrowing and spinal cord compression in mice: Micro-CT and histological correlation. (A) Three-
dimensional reconstruction and representative sagittal and axial micro-CT images of the compressive segment. The white arrow indicates the
compression site, and the spatial area of the spinal cord in the cross section was gradually reduced. (B, C) The minimum area and the minimum
sagittal diameter of the spinal canal in mice decrease with age. Compared with the WT group (28 W), the minimum area and the minimum sagittal
diameter of the spinal canal were decreased in Enpp17°/f°%/E|la-Cre group (28 W) mice. (D) Calcified lesions originating from vertebral body in
Enpp1fo/fox /E|1a-Cre mice (black arrow heads), compressing the spinal cord segments laterally or posteriorly. (E) LFB staining shows Spotted holes
caused by the separation of myelin sheaths from the axons in the anterior columns in Enpp17°/f/Ejia-Cre mice. Note also swelling and deformity
of axons particularly in the anterior columns (black arrow heads) in Enpp17©/f*/E|la-Cre mice. Data are expressed as mean + SD. *p < 0.05,

**p < 0.01, **p < 0.001, ****p < 0.0001, scale bar 200 um.
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FIGURE 3 White and gray matter damage in Enpp1fo/f°* /E||a-Cre mice with chronic spinal cord compression. (A, B) Mbp immunostaining of
spinal cord sections. (E, F) Neun immunostaining of spinal cord sections. (C, D, G, H) Chronic progressive compression of the cervical spinal cord
significantly decreased the expression of myelin sheath and neurons, as measured by unbiased cells/fields of view. Data are expressed as mean

+ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Enpp17°/f1°%/Ella-Cre versus WT group (n = 6:6). scale bar 200 um.

compression. These results indicated that one of the major tissue inju-
ries in this model is the loss of ipsilateral gray matter (Figure 3G, H).
Astrocytes can cause CNS inflammation by acquiring immune cell
functions, producing cytokines and chemokines to influence effector
cells, modulating the blood-brain barrier, and forming the glial scar.
The degree of astrogliosis and the severity of SCI were evaluated with
anti-GFAP antibodies, and morphometric measurements of Gfap-
positive areas were performed using six axial sections. Compared to
WT mice, there was a significant increase of astrocytes in both the

gray and white matter of WT mice (Figure 4A, B). A marked increase

in Gfap immunofluorescence intensity around the central canal of the
spinal cord, representing astrogliosis around the central canal, was
observed in the Enpp1™f°X/Ella-Cre group (21.50 % 9.29). Larger
Gfap-positive areas (6.21 + 4.29) were observed in the anterior horn
tissue at both ends of the ventral flank of Enpp1®/f°%/E|la-Cre mice
with trabeculae surrounding the injury site and a significant reduction
in the area of spared tissue as indicated by Gfap-positive expression
(Figure 4C, D).

To evaluate the changes in macrophages/microglia in the chroni-

cally compressed cervical spinal cord, we measured the expression of
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FIGURE 4 Increased inflammation and macrophage activation in Enpp1fe/fex/E|lg-Cre mice: Immunostaining and gene expression analysis. (A,
B), E, F) Gfap and Ibal immunostaining of spinal cord sections. Representative images of immunostaining for WT and Enpp17°/f**/Ella-Cre group.
The arrow indicates the Gfap, Ibal—positive cells. (C, D), (G, H) Enpp1f°/E|la-Cre mice showed increased expression of Gfap and Iba1l, as
measured by unbiased cells/fields of view. (I) Relative Il1b, 116, TNF-a, Nos2, and Mrc1 expression, as assessed by gqRT-PCR. (J) Analysis of Argl
and Mrc1 protein expression levels. Data are expressed as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Enpp 17>/ /E|la-Cre
versus WT group (n = 6:6). Scale bar 200 um.
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IBA1 protein in the spinal cord. There was a statistically significant dif-
ference in the relative density between the WT group and the
Enpp1fo/fx/E|ja-Cre group (p < 0.05). In the compressed anterior
horn of the spinal cord, the Ibal-labeled cells in the Enpp17fo*/Ejla-
Cre group were larger, and rounder compared to those in the WT
group, indicating an activated state of macrophages/microglia
(Figure 4E, H). ll-1b, II-6, and Tnf-a expression in the spinal cord were
higher at 12 weeks in the Enpp1™/f°/E|la-Cre group but not signifi-
cantly different from the 20 to 28 weeks, while the expression levels
of Nos2 and Mrc1 increased with increasing age in Enpp17o/fo*/E||qa-
Cre mice (Figure 4l). At the protein level, the expression levels of Argl
and Mrcl show a progressive increase in response to the severity of
spinal cord compression. This finding indicates a gradual deterioration
of chronic inflammation as the degree of compression worsens
(Figure 4)).

3.6 | Neuronal apoptosis in mice with cervical cord
compression

The loss of spinal nerve function is caused by neuronal apoptosis,
which is a key aspect of OPLL myelopathy. To detect apoptotic degra-
dation, we employed a fluorescence in situ apoptosis detection kit to
distinguish between the two groups. Fas immunoreactivity was highly
expressed in 32.70 + 15.50% of neurons on gray matter and in 21.93
+ 12.50% of neurons on white matter in Enpp1°/f™/Ejla-Cre group
(Figure 5A-D). In contrast, compared to the WT group, the number of
TUNEL-positive cells was significantly increased in the Enpp1fiox/flox
Ella-Cre group (p < 0.0001). Rare TUNEL-positive neurons were found
in the gray and white matter of the spinal cord in control WT mice. In
addition, TUNEL-positive cells were found in gray and white matter,
especially in the front corner of the Enpp1/f*/Ella-Cre group.
Quantification of cells double-labeled with Neun and TUNEL showed
that many of these apoptotic cells were neurons. Fas expression was
found at very low levels in 3.44 + 2.41% of neurons on gray matter
and in 7.10 + 5.53% of neurons on white matter (Figures 5E-H) in
WT mice. In addition, we used RT-gPCR to evaluate the expression
levels of Bcl2, Bax, and Caspase 3, which indicated a significant
decrease in Bcl2 and the Neun neuronal marker as well as an increase
in Bax and Caspase 3 in the Enpp1°/f°%/E|la-Cre group (Figure 5I). At
the protein level, the expression of Neun shows a gradual decline
from week 12 to 28, while there is a concurrent increase in c-Casp3

expression (Figure 5)J).
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3.7 | Expression of Vegf and Vwf in the
decompressed spinal cord

VEGF and VWF have been reported as angiogenesis markers in
many diseases. Recently, many researchers have proposed that axo-
nal degeneration, vascular dysfunction, and neuronal destruction
may be the key processes of neural function recovery after decom-
pression. Therefore, we further investigated the expression of Vegf
and Vwf in the spinal cord to evaluate the potential effect of chronic
compression of the spinal cord by ectopic ossification of the spinal
canal on angiogenesis. Compared to the WT group, the expression
levels of Vegf in the anterior horn and Vwf in the white matter and
gray matter of the spinal cord decreased in the Enpp 1/ /E|la-Cre
group, and the vascular endothelial cells and accompanying neurons
in the spinal cord also decreased in the Enpp1°/f/E|la-Cre group
(Figure 6A-H). Additionally, the mRNA expression of Mmp2 and
Mmp9 increased with age in mice, whereas Vegf, Vwf, and Pecam1
expression increased during early compression but decreased after
stabilization of the ossific mass at 20 to 28 weeks (Figure 6l). At the
protein level, the expression of Vegf exhibits a progressive decline
(Figure 6J).

4 | DISCUSSION

This study created and analyzed a mouse model of bony spinal cord
compression, resembling the distribution of OPLL. The findings
showed that the compressed spinal cord led to a limping gait and
impaired limb function, similar to OPLL in humans. In conclusion, the
Enpp17/f/E|ja-Cre mouse model represents a well-characterized
animal model of chronic spinal cord injury, specifically targeting the
ventral spinal cord. This model allows for the investigation of neuronal
degeneration, demyelination, neuronal activity, oligodendrocyte
reduction, microglia, and astrocyte activation, and macrophage aggre-
gation, all associated with OPLL-induced neuroinflammation. Because
the growth cycle of mice is relatively consistent, standardized, and
quantitative results can be used. The use of this modeling method will
reduce the risk of complications, such as acute spinal cord injury,
which may result from surgical operations intended to reduce pain in
animals. The present findings revealed secondary pathophysiological
changes after chronic compression of the ventral spinal cord, including
proliferation and apoptosis of various nerve cells as well as a reduc-

tion in angiogenesis markers.

FIGURE 5

Apoptosis related to neurons in rats with chronic cervical cord compression. Representative micrograph of axial sections derived

from WT mice and Enpp17/f°*/Ejla-Cre. (A, B) Double immunohistochemistry with anti-Fas (green) and anti-Neun (red) antibodies revealed Fas-
positive neurons in the Enpp 1™/ /E|la-Cre mice spinal cord sections in contrast with normal spinal cord sections on white matter and gray
matter; (E, F) Double immunohistochemistry with TUNEL (green) and anti-Neun (red) antibodies revealed TUNEL positive neurons in the
Enpp1f°/fx /E||a-Cre mice spinal cord sections in contrast with normal spinal cord sections on white matter and gray matter; (C, D, G, H) Chronic
progressive compression of the cervical spinal cord significantly increased neuronal and oligodendrocytic apoptosis, as measured by unbiased
cells/fields of view. (I) Relative Bax, Casp3 and Bcl2 expression, as assessed by RT-qPCR. (J) Analysis of Neun and c-Casp3 protein expression
levels. Data are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Enpp17/f°*/Ella-Cre versus WT group (n = 6:6).

Scale bar 200 pum.
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Myelopathy due to OPLL, which usually results in unstable walk-
ing and loss of balance, is the most significant factor affecting the
patient's quality of life.! Some research groups have described
the pathological characteristics of chronic spinal cord compression in
OPLL patients, which is similar to the histopathological and patho-
physiological changes of traumatic spinal cord injury. The pathological
features of the spinal cord of OPLL include degeneration of the cen-
tral gray matter and white matter as well as degeneration of the corti-
cospinal tract. The compression sites are mostly located at the ventral
side and are generally divided into the central type and lateral type in
the cross-section. The molecular mechanism of the progressive loss of
neurons, oligodendrocytes, and spinal cord demyelination is still
uncertain.?°=2% In the present model, the mice were able to care for
themselves, including eating, drinking, and grooming, and no urinary
retention was observed. Spinal cord injury caused by compression
slowly forms and is gradually aggravated. The comparison of the BMS
scores provided the most powerful evidence for the difference in the
damage of motor neurons in the hind limb and the forelimb. As
the mice grew older, the ossification focus gradually increased and
compressed the spinal cord nerve, and the spinal cord function score
of the mice gradually decreased. The decrease was significant from
12 to 20 weeks, suggesting that the compression of the spinal cord
increases with the growth of the ossification block and that the
chronic compression of the spinal cord affects the spinal cord nerve
function of the mice. The inclined plate test demonstrated that the
strength of the mice was also significantly decreased. We further
explored the difference between the forelimb and hind limb by ana-
lyzing the paw statistics obtained using the catwalk. Most of the
parameters showed that the forelimb and hindlimb functions were
similar. There was a significant difference in the step length of the
forelimb and step width of the hind limb of Enpp1™°/f°*/E|la-Cre mice
at 12 weeks, and the step length and step width of the forelimb and
hind limb were significantly reduced compared to WT mice at
20 weeks. These results align with human findings, as OPLL patients
often experience upper limb numbness and loss of fine motor control
in their hands.?42¢

To date, indirect experimental and postmortem pathological stud-
ies of patients with cervical spondylosis have revealed necrosis and
vacuolization of the gray matter of the spinal cord.2”-2® We also found
white matter demyelination cavities in the lesion area in the Enpp1/°
flox/Ella-Cre group with the most severe compression occurring in the
ventral anterior horn. Additionally, Luxol fast blue staining and cavita-
tion changes were significantly higher with the spread of spongiform

necrosis, and the ventral compression area significantly reduced

JOR SPin ... M bkaka

myelin loss from the injury site. In transverse sections, the surviving
myelin sheaths were disorganized. Furthermore, as CT partially corre-
lated with HE staining results and spinal cord compression, it may be
used to predict behavioral outcomes.

Immunofluorescence demonstrated that the relative area of
Neun-positive cells in the anterior horn decreased in Enpp1fiox/flex;
Ella-Cre mice, and it was proportional to the degree of spinal cord
compression. MBP, a marker of oligodendrocytes, was significantly
reduced in both gray matter and the anterior horn in Enpp1fox/flox;
Ella-Cre mice. In addition, the Enpp1f®/f*/E|la-Cre group had
increased expression of GFAP, an indicator of astrocyte activation,
and IBA1, which is present on Ibal-positive macrophages or microglia,
in the injury area. Damage to oligodendrocytes and neurons initially
occurs at the site of injury. After axonal injury, neurotrophic factors
are depleted, resulting in neuronal apoptosis in the region distal to the
spinal cord injury. As a result of sustained activation and inflammation
of microglia, cytotoxic substances are released, causing pathological
responses, such as neuronal necrosis and apoptosis, which negatively
impact the ability of tissues to repair themselves postinjury. Activation
and polarization of microglia and macrophages were found to be
involved in the response to chronic and progressive spinal cord com-
pression. Researchers have previously reported that chronic compres-
sion of the twy/twy cervical spinal cord results in the loss of central
motor neurons. Furthermore, apoptotic cell death leads to tissue
degeneration in chronic compression. In addition, neurological impair-
ment in twy/twy mice is associated with the loss of neurons, oligo-
dendrocytes, demyelination, and reactive astrogliosis.2? !

Additionally, compression of the spinal cord by OPLL results in
multiple biochemical and pathological events, including hypoxia, ische-
mia, inflammation, and apoptosis. Based on the present findings, com-
pressive cervical myelopathy is associated with neuronal apoptosis
with evidence of Fas-mediated induction of the apoptotic cascade,
including activation of caspases 8, 9, and 3. The effector phase of apo-
ptosis involves the activation of both intrinsic and extrinsic pathways
of the caspase family. As a result of compression or contusion, the
level of Fas in neurons, astrocytes, and oligodendrocytes is signifi-
cantly increased. Zurita et al. suggested that Fas expression is
enhanced in the gray matter of rats following acute traumatic SCI and
predominantly in the white matter 8-72 h after injury.3? The present
study indicated that most of the apoptotic cells expressing Fas in ven-
tral chronic persistent spinal cord compression were neuronal cells,
which were predominantly located in the anterior horn region of the
spinal cord. The spinal cords of Enpp1f®/f/Ella-Cre mice had

increased mRNA expression levels of apoptosis-related genes

FIGURE 6 Angiogenesis-associated neurons in the compressed cord. Representative micrograph of axial sections derived from WT mice and
Enpp1fo/fx/E|ja-Cre. (A, B) Double immunohistochemistry with anti-Vegf (green) and anti-Neun (red) antibodies revealed Vegf-positive neurons
in the Enpp1°*/f°*/E||a-Cre mice spinal cord sections in contrast with normal spinal cord sections on white matter and gray matter. (E, F) Double
immunohistochemistry with anti-Vwf (green) and anti-Neun (red) antibodies revealed Vwf-positive neurons in the Enpp17°/fex/E|ja-Cre mice
spinal cord sections in contrast with normal spinal cord sections on white matter and gray matter. (C, D, G, H) Chronic progressive compression of
the cervical spinal cord significantly decreased neuroangiogenesis, as measured by unbiased cells/fields of view. (l) Relative Vegfa, Vwf, Mmp9,
Mmp2, and Pecam1 expression, as assessed by RT-qPCR. (J) Analysis of Vegf protein expression levels. Data are expressed as mean + SD.

*p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001.
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(Caspase 3, Bax) but decrease mRNA expression levels of Bcl2, consis-
tent with the extent of chronic compression and compression-induced
neuron loss paralleled motor dysfunction. After SCI, astrocytes exhibit
edema, activation, inflammatory responses, and apoptosis, and they
release many cytotoxic factors. In addition, the TUNEL results
revealed apoptotic neuronal cells within the narrowest area of bony
compression. Wang et al. demonstrated that both demyelinating and
TUNEL-positive cells were present in the chronically compressed
postmortem spinal cord of patients who died of OPLL.3®

The present study demonstrated that neuronal loss resulting from
necrotic and apoptotic mechanisms is associated with the activation of
microglia and macrophages that produce proinflammatory cytokines,
which may contribute to the demyelination induced by spinal cord
compression in Enpp17©/f°%/E|jg-Cre mice. As a result of microglial acti-
vation, inflammatory cytokines (e.g., TNF-a, IL-1b, and IL-6) are
released, negatively affecting microglial function after SCI. According to
the present findings, Tnf-a, II-1b, and II-6 levels were elevated in the
spinal cord of 12-week-old mice. However, the overall effects of acti-
vated microglia on CNS recovery remain controversial due to the multi-
ple potential conflicts between their capabilities. IL-1b and II-6 levels
were significantly higher in the early phase of chronic spinal cord com-
pression, whereas 28-week-old mice showed a decrease in inflamma-
tory mediators due to late barrier formation with IL-1b and II-6 levels
not significantly different from those of WT mice. As a phagocytic
receptor for bacteria, fungi, and other pathogens, Mrc1 plays an impor-
tant role in the endocytosis of glycoproteins by macrophages. Mrcl
binds both sulfated and nonsulfated polysaccharide chains. Similarly,
Nos2 produces nitric oxide (NO), a messenger molecule with multiple
functions throughout the body, and it enhances the synthesis of proin-
flammatory mediators, such as IL6 and IL8, whose expression increases
with the progression of the disease. By releasing inflammatory cyto-
kines, proteases, and free radicals from the CNS injury core, neuroin-
flammation is associated with the prevention of secondary tissue
damage.3*"3¢ It is possible that these changes represent a response of
the spinal cord to compression to maintain neuronal function.3”3®
Several factors, such as inflammation and ischemia, can cause

neuronal loss in the injured spinal cord, and an abundant vascular

supply is essential for the recovery of function. The reduction of blood
flow to the spinal cord is associated with vascular dysfunction after
compression, and vascular dysfunction and angiogenesis may affect
myelin damage, glial fibrosis, and necrosis after cervical spinal cord
compression.>?*° In the twy/twy model, Tanabe et al. suggested that
Hif-1 is possibly increased, causing neuronal cell death under hypoxic
stress, whereas Hif-1 has also been reported to stimulate the tran-
scription and expression of multiple angiogenic genes, thereby allevi-
ating secondary injury from spinal cord injury by improving
microcirculation and restoring hypoxia.*® Cheng et al. showed
improved hypoxia in rats following surgical decompression by chronic
spinal cord compression, and they also reported improved motor func-
tion associated with the improvement in hypoxia. After decompres-
sion, angiogenic markers, such as Vegf and Vwf, are also increased.*®
The ischemic hypoxic changes in CSCI, however, have not been
extensively investigated. The present study indicated that Vegf, Vwf,
and Pecam1 exhibit high levels of expression in Enpp1™°/fx/E|ja-Cre
mice at 12 weeks but revert to almost normal levels or even lower
than normal expression levels by 28 weeks. During the early stages of
spinal cord compression, Mmp2 and Mmp9 expression gradually
increased, accompanied by an increase in inflammation, and the
expression of angiogenic factors increased but decreased once
the late-stage compression reached equilibrium. A previous study has
reported that oxygen levels may affect the production of Mmp2.
Mmp9 is an important component of the biology and pathophysiology
of the central nervous system, affecting a wide range of processes,
including cell proliferation, cell differentiation, ECM remodeling, vas-
cularization, and cell migration.‘”’43 Therefore, the expression of
Vegf, Vwf, and Mmps may be important in chronic spinal cord injury.
According to these studies, secondary spinal cord damage is associ-
ated with these processes in mouse models, including ischemia, angio-
genesis, elevated levels of inflammatory markers in the spinal cord,
apoptosis, and astrocyte activation. Despite the limitations of the pre-
sent study, these processes may affect neurological recovery. As a
result, future research should focus on the mechanisms by which
these proteins interact with each other and how they affect neuronal
function.
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FIGURE 7 Proposed the regulatory mechanism of OPLL induced chronic spinal cord injury.
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5 | CONCLUSION

The present study demonstrated that the Enpp17o/foX/Elig-Cre
mouse model results in chronic and reproducible spinal cord com-
pression and that the pathological process of spinal cord compres-
sion is consistent with mouse behavior and CT findings. The degree
of compression is correlated with neurons, oligodendrocyte as well
as impaired axonal conduction, neuroinflammatory aggregation, or
macrophage accumulation associated with astrocyte and microglial
activation. The neurological status of patients may be explained, in
part, by the activation of angiogenic factors in the early phase fol-
lowed by their decreased expression in the late phase. The present
model indicated that there is an increase in the expression of inflam-
matory factors in the spinal cord of mice, which provides some
insight into the pathogenesis of OPLL myelopathy (Figure 7). There-
fore, we anticipate that the spinal cord compression model will pro-
vide new insights into the pathophysiology of OPLL myelopathy and
may also be useful in the study of various therapeutic approaches
to OPLL.
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