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Background: The vertebral endplate (VEP) was damaged after spinal instability induced by cervical muscle section
(CMS). Whether CMS induces bone formation and mechanical loading change in the vertebra is still obscure. This
study was aimed to explore mechanical loading change and endplate damage after CMS.

Methods: Forty-eight rats were randomly divided into the CMS group and the sham group. The C6/7 segments
were harvested at 4, 8, and 12 weeks after surgery. The microarchitectures of the C6 vertebra and the vertebral
endplate lesions and intervertebral disc height of C6/7 were measured by micro—computed tomography.
Micro-finite element analysis was used to evaluate biomechanical properties of the C6 vertebra. Bone remodelling
of the C6 vertebra and the endplate sclerosis and intervertebral disc degeneration of C6/7 were evaluated by
histological and immunohistochemical analyses.

Results: CMS significantly induced bone formation of the C6 ventral vertebra and increased the biomechanical
properties of mainly the ventral side at 4 weeks, which was gradually rebalanced throughout the rest of the study.
CMS also significantly increased protein expression of transforming growth factor-p1 (TGF-p1) and phosphory-
lated small mothers against decapentaplegic (pSmad)2/3 at 4 weeks. Moreover, tartrate-resistant acid phospha-
tase staining showed that osteoclast-positive cells were slightly in number decreased at 4 weeks, but were
obviously increased at 8 weeks. The VEP of the ventral side was abraded earlier followed by calcification in situ
later after CMS, consistent with the biomechanical enhancements observed. The degree of endplate degeneration
was aggravated with time. Finally, CMS decreased intervertebral disc height and increased disc degeneration
scores with time.

Conclusions: Spinal instability induced by CMS increases bone mass and biomechanical loading of the ventral side
of vertebra in the early stage, which might initiate VEP damage and cause intervertebral disc degeneration.
The translational potential of this article: Our study indicates that vertebral trabecular changes may involve in
intervertebral disc degeneration induced by spinal instability. This may help to elucidate the mechanisms by
which disc degeneration occur.

Introduction

Intervertebral disc degeneration (IVDD) is one of the most common
musculoskeletal disorders, which has a significant impact on patients'
quality of life and increases the social economic burden [1-3]. Several
factors, including ageing [4], metabolic disorders [5], and mechanical
factors [6], have been implicated to cause IVDD. However, the initiation
pathogenic factor of IVDD is still under debate.

Intervertebral disc is composed of three distinct components: the
central gelatinous nucleus pulposus (NP), the outer annulus fibrosus
(AF), and the vertebral endplate (VEP) that anchors onto the vertebral
body [7]. As the chondroid tissue, the VEP transfers not only the load
between vertebrae but also nutrients between vertebral body and disc
[8]. Endplate sclerosis changes the mechanical properties and impairs
nutrient supply to the NP, thus might initiate IVDD [9]. The subchondral
bone of joints provides the mechanical support for the overlying articular
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cartilage during movement and undergoes constant adaptation in the
mechanical environment through modelling or remodelling [10]. As the
similar structure of the subchondral bone in the joint, the vertebra in
spine might also play an important role for maintaining disc
homoeostasis.

The spine is inherently unstable and must be stabilised by a combi-
nation of muscular and spinal structures [11]. The stable intradiscal
pressure is essential for the maintenance of biomechanical behaviours of
the intervertebral disc, and appropriate mechanical loading produced by
body weight and muscle force is necessary to regulate endplate property
and NP anabolic activity [12]. It is known that the disturbance of stress
distribution generates stress concentration which increases the risk of
VEP fracture [13], and the abnormal biomechanics has long thought to
be a major aetiology of IVDD [6,14]. Forelimb amputation in rats upre-
gulated TGF-p in vertebra and VEP, which resulted in bone formation of
the vertebra and caused calcified hypertrophy of VEP [15,16]. Similarly,
our previous study also found that cervical spinal instability induced by
bilateral facetectomy led to earlier bone formation in the vertebra [17].
In addition, instability of cervical spine induced by cervical muscle sec-
tion (CMS) causes noticeable VEP damage in the ventral side and IVDD
[18,19]. However, the spatiotemporal bone formation and vertebral
biomechanical enhancement of the ventral side after CMS is still
ambiguous.

Therefore, the aim of this study was to investigate the changes of
vertebral microarchitectures and vertebral biomechanical loadings in the
ventral and dorsal parts, as well as the VEP damage and IVDD in the CMS
rats. We hypothesised that (1) instability of cervical spine induced by
CMS caused bone remodelling in the ventral vertebra in the early phase
and (2) the bone remodelling in the ventral vertebra significantly
increased with the vertebral biomechanical loading at 4 weeks, and (3)
the elevated biomechanical loading initiated the VEP damage and IVDD.

Materials and methods
Animal model and specimen preparation

Forty-eight male Sprague-Dawley rats (weighing from 230 g to 250 g)
were purchased from Experimental Animal Center of Southern Medical
University. After 3 days of adaptation, the rats were randomly divided
into the CMS group and the sham group. After anaesthesia by a mixture of
Oy/isoflurane (1-4%), transection of the paraspinal musculature and the
posterior cervical spinal ligaments from C2 to C7 was performed in the
CMS rats to induce cervical spinal instability, while the sham animals
only underwent skin incision. All rats were kept in the rat's cage with a
12-h light-dark cycle, and a constant temperature of 25 °C and 48%
humidity level. This study was approved by the Animal Center of
Southern Medical University, and all animal experiments were approved
and performed in accordance with the guidance made by the Animal
Ethics Committee of Southern Medical University.

After euthanised with an overdose of 3% pentobarbitone sodium, the
C6/7 segments of the rats were harvested at 4, 8, and 12 weeks after sur-
gery. The soft tissues of C6/7 segments were carefully removed, and then
fixed in 4% paraformaldehyde for 48 h before micro—computed tomogra-
phy (micro-CT) scan, histological and immunohistochemical analyses.

Micro-CT scan

To investigate the bone microstructures of the C6 vertebra, the
intervertebral disc height (IDH) of C6/7, and the vertebral endplate
volumes (VEV) and vertebral endplate lesions (VEL) of C6/7, the samples
were scanned by high-resolution micro-CT (pCT 80; Scanco Medical AG,
Switzerland). Each specimen was washed with tap water for 2 h before
being scanned by micro-CT with an isotropic voxel size of 15 pm (55 kV,
145 pA, integration time 400 ms, averaged 2 times).

Total cancellous bone of the C6 vertebral body, together with the
ventral and dorsal side of the C6 vertebra, was selected for three-
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dimensional trabecular analysis. The ventral and dorsal vertebrae were
distinguished by the midperpendicular of vertebral width of ventral to
dorsal in the transverse plane. Microstructures of cancellous bone were
characterised using standardised techniques to determine the bone vol-
ume fraction (bone volume/total volume, BV/TV), the trabecular thick-
ness (Tb.Th), the trabecular number (Tb.N), and the trabecular
separation (Tb.Sp). The IDH of C6/7 was measured as the distance be-
tween the ventral-dorsal midpoints of C6 caudal and C7 cephalic end-
plates in the midsagittal section. Image Processing Language software
(version 5.15; Scanco Medical AG, Switzerland) and Image-Pro Plus
image analysis software (version 6.0; Media Cybernetics, Inc., Rockville,
MD, USA) were used to evaluate VEL of C6 caudal and C7 cephalic
endplates [18]. The VEV of C6 caudal and C7 cephalic endplates was
defined to cover visible bony plate close to the vertebra.

Micro—finite element analysis

Biomechanical properties of the entire C6 vertebra, together with the
ventral and dorsal vertebrae, were assessed by micro-finite element
analysis (micro-FEA). The micro-FEA software (version 1.13; Scanco
Medical AG) is an addition to the Image Processing Language software
delivered by Scanco for image manipulation and enhancement. The
software addition involves a set of functions that enables finite element
analysis of structures as represented by three-dimensional micro-CT
images. For the micro-FE model, linear elastic material properties were
prescribed for the voxels representing bone tissue, with a Young's
modulus of 10 GPa and a Poisson's ratio of 0.3. Boundary conditions
represented ‘high-friction’ compression tests to a compressive strain of
1%. The stiffness of the sample was derived as the ratio of the calculated
reaction force at 1% compression over the prescribed displacement. The
failure load was estimated as the external force for which the von Mises
stress exceeds 70 MPa for more than 2% of the bone tissue.

Histological evaluation

After being scanned by micro-CT, the C6/7 samples were decalcified
in 10% ethylene diamine tetraacetic acid (EDTA) for 4-5 weeks. The
specimens were embedded in paraffin after being washed overnight in
deionised water. The blocks were cut into 5-pm-thick sections, and the
histological examination was performed by haematoxylin—eosin and
safranin O/fast green staining to observe the bone histomorphology and
the degeneration of VEP and interverbral disc. The extent of IVDD was
assessed by a disc degeneration assessment scoring system [20].

Immunohistochemical observation

All the sections were deparaffinized in xylene and rehydrated with a
reverse-graded series of ethanol, followed by incubation in 3% H0; for
30 min to block endogenous peroxidase activity. After antigen retrieval,
all the slices were subsequently incubated overnight with primary anti-
bodies against TGF-p1, pSmad2/3, and Col I (1:100, ANBO Biotech-
nology Co., Ltd., SF, USA) at 4 °C in a humidified chamber. After a
thorough wash, each section was incubated with biotinylated goat anti-
—rabbit-IgG (Boster Corporation, Wuhan, China) and Streptavidin-horse
radish peroxidase (HRP) (Boster Corporation, Wuhan, China), both at
room temperature for 30 min. The sections were developed with 3'3-
diaminobenzidine until the appropriate stain intensity was obtained. The
tartrate-resistant acid phosphatase (TRAP) staining was performed using
a standard protocol (Jiancheng, Nanjing, China). Quantitation of TGF-f1,
pSmad2/3, and TRAP was conducted in a blinded fashion with Image-Pro
Plus Software. The positive cells were obtained by counting the number
of positive staining cells in the whole of vertebra.

Statistical analysis

All data were expressed as mean =+ standard deviation and were
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analysed by Statistical Package for the Social Sciences, version 20.0
(SPSS Inc, Chicago, IL). The independent sample t test was performed to
determine statistical significance of the microstructure indices of the C6
vertebra, the biomechanical parameters, the IDH, the VEV and the VEL,
and quantification of the immunohistochemical staining at each time
point. The two-factor analysis of variance was used to determine the
effect of CMS on biomechanical parameters in the ventral and dorsal
vertebra. The Mann-Whitney nonparametric U test was used to analysis
the histological scores of intervertebral disc and VEP degeneration. The
level of significance was set at P < 0.05.

Results
CMS induces bone formation in the C6 vertebra at an early stage

Micro-CT results indicated a dramatic increase in the bone volume of
the C6 vertebra in the CMS group compared with that in the sham group
in the early stage. The BV/TV, Tb.N, and Tb.Th were significantly higher
in the CMS group than those in the sham group (CMS vs. sham: 51.0% vs.
45.4%, 4.40 mm ! vs. 3.84 mm_l, and 117.2 pm vs. 100.8 pm, respec-
tively; P<0.05) at 4 weeks. Meanwhile, the Tb.Sp was significantly
decreased after CMS surgery (CMS vs. sham: 187.2 pm vs. 209.5 pm; P <
0.05). Interestingly, these changes showed no difference between the
CMS and sham groups at the time points of 8 and 12 weeks (Figure 1A
and B). In addition, we found that bone formation mainly occurred in the
ventral side of the C6 vertebra at 4 weeks (Figure 2A). The BV/TV, Tb.N,
and Tb.Th in the ventral vertebra were increased by 22.9%, 15.5%, and
26.5%, respectively, whereas the Tb.Sp was decreased by 19.4% in the
CMS group compared with that in the sham group at 4 weeks after
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surgery (Figure 2B). There was no significant difference between the
CMS and sham groups in the bone microstructures of the dorsal vertebra
(Figure 2C).

Furthermore, the haematoxylin—eosin and Col I staining were also
confirmed that CMS induced early bone formation in the C6 vertebra at
the early stage (Figure 1C and D). The bone trabecula was overtly
increased and the expression of Col I was significantly enhanced at 4
weeks after surgery in the CMS group compared with the sham group,
while showing no difference between groups at 8 and 12 weeks after
surgery.

To observe bone remodelling in C6 vertebra, the staining of TGF-f1
and pSmad2/3, which are markers of bone formation, and TRAP, which
represents the osteoclast activity, were performed. We found that CMS
significantly increased the expression of TGF-p1 (1.57 folds in the CMS
group vs. the sham group) and pSmad2/3 (1.55 folds in the CMS group
vs. the sham group) at 4 weeks after surgery. The process of bone for-
mation tended to balance at the time of 8 and 12 weeks. On the other
hand, TRAP staining showed that osteoclast-positive cells were slightly
decreased in number (0.45 fold in the CMS group compared with sham
group) at 4 weeks but were obviously increased (2.18 folds in the CMS
group vs. sham group) at 8 weeks. Finally, TRAP-positive cells returned
to normal level at the time of 12 weeks (Figure 3).

CMS increases the biomechanical properties of the C6 vertebra in the ventral
side in the early phase

Micro-FEA data showed that CMS augmented biomechanical prop-
erties in the C6 vertebra by increasing the stiffness (CMS vs. sham:
5403.4 N/mm vs. 8446.5 N/mm, P = 0.036) and the failure load (CMS

5 *
4
e 5
E
Z2
2
=
1
0
8w 12w 4w 8w 12w
3 Sham
0.15 0.3 Em CMS
_— - *
€ o010 € 0.24
3 3
Q.
= @
2 0. 2 0.1
2 0.05 2 0.
0.0
8w 12w 4w 8w 12w

Figure 1. A-D) CMS-induced bone formation in the C6 vertebra at early stage. (A) The three-dimensional reconstructive images of the C6 vertebra. (B) The
microstructure analysis of cancellous bone at the C6 vertebra, CMS significantly increased the BV/TV, Tb.N, and Tb.Th, whereas decreased the Tb.Sp at 4 weeks. (C, D)
Representative HE staining and Col I staining in the C6 vertebra. All data were shown as mean + SD (n = 8). *” indicated P < 0.05 compared with the sham group.
BV/TV = bone volume fraction; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation; HE staining = haematoxylin—eosin staining.
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Figure 2. A-C) The bone formation of the ventral and dorsal sides in the C6 vertebra. (A) The transverse and sagittal planes of the C6 vertebra. The yellow dotted
line means the midperpendicular of vertebral width of ventral to dorsal in the transverse plane to distinguish the ventral and dorsal side (showed in upper left corner
image). (B, C) The microstructure parameters of cancellous bone of the C6 vertebra in the ventral and dorsal sides. “+" indicated P < 0.05 compared with the
sham group.
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Figure 3. A-F) The immunohistochemistry staining of bone remodelling. (A, B, and C) The staining of TGF-f1, pSmad2/3, and TRAP in the C6 vertebra. (D, E, and
F) Quantitation of the staining of TGF-p1, pSmad2/3, and TRAP. "*" indicated P < 0.05 compared with the sham group. TRAP = tartrate-resistant acid phosphatase.
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Figure 4. A-C) The cancellous bone biomechanical properties of the C6 vertebra by micro-FEA. (A) The stress distribution image of the C6 vertebral body in the
midsagittal plane. The stress distribution transfer into the ventral side of the C6 vertebra from the middle part at 4 weeks after CMS. (B)The stiffness and failure load of
the entire C6 vertebra. CMS significantly strengthened the biomechanics in the C6 vertebra at 4 weeks after surgery and showed no difference between the CMS and
sham groups at 8 and 12 weeks. (C) The stiffness and failure load of the C6 vertebra in the ventral and dorsal sides. The CMS significantly increased the ventral side of
biomechanical behaviours in the C6 vertebra at 4 weeks, while showed no effect on the dorsal side of the C6 vertebra. *" indicated P < 0.05 compared with the sham
group. micro-FEA = micro—finite element analysis; CMS =cervical muscle section.

vs. sham: 96.4 N vs. 108.9 N, P = 0.072) at 4 weeks. Whereas, the
biomechanical properties of the C6 vertebral body showed no difference
between groups at the time of 8 and 12 weeks (Figure 4B).

From the image of stress distribution, we found that the stress was
mainly concentrated in the middle part of the vertebra in the sham group.
On the contrary, the stress was transferred to the ventral side of the C6
vertebra at 4 weeks after CMS (Figure 4A). For further observation the
biomechanics of ventral and dorsal sides of the C6 vertebra, we sepa-
rately reconstructed the ventral and dorsal sides of C6 vertebra and
analysed the stiffness and failure load, respectively. The results demon-
strated that biomechanical behaviours of the ventral side of the C6
vertebra were significantly increased after CMS at 4 weeks (1.66 folds in
stiffness and 1.36 folds in failure load), but showed no difference be-
tween groups in the dorsal side (Figure 4C).

CMS causes VEP defect earlier and calcification later

Evaluation of the axial view of the C6 caudal and C7 cranial endplates
indicated that the VEL appeared in the ventral side at 4 weeks after CMS
surgery, and the lesions seemed larger at 8 and 12 weeks. In contrast to
the CMS group, VEP in the sham group were nearly intact at 4 and 8
weeks and had slight erosion at 12 weeks (Figure 5A). The VEL of the
ventral side was increased by 23.0%, 24.9%, and 24.6% in the C6 caudal
endplate and by 23.8%, 27.7%, and 28.1% in C7 cranial endplate after
CMS at 4, 8, and 12 weeks, respectively, while the dorsal side of the VEL
showed no significant difference between the CMS and sham groups in
either C6 or C7 at all time points (Figure 5B). Moreover, the VEV showed
no difference between the CMS and sham groups at 4 and 8 weeks, but
was significantly increased in C6 caudal endplate (CMS vs. sham: 1.43
mm? vs. 1.21 mmg) after CMS at 12 weeks (Figure 5C).

Safranin O/fast green staining was used to observe morphological and
endochondral ossification of the VEP. The results showed that defects of
the VEP were observed in the ventral side in the CMS rats at 4 weeks. This
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was followed by endochondral ossification at 8 weeks after surgery, as
indicated by increased green-stained bone matrix surrounding the cav-
ities in the CMS group relative to the sham group. The extent of ento-
chondrostosis became more severe at the time of 12 weeks (Figure 6A).
Simultaneously, the VEP scores were significantly increased in the CMS
rats compared with the sham rats at each time point, confirming VEP
degeneration (Figure 6B). These results, combined with the micro-CT
data, exhibited that the position of the VEL was consistent with the
biomechanical changes, which was concentrated in the ventral side of the
vertebra at 4 weeks after CMS.

We further found that the expression of pSmad2/3 was increased at 4
weeks after CMS surgery and further at 8 and 12 weeks compared with
the sham group. TRAP-positive cells were noted at 8 weeks in the CMS
group but rarely detected in the sham group at any time point. This
suggests that osteoclast resorption activity was increased after spinal
instability (Figure 6C and D).

CMS accelerates IVDD

Narrowed intervertebral disc space is a typical characteristic regarded
as a gold standard of IVDD diagnosis. We used micro-CT to analyse the
IDH in the C6/7 segment and found that it was significantly decreased at
8 and 12 weeks in the CMS group compared with the sham group (CMS
vs. sham: 0.46 mm vs. 0.53 mm at 8 weeks and 0.43 mm vs. 0.51 mm at
12 weeks, respectively) (Figure 7B).

Histological results revealed that, in the sham group, the interverte-
bral disc was almost normal, the NP contained abundant notochordal
cells and was surrounded by large zones of extracellular matrix, and the
AF was well organised. On the other hand, in CMS rats, the NP was
reduced in size, and the AF became disorganised and some with the
presence of cracks (Figure 7A). The CMS group exhibited higher disc
degeneration scores than that of the sham group at 4 weeks, and the
scores increased further at 8 and 12 weeks (Figure 7C).
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Figure 5. A-C) The changes of the vertebral endplate after CMS. (A) The axial view of the C6 caudal and C7 cranial endplate at 4, 8, and 12 weeks after surgery.
The yellow dotted line means the midperpendicular of vertebral width of ventral to dorsal in the transverse plane to distinguish the ventral and dorsal side (showed in
upper left corner image). (B) The VEL of C6/7 vertebral endplate in the ventral and dorsal sides between the CMS and sham groups at each time point. (C) The VEV of
C6/7 vertebral endplate between the CMS and sham groups at each time point. * indicated P < 0.05 compared with the sham group. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.) CMS =cervical muscle section; VEL = vertebral endplate lesion; VEV

= vertebral endplate volume.

Discussion

In this study, we revealed that instability of cervical spine induced by
CMS caused bone formation in the ventral vertebra and significantly
increased the biomechanical loading of the ventral side at the early stage.
Meanwhile, early abrasion followed by calcification of the ventral side of
VEP was evident, which was consistent with the enhanced biomechanical
loading observed in the ventral vertebra. Consequently, the extent of VEP
damage and IVDD was aggravated over time.

Mechanical loading is a particularly potent stimulus for bone forma-
tion, especially in the cancellous bone [21]. Bone mass is maintained by
and adapted to mechanical strain, primarily as a result of muscular
contraction [22,23]. Morgan et al. [24] found that cancellous bone
loading in vivo increased bone density and bone volume fraction. Me-
chanical stimulation enhances the transformation of bone mesenchymal
stem cells (BMSCs) toward osteoblastic lineage and stimulates BMSC
proliferation [25]. The cervical spinal instability induced by facetectomy
in our previous study significantly increased bone mass in vertebra at 12
weeks after surgery, indicating that instability of the spine may induce
bone formation [17]. In normal condition, the mechanical loads of cer-
vical spine induced by the weight of neck and head of rats were offset
partly by contraction of the posterior musculatures. After transection of
the posterior paraspinal musculatures, the stress distribution of cervical
spine would transfer to the ventral side of vertebra and promote bone
formation. Therefore, we separately measured the changes of bone mi-
crostructures in the ventral and dorsal vertebrae. The BV/TV of the
ventral vertebra was increased by 22.9% after CMS surgery at 4 weeks,
whereas bone mass of the dorsal side showed no difference between
groups. Interestingly, the bone mass returned to the same level as the
sham group at a later stage. The underlying reason may be that scar
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formation after surgery in the late phase restabilised the spine or that
endplate and disc degeneration changed the biomechanics in the cervical
spine, however further study is needed to clarify these postulations.

The biomechanical characteristics of the cervical spine between
quadruped and bipedal might exist some differences. The quadruped
spine is mainly loaded along its long axis (like the human spine), and it
can be a valuable animal model for spine research [26]. Griffin et al. [27]
observed the characteristics of the head and cervical vertebral column of
rats, and they found that the rats have near vertical-orientated cervical
vertebral columns but, in contrast to humans, they displace their head in
space by movements at both the cervicothoracic junction and the cra-
niocervical regions. To measure the mechanical properties of the mouse
and rat disc in compression and torsion test, Elliott et al. [28] provided
validation for the use of rodents as mechanical models of the human disc.
The correlations of some lumbar spine properties with animal body
weight further support the use of the lumbar spine in quadruped animals
as appropriate mechanical models of the human lumbar spine. Therefore,
the IVDD of rats can also simulate humans' to some extent.

As we expected, bone mass can also reflect biomechanical strength.
There is a high correlation between the bone mineral parameters and the
biomechanical properties [29]. CMS increased the bone mass of the C6
ventral vertebra at 4 weeks, which can infer that biomechanical prop-
erties of the ventral vertebra were also increased. Therefore, we esti-
mated the vertebral biomechanical changes by micro-FEA and found that
the stiffness and the failure load of the ventral side were significantly
increased after CMS surgery in the early stage. In a normal cervical spine,
the stress distribution of vertebra is mainly concentrated in the middle of
the vertebral body. CMS surgery transferred the stress from the middle
part of vertebra to the ventral side. This was consistent with bone mass
changes in the vertebra.
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Endplate Scores

Figure 6. A-D) CMS initiated vertebral endplate damage in the C6/7 segment. (A) The safranine O/fast green staining of C6/7 vertebral endplates. (B) The
histological grades evaluate between the CMS and sham groups at 4, 8, and 12 weeks. (C, D) Representative pSmad2/3 staining and TRAP staining of C6/7 vertebral
endplates. * indicated P < 0.05 compared with the sham group. CMS = cervical muscle section; TRAP = tratrate resistant acid phosphatase.

As one of the functional structure of spinal unit, the VEP is greatly
affected by biomechanical alterations. The physiological function of VEP
is to help equalise loading between the intervertebral disc and vertebral
body [30] and regulate metabolite transport between them [31]. Over-
load would cause endplate fracture and form abnormal stress distribu-
tions in the adjacent intervertebral disc and exhibit Modic's changes [32].
Cervicodorsal muscles and ligaments are critical in maintaining normal
position and function of the cervical spine. By destroying both paraspinal
muscles and posterior cervical spinal ligaments, Wang et al. [19] created
a cervical spinal instability model in rats, which resulting in the loss of
posterior column stability and IVDD. Our previous study demonstrated
that VEL appeared on the ventral side in the CMS rats with the greater
lesion at 12 weeks, followed by in situ calcification at 18 and 24 weeks
[18]. In the previous study, we only observed the morphological change
of the endplate at 12 weeks and later after CMS. Therefore, the present
study further investigated VEL, together with the change in vertebral
microarchitectures and biomechanical loading, at 4, 8, and 12 weeks
after CMS. We found that the ventral side of the VEP was defected at 4
weeks, which was consistent with enhanced biomechanical loading in
the ventral side. These results showed that initiation of the VEP damage
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might be caused by the augmentation of biomechanical loading in
vertebra.

Regulation of bone formation and endochondral ossification were
thought to be interrelated with TGF-p1 and Smad2/3 signalling pathway
[33,34]. Prolonged and repeated upright posture upregulated TGF-f1,
increased osteoblast number and function, and resulted in bone forma-
tion of the vertebra [16]. The present study displayed that CMS increased
the expression of TGF-f1 and pSmad2/3 and promoted bone formation,
and slightly decreased TRAP activities, in the early stage. Eventually, the
bone resorption and formation reached a new balance through internal
coupling mechanisms over time, with the bone mass and the trabecular
structures showing no difference between groups.

Likewise, VEP degeneration is thought to begin with abnormal
calcification, and the activation of pSmad2/3, which induces BMSCs
transformation into osteoblasts, has been found to contribute to the
pathogenesis of endochondral ossification in the endplate [33,35].
Alteration of the mechanical loading in the spine activates TGF-p1 sig-
nalling, which is associated with hypertrophy and calcification of the
VEP [15,33]. In the present CMS animal model, we confirmed that spinal
instability accelerated damage of the VEP and contributed to endplate
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Figure 7. A-C) CMS-induced intervertebral disc degeneration of the C6/7 segment. (A) The safranine O/fast green staining of C6/7 disc tissues. (B, C) The
histogram of intervertebral disc height and intervertebral disc degeneration scores between the CMS and sham groups at 4, 8, and 12 weeks. * indicated P < 0.05

compared with the sham group. CMS =cervical muscle section.

hypertrophy and sclerosis, at least part via the elevation of pSmad2/3
expression.

The VEP damage is one of the major initiating factors for the whole
cascade of disc degeneration [36]. Damage of endplate decreases intra-
discal pressure and increases the risk of disc degeneration [37]. In addi-
tion, the degeneration of VEP is thought to reduce nutrients transport from
vertebral marrow to vertebral disc [38]. A large population-based sample
confirmed that endplate defects are strongly and independently associated
with disc degeneration [39]. VEP underwent defect earlier and followed
by calcification later, and the endplate degeneration was aggravated over
time in the CMS rats. Similarly, the IDH was continuously decreased and
the IVDD score was also significantly increased in the CMS group than
those in the sham group with time.

This study was first time to analyse the relationship between the
spatiotemporal bone formation and biomechanical alteration in the
vertebra with VEP damage and IVDD. However, there are still some
limitations. Firstly, we have previously found that the degree of IVDD
was gradually aggravated from C4/5 to C6/7. But, the present study was
focused only on the C6/7 segment after CMS. Secondly, direct biome-
chanical testing of the bone undoubtedly provides more real information
about mechanical integrity than FEA. However, the technique to distin-
guish the ventral and dorsal sides was very difficult to execute. Moreover,
the present study exhibited a phenomenon that bone remodelling was
rebalanced over time, while the VEP lesion and IVDD became more se-
vere. The underlying mechanisms are unclear and further study is
warranted.

Conclusion

The present study indicates that cervical spine instability caused by
CMS induced bone formation and increased biomechanical loading in the
ventral side of the vertebra at an early stage. The changes of biome-
chanical loading distribution might initiate VEP damage and IVDD.
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