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Abstract

Purpose: To investigate dynamically the X-ray appearance of cervical degenerative disease
induced by unbalanced dynamic and static forces in rats.

Methods: A total of 60 Sprague Dawley rats were randomized into test (n=45) and control
(n=15) groups, which were randomly subdivided into the one-, three- and six-month post-
operative groups. The test group included 10, 15 and 20 rats at the respective corresponding
post-operative stage and the control group included five rats at each time-point. By excising
cervicodorsal muscles, interspinous ligaments and supraspinous ligament of rats in the
test group, the balance of dynamic and static forces on cervical vertebrae was disrupted
to establish a rat model of cervical degeneration. Spinal X-ray images were acquired, and
intervertebral disc space and intervertebral foramen size were measured at one, three and
six months post-operation. The results were analyzed and compared among groups.
Results: Cervical dynamic and static imbalance accelerated the appearance of cervical
degenerative disease on X-ray.

Conclusion: Cervical degenerative disease may be induced by unbalanced dynamic and
static forces in rats.
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[ | Introduction
Cervical spondylosis is a common
and severe degenerative disease, which

seriously affects human health and quality
of life. However, the specific pathogenesis
remains elusive and may result from multiple
factors, including degeneration, trauma, strain,
inflammation and congenital malformation,
among which cervical degeneration is regarded
as an important risk factor for cervical
spondylosis’>. According to two-column and
three-column spine concepts, respectively
elaborated by Holdsworth et al.° and Denis et
al.”, mechanical instability of the cervical spine
is an important factor that accelerates cervical
degenerative processes. According to current
theories, cervical stability is maintained by
two factors: one is an endogenous static
equilibrium, consisting of vertebrae, adnexa,
intervertebral disc and attached ligaments; the
other is an exogenous dynamic equilibrium,
regulated and controlled by cervical muscles.
Damage to any part is likely to cause cervical
instability. Miyamoto et a/.® have demonstrated
that cervical static instability promotes
cervical disc degeneration. Cervical dynamic
and static imbalance accelerating cervical
degeneration is also confirmed by changes
in disc morphology, the activity of associated
inflammatory factors (prostaglandin E2; 6-keto-
prostaglandin F1 alpha) and collagenase [matrix
metalloproteinase-1 (MMP-1)] levels after
establishment of cervical dynamic and static
imbalance in rats®, It was therefore deduced
that cervical degenerative disease may be
induced by unbalanced dynamic and static
forces. Imaging, as a reliable clinical method
to study cervical degeneration, however,
has not been employed in current research.
Therefore, the present study established rat
model of cervical dynamic and static imbalance
by excising muscles and parts of ligaments in
the posterior cervical spine, and observed
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the X-ray appearance of cervical degenerative
disease induced by unbalanced dynamic and
static forces in rats.

n Methods

The animal use protocol was reviewed
and approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing Medical
University (Nanjing, China).

The present study was performed in
strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

A total of 60 adult and healthy male
Sprague Dawley (SD) rats (age, 6-week-old;
weight, 220-250 g; provided by Shanghai
Laboratory Animal Center (Shanghai, China)
were randomized into test (n=45) and control
(n=15) groups, which were subdivided into
one-month, three-month and six-month post-
operation groups. The test group included 10,
15 and 20 rats at corresponding post-operative
stages and the control group had five rats at
each time-point. The 2 groups of rats (n=45 in
the test groups and n=15 in the control group)
at corresponding post-operative stages were
subjected to x-ray analysis and compared each
other at 1, 3 and 6 months post-operation,
respectively.

Model establishment

Rats in the test group were solid-
food fasted for 12 h prior to the experiment,
anesthetized with 10% chloral hydrate (0.3
ml/100 g; provided by Sinopharm Chemical
Reagent Co., Ltd.,, Shanghai, China) by
intraperitoneal injection and fixed on the
operating table in the prone position with a
50-ml falcon tube under the neck. The rat was
shaved on the nape of the neck and disinfected,
following which a 2-2.5 cm longitudinal incision
was made at the midline to perforate the
skin and subcutaneous tissue. Every muscle
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layer was fully separated. Superficial muscles,
platysma muscle, trapezius and rhomboideus,
and deeper muscles, splenius cervicis muscle,
longissimus capitis et atlantis, longissimus
cervicis, hiocostalis cervicis and semispinalis
capitis were transected successively, and 1.5
cm of those muscles were resected to avoid
coalescence. At last, supraspinous ligament
and interspinous ligaments from C2 to C7 were
cut off prior to suturing skin layers successively,
without removing the sutures, which came
off naturally. The preparation prior to surgery
and anesthesia for rats in the pseudo-surgery
(control) group was the same as that in the test
group. The skin incision of rats in the control
group was sutured without resecting or cutting
any muscle or ligament. Each rat was fed a
standard diet and ad libitum access to food
and water in individual cages under normal
conditions: Temperature 23-25°C; relative
humidity 40-70% and a 12-h light/dark cycle
with intramuscular injection of 50.000 units
penicillin sodium to prevent infection after
surgery.

Index assessment

After model establishment,
anterioposterior and lateral X-rays of rat
cervical spines were taken at 1, 3 and 6
months after surgery by fixing rats in the
same position after intraperitoneal anesthesia
with 10% chloral hydrate (3 ml/kg, provided
by Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China; catalogue no. 20110401).
Anterior, middle and posterior intervertebral
space and intervertebral foramen diameters
were measured on anterioposterior and lateral
images using Photoshop CS2 Version 9.0
(Adobe, San Jose, CA, USA), respectively. Images
were captured using the same molybdenum
target X-ray machine (model no. 52420658;
DirectView Vita CR, CareStream Health,
Rochester, NY, USA) under the same conditions
(working potential, 220 V; current, 15A).
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Statistical analysis

Values are expressed as the mean %
standard deviation. Statistical analysis were
performed with GraphPad Prism, (version
6; GraphPad Inc., La Jolla, CA, USA). F-test
was used to assess the equality of variances.
If variances were equal, Students t-test was
employed to compare mean values among
groups. The Rank-sum test was performed if
data were not normally distributed or variances
were not equal. P<0.05 was considered to
indicate a statistically significant difference.

] Results

General observation

A total of 45 SD rats in the test group
underwent surgery without any perioperative
mortality and subsequent to surgery,
characteristics of head bobbing, twisting and
shaking were observed, which disappeared
within approximately one week. Seven days
after surgery, five rats died and were dissected,
revealing cervical infection and intestinal
tympaniteses. No further mortalities occurred
at one, three and six months post-operation.

Cervical spine X-rays

At one month after surgery, no obvious
differences in intervertebral space and
intervertebral foramen diameters between the
test and control groups were observed on X-ray
(Figure 1). At three and six months post surgery,
X-rays of rat cervical spines in the test group
showed loss of cervical lordosis or cervical
retroflection, narrowing of intervertebral
foramen and reduced intervertebral disc space
compared with those in the control group
(Figures 2 and 3).
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Figure 1 - Representative anteroposterior and
lateral spine X-ray of rats in the test and control
groups at one month post surgery.

Anteroposterior Lateral

Test

Control

Figure 2 - Representative anteroposterior and lateral
spine X-ray of rats in the test and control groups at
three months post surgery. Cervical degeneration in
the test group is indicated by an arrow.
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Figure 3-Representative anteroposteriorand lateral
spine X-ray of rats in the test and control groups at
six months post surgery. Cervical degeneration in
the test group is indicated by an arrow.

Outcome of statistical analysis

The results of intervertebral space
measurements in anteroposterior and lateral
X-rays as well as the intervertebral foramen
diameter of rat cervical spines are shown
in Tables 1-4, respectively. Compared with
those in the control group, intervertebral
spaces and intervertebral foramen diameter
of rats in the test group were similar at one
month post-surgery (P>0.05). However, the
C2-3, C3-4, C4-5 and C5-6 intervertebral
spaces obtained in anterioposterior position
were significantly reduced 6 months post-
operation compared with those in the control
group (P<0.05 or P<0.01; Table 1). The C4-5
anterior and posterior intervertebral space
were significantly decreased at three post-
operative months (lateral X-ray; P<0.05; in
Table 3), and the C2-3 (Table 2) middle and
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posterior, C3-4 (Table 2), C4-5 (Table 3) and
C5-6 (Table 3) posterior as well as the C6-7
(Table 3) anterior and middle intervertebral
spaces were significantly reduced at six post-
operative months compared with those in the
control group (lateral X-ray; P<0.05, P<0.01 or
P<0.001). Furthermore, at six post-operative
months, the C4-5, C5-6 and C6-7 intervertebral
foramens were significantly narrowed compared
with those in the control group (P<0.05 and
P<0.01, respectively, Table 4).

In the test groups, the intervertebral
space and intervertebral foramen diameter of
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rats were not statistically different between 1
and 3 months post-operation, while 6-month
post-operative C2-3, C5-6 from anteroposterior
X-ray were evidently decreased compared with
the corresponding parameters at one month
(P<0.05; Table 1). Six-month post-operation
C4-5, C5-6 and C6-7 intervertebral foramen
were significantly narrowed compared with
the corresponding 1-month post-operative
parameters (P<0.05; Table 4), while there
was no difference in intervertebral space and
intervertebral foramen diameter between 3
and 6 months post-operation.

Table 1 - Measurement results of various intervertebral disc spaces (mm) obtained from X-ray images

in anterioposterior position.

Group/time post-surgery C2-3 C3-4 C4-5 C5-6 C6-7
(months)
Test
1 0.12+0.01 0.121+0.01 0.12+0.01 0.13+0.05 0.10£0.02
3 0.10+£0.01 0.11+0.01 0.11+0.01 0.11+0.02 0.11+0.01
6 0.0910.042¢ 0.12+0.052 0.12+0.02° 0.10+0.05"¢ 0.12+0.03
Control
1 0.11+0.01 0.10£0.01 0.11+0.01 0.12+0.01 0.09+0.01
3 0.11+0.02 0.121£0.02 0.12+0.01 0.11+0.01 0.12+0.02
6 0.13+0.03 0.15+0.02 0.14+0.02 0.17+0.05 0.12+0.01

Values are expressed as the mean + standard deviation. P<0.05, °P<0.01 vs. control group; c*?P<0.05 vs. 1-month post-operative

parameters in test group.

Table 2 - Measurement results of various intervertebral disc spaces (mm) obtained from X-ray images

in lateral position for C2-3 and C3-4.

Group/time

c2-3 C3-4
post-surgery
(months) Anterior Middle Posterior Anterior Middle Posterior
Test
1 0.14+0.01 0.13+0.01 0.12+0.02 0.13+0.01 0.12+0.01 0.12+0.01
3 0.11+0.02 0.11+0.02 0.09+0.02 0.11+£0.01 0.10+0.02 0.09£0.02
6 0.14+0.02 0.10+0.01¢ 0.10+0.02° 0.131£0.03 0.11+0.01 0.10+0.022
Control
1 0.13+0.01 0.12+0.01 0.11+0.01 0.13+0.01 0.12+0.00 0.11+0.01
3 0.12+0.01 0.12+0.02 0.10+0.02 0.11+0.02 0.11+0.01 0.10+0.01
6 0.17+0.04 0.151£0.01 0.14+0.01 0.14+0.03 0.121+0.01 0.1210.01

Values are expressed as the mean * standard deviation. 2P<0.05, °P<0.01, °P<0.001 vs. control group.
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Table 3 - Measurement results of various intervertebral disc spaces (mm) obtained from X-ray images

in lateral position for C4-5, C5-6 and C6-7.

S::;‘p/ c4-5 C5-6 C6-7

post-

surgery Anterior Middle Posterior Anterior Middle Posterior Anterior Middle Posterior
(months)

Test

1 0.12+0.00 0.12+0.01 0.11+0.02 0.12+0.01 0.11+0.01 0.10+0.02 0.13+0.01 0.12+0.01 0.11+0.01
3 0.09+0.02* 0.11:0.01 0.10£0.02 0.11+0.2 0.10:0.02 0.09:0.02 0.11+0.01 0.10t001° 0.09:0.01
6 0.104£0.02 0.124003* 0.0940.02° 0.14+0.01° 0.11+0.01° 0.10+0.02° 0.14+0.01° 0.13+001° 0.12+0.02
Control

1 0.11+0.00 0.10+0.00 0.13+0.01 0.13+0.01 0.11+0.00 0.11+0.00 0.12+0.01 0.12+0.01 0.11+0.02
3 0.12+0.02 0.10£001 0.12+0.01 0.12+0.01 0.11+0.02 0.09£0.02 0.12+0.02 0.11+0.01 0.10+0.02
6 0.12+0.01 0.1410.03 0.12+0.03 0.16t0.03 0.14:0.04 0.14:0.02 0.19+0.04 0.15:0.01 0.13:0.01

Values are expressed as the mean * standard deviation. 2P<0.05, °P<0.001, °P<0.01 vs. control group.

Table 4 - Measurement results of the intervertebral foramen diameter in various intervertebral disk
spaces (mm) obtained from X-ray images in lateral position.

Group/time post- C2-3 C3-4 C4-5 C5-6 C6-7
surgery (months)
Test
1 0.30+0.03 0.24+0.03 0.22+0.02 0.24+0.03 0.24+0.02
3 0.26+0.03 0.21+0.03 0.20+0.03 0.20+£0.04 0.20+£0.04
6 0.29+0.04 0.22+0.04 0.19+0.03%¢ 0.19+0.02°¢ 0.17+0.08¢
Control
1 0.28+0.02 0.23+0.02 0.22+0.05 0.24+0.03 0.22+0.02
3 0.27+0.01 0.2510.02 0.21+0.02 0.22+0.02 0.20£0.03
6 0.33+£0.02 0.26%0.05 0.2510.03 0.2510.02 0.25+0.04

Values are expressed as the mean + standard deviation. °P<0.05, °P<0.01 vs. control group, °P<0.05,‘P<0.01 vs. 1-month post-operative

parameters in test group.

[ | Discussion
The mechanical system that maintains
cervical stability includes a static and a

dynamic system, which serve as the basis and
prerequisite of spinal integrity. In the neutral
position, the normal physiological movement
and stability of the neck are achieved by
adjusting the strain of surrounding muscles
to generate a dynamic balance on the basis of
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the static balance'!. During the development
of cervical degenerative disease, unbalanced
static and dynamic systems of cervical
vertebrae have a synergistic effect on each
other. A dynamic imbalance tends to occur
at the early stage of cervical degenerative
disease. First, exogenous pathological factors
directly or indirectly influence the cervical
dynamic system, i.e., cervical muscles are
weakened due to long-term and persistent
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strain and irritation. The thereby generated
dynamic imbalance results in an out-of-sync
static system that comprises cervical vertebral
bodies, ligaments and intervertebral discs,
followed by a biomechanical imbalance of
the cervical spine to cause cervical instability
and cervical intervertebral disc degeneration,
which may lead to annulus fibrosus corruption,
nucleus  pulposus  extrusion, vertebral
body collapse as well as intervertebral disc
space and intervertebral foramen stenosis.
Consequently, complex symptoms occur due
to mechanical compression of the cervical
nerve root, blood vessels and spinal cord
by intervertebral discs and osteophyte.
Establishment of a cervical dynamic imbalance
in rats has been demonstrated to induce
changes in the direction and level of pressure
upon the articular surface of the cervical
spine, followed by degenerative changes of
articular cartilage and capsule®!3. Kawaguchi
et al.** reported that axial symptoms following
cervical laminoplasty included post-operative
pain, soreness, weakness, spasm and stiffness
from the nuchal to the scapular region. Certain
studies consider axial symptoms as the causal
effect of intraoperative muscle and ligament
injuries. Kawaguchi et al.*> found that axial
symptoms were more common in patients who
underwent anterior cervical decompression
and fusion surgery due to long-term post-
operative wearing of a cervical collar to limit
motion, resultingin atrophy of posterior cervical
muscles and further decreasing the range of
motion of the cervical spine. Fujibayashi et
al.*® explored the cause of axial symptoms in
patients with cervical spondylotic myelopathy
who underwent cervical laminoplasty and
revealed the close association between axial
symptoms and the recovery of (dynamic
balance-associated) cervical muscles. Thus,
maintenance of a dynamic balance involving
cervical muscles and ligaments has important
implications for not only reducing the incidence
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of cervical spondylosis, but also influencing the
therapeutic effect of surgery and promoting
post-operative recovery'*'’.

Cervical instability models may be
utilized for investigating the cause and
pathogenesis of cervical spondylosis. In the
present study, a rat model of unbalanced
dynamic and static forces on the cervix was
established by dissecting the posterior cervical
muscles, supraspinous and interspinous
ligaments to simulate muscle strain and
decrease of myodynamia in humans.

Imaging (X-ray, computed tomography,
magnetic resonance imaging and myelography)
as a convenient, quick and practical method,
has been widely applied in the clinical
diagnosis of cervical spondylosis, while X-ray
is most commonly used. The present study
assessed the changes in intervertebral space
and intervertebral foramen diameter on X-ray
images of the cervical spine to objectively
reflect the degree of cervical degeneration. The
results revealed that at three and six months
post surgery, the X-ray appearance of the cervix
inthe test group was significantly different from
that in the control group, suggesting cervical
degeneration. The aforementioned results
indicated that the unbalance of dynamic and
static forces on cervical vertebrae may be an
important factor that leads to acceleration
of cervical degeneration in rats, which is
consistent with the initial hypothesis. However,
due to the difference in the physiological
properties of cervical spines between rats
and humans, a rat model of cervical dynamic
and static imbalance cannot resemble cervical
degenerative processes in humans. Therefore,
further research on the pathogenesis of
cervical spondylosis requires abundant models
that more closely resemble the human cervical
spine.

Studies have found that bone changes
induced by cervical degenerative disease are
not the only cause of cervical spondylosis
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symptoms. Certain patients with severe
symptoms showed unobvious degenerative
changes on cervical spine X-ray. A number
of studies have demonstrated that the
combination of cervical spine degeneration
and changes in nucleus pulposus and its
extracellular matrix are involved in the
pathology of cervical spondylosis'®2!. Studies
establishing a dynamic non-equilibrium
involving the cervical spine in rats found that
the annulus fibrosus progressively degenerated
and ruptured, and the nucleus pulposus
gradually shrank and disappeared entirely
over time!%?2, K3apa et al.” reported markedly
increased activity of intervertebral collagenase
and serinase and distinctly decreased levels
of proteoglycan. Wang et al.° demonstrated
significant changes in disc morphology, the
activity of associated inflammatory factors
(prostaglandin E2, 6-keto-prostaglandin F1
alpha) and collagenase (MMP-1) levels during
cervical degenerative processes induced
by cervical dynamic and static imbalance in
rats. Changes in various inflammatory factors
have also been identified during processes
of intervertebral disc degeneration®*%,
It was therefore speculated that cervical
dynamic and static imbalances may cause an
X-ray appearance of cervical degeneration,
accompanied by changes in intervertebral disc
cells and extracellular matrix, which provided
direction for further study. In an adjunct study
by our group, the inflammatory factorsin serum
and intervertebral discs in rats prior to and after
surgery were assessed to determine the most
important changes and the corresponding
mechanisms.

The results of the present study
suggested that cervical dynamic and static
imbalance may accelerate the cervical
degenerative appearance, specifically in
C4-5 and C5-6 intervertebral spaces on X-ray.
Therefore, the current study concludes that
cervical dynamic and static imbalance may
simulate the degenerative process of cervical
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spine in certain patients. However, given the
complexity of human disc degeneration no
animal model is able to perfectly mimic the
entire pathophysiological process. Therefore,
further research and improved animal models
are required to confirm the conclusion of the
present study.
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