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Abstract
Background: A new rat tail intervertebral disc degeneration model was established 
to observe the morphologic and biologic changes of static bending and compression 
applied to the discs.
Methods: In total, 20 Sprague-Dawley rats with similar weight were randomly di-
vided into 4 groups. Group 1 served as a control group for a baseline assessment of 
normal discs. Group 2 underwent a sham surgery, using an external device to bend 
the vertebrae of coccygeal 8-10. Groups 3 and 4 were the loaded groups, and exter-
nal devices were instrumented to bend the spine with a compression level of 1.8 N 
and 4.5 N, respectively. Magnetic resonance imaging (MRI), histological, and quanti-
tative real-time PCR (qRT-PCR) analysis were performed on all animals on day 14 of 
the experiment.
Results: Magnetic resonance imaging and histological results showed that the 
changes of intervertebral disc degeneration increased with the size of compression 
load. Some architecture disorganizations in nucleus pulposus and annulus fibro-
sus were found on both of the convex and concave side in the groups of 1.8 N and 
4.5 N. An upregulation of MM-3, MM-13, and collagen 1-α1 mRNA expression and a 
downregulation of collagen 2-α1 and aggrecan mRNA expression were observed in 
the sham and loading groups. Significant changes were found between the loading 
groups, whereas the sham group showed similar results to the control group.
Conclusions: Static bending and compression could induce progressive disc degen-
eration, which could be used for biologic study on disc degeneration promoted by 
static complex loading.
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1  | INTRODUC TION

Low back pain (LBP) is one of the most common public health prob-
lems in many countries today, placing a heavy burden on national 
health care systems and economies. Despite the high incidence of 
LBP, the pathophysiology and pathogenesis of LBP are still poorly 
understood. Intervertebral disc degeneration (IDD) is generally con-
sidered to be the most critical and closely associated disease with 
LBP, characterized by cellular dysfunction and loss of proteoglycan 
production.1-3 IDD is caused by many factors, among which mechan-
ical factors play an important role. Persistent abnormal postures 
such as bending, twisting, sitting, and lifting objects are thought to 
cause disc degeneration.

The human intervertebral disc is subjected to a constant and 
complex load. This load comes from a combination of weight, muscle, 
and ligament tension.4 It seems that a disc is most likely to sustain 
mechanical damage when loaded in a flexed posture.5 To counter-
act the flexion torque caused by weight, the muscles at the back of 
the spine must exert a force, which causes the discs to be subjected 
to high pressure.6 Disc bulges or protrusions often pre-exist in pa-
tients with acute back pain, which suggests that repeated compres-
sive loads may gradually result in a herniated intervertebral disc.7 
However, this hypothesis has not yet been tested in animal models.

The aim of this study is to establish an animal model that can 
simulate the complex mechanical load of human intervertebral disc 
during bending. We tested the hypothesis that a disc herniation 
could be gradually induced by static complex loading.

2  | MATERIAL S AND METHODS

2.1 | Experimental animals

Approval was obtained from the ethics committee of Soochow 
University. Twenty 12-week-old male Sprague-Dawley rats were 
selected in this study. The 20 rats were randomly divided into 4 
groups. Group 1, a control group, was assessed for normal discs as a 
baseline (n = 5). Other rats had an external device implanted in the 
coccygeal 8-10 vertebrae to bend the spine at a fixed angle. Rats in 
group 2 underwent a sham surgery with no load (n = 5). In groups 3 
and 4, rats were subjected to compression load of 1.8 N and 4.5 N, 
respectively.

2.2 | Surgical procedure

Rats in groups 2-4 were anesthetized by intraperitoneal injection of 
1% pentobarbital sodium (40 mg/kg). The tail of the rats was cleaned 
and disinfected with 70% ethanol solution. The Co8-10 interverte-
bral disc space was positioned by hand, and the corresponding skin 
area was marked. Using an electric drill and 2 K-wires (length 50 mm; 
diameter 1.2  mm), the vertical body was inserted percutaneously 
near the labeled disc, so that it was placed vertically in the center 

of the Co8 and Co10 vertebral bodies. Alignment jigs were used 
to assist in the precise positioning and arrangement of the wires 
(Figure 1A). The 2 wires were fixed on the concave side of the curved 
tail at an angle of 40° (Figure 1B). The tension springs were placed 
on the convex side between the 2 wires, 25 mm from the center of 
the shaft of the tail. Plastic plates were used to prevent the tail from 
twisting (Figure 1C).

2.3 | Magnetic resonance imaging (MRI)

At 14 days postoperatively, MRI was performed on all experimental 
rats using the 1.5 Tesla system (General Electric Company, Chicago, 
USA). The imaging sequence consisted of coronal spin echo T2-
weighted images (repletion time 3000 ms; echo time 80 ms; field of 
view 200 × 200 mm; slice thickness 1.4 mm). Four blinded investiga-
tors used the Pfirrmann classification to classify disc images into 5 
grades.8

2.4 | Histological analysis

After the MRI examination was completed, the animals were eu-
thanized with a lethal dose of anesthetic. The target Co8-10 ver-
tebral body was removed, the skin and soft tissue were separated, 
and the Co8-Co9 and Co9-Co10 intervertebral discs were removed. 
Co9-Co10 intervertebral discs were collected and flash frozen in 
liquid nitrogen. The remaining tissues were fixed in 10% buffer for-
maldehyde solution for 24 hours and decalcified in 10% ethylenedi-
aminetetraacetic acid (EDTA) for 30 days. After paraffin embedding, 
the tissues were prepared into paraffin sections with a thickness 
of  5  µm. Histological scores were determined using hematoxylin/
eosin, safranin O/Fast green, and Mallory staining. Images were ob-
tained using an Axio Imager (Carl Zeiss, Jena, Germany). Histological 
score was determined according to the histological characteristics 
of the nucleus pulposus and annulus fibrosus. Four blinded investi-
gators used the Norcross classification to evaluate sections ranging 
from 10 for no degeneration to 2 for severe degeneration.9

2.5 | Gene expression

Disc (Co9-Co10) was dissected and prepared for a gene expression 
test as described previously.10 The nucleus pulposus tissues were 
ground and crushed, and total RNA was extracted with Trizol rea-
gent and purified with RNeasy Mini Kit (Qiagen, Hilden, Germany). 
Reverse transcription of mRNA was performed using the RevertAid 
First Strand cDNA Synthesis Kit (Thermo, Vilnius, Lithuania). To de-
termine the quantitative expression of mRNA, the iTaq Universal 
SYBR Green Supermix Kit was used to amplified cDNA equivalent 
to 20 μg total RNA (Bio-Rad, Hercules, CA, USA) on a CFX96 Real-
Time PCR System (Bio-Rad), following the manufacturer's protocol. 
The expression of 3 anabolic genes (collagen 1-α1, collagen 2-α1 and 
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aggrecan) and 2 catabolic genes (MMP-3 and MMP-13) was ana-
lyzed. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as the internal standard. The relative transcription levels were 
calculated by the 2−ΔΔct method and normalized to the expression 
of the reference gene GAPDH. The specific primer sequences are 
presented in Table 1.

2.6 | Statistical analysis

All experimental data were expressed as mean  ±  SD. Software 
Statview (SAS Institute, Cary, NC, USA) was used for statistical anal-
ysis; P <  .05 indicates a significant difference. Analysis of variance 
(ANOVA) with Fisher's protected least significant difference (PLSD) 
was used to determine significant differences between groups in 
MRI and histomorphological grading assessments. For qRT-PCR 
data, Fisher's PLSD with a hypothesized mean of 1 was first used to 

test the difference between the experimental groups (groups 2-4) 
and the control group (group 1). Next, an ANOVA with Fisher's PLSD 
was performed to assess whether there were differences between 
the experimental groups.

3  | RESULTS

3.1 | MRI assessment of degeneration

Figure 2 shows the T2-weighted image of the target coccygeal disc 
of the rats taken 14  days after the experiment. The scores of in-
tervertebral disc degeneration were significantly higher in the 
loaded groups than in the sham group (P < .05). The 2 loading groups 
had a significant difference in disc degeneration (P < .05). However, 
there was no statistically significant difference in MRI evaluations 
between the sham and the control groups (P > .05) (Figure 3A).

F I G U R E  1   A, An alignment jig for a precise location of the wires. B, Two wires were fixed at a 40° angle. C, Tension springs were 
placed between the 2 wires on the convex side. A plastic plate was used to prevent vertebrae torsion

TA B L E  1   Primers used for quantitative real-time PCR

Gene Forward Primer sequence (5′-3′) Reverse Primer sequence (5′-3′)

GAPDH CAAGTTCAACGGCACAGTCAAG ACATACTCAGCACCAGCATCAC

Collagen1-α1 GCCCAGAAGAATATGTATCACCAGA GGCCAACAGGTCCCCTTG

Collagen2-α1 ATGAGGGCCGAGGGCAACAG GATGTCCATGGGTGCAATGTCAA

Aggrecan TCCGCTGGTCTGATGGACAC CCAGATCATCACTACGCAGTCCTC

MMP-3 TGGACCAGGGACCAATGGA GGCCAAGTTCATGAGCAGCA

MMP-13 CCCTGGAGCCCTGATGTTT CTCTGGTGTTTTGGGGTGCT
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3.2 | Histological evaluation

Different groups of histological sections showed different mor-
phological changes in the nucleus pulposus and annulus fibrosus. 
Annular protrusion and nucleus pulposus migration were histo-
logically observed in the loading groups (Figure  4). The histo-
logical scores for the 1.8-N and 4.5-N groups were significantly 
lower than those in the unloaded groups and decreased gradu-
ally with the degree of compression (P < .05). The results of the 

sham group were similar to those of the normal group (P >  .05) 
(Figure 3B).

3.3 | Gene expression

Aggrecan and collagen 2-α1 were significantly downregulated, 
whereas collagen 1-α1, MMP-1, and MMP-13 were upregulated with 
significant differences between the loading groups and the control 

F I G U R E  2   Representative T2-weighted sagittal MRIs in different groups, 14 d after the experiment

F I G U R E  3   A, Changes in the MRI Pfirrmann classification score. B, Changes in the histology Norcross score; *,+P < .05
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     |  265JI et al.

F I G U R E  4   Representative hematoxylin/eosin, safranin O/Fast green, and Mallory staining images of the whole experimental disc (original 
magnification ×25)

F I G U R E  5   Real-time PCR gene expression profile in the control, sham, 1.8-N, and 4.5-N groups. The mRNA levels of aggrecan, collagen 
2-α1, collagen 1-α1, MMP-3, and MMP-13 normalized to GAPDH are shown in the experimental groups relatively to the control disc, 
*,+P < .05
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group. However, the sham group showed results similar to the con-
trol group except for the collagen 1-α1 expression. All tested genes 
but MMP-13 exhibited a significant change when comparing the 
1.8-N group with the 4.5-N group (Figure 5).

4  | DISCUSSION

We established an in vivo model of the rat tail in which different com-
pressive loads were applied to a bent intervertebral disc. The most 
striking thing we found in this study was that static complex loading 
can induce posterior intervertebral disc protrusion when combining 
bending and compression loads but not during bending alone. We 
compared the morphological and biological changes occurring in the 
intervertebral disc under different static complex loads.

In general, disc herniation is caused by disc degeneration and is 
characterized by disc dehydration. Disc dehydration results from a 
decrease in proteoglycan content that is normally involved in binding 
water with negative charge.11 MRI showed disc degeneration with loss 
of intranuclear T2 hyperintensity. The observed MRI grades of disc 
degeneration increased with the magnitude of compressive load. The 
intervertebral discs in the control group and the sham group showed 
uniform structure and bright high-intensity white signal. Disc bulge 
could be seen in the compressive loading groups. In the 1.8-N group, 
the disc structure was not homogeneous and showed high-intensity 
white signal. In contrast, the disc structure of the 4.5-N group was 
inhomogeneous as well, but the signal was of moderate gray intensity.

The histomorphological grades decreased with the magnitude 
of the compressive loads. When comparing discs between the con-
trol, the 1.8-N, and the 4.5-N groups, it could be observed that the 
histological scores decreased in parallel with the compression. On 
the convex side, there was some disorganization and protrusion in 
the lamellar architecture of the annulus, for the 1.8-N and 4.5-N 
groups. An upregulation of catabolic mRNA expression (MM-3 and 
MM-13) and a downregulation of anabolic mRNA expression (colla-
gen 2-α1 and aggrecan) were observed in all experimental groups. 
Degenerative nucleus pulposus was replaced by fibrous tissue, 
which may account for the increase in collagen 1-α1 expression 
in the loading groups. These results are consistent with previous 
findings reporting that static compressive stress would induce in-
tervertebral disc degeneration.12,13 Various rat tail compression 
models have been established in previous studies.14-17 Iatridis 
et al14 initially used an Ilizarov-type instrument to describe the rat 
tail compression model for the application of chronic compression. 
Ching et al15 studied the differences between static loading and 
cyclical loading on the rat-tail intervertebral disc. The research-
ers noted that the disc height decreased significantly in the static 
compression group. Lotz et al17 analyzed how static compression 
loads affect the biomechanics of the tail intervertebral disc. They 
found that compressive loading resulted in progressive annulus 
disorganization, which is a dose-dependent apoptotic response 
with downregulated expression of collagen 2 and aggrecan genes. 
Court et al16 were the first to study the role of static bending in 

the morphology and biology of the murine intervertebral disc. 
Compression consisted of a load applied on the concave side of 
the bent rat tail by a calibrated elastic band. With this model, they 
concluded that excessive matrix compression affected annular cell 
death, but the gene expression of collagen 2 was negatively regu-
lated by the static nature of the load. However, all the above stud-
ies did not examine the interaction of biology and structure that 
was associated with static complex loading; this may be one of the 
important factors that lead to disc herniation.

The limitation of this study is that, although the rodent tail discs 
are biomechanically and compositionally similar to human lumbar 
discs, there are significant differences. Tail intervertebral discs in 
rats are less burdened and have different anatomical structures 
and specific sizes. Moreover, there are differences in cell biology 
and biochemistry between the nucleus pulposus in rats and mature 
humans. The relatively small number of animals in each group, just 
5, increases the likelihood of type Ⅱ error. This rat-tail model truly 
simulates the human disc loading in a flexion posture, though the 
limitations above exist. Consequently, this model reliably provides 
relevant relationship between disc herniation and static complex 
loading.

In conclusion, static complex loading can induce posterior inter-
vertebral disc protrusion when combining bending and compression 
loads but not during bending alone. This model can be used to eval-
uate the mechanobiological changes associated with disc herniation 
under complex loads.
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