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Abstract BACKGROUND CONTEXT: Different animal models are used in disc degenerative disease
research by now. To our knowledge, a functional animal model that mimics ischemic and slowly
progressive disc degeneration of humans does not exist.

STUDY DESIGN: This is an experimental animal study of disc degeneration.

PURPOSE: The purpose of this study was to establish an ischemic and slowly progressive inter-
vertebral disc (IVD) degeneration model with an injection of pingyangmycin (PYM) into subchon-
dral bone adjacent to the disc, using bone marrow needle guided by computed tomography (CT)
scan.

METHODS: The subchondral bone adjacent to the lumbar IVDs (from L3—14 to L5—L6) of 18
rabbits was randomly injected with 3 mL PYM solution (1.5 mg/mL PYM), 3 mL phosphate-buft-
ered saline (vehicle control), or exteriorized but not injected with anything (sham), with using bone
marrow needle guided by CT scan. The degenerative process was investigated by using radiogra-
phy and magnetic resonance imaging at 1, 3, and 6 months postoperatively, combined with histo-
logical scoring, immunohistochemistry, and real-time polymerase chain reaction analysis.
RESULTS: Significant disc space narrowing was observed at 6 months in the discs adjacent to the
subchondral bone injected with PYM, compared with the control groups (p<.05). The magnetic
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resonance imaging assessment also demonstrated a progressive loss of T2-weighted signal intensity
postoperatively. The histological score increased significantly compared with that of the control
groups from 3 months to the end point (p<.05). The bone tissue area of the end plate increased sig-
nificantly at the end point, compared with that of the control groups (p<.05). The results of molecu-
lar analysis showed significant increase of matrix metalloproteinase-3, a disintegrin and
metalloproteinase with thrombospondin motif-5, and marked reduction of aggrecan and Type II
collagen after 3 months at the messenger RNA levels in the discs of PYM group (p<.05). The von
Willebrand factor expression of PYM group also showed a significant reduction after 1 month
(p<.095).

CONCLUSIONS: Percutaneous injection of PYM into the subchondral bone adjacent to the lum-
bar IVDs of rabbits, using bone marrow needle guided by CT scan, can result in ischemic and
slowly progressive disc degeneration model, which mimics the onset of human disc degenera-
tion. © 2015 Elsevier Inc. All rights reserved.

Intervertebral disc; Degeneration; Animal model; Computed tomography; Magnetic resonance imaging; Rabbits
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Introduction

Low back pain (LBP), one of the most common
complaints of individuals, is estimated to affect 60% to
80% of adults at some point in their lives [1]. It is
reported that the total annual expenditure attributed to
LBP is about $100 billion in the United States [2] and
£12 billion in the United Kingdom [3]. Although the
pathophysiology inducing LBP is still controversial,
intervertebral disc (IVD) degeneration is believed to be
a main cause [4,5]. Common findings secondary to
degeneration of IVDs include lumbar disc herniation
and lumbar stenosis, which may ultimately change
the alignment of the lumbar spine, alter disc biome-
chanics or compress nerve roots, and consequently
induce LBP.

The availability of an animal model that consistently
reproduces the disease would facilitate investigations of
IVD degeneration. There are numerous animal models of
disc degeneration that have been developed, including
spontaneous degeneration models [6], annulus fibrosus
injury models [7], genetic knockout [8], facet removal [9],
and chemically induced models [10]. Nonetheless, limited
reproducibility, requirement of a high volume of subjects,
and requirement of advanced laboratory techniques curtail
the widespread use of these models. Additionally, none of
these models very effectively simulate the human disease
process.

The IVD is the largest avascular structure in the human
body. The nutritional pathways supplying the nucleus pul-
posus work mainly by diffusion through the central portion
of the end plate from the bone marrow space and diffusion
through the annulus fibrosus from the surrounding vessels
[11]. Alteration of the nutrient pathway is considered to be
one of the main causes of IVD degeneration [12]. Pin-
gyangmycin (PYM), traditionally a sclerosing agent, has
been used as a safe and effective treatment for vascular
malformations of the head and neck [13,14]. Intralesionally
injected PYM brings the drug into direct contact with the
endothelial lining and destroys the endothelial cells (ECs),

inducing sclerostenosis of the lumen and resulting in nar-
rowing or occlusion of the vessels [15]. However, whether
injection of PYM into subchondral bone adjacent to the
IVD could block the nutritional supply of IVD and create a
slowly progressive and reproducible model of disc degener-
ation that theoretically mimics the process of human disc
degeneration is still unknown.

To address this question, we injected PYM into the sub-
chondral bone adjacent to the lumbar IVD of rabbits using
bone marrow needle, guided by computed tomography
(CT), and evaluated the progression of IVD degeneration
by histological and genetic studies in combination with the
radiographic analysis.

Materials and methods

Animals

Eighteen rabbits (New Zealand Whites, females) with a
mean age of 8.22+1.39 (range, 8—9) months old and a
mean body weight of 3.23+0.41 (2.68—4.12) kg were used
in this study. The study protocol was reviewed and
approved by the institutional review board and animal care
committee of our university (#2013A-204). Efforts were
made to minimize the suffering of animals and the number
of animals used.

Study design

In this study, a single concentration of 1.5 mg/mL PYM
(Tianjin Taihe Pharmaceutical, Tianjin, People’s Republic
of China) in phosphate-buffered saline (PBS) was used.
The subchondral bone adjacent to the three lumbar IVD
segments (from L3—L4 to L5—L6) were randomly injected
with 3 mL PYM solution (PYM, n=18), 3 mL PBS alone
(vehicle control, n=18), or exteriorized but not injected
with anything as a sham surgery (sham, n=18). The process
was carried out using CT-guided percutaneous puncture
technology.
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Experimental surgery

Before surgery, the rabbit was tranquilized by subcutane-
ous injections of ketamine hydrochloride (10 mg/kg) and
midazolam (0.5 mg/kg), followed by midazolam (0.3 mg/kg)
and 4 pg fentanyl per hour during operation. Percutaneous
needle puncture technology was used to establish this model
under fluoroscopic guidance. The rabbits were placed on the
operating table in a prone position. The central and the left
side of the back were prepared for surgery under sterile surgi-
cal conditions. Lateral views of the lumbar spine were
obtained using fluoroscopy (Philips Healthcare, Best, The
Netherlands). The 17-gauge bone marrow needle was used

Fig. 1. Fluoroscope and computed tomography (CT)—guided puncture
procedure. (A and B) Anterior and lateral views of lumbar spine, confirm-
ing the needle was punctured into the subchondral bone above the disc,
with 2 mm distance from the adjacent end plate, and (C and D) CT con-
firmed that the needle tip arrived at the central and anterior parts of the ver-
tebral body.

for puncture in the study. The disc level was selected to deter-
mine the placement of the needlepoint, which was 1.5 cm
paramedian to the midline. The needle was punctured into
the subchondral bone above and below the disc at a distance
of 2 mm from the adjacent end plate (Fig. 1A and B) and was
directed at an angle of 60° from the coronal plane and parallel
to the end plate under fluoroscopic guidance. When the nee-
dle tip arrived at the central and anterior parts of the vertebral
body, which was measured with the CT scan (Fig. 1C and D),
the needle stylus was withdrawn, and the PYM (1.5 mg/mL,
1 mL per hole) solution or PBS was injected into the vertebral
body slowly through the cannula using a syringe with the
long needle. After injection and removal of the needle, the
hole was filled with granular gelatin foam through the can-
nula to prevent extravasation of PYM. For the sham group,
the needle pinpoint touched the rim of the vertebral body but
did not puncture into it.

Before, during, and after operation, the rabbits were
given 80 mg/kg of ceftriaxone sodium (Baiyun Pharma-
ceuticals, Guangzhou, People’s Republic of China) subcu-
taneously. After operation, the rabbits were housed
individually with free access to water. All the rabbits toler-
ated general anesthesia well, and no mortalities from com-
plications caused by anesthesia or infections were found.
Weight, food intake, and sleeping habits were recorded.

1VD height measurement

The roentgenograms of the lumbar spine were acquired
for all the rabbits by using the Digital Diagnost VM (Philips
Healthcare), a multipurpose single-detector digital radiog-
raphy system. The average IVD height was measured man-
ually by a radiologist (XP) who was blinded to both the
injection solution used (PBS/PYM) and the follow-up
period. The average IVD and caudal vertebral height were
determined by averaging three measurements on the ante-
rior, middle, and posterior side, respectively (Fig. 2).

Fig. 2. Radiograph of the lumbar vertebral body and adjacent interverte-
bral discs of a rhesus monkey. The disc height index was calculated by
dividing the average disc height (white arrows) by the average vertebral
body height (black arrows).
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The measurements were repeated by the same radiologist
researcher at the 1-month interval. Then, the average IVD
height was divided by the average caudal vertebral height,
resulting in a value called the disc height index (DHI) [16],
which was used for leveling out interanimal size difference.
Changes in the DHI were expressed as loss of %DHI=100
—(DHI measured at follow-up/preoperative DHIx 100%)
[17].

Magnetic resonance imaging analysis

Each animal underwent magnetic resonance imaging
(MRI) on a 1.5-T MR imager (Achieva; Philips Healthcare)
in a supine position at the indicated follow-up points. Sagit-
tal sections were made using a T2-weighted spin-echo
sequence, a turbo factor 45, and a spine-array coil (repeti-
tion time: 2,500 ms, echo time: 100 ms, field of view:
180x 180, and section thickness: 3 mm). The disc morpho-
logic changes were graded according to the classification
scale described by Pfirrmann et al. [18] by two observers
(HS and RZ), respectively, who were blinded to injection
solution and follow-up periods. After all the data were col-
lected, the observers together delineated the disc grades for
any inconsistent result.

Tissue harvesting

Disc tissues, involving adjacent end plates, were har-
vested from six rabbits, randomly sacrificed at 1, 3, and 6
months after puncture surgery, by injecting an excess dose
of pentobarbital (100 mg/kg, Tianjin Taihe Pharmaceutical,
Tianjin, People’s Republic of China). All the specimens
were dissected into two halves in the sagittal plane. One
half was fixed for histological analysis; the cartilage end
plates and IVDs from the other half were separated and
then snap frozen for messenger RNA (mRNA) analysis.

Histological evaluation and scores

The specimens were fixed with 4% paraformaldehyde
for 24 hours at 4°C and then transferred to a sealed vial con-
taining a solution of 70% ethanol and decalcifying agent for
30 days. After being washed with water, the specimens
were sequentially dehydrated, split down the midsagittal
plane, and embedded in paraffin for histological sectioning.
Serial sections were cut in the transverse plane at 6 um
with a microtome (Microtome International, Waldorf, Ger-
many) and then stained with hematoxylin and eosin for cel-
lular constituent and safranin O for proteoglycans [19]. In
addition, Masson trichrome staining was used for evaluat-
ing collagen fiber orientation.

According to the classification scale described by
Masuda et al. [7], the histological changes were qualita-
tively analyzed by an orthopedic researcher (RZ) who was
blinded to the different treatments between groups. The cri-
teria are shown in Table 1. The histological score, ranging
from 3 to 9, is the sum of the scores of the three individual

Table 1
Rabbit disc degeneration Histological Grading Scale”

1 Anulus fibrosus
Grade:

1. Normal, pattern of fibrocartilage lamellae without ruptured fibers
and without a serpentine appearance anywhere within the annulus

2. Ruptured or serpentine patterned fibers in <30% of the annulus

3. Ruptured or serpentine patterned fibers in >30% of the annulus

1T Border between the annulus fibrosus and nucleus pulposus
Grade:

1. Normal
2. Minimally interrupted
3. Moderate/severe interruption

III Cellularity of the nucleus pulposus
Grade:

1. Normal cellularity with large vacuoles in the gelatinous structure of the matrix
2. Slight decrease in the number of cells and fewer vacuoles
3. Moderate/severe decrease (>50%) in the number of cells and no vacuoles

*

" The classification scale was described by Masuda et al. [7].

parameters, where a score of 1 represents normal and 3
denotes severe degeneration in each category. The analysis
was repeated by the same pathologist (YZ) at a 1-month
interval.

Thickness of cartilage end plate

The thickness of the cartilage end plate in the histologi-
cal samples was measured from the cranial bone end plate
to the border between the nucleus pulposus and the carti-
lage end plate, and the thickness of the bone end plate was
measured from the cranial growth end plate to the border
between cartilage end plate and the bone end plate. The
thickness was determined by an average of three measure-
ments for each image. The ratio of bone tissue area to the
whole end plate was also calculated for each sample. The
measurements were repeated by the same pathologist at a
I-month interval. Histomorphometric assessment was per-
formed using a digital image analysis system (Nikon
Eclipse Ti; Nikon, Tokyo, Japan).

Immunohistochemistry

After being deparaffinized in xylene and rehydrated in a
reverse-graded series of ethanol, tissues were prepared for
antigen retrieval, quenching of endogenous peroxidase, and
blocking of nonspecific binding. They were then incubated
overnight at 4°C with either mouse anti-rabbit Type II col-
lagen or aggrecan (1:100; Zhongshan Golden Bridge Bio-
technology Co., Ltd., Beijing, People’s Republic of China).
The remaining procedure was performed in reference to the
SA1066 SABC-FITC kit (Boster Corporation, Wuhan, Peo-
ple’s Republic of China), and the color (brown) was devel-
oped by incubation in DAB (ZSGB-BIO Corporation,
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Beijing, People’s Republic of China). The sections were
counterstained with hematoxylin.

All sections were semiquantitatively analyzed by an ortho-
pedic researcher (RZ), who was blinded to the injection solu-
tion, using Image Pro Plus, version 6.0 software, and the
integrated optical density (IOD) was measured on the images
at x200 or x400 magnification. The analysis was repeated
by the same pathologist (YZ) at a 1-month interval.

Real-time polymerase chain reaction analysis

Total RNA was extracted from the specimens using Tri-
zol reagent (Ambion, Carlsbad, CA, USA) and purified
using the RNeasy Mini Kit (Qiagen, Inc., Duesseldorf, Ger-
many). Reverse transcription was performed at 42°C for 50
minutes using the SuperScript First-Strand Synthesis Kit
(Toyobo, Biotech Co., Ltd., Shanghai, People’s Republic of
China). Aggrecan, Type I collagen (Collal), Type II; col-
lagen (Col2«1), matrix metalloproteinase-3 (MMP-3), a
disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS)-5, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene expressions of the IVDs
were quantified by real-time polymerase chain reaction
(PCR) using CFX96 Real-Time System (Bio-Rad, Hercu-
les, CA, USA). The sequences of all the primers used for
real-time PCR are shown in Table 2. With a serially diluted
complementary DNA sample mixture, a positive standard
curve for each primer was obtained for real-time PCR.
Quantifications of gene expression for aggrecan, Collaxl,
Col2al, MMP-3, and ADAMTS-5 in the IVDs were calcu-
lated using standard curves and normalized to GAPDH in
each specimen. To evaluate the number of capillaries in the
end plate, the quantification of gene expression for von Wil-
lebrand factor (vVWF) was also calculated using the same
method as described earlier. The mRNA expression was
represented as a ratio to the calculation of mRNA in the
sham group as the control. The experiments were repeated
at least twice for enhanced accuracy.

Statistical analyses

The SPSS, version 16.0, software (SPSS, Inc., Chi-
cago, IL, USA) was used for univariate analysis of var-
iance. The data within groups were analyzed using one-
way analysis of variance and Fisher least significant
difference test. The paired ¢ test was used to compare
data between groups. To assess intraobserver reliabil-
ity, we used the intraclass correlation coefficient for
average and single measurement. The agreement of
intraclass correlation coefficient and « statistic was
rated as follows: O to 0.4, fair agreement; 0.41 to 0.6,
moderate agreement; 0.61 to 0.8, substantial agree-
ment; and 0.81 to 1.00, excellent agreement [20]. The
data were presented as the meanztstandard deviation.
Statistical significance was indicated by a p value of
less than .05.

Results

No postoperative morbidity or mortality was noted. All
animals recovered uneventfully after surgery and quickly
resumed normal activities in the cage. None of these ani-
mals showed any remarkable change in weight, eating pat-
terns, or sleeping habits.

1VD height

In the sham and vehicle control groups, there were no
significant differences in the DHI changes at any time
point examined. In contrast, the DHI of the PYM group
progressively decreased over time (Fig. 3A—C). How-
ever, there were no significant differences compared
with that in the sham and vehicle control groups, until
the 6-month time point (p=.03, Fig. 3D), at which time,
the DHI in the PYM group decreased by 11.9%. The
intraclass correlation coefficient was 0.910 for a single
measurement with a 95% confidence interval ranging
between 0.874 and 0.932 and 0.934 for average

Table 2
The sequence of all the primers used for real-time PCR
Name GeneBank accession no. Sequence (5'—3')
GAPDH NM_001082253.1 Forward TGTTTGTGATGGGCGTGAA
Reverse CCTCCACAATGCCGAAGT
Aggrecan XM_002723376.1 Forward TAAACCCGGTGTGAGAACCG
Reverse CCTGGGTGACAATCCAGTCC
Colla2 NM_001195668.1 Forward CAATGGTGGCACCCAGTTTG
Reverse GGGCCAACGTCCACATAGAA
Col2ux1 NM_001195671.1 Forward GGATAGACCCCAACCAAGGC
Reverse GCTGCTCCACCAGTTCTTCT
MMP-3 NM_001082280.1 Forward GCCAAGAGATGCTGTTGATG
Reverse AGGTCTGTGAAGGCGTTGTA
ADAMTS-5 XM_002716775.1 Forward CACTGTTTCTGGGTGCAG
Reverse CTTGACGTTCGGGCCTGA
vWF XM_008259716.1 Forward GAATGAGGGGTGTGGCTACC
Reverse CACAATCACCTCCCCGTCAA

ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; Colle1, Type I collagen; Col2« 1, Type II collagen; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; MMP, matrix metalloproteinases; PCR, polymerase chain reaction; vVWF, von Willebrand factor.
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Fig. 3. Representative changes of radiographs at 1, 3, and 6 months postoperatively. (A) No significant changes at the end plate and disc space presented in
the disc of pingyangmycin (PYM) group. (B) Mild disc space narrowing presented in the disc of PYM group. (C) The disc height decreased markedly in the
PYM group. (D) The mean percent disc height index (DHI) at each time point; # indicated significant difference compared with the sham group, p<.01, and *

indicated significant difference compared with the vehicle control group, p<.01.

measurements with a 95% confidence interval ranging
between 0.887 and 0.959, showing strong agreement at
two time intervals 1 month apart.

Magnetic resonance imaging

The MR images showed degenerative signs in IVDs
injected with PYM (Fig. 4). According to the grading

system of Pfirrmann et al. [18], the discs in the PYM
group were Grade I at 1 month after operation, demon-
strating no disc degeneration (Fig. 4A and D). However,
after 3 months, 9 of 12 discs in the PYM group degen-
erated to Grade II (Fig. 4B and E). At the end of the
experiment, four of six discs in the PYM group were
Grade III (Fig. 4C and F) and two were Grade II. The
discs in the sham and vehicle control groups maintained
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Fig. 4. Representative changes in T1- and T2-weighted magnetic resonance imaging (MRI) scans at 1, 3, and 6 months postoperatively. (A—C) T1-weighted
MRI scans at 1, 3, and 6 months postoperatively. (D) Signal intensity of T2-weighted imaging in the disc of pingyangmycin (PYM) group showed no signifi-
cant change at 1 month postoperatively. (E) Signal intensity of T2-weighted imaging in the PYM-injected disc decreased at 3 months postoperatively. (F) Sig-
nal intensity of T2-weighted imaging decreased markedly in the PYM-injected disc at 6 months postoperatively.

the same signal intensity at any time point as that
observed preoperatively.

Histological findings and scores

At 1 month after operation, no significant degenerative
signs were found in the discs of PYM group, which dis-
played a round and bloated-looking nucleus pulposus
(Fig. 5A) surrounded by an intact annulus fibrosus with a
normal pattern of fibrocartilage lamella (Fig. 5B) and con-
sisted of numerous large vacuolated cells with deeply stain-
ing proteoglycans (Fig. 5C and D). At 3 months, 8 of 12

discs in the PYM group showed moderate degenerative
signs with a grade of 6, in which the nucleus pulposus
became elliptic because of the loss of cells with weakly
staining proteoglycans (Fig. SE, F, and H), and the fibrocar-
tilage lamellae showed less organization (Fig. 5F). At 6
months, four of six discs in the PYM group showed more
degenerative signs, in which the nucleus pulposus became
more elliptic (Fig. 5I), with less cells and proteoglycans
(Fig. 5K and L), and the fibrocartilage lamellas became col-
lapsed and wavy (Fig. 5J).

According to the grading system in Table 1, the his-
tological score of the discs in the PYM group
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Fig. 5. Typical histomorphological changes seen at 1, 3, and 6 months postoperatively. (A—D) No significant degeneration was observed
in the discs of pingyangmycin (PYM) group, which displayed a round and bloated-looking nucleus pulposus surrounded by an intact
annulus fibrosus (A) with a normal pattern of fibrocartilage lamellas (B) and consisted of numerous large vacuolated cells with deeply staining
proteoglycans (C and D). (E—H) Moderate degenerative signs were observed in the disc of PYM at 3 months, in which the nucleus pulposus
became elliptic because of the loss of cells with less stained proteoglycans (E, G, and H) and the fibrocartilage lamellae in the annulus
fibrosus showed less organization (F). (I-L) The discs in the PYM group showed severely degenerative signs at 6 months, in which the
nucleus pulposus became more elliptic (I), with less cells and proteoglycans (K and L), and the fibrocartilage lamellas became collapsed

and wavy (J).

progressively increased over time, reaching significance
at the 3-month time point (p<.05, Fig. 6, Top), and
was significantly higher than that of the sham and vehi-
cle control groups at the 3- and 6-month time points
(p<.05). The histological scores in the sham and con-
trol groups showed no significant differences at any
time point (p<.05). The intraclass correlation coeffi-
cient was 0.895 for a single measurement with a
95% confidence interval ranging between 0.861 and
0.918, showing strong agreement at two time intervals
1 month apart.

Thickness of cartilage end plate

There were no significant differences in the thickness
of cartilage end plate between groups until the 6-month
time point (Fig. 6, Middle). However, the ratio of the
bone tissue area to the whole end plate in the PYM
group increased significantly at the 3- and 6-month time
points compared with the control and sham groups
(Fig. 6, Bottom). The intraclass correlation coefficient
was 0.878 for a single measurement with a 95% confi-
dence interval ranging between 0.850 and 0.906 and
0.895 for average measurements with a 95% confidence

interval ranging between 0.846 and 0.924, which
showed strong agreement.

Immunohistochemistry

Immunohistochemistry assays were performed to evalu-
ate the protein levels of aggrecan in the nucleus pulposus
and Type II collagen in the annulus fibrosus. As the cells
decreased in the nucleus pulposus of the PYM group, the
density of aggrecan staining decreased over time in the
PYM group (Fig. 7A—C). A similar trend was also found in
the Type II collagen—positive staining of the annulus fibro-
sus (Fig. 7D and E).

In the PYM group, the average 10D value of Type II col-
lagen in the annulus fibrosus progressively decreased over
time. It reached significance at the 6-month time point com-
pared with the 1- and 3-month time points (p<.05, Fig. 7A)
and was significantly lower than that in the sham and vehi-
cle control groups at the 6-month time point (p<.05,
Fig. 7G). A similar trend was also found in the IOD value
of aggrecan in the nucleus pulpous of the PYM group
(Fig. 7D, E, and H). The IOD value of aggrecan in the
nucleus pulpous and Type II collagen in the annulus fibro-
sus showed no significant differences in the sham and
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Fig. 6. The histomorphometric assessments of intervertebral discs among
the three groups at each time point. (Top) The histological score of the
discs between groups at each time point. (Middle) Histomorphometric
assessment of cartilage end plate thickness between groups at each time
point. (Bottom) Histomorphometric assessment of the ratio of the bone tis-
sue area to the whole end plate between groups at each time point; # indi-
cated significant difference compared with the sham group, p<.01, and *
indicated significant difference compared with the vehicle control group,
p<.05.

control groups at any time point (p>.05). The intraclass cor-
relation coefficient was 0.882 for the IOD measurements
with a 95% confidence interval ranging between 0.841 and
0.915.

Real-time PCR

As compared with the sham and vehicle control groups,
the expressions of aggrecan and Col2«1 were significantly

lower, and the expressions of MMP-3 and ADAMTS-5
were significantly upregulated in the PYM group from the
3-month time point to the end point (p<.05, Fig. 8). There
were no significant differences in the expression of Colla1
between groups (p>.05, Fig. 8). The expression of vVWF in
the PYM group significantly decreased from 1 month to the
end point, compared with that of the sham and vehicle con-
trol groups (p<.05, Fig. 8).

Discussion

In this study, we injected PYM into the subchondral
bone adjacent to the lumbar IVDs of rabbits using CT-
guided percutaneous puncture technology. We concluded
that this could induce slowly progressive disc degeneration,
which mimics the onset of degeneration in the human IVD.
Histologically, the discs of the PYM group showed degen-
erative signs from the 3-month time point, at which the
nucleus pulposus became elliptic because of the loss of
cells with weakly staining proteoglycans, and the fibrocarti-
lage lamellae in the annulus fibrosus showed less organiza-
tion. The bone tissue area of the end plate in the PYM
group also increased significantly at the end point. The
MRI assessment demonstrated a progressive loss of T2-
weighted signal intensity at the PYM injected discs postop-
eratively, and disc space narrowing was also observed at 6
months in the PYM group. We also demonstrated that the
aggrecan and Type II collagen in the discs of PYM group
progressively decreased over time based on the results of
immunohistochemistry assays, and the expressions of
aggrecan and Col2«l were significantly lower in the
mRNA levels from 3 months to the end point. This suggests
an adequate model for spontaneous disc degeneration in the
human.

Because the consensus is that the main cause of LBP is
typically degenerative disc disease, many studies related to
the biological treatment of degenerative disc disease have
been reported [21—23]. Thus, it is imperative to establish a
reasonable disc degeneration model to evaluate the novel
treatment options. Although different methods to induce
disc degeneration are currently considered surrogates for
middle-aged human beings showing early onset of degener-
ative disc disease [24], no particular model currently paral-
lels the complex nature of human disc degeneration. The
models induced from chemical injuries differ from that nor-
mally seen in human IVD degeneration [25]. Direct damage
to IVDs, such as annulus fibrosus puncture, have been dem-
onstrated as a suitable method for large animals [7,26];
however, it can induce direct injury and severe damage to
IVDs, such as acute nuclear herniation, which is also incon-
sistent with natural disc degeneration.

To survive and be viable, disc cells require a sufficient
nutrient exchange, mostly from the capillaries of the sub-
chondral plate of the vertebral body across the layers of
hyaline cartilage that constitute the end plate [12,27]. It has
been demonstrated that disorders that affect the blood
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Fig. 7. Immunohistochemistry assay for Type II collagen and aggrecan in the discs of the pingyangmycin (PYM) group. (A—C) Type II collagen—positive
staining in the annulus fibrosus decreased over time. (D—F) The density of aggrecan staining also decreased over time in the PYM group. (G) The average
integrated optical density (IOD) value of Type II collagen between groups at each time point. (H) The average IOD value of aggrecan between groups at each
time point; # indicated significant difference compared with the sham group, p<.01, and * indicated significant difference compared with the vehicle control

group, p<.01.

supply to the end plate are significantly associated with disc
degeneration and back pain [28,29].

In this study, we injected PYM, which induces a
“devascularization effect” [13,14,30], into the subchondral
bone adjacent to the IVDs of rabbits to block the nutrient
exchange. T2-weighted MR imaging revealed that the disc
signal intensity in the PYM group decreased at the 3-month
time point after surgery compared with the sham and vehi-
cle groups. The degenerative signs in this model developed
slower in comparison with the other animal models, such as
needle puncture or chemically induced models, which were
reported to degenerate significantly within 2 to 4 weeks
[26,31]. However, as disc degeneration develops over sev-
eral decades in the human, slow development of degenera-
tion in the rabbit is relative. It has been confirmed that the
morphologic and MRI changes of IVD degeneration were
highly consistent [32]. Pearce et al. [33] also reported that
the decreased signal intensity of the disc on T2-weighted
MRI scans was significantly related to decreased proteogly-
can concentration and progressive degenerative changes of

the disc. The histological findings of safranin O staining in
this study also confirmed that the proteoglycan content sig-
nificantly decreased in the nucleus pulposus of the PYM
group after surgery, which was consistent with the previous
studies showing loss of proteoglycans during the initial
phase of disc degeneration [34—36].

Vertebral subchondral bone has been reported to play an
important role in maintenance of IVD health [37]. It has
been reported that one of the main pathways for nutrients to
reach the avascular nucleus pulposus is by diffusion from
the blood supply of the vertebral body through the cartilage
end plate [12,38,39]. Vertebral subchondral bone malfor-
mations, such as Modic changes, calcification, or end plate
lesions may affect the nutrient exchange and is specifically
associated with degenerative disc disease [40,41]. After
injecting PYM into the subchondral bone adjacent to the
IVDs, we consistently found that the ratio of the bone tissue
area in the end plate of the PYM group increased signifi-
cantly at 3 months after surgery compared with the control
and sham groups. It was proposed that blocking the blood
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Fig. 8. mRNA expression of aggrecan, Collal, Col2«el, MMP-3, ADAMTS-5, and vWF genes at 1, 3, and 6 month postoperatively. This graph
showed a marked reduction in aggrecan (A), Col2«l (C), and significant increase of MMP-3 (D) and ADAMTS-5 (E) in the PYM injected discs
after 3 months, up-regulation of Collal after 6 months (B), and significant reduction of VWF expressions after 1 month at the mRNA level (F),
compared with the control groups. # Indicated significant difference compared with the Sham group, p<.01; * Indicated significant difference com-

pared with the Vehicle control group, p<.01.

supply of the subchondral bone to the end plate might lead
to calcification of the end plate, which contributed to poor
nutrient diffusion and supply into the nucleus that in turn
induced disc degeneration [42].

A concern arises that the IVD degeneration might be
because of a direct chemical effect of the PYM injected. In
the preliminary experiment of this study, when the PYM
was injected into the subchondral bone adjacent to the
IVDs of rabbits, the X-ray angiography and digital subtrac-
tion angiography showed that the contrast medium concen-
trated in the vertebral body and did not infiltrated into the
IVD directly (see Supplementary Fig. 1). In addition, the
halftime of PYM is just 1.5 hours. So, we think that the
IVD degeneration was mainly induced by the ischemic
effect of PYM other than the direct chemical effect. This
was also supported by the results of real-time PCR which
showed that the expression of vWF that commonly used as
an marker for capillary ECs [43,44] significantly decreased
in the PYM group compared with that in the sham and vehi-
cle control groups. This might be caused by PYM injection,
which could destroy the ECs.

The degenerative changes in the IVDs, such as
changes in composition of extracellular matrix, loss
of disc cells, proteoglycan, and water content, have
been suggested to be the consequence of an upregulation
of catabolic MMPs and two major aggrecanases,
ADAMTS-4 and -5 [45,46]. Consistent with the previ-
ous reports [45,46], we found that mRNA expression of
MMP-3 and ADAMTS-5 were significantly increased in
the discs of PYM groups compared with the sham and
vehicle control groups. It has been reported that distur-
bance of nutrient transport in IVDs could result in high

level of lactic acid and acid pH values [47,48], which
might contribute to the overexpression of various pro-
teolytic enzymes and other catabolic agents, such as
MMPs. The reasons for the increased MMPs and
ADAMTS family in the IVD cells deserve detailed
study.

In human discs, the notochordal cells are lost during
adolescence, which is also when discs begin to show degen-
erative signs [49]. Although the cell population signifi-
cantly decreased in the nucleus pulposus of this
degenerative model, notochordal cells are still observed in
the rabbit disc at the ages used in this study. This limits rel-
evance to humans; however, the changes in the degenera-
tive model in this study confirmed that PYM injected into
the subchondral bone adjacent to the IVD could induce
early disc degeneration, which showed some similar char-
acteristic features to the complex processes of disc degener-
ation in humans, such as disc height loss, significant
decrease of cell population, aggrecan, and Type II collagen.

However, this study has some further limitations. One
limitation is that there are some biomechanical and ana-
tomic differences between the spine of the rabbits and that
of the human. It has been reported that mechanical loading
could impair diffusion of nutrients entering the disc and
quite possibly accelerate disc degeneration [50]; thus, load
bearing may be a significant difference in the degenerative
process of this rabbit model and that seen in humans. A fur-
ther limitation was that we did not perform biomechanical
evaluation, such as hydrostatic pressure in the degenerative
discs; therefore, additional studies are warranted to evaluate
the mechanism and characteristics of disc degeneration
induced by PYM.
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Conclusions

This present study demonstrates that the injection of
PYM into the subchondral bone adjacent to the lumbar
IVDs of rabbits can induce ischemic and slowly progressive
disc degeneration, which mimics the onset of human disc
degeneration. This degeneration model is suitable for disc
degeneration and regeneration studies. Further studies to
fully establish this model, however, are needed.
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