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of disc degeneration suitable for further biologic treatment study.
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reverse transcriptase (RT-PCR) was used to examine mRNA expressions of aggrecan, collagen type II, hypoxia-
inducible factor-1a (HIF-1a), glucose transporter1 (GLUT-1), and vascular endothelial growth factor (VEGF).

	 Results:	 Significant differences were identified in almost all parameters compared with the control group in the 18G 
and 21G group at almost all time points. To assess the effect of different needle sizes on DHI, we used mag-
netic resonance imaging (MRI), grade, and mRNA expression. We found significant differences between differ-
ent groups, except for DHI between the 21G group and 25G group and MRI grade between the 18G and 21G 
group at the 2-week time point. In assessing the effect of different needle sizes on HE staining score and tolu-
idine blue staining grade, statistical differences were observed at some time points. The effects of time on all 
parameters were significant at almost all time points in all groups.

	 Conclusions:	 The middle-size needle (21G) performed better in inducing disc degeneration. The 2-week time point may be 
better for use in further experimental studies.
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Background

Low back pain (LBP) is one of the most common and costly public 
health problems in many countries today, both in terms of huge 
medical care costs and disability of afflicted individuals [1,2]. 
It is reported that this disease affects 40% of the U.S. adult pop-
ulation at some stage in their life and accounts for over $100 
billion annually in medical cost and disability [3]. Despite the 
prevalence of LBP, clear understanding of the pathophysiolo-
gy and pathogenesis remains poorly understood. Intervertebral 
disc degeneration (IVDD) is generally well accepted to be the 
most crucial and strongly associated with LBP and is character-
ized by dysfunctional cells followed by loss of proteoglycan pro-
duction [4–6]. Despite its high prevalence, current treatments 
options, including medications, physical therapy, epidural in-
jections and invasive-surgical intervention, only alleviate symp-
toms instead of reversing degeneration [5,7].

With recent progress in molecular biology and biomaterials, 
numerous biological therapies to repair or regenerate degen-
erated intervertebral disc (IVD) have been advocated [5,8,9]. 
Although the experimental results of such strategies are en-
couraging [8,9], the shift to clinical application requires further 
evaluation of the safety and effectiveness. Thus, an in vivo sim-
ple and reproducible IVDD model is essential for the transition 
from scientific concepts to clinical applications.

Although a variety of IVDD animal models have been de-
veloped, each with its own advantages and disadvantag-
es [7,10–13], no practical and easily reproducible model current-
ly exists. An ideal animal model must be ethical, uncomplicated, 
reproducible, controllable, clinically relevant to the human sit-
uation, and cost-effective. The annulus needle puncture is the 
most frequently used disc injury method as it directly alters 
mechanical properties via nucleus pulposus (NP) depressur-
ization, while also minimizing annulus fibrosus (AF) damage. 
Recently, the rat tail disc has been proposed as a readily ac-
cessible platform for the needle puncture model of inducing 
IVDD [13–21] because the rat tail disc has a convenient ana-
tomic location and can be manipulated easily, requiring only 
minor surgery. The rat tail disc is also comparable mechanical-
ly to the human lumbar disc and has wide commercial avail-
ability of biological assays [22–24].

Although the use of needle puncture has gained popularity, 
we still feel that previous studies have not addressed some im-
portant issues. A needle diameter to disc height ratio of 40% 
is required to cause changes in lumbar disc mechanics [25]. 
The disc degeneration is dependent on the needle size as well 
as the elapsed time following the puncture. When considering 
the appropriate needle size, Han et al. used a 20-G needle in 
tail disc 7/8 [14], Zhang et al. used an 18G or 21G needle in tail 
disc 5/6 or 7/8 [13], and Keorochana et al. used 18G, 20G, and 

22G needles in tail disc 6/7 or 8/9 [15]. However, no such has 
focussed on determining the best size needle to use for punc-
ture to induce IVDD. Standardization of the IVDD model is es-
sential to target different stages of degeneration, as it is be-
lieved that severity of degeneration can influence the potential 
therapeutic effect.

In this study, we investigated the best size needle to use for 
puncture to induce IVDD and assessed the proper time point 
of disc degeneration best suited for further study of the ef-
fect of biologic treatment.

Material and Methods

Animals, reagents, and materials

Thirty-six Sprague-Dawley rats (weight, 300–400 g; age, 4–6 
months) were purchased from the Laboratory Animal Center of 
Jiangsu University (License No. SCXK (Su) 2013-0011). The ani-
mal experiments conformed to the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of 
Health and were approved by the Institutional Review Board of 
the Clinical Medical College of Yangzhou University, Yangzhou, 
China. Animals were bred in a natural ventilated room, 
with 12-h light/dark cycle, a temperature of 25–28°C, and a 
relative humidity of 70–85%.

Surgical procedure

The surgical procedure was performed as previously de-
scribed [13]. Briefly, anesthesia was achieved by 3.6% chlo-
ral hydrate (10 ml/kg) injected into the abdominal cavity and 
maintained by inhalation of anesthetic isoflurane. Rats were 
placed in prone position and the tail skin disinfected with povi-
done-iodine solution. Under fluoroscopic guidance, a percuta-
neous needle puncture with 18G, 21G, and 25G needles (HuaYi 
Bio-technology, Shanghai, China) was performed in 3 intervals 
levels: coccygeal (Co) 5-6, Co7-8, and Co9-10. The Co6-7 and 
Co8-9 served as intact controls. The needle was carefully in-
serted in the middle of the disc, perpendicular to the skin and 
parallel to the endplates, rotated 180°, and held for 5 s. After 
removal of the needle, the wound was covered with gauze 
and the rat underwent the standard postoperative procedures.

Radiographic analysis

Lateral plane radiographs were taken before puncture and 
at each time point thereafter (2, 4, and 6 weeks) using the 
same anesthesia method as indicated above. The animal was 
placed in the prone position with tail straight, which creat-
ed the vertical beam to the tail and focus at the target levels 
with a Faxitron MX-20 digital cabinet X-ray system (Faxitron 
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X-ray Corporation, USA). Lateral plane images were obtained 
using the following settings: distance 6.50 inches, exposure 
20 s, and penetration power 60 kV. Two independent ob-
servers who were blinded to the different needle sizes and 
follow-up periods performed the radiographic assessment. 
IVD heights were measured and expressed as disc height in-
dex (DHI) according to the method described by Han et al. [14]. 
Additionally, DHI change expressed as%DHI was calculated us-
ing the following formula:

%DHI=(post-punctured DHI/pre-punctured DHI)×100%.

Magnetic resonance imaging (MRI) analysis

Immediately after the radiography, MRI was performed to esti-
mate the signal and structural changes in T2-weighted sagittal 
images at each follow-up time point using a 7.0 T animal-specific 
MRI system (Bruker Pharmascan, Germany). T2-weighted sections 
of the median sagittal plane were obtained using the following 
settings: a fast spin echo (SE) sequence with a TR (time to rep-
etition) of 3000 ms and a TE (time to echo) of 70 ms; the slice 
thickness was 0.5 mm with a 0 mm gap; and number of averag-
es, 2. MRI were evaluated based on changes in the degree and 
area of signal intensity from 1 (normal) to 4 (severe decrease of 
signal intensity) using the modified Pfirrmann classification [26].

Histological analysis

The intact IVDs with adjacent vertebral bodies were harvest-
ed for histological analysis immediately after euthanasia. 
The specimens were fixed in 4% paraformaldehyde for 24 h 
and then decalcified in 10% EDTA for 7 days. After being em-
bedded in paraffin, the specimens were sectioned to a thick-
ness of 5 μm for hematoxylin and eosin (HE) and toluidine blue 
staining. The histological sections were evaluated by 2 blinded 
observers. The HE staining score and toluidine blue staining 
grade were graded according to the criteria of Keorochana [15].

Real-time reverse transcriptase (RT-PCR)

Total RNA was extracted IVDs using Trizol reagent following the 
manufacturer’s instructions. RNA quality and quantity were de-
termined by measuring the optical density at a 260-nm (OD260) 
wavelength using a spectrophotometer. Then, the cDNA of total 
RNA was obtained using a reverse-transcribed reagent (Takara, 
Japan). RT-PCR was performed to analyze mRNA expressions of 
collagen type II, aggrecan, hypoxia-inducible factor-1a (HIF-1a), 
glucose transporter1 (GLUT-1), vascular endothelial growth 
factor (VEGF), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The cycling conditions were initial denaturation 
at 95°C for 20 s, followed by 40 cycles at 95°C for 5 s, prim-
er annealing at 60°C for 20 s, and elongation at 72°C for 15 s. 
The DCt was calculated by subtracting the Ct for GAPDH from 

the Ct for each target gene, where Ct is the cycle threshold. 
The DCt for each treated group was further normalized to the 
intact control group to obtain DDCt. Relative expression was 
calculated using the 2–DDCt method. Primers for RT-PCR were de-
signed and synthesized by Invitrogen (Carlsbad, CA) (Table 1).

Statistical analysis

All statistical analyses were performed using SPSS Statistics 
20.0 software (IBM, USA). All data are presented as the mean 
± standard deviation. The paired-samples t test was used to 
detect significant differences between the punctured disc and 
the control disc. One-way analysis of variance (ANOVA) was 
performed for the effect of needle sizes and time period after 
puncture on DHI% and gene expression. Nonparametric data 
(histological grade and MRI grade) were analyzed by use of 
Mann-Whitney U tests. P-values less than 0.05 were consid-
ered statistically significant.

Results

Radiographic assessment

Figure 1 shows representative radiographs of the rat tail discs 
punctured by different size needles obtained at different 

Gene
Forward and reverse primers and 

enzyme sites
Fragment 
length, bp

Col II
5’AAGAAGCACATCTGGTTTGGA3’

121
5’CAGTGGACAGTAGACGGAGGA3’

Aggrecan
5’GGTGGTACACCCACATCGC3’

149
5’GCTGGCTCCCATTCAGTCT3’

HIF-1a
5’GTCTCCATTACCTGCCTCTG3’

296
5’GATTCTTCGCTTCTGTGTCTTC3’

VEGF
5’ACCCCACAAAGAGCTAGATAG3’

299
5’CCTCTTCACTAAATGACAGTCCC3’

GLUT-1
5’ATCAAACATGGAACCACCGCTAT3’

201
5’AACCCATAAGCACGGCAGAC3’

GAPDH
5’TGACTTCAACAGCGACACCCA3’

121
5’CACCCTGTTGCTGTAGCCAAA3’

Table 1. Description of the designed primers.

Col II – collagen type II; HIF-1a – hypoxia inducible factor-1a; 
VEGF – vascular endothelial growth factor; GLUT-1 – glucose 
transporter1; GAPDH – glyceraldehyde-3-phosphate 
dehydrogenase.
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time points. The disc height, indicated as%DHI, began to de-
crease in the 18G group from 2-week time point and 21G group 
from 4-week time point, and the decrease continued through-
out the experimental period (all P<0.05). There were no signif-
icant differences in DHI% between the control group and 25G 
group over a 6-week period. For the effect of different nee-
dle sizes on%DHI, significant differences were found between 
different groups at all time points post-puncture (all P<0.05), 
except between 21G and 25G groups at 2-week time point. 
The effect of time to DHI was significant at all time points in 
the 18G and 21G groups, and between 2-week and 4-week 
time points in the 25G group (all P<0.05) (Figure 1B).

MRI assessment

MRI images revealed the changes in signal intensity and 
structures of the discs punctured by at different time points 

(Figure 2A). The disc MRI grade of the punctured disc compared 
with the control disc, 18G, and 21G groups had significant-
ly more degeneration after puncture (all P<0.05). Significant 
MRI change in the 25G group was observed only at 6-week 
time point after puncture (P<0.05). For the effect of different 
needle sizes on MRI grade, we observed significant differenc-
es between the 18G and 21G groups at 4-week and 6-week 
time points (both P<0.05). At all time points after puncture, 
significant differences were observed between the 18G and 
25G groups (all P<0.05) and between the 21G and 25G groups 
(all P<0.05). The effect of time to MRI grade after different size 
needle punctures was significant at all time points, except be-
tween 2-week and 4-week time points and between 4-week 
and 6-week time points in the 25G group (P<0.05) (Figure 2B).
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Histological analysis

The histologic appearances of degenerated discs were markedly 
affected by puncture needle size. Rat tail disc sections exhibit-
ed diverse morphologies, from normal to severely degenerated 
(Figure 3). The control group exhibited intact AF, rounded NP, 
and well-defined borders between them, whereas the punctured 
discs exhibited disordered AF, fewer NP cells, and an interrupt-
ed border. HE staining score demonstrated significant differ-
ences between the control group and the 18G and 21G group 
at all time points after puncture (all P<0.05), and 25G only at 
6-week time point (P<0.05). The effect of needle size on HE 
staining score was assessed; there were significant differenc-
es between 18G and 21G (both P<0.05), 21G and 25G groups 
(both P<0.05) at 4-week and 6-week time points. Significant 
differences were also identified between 18G and 25G groups 
at all time points after puncture (all P<0.05). Significant chang-
es in HE staining score with different size needles with respect 
to time were seen at all time points (all P<0.05), except be-
tween 2-week and 4-week time points in the 21G group and 
between 2-week and 4-week time points, and between 4-week 
and 6-week time points in the 25G group (Figure 4A).

The control group exhibited NP chondrocytes and positive pro-
teoglycan staining, whereas the punctured discs demonstrat-
ed fewer NP chondrocytes and a reduction in the intensity of 

staining. As shown in Figure 4B and Figure 5, toluidine blue 
staining grades of the punctured discs were significantly dif-
ferent when compared with the control group over a 6-week 
period (all P<0.05). The size of the needle affected the toluidine 
blue staining, with a statistically significant difference between 
the 18G and 21G group only at the 6-week time point (P<0.05), 
between 21G and 25G at the 4-week time point (P<0.05), 
and between the 18G and 25G groups at 4-week and 6-week 
time points (both P<0.05). Significant differences were only 
found between 2-week and 6-week time points in the 18G and 
21G groups (both P<0.05) with respect to time.

Gene expression

The mRNA expressions of aggrecan and collagen type II in-
creased temporarily at 2-week time point and decreased grad-
ually over time in the 25G group, whereas expressions of ag-
grecan and collagen type II progressively decreased over time 
in the 18G and 21G groups (all P<0.05) (Figure 6). The genetic 
expressions of HIF-1a, GLUT-1, and VEGF progressively increased 
after puncture over time in all groups (all P<0.05) (Figure 7). 
The effect of different needle sizes on the mRNA expression 
levels of aggrecan, collagen type II, HIF-1a, GLUT-1, and VEGF 
were also evaluated, showing significant differences between 
all groups at all time points (all P<0.05). The effect of time on 
mRNA expression levels of aggrecan, collagen type II, HIF-1a, 
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Figure 3. �HE staining sections of the rat tail discs punctured by all sizes of needles, obtained at different time points. The control 
group exhibited intact AF, rounded NP and well-defined border between them, whereas the punctured discs exhibited 
disordered AF, fewer NP cells, and with an interrupted border (HE, 40×). CTL – control.
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GLUT-1, and VEGF after different size needle punctures were 
significant at all time points in all groups (all P<0.05).

Discussion

The feasibility of rat tail disc for inducing IVDD

Preclinical disease animal models remain an important step 
in the translational development of novel biomedical tech-
nologies. The needle puncture model of IVDD is widely used 
and slowly yields progressive, mild, reproducible degeneration 
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The control group exhibited NP chondrocytes and positive proteoglycan staining, whereas the punctured discs demonstrated 
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6461
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Chen T. et al.: 
Intervertebral disc degeneration induced by different sizes of needle punctures
© Med Sci Monit, 2018; 24: 6456-6465

ANIMAL STUDY

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



pathological and biochemical changes that mimic human 
IVDD [15–21]. These degeneration changes of the disc were 
induced through AF tear with NP leakage. The animals most 
commonly used as in vivo models are mice, rats, rabbits, dogs, 

goats, and pigs [27–30]. Although the higher species have more 
cellular components similar to humans, the higher cost and 
difficult availability are the primary concerns. The rat tail disc 
has been proposed as a platform for the puncture model not 
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only because it is a low-cost, simple, efficient, reproducible, 
and less invasive technique [13,20,25,27], but also because it 
has the same geometry, mechanical properties, proteoglycan, 
and collagen content as the human disc [22–24]. Our results 
show that percutaneous needle puncture of the rat tail IVD 
can induce slow, progressive radiographic, histologic, and bio-
chemical degeneration, as revealed by X-ray, MRI, histology, 
and RT-PCR, which were similar to the degenerative changes 
in human IVDD, suggesting that the rat tail can be used as a 
reliable animal model for IVDD.

The effect of the needle size on the degree of 
degeneration

The injury severity of induced IVDD caused by needle punc-
ture affects the subsequent rate of degeneration. The injury 
severity of IVDD is directly correlated to the size of the needle 
and the puncture depth used. The injury caused by the nee-
dle puncture should be large enough to disrupt biomechanical 
function to drive degenerative changes in the rat tail disc AF. 
Various sizes of needles (18G–30G) have been chosen to in-
duce IVDD, as reported before [13–21,28,31]. However, there 
is no standardized method in terms of the effect of the injury 
severity, which is important for the effect of biologic therapy 
in different stages of degeneration. Many studies confirmed 
that the ratio of needle diameter to disc height is the key pa-
rameter to initiate disc changes [25]. Zhang et al. investigated 
the effect of different needle sizes (18G and 21G, 100% and 
51% ratio of diameter to disc height) on biomechanical and 
histological changes in rat tail discs. The results showed that 
all punctured discs can develop disc degeneration according 
to MRI images and histological outcome measurements [13]. 
Keorochana et al. performed a needle puncture with 18G, 
20G, and 22G size needles (100%, 60%, and 48% ratio of di-
ameter to disc height) in the rat tail disc model [15]. The re-
sults showed larger needle gauges produce more degenerative 
discs, as shown by radiography, MRI, and immunohistochem-
istry. Chen et al. punctured rat tail discs using 0.8-mm diam-
eter Kirschner needles (85% ratio of diameter to disc height) 
and the result demonstrated the degenerative changes were 
similar to human IVDD [20]. However, the best needle size 
for the rat tail disc puncture to induce IVDD is still unknown.

In the present study, with 18G, 21G, and 25G needle siz-
es and the ratio of needle inside diameter to disc height at 
100%, 51%, and 27%, respectively, we found that larger nee-
dle size creates more degenerative changes with time, espe-
cially when comparing the 18G and 25G groups. According 
to the results of RT-PCR, the mRNA expression of aggrecan 
and collagen type II showed a slow decline in the 21G group, 
and even a temporarily increase in the 25G group at the 2-week 
time point, suggesting a certain degree of repair activity in the 
early stage of IVDD. However, the 18G group demonstrated 

narrower disc height and higher histology scores (more seri-
ous degenerative) than that of the 21G and 25G groups at all 
time points after puncture, suggesting that 21G is the best 
size needle to use in puncturing rat tail discs to induce stable 
and reliable IVDD model.

The effect of time after puncture on the degree of 
degeneration

The main purpose of establishment of IVDD animal models is 
to investigate the feasibility of the mechanism and new treat-
ment of IVDD. It is generally believed that biological treatment 
should begin in the early stage. The major components of the 
extracellular matrix are proteoglycans and collagen type II in NP. 
The progression of IVDD is associated with a significant de-
crease in the levels of proteoglycans and collagen type II of NP. 
A study that investigated the long-term progression of IVDD 
induced by 21G needle puncture in rat tail disc model con-
firmed a transient up-regulation in the gene expression of ag-
grecan and collagen type II. After 10–17 days, these chondrocyt-
ic gene markers decreased and returned to control levels [17]. 

Another study revealed that gene expression of collagen type 
II increased at 3 days postoperatively and declined gradually 
over time in the 21G needle puncture rat tail disc model [20].

In the present study, gene expressions of aggrecan and col-
lagen type II declined slowly at the 2-week time point owing 
to the endogenous repair ability of the injured NP, and then 
decreased in the 21G group. There was a statistically signif-
icant difference in gene expression levels between the 21G 
group and all other groups at 2-week time point, suggesting 
the degeneration degree was not very serious and that the 
degenerated NP still had rich collagen type II and proteoglycan 
expression. DHI% in the 21G group declined at 2-week time 
point after surgery, although without a significant difference 
compared with that of the control group. However, the 21G 
group had significantly more degeneration degree when com-
pared with the control group at 2-week time point using MRI 
grade. The histological analysis also confirmed that the IVD de-
generated at 2-week time point. Combined information from 
DHI and MRI T2 images construct a set of novel biomarkers 
that could be used to identify degenerating discs that are ap-
proaching the threshold [32]. It is believed that biological treat-
ments should be indicated in mild to moderate stage of IVDD, 
as sufficient NP cells are needed for these treatments to be 
effective [33]. Thus, the 2-week time point may be the thresh-
old time point to receive biological treatment to reverse the 
degenerated change of the IVD.

The possible mechanism of IVDD and the role of HIF-1a

IVD is the largest avascular structure, characterized by low ox-
ygen tension in vivo. HIF is a master transcription factor that 
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regulates the expression of a number of genes involved in 
glycolysis as well as mitochondrial energy metabolism in re-
sponses to hypoxic environments. HIF plays an important role 
in the regulation of matrix production, metabolism, apoptosis, 
and autophagy of NP cells in the process of IVDD [34]. HIF-1a 
has been recently demonstrated in normal and herniated hu-
man NP tissue [35]. HIF-1a maintains the metabolic activities 
of NP cells under a hypoxic environment in IVD via the regula-
tion of GLUT expression, which is one of the important genes 
involved in promoting anaerobic glycolysis of NP cells in hy-
poxia responsiveness [36]. HIF-1a is also a potent regulatory 
factor of VEGF, which is the key protein in both physiological 
and pathological angiogenesis. By transactivating glycolysis-
related genes such as GLUT-1 and GLUT-3, the oxemic-inde-
pendent stabilization of HIF-1a is presumed to give NP cells 
metabolic adaptations to the deficiency of oxygen and nutri-
tion. The expression of HIF-1a and GLUT-1 in the degenerative 
NP was higher than that in the normal NP [34]. In the present 
study, the expressions of HIF-1a, VEGF, and GLUT-1 increased 
over time after puncture, suggesting that HIF-1a can induce 
the expression of VEGF and GLUT-1 in the progression of IVDD. 
Thus, HIF-1a may be a potential target for the prevention and 
treatment of IVDD.

In this study, the rapid degeneration might be considered non-
physiological. A clinically relevant model should mimic the hu-
man IVDD pathology, which in most the cases is directly as-
sociated with pain; however, we did not access pain in the 
present study. Thus, animal models at higher stages need to 
be further investigated before they are evaluated in humans.

Conclusions

In the present study, we characterized the radiographical, his-
tological, and biochemical features behind disc degeneration 
in the rat tail IVD, caused by puncture with 3 different sizes of 
needles at various time points. The size of the puncture nee-
dle affects the progression of the induced disc degeneration; 
larger needle size can cause more serious degenerative chang-
es, and thus middle size (properly 21G) might be required to 
induce a proper degree IVDD at the proper time point. Our re-
sults suggest that the 2-week time point may be the best to 
use in further biological treatment studies.
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