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INTRODUCTION

Degenerative disc disease is a common pathological disorder accompanied by both

structural and biochemical changes which may be associated with aging, biomechanical

insult and genetic background [1]. Disc degeneration is biologically-mediated with complex

biochemical and inflammatory processes that alter the homeostasis of the disc’s extracellular

matrix [2,3]. Progression of degeneration subsequently affects the composition of the disc.

Reduced proteoglycan content in the disc [4] and thus decreased hydration and disc height

loss, increased collagen type I in the inner one half of the anulus fibrosus (AF) and nucleus

pulposus (NP) and increased collagen cross-linking [5] are all associated with degeneration

progression. Mechanical factors (i.e., vibration, torsion, and compression/loading) are also

implicated in the induction of disc degeneration [6,7].

Mechanical adaptations subsequently occur as a result of these biochemical changes in the

disc. Specifically, as hydration levels in the NP drop, loading patterns on the disc are altered

resulting in abnormal shear and compressive stresses experienced by the AF rather than the

NP [8-10]. These changes in stress distribution across the disc are likely the main culprit of

structural damage, including increased delamination [11], fissure formation [12], and inward

lamellae buckling [13], that have been observed in the AF following degeneration.

Delamination, specifically, is characterized by the separation of individual layers in the AF

from each other as a result of failure of the adhesive bond. If this occurs in the disc, the

integrity or strength of the AF is likely compromised thereby increasing the risk of further

damage.
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The focus of the current study was to examine the effect of disc degeneration on the

resistance to delamination in the AF. The examination of structural changes to the disc, and

in particular the AF, as a result of degeneration is of considerable importance as most

structural damage is irreversible in the aging disc. This is due to significantly slowed

metabolism and extracellular protein synthesis [4,14] preventing sufficient healing despite

evidence of increased cytokine and matrix metalloproteinase secretion [15]. By

understanding the effects of degeneration on the disc, biological repair therapies can be

developed to allow for more specific target of the weakened structures. Therefore, the

purpose of this study was to determine the peel strength of the inter-lamellar matrix, and

thus resistance to delamination, in rabbit AF tissue following induced degeneration. A

unique peel test design [16] was used to measure the delamination strength of the inter-

lamellar matrix of the AF following degeneration development. In short, this test allows for

the quantification of the material properties of the matrix found between layers of the AF by

employing a 180-degree mechanical peel test.

METHODS

Animal Model

An established anular puncture intervertebral disc degeneration model in the New Zealand

white rabbit (Western Oregon Rabbit Co., Philomath, Oregon USA) was used for the current

study [17]. Specifically, eight rabbits (4.6 kg ± 0.2) underwent spinal surgery to induce disc

degeneration (termed experimental animals) and four additional rabbits (4.7 kg ± 0.2) served

as control animals. The study protocol was approved by the University’s Animal Care Use

Committee (IACUC).

Four of the experimental animals underwent spinal surgery at eight months of age and were

sacrificed one month post-surgery (nine months of age), while the remaining four

experimental animals underwent surgery at six months of age and were sacrificed three

months post-surgery (therefore also nine months of age at time of sacrifice). The four

control animals were sacrificed at nine months of age and did not undergo any surgical

operation.

Anular Puncture Disc Degeneration Model

Prior to spinal surgery, animals were anaesthetized with xylazine (5 mg/kg; Akron, Inc.,

Decatur, IL USA) and ketamine hydrochloride (35 mg/kg; Fort Dodge Animal Health, Fort

Dodge, Iowa USA) by subcutaneous injection. Anaesthesia levels were maintained during

surgery with 1-3% isoflurane (Piramal Critical Care, Boise, ID USA). Each rabbit was

positioned laterally on its right side and a sagittal plane radiograph was taken to locate the

L3/4 intervertebral disc. An incision (approximately 6 cm in length) was made along the

postero-lateral side of the animal (right side of body) into the retroperitoneal space. Using

the L3/4 disc as a guide, the L2/3 and L4/5 discs were located and were subsequently

punctured with an 18-gauge needle through the antero-lateral region of the AF [17]; Figure

1A. Care was taken to ensure the needle did not puncture the posterior AF tissue. Following

disc punctures, the surgical site was cleaned with sterile saline and closed using layered

sutures. Each rabbit was then given a subcutaneous injection of buprenorphine
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hydrochloride (analgesic; 0.05 mg/kg; Reckitt Benchkiser Pharmacueticals, Richmond, VA

USA) and Cefazolin (antibiotic; 22 mg/kg; Steri-Pharma, LLC, Syracuse, NY USA) and

monitored every 15 minutes (heart rate, blood oxygen, body temperature, and respiratory

rate). Once fully alert, the animals were returned to their cages and allowed to resume

regular daily activity. Additional doses of buprenorphine hydrochloride and Cefazolin were

given one and two days post-surgery. Animals were monitored each day until sacrifice.

Image Analysis

Radiographs and Disc Height—Disc height was monitored by lateral radiographs taken

1, 2, 4 (for all experimental animals), 8, and 12 weeks post-op (only for the four animals that

were sacrificed 3 months post-surgery) under anesthesia with ketamine hydrochloride

(35mg/kg) and acepromazine maleate (1 mg/kg; VEDCO, INC. St. Joseph, MO, USA). Care

was taken to ensure similar level of anaesthesia for each radiograph. All animals were

sacrificed while anaesthetized via venous (marginal ear vein) injection of Euthasol (1 ml/

4.54 kg; Virbac Animal Health, Fort Worth, TX USA). Disc height loss was determined by

calculating the disc height index (DHI) [17] (Masuda et al., 2005) for each radiograph and

comparing it to the DHI just prior to surgery.

MR Imaging—Following sacrifice, the lumbar spine and surrounding musculature were

removed and immediately MR imaged at 3T on GE Signa HDx using the following

parameters: spin echo sequence: TR=2000 ms, TE=10-70 ms (8 echoes; for sagittal images

showing L2/3 to L4/5) or 70 ms (for axial images); FOV=80 mm, matrix=384×384,

slice=2.5 mm. For T2 quantification, regions of interest representing the NP and AF were

placed on sagittal images, and T2 relaxation times and T2 maps were determined using

mono-exponential fitting using a Matlab program. Using the T2 values in L3/4 as internal

control, normalized T2 values were determined. Following MR imaging, spines were frozen

at −80°C until used for mechanical testing.

Tissue Sample Preparation and Mechanical Testing—Lumbar spines were thawed

at room temperature and the L2/3 (punctured), L3/4 (non-punctured), L4/5 (punctured), and

L6/7 (non-punctured) intervertebral discs were dissected from the lumbar spine and were

hydrated with 10% phosphate-buffered saline. The two non-punctured discs served as

internal controls; the L3/4 was adjacent to the punctured discs while the L6/7 disc was two

levels away from the closest punctured disc. The same disc levels were removed from the

four non-operated control rabbits (termed “external control” discs) yielding a total of 48

discs (from 12 rabbits).

Two tissue samples (containing approximately eight AF layers) were dissected from each

disc: one from the anterior region of the disc and the other from the posterior-lateral region

of the disc (Figure 1A). Samples could not be obtained from the complete posterior region

due to size constraints. A T- (180°) peel test sample was created by manually peeling apart

the two most middle layers, thus forming tabs for mechanical testing (Figure 1B and 1C);

[16]. Figure 1C shows a histological view of a T-peel test sample. This histological image

illustrates the delamination, or peeling, between two adjacent layers of the AF.
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Tissues were mounted at the tabs created via manual peeling and were further peeled at a

rate of 0.5 mm/sec using a material testing apparatus (5565A, Instron, Norwood, MA USA)

[16]. This test accomplished delamination (peeling) between the two middle AF layers. The

resulting force-displacement curves showed the characteristic plateau or “leveling-off”

observed during peel tests of adhesive materials [16]. From this peel test curve, the peel

strength (averaged over the plateau region, normalized to tissue sample width (Figure 1B),

units N/mm), was obtained for each test.

Statistics—Data were collapsed across sacrifice date (one and three months post-surgery

measurements were pooled) as this was not found to have a significant effect on the peel

strength of the degenerated anulus samples (p=0.57). Subsequently, a two-way repeated

measures ANOVA was conducted on condition (external control (non-punctured discs from

non-operated control animals); internal control (non-punctured discs from operated

animals); and punctured (punctured discs from operated animals)) and AF location (anterior;

posterior-lateral) on the variable peel strength. A t-test was conducted on condition

(punctured L2/3 and L4/5 discs from operated animals versus non-punctured L2/3 and L4/5

discs from non-operated animals) on normalized T2 relaxation times. Statistical significance

was set at p < 0.05.

RESULTS

Effect of Puncture on Degeneration

Disc Height Loss observed in X-Ray Images—Punctured discs showed a substantial

decrease in disc height following puncture (Figure 2 and 3) in the X-Ray images taken.

Specifically, four weeks post-surgery, the DHI for L2/3 discs was an average (± standard

error) of 82.1 ± 4.0% (i.e. 17.9% less disc height than internal control) and for L4/5 an

average of 83.1 ± 4.2%. Twelve weeks post-surgery, the average DHI for L2/3 and L4/5 was

77.0 ± 0.9% and 81.6 ± 3.0%, respectively (Figure 3)

MRI T2 values—T2 values were obtained from the MR images of the experimental spines

following harvest (Figure 4). NP T2 values were found to be significantly lower in the

punctured discs as compared to non-punctured control discs (p<0.001) suggesting lower

hydration levels in the NP of punctured discs. Specifically, the average (± standard error)

normalized T2 values were 0.63 ± 0.12 and 1.04 ± 0.04 for punctured and non-punctured

discs, respectively. However, no significant difference in the AF T2 values were observed

between the punctured and non-punctured discs (p=0.86).

Effect of Puncture-induced Degeneration on Material Properties of Anulus Fibrosus

Punctured discs exhibited significantly lower peel strength in the inter-lamellar matrix of the

AF as compared to non-punctured discs (p=0.024); Figure 5. This was found in comparison

to both internal and external control discs. However, peel strength did not vary between

internal and external control discs (p=0.74). Specifically, peel strength of the AF from

punctured discs (mean 0.62 N/mm ± 0.16 S.E.) was found to be 27% lower than from non-

punctured internal control discs (0.85 N/mm ± 0.17 S.E.) and 30% lower than the peel

strength of AF obtained from external control discs (0.88 N/mm ± 0.26 S.E.).
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Effect of Location on Mechanical Properties of Anulus Fibrosus

The location of the AF from which the tissue sample was obtained had a significant effect

on the peel strength values. Specially, the peel strength of tissues obtained from the anterior

region of the AF was, on average 0.88 N/mm (± 0.13 S.E.), compared to 0.70 N/mm (± 0.11

S.E.) in the posterior-lateral region of the AF (p = 0.028); Figure 5.

DISCUSSION

Anular puncture successfully induced intervertebral disc degeneration, as previously

reported [17], evidenced by the disc height loss and reduced NP hydration observed in the

current study. Further, this degeneration also significantly affected the material properties of

the AF tissue, in particular the peel strength, or resistance to delamination. Disc

degeneration specifically reduced the AF’s ability to resist delamination and effectively

reduced the inter-lamellar matrix integrity.

As NP hydration levels decrease, loading patterns on the disc are altered resulting in

abnormal shear and compressive stresses migrating towards the AF from the NP [8-10]. In

turn, these stresses lead to weakening of the inter-lamellar strength and consequent

delamination between the AF layers [12,18]. Given that the current study measured peel

strength, and thus resistance to delamination, disc degeneration appears to weaken the inter-

lamellar matrix which would presumably increase the likelihood of AF layers delaminating

from one another. Interestingly, the hydrations levels of the AF did not change as a result of

the puncture. This suggests that significant hydration had not been lost post-puncture.

However, changes in the biomechanics of the AF were observed, suggesting that

degeneration had begun even prior to changes in hydration.

The inter-lamellar matrix has been previously examined in terms of its structural

composition. Specifically, this matrix, which exists between the individual lamellae of the

AF, contains type VI collagen fibres [19,20], proteoglycans [21], and elastin [22,23]. Each

of these components plays a vital role in ensuring matrix integrity and resistance to

delamination. Being able to resist this separation of AF layers is of particular importance as

it is been hypothesized that a certain degree of delamination must be present in order for

intervertebral disc herniation, a potential precursor of degeneration, to progress through the

AF [24]. Furthermore, delamination resistance has previously been found to be lower in the

deep layers of the AF in human discs as compared to the outer layers of the AF [16], which

may already predispose the disc to herniation. If delamination can be prevented, then it is

possible that herniation progress can also be slowed or averted.

Limiting the potential for disc herniation, characterized by the progression of NP through

the AF, is important even after degeneration has occurred, as currently there are various

methods which target re-growth of the NP following degeneration. A recent review

identified growth factors, NP cell transplantation, protein injection and gene transfer as all

potential therapy strategies for the re-growth of NP material [25]. While many of the studies

reviewed by Masuda [25] showed positive results for these therapeutic strategies, the long-

term efficacy is largely unknown. If the AF is not strong enough to effectively contain this

newly grown material, or is already weakened to delamination as the current study suggests
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possible, then the potential of reherniation or loss of nuclear material and thus disc height in

the long-term is high. Further, recent work by Michalek and colleagues [26] observed

significant, and potentially detrimental, changes in the shear properties of AF tissue

following anular puncture. The authors state that these unfavorable changes need to be

considered when administering certain biological repair therapies, as these are often injected

into the disc via disc puncture. Although the size of the rabbit disc is much smaller in

comparison to the human disc, and thus the insult created in the current study is larger in

relation that what might be observed when administering biological repair therapies, it is

important to acknowledge that needle puncture in general can elicit degeneration

progression. Further work is required to determine the degree of AF damage and disc

degeneration as a result of the needle puncture created as a result of the injection of

therapeutic drugs. Additionally, given the limited degree of vascularization in the AF (blood

vessels tend to only be found in the outer 1-2mm of the AF [27,28]), it is unlikely that the

delamination strength changes observed in the current study would have been repaired if

given sufficient time post-puncture, making it even more important to understand the

damage that results from needle puncture.

The observed reduction in peel strength in degenerated discs observed in the current study

also supports the notion that the state of the AF and its ability to contain NP material must

be considered when examining such re-growth therapies. Further, the NP should not be the

only structure targeted when developing these therapies, and rather both the NP and AF

should be treated together. As a result, it is possible that regeneration therapies that include

both the AF and the NP may be more effective that replacing the NP alone with an implant

or with therapeutic gel injections.

One important aspect of this study was to establish a quantitative and functional assessment

of AF tissue in a rabbit model. Comprehensive methods have previously been established to

assess structure and function of the disc (e.g., biomechanical testing of bone-disc-bone units,

quantitative MRI evaluation, X-ray, histology and biochemical analyses) in various animal

models of disc degeneration and repair. However, minimal research has focused on the

assessment of components of the disc, namely AF tissues. Importantly, the methods used in

the current study can be used to determine the effectiveness of disc re-growth therapies

applied to animal models, such as the rabbit model used here.

The study was limited by a number of factors. First, the degeneration induced in this study

was more rapid that natural degeneration in the human disc. As a result, the biomechanical

properties of the AF may be slightly altered in the surgically induced model. However, other

studies have also successfully induced clinically-relevant degeneration using similar

methodology [17, 29-34]. Second, due to the quadrupedal nature of rabbits, the loading

within the lumbar spine may not be directly comparable to that of a human, altering the

degeneration process and properties of the AF. Last, due to the small size of the rabbit

intervertebral disc, only one tissue sample could be dissected from the anterior region, and

one dissected from the posterior-lateral region, of the AF. Therefore, the effect of AF depth

(superficial versus deep) could not be addressed. Future considerations include examining

the peel strength of the AF following local therapeutic disc treatments targeting re-growth of

the NP.
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CONCLUSION

Disc degeneration induced via intervertebral disc puncture in a live rabbit model showed

lower resistance to AF delamination than non-punctured control discs. This finding suggests

that degeneration increases the potential for delamination between AF layers. Given this

substantial change to the integrity of the AF following degeneration, clinical treatments

should not only target rehydration or re-growth of the NP, but should also target repair and

strengthening of the AF in order to support the NP.
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Figure 1.
Delamination strength measurement of the anulus fibrosis (AF) in the anular-puncture rabbit

model of disc degeneration. A – Axial view of intervertebral disc. Needle icon represents

location of AF puncture. B – Illustration of tissue sample. Anular tabs are mounted into a

material testing system to propagate the peel test. Dashed arrow indicates tissue width used

to calculate peel strength. Block arrow indicates direction of delamination (peel)

propagation. C – Tissue sample slice showing delamination between the centre-most AF

layers. Dashed arrow indicated direction of delamination propagation.
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Figure 2.
Sagittal X-Ray images of the rabbit lumbar spine prior to and 12 weeks following anular

puncture. The arrows indicate the punctured discs. Note the narrowing of the disc space 12

weeks post-surgery as compared to before the spinal surgery.
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Figure 3.
Disc height index scores at 2, 4, 8 and 12 weeks following anular-puncture in the rabbit.

Disc height index values are relative to the L3/4 internal control (100% disc height index

shown by dashed line).
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Figure 4.
Axial MR images of the two punctured discs (L2/3 and L4/5) as well as one internal control

between (L3/4) in the anular-puncture rabbit model of disc degeneration. Note the reduced

white area in the punctured discs. This indicates lower hydration of the NP region. Sagittal

MR image also shows significantly lower T2 times in the punctured discs as compared to the

internal control disc (p=0.002).
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Figure 5.
Peel strength measurements of the anulus fibrosis (AF) in the anular-puncture rabbit model

of disc degeneration. Average peel strength values (N/mm) for the external control disc

samples (Ext-Cont.), internal control disc samples (Int-Cont.) and punctured disc samples

(Punc.). A significant drop in peel strength values was observed in the punctured disc

samples as compared to both in internal and external control samples (denoted by asterisks;

p=0.024). Further, samples obtained from the posterior-lateral AF (POST LAT) exhibited

significantly lower peel strength values than samples obtained from the anterior AF (ANT),

denoted by stars (p=0.028).
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