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Abstract

Purpose The pathomechanism of annulus fibrosus (AF) failure is still unknown. We hypothesise that mechanical overload
and an inflammatory microenvironment contribute to AF structural weakening. Therefore, the objective of this study was to
investigate the influence of these factors on the AF, particularly the translamellar bridging network (TLBN) which connects
the AF lamellae.

Methods A bovine AF organ culture (AF-OC) model of standardised AF rings was used to study the individual and com-
bined effects of cyclic tensile strain (CTS) and IL-1p (1 ng/mL) culture medium supplementation. AF-OCs were analysed
for PGE, production (ELISA) and deposition of IL-6, COX-2, fibrillin, and MMP3 in the tissue (immunohistochemistry,
IHC). The mechanical strength of the TLBN was evaluated using a peel test to measure the strength required to separate an
AF segment along a lamellar bound.

Results The combination of CTS +IL-1p led to a significant increase in PGE, production compared to Control (p <0.01).
IHC evaluations showed that the CTS +IL-1p group exhibited higher production of COX-2 and MMP3 within the TLBN
regions compared to the adjacent lamellae and a significant increase in IL-6 ratio compared to Control (p <0.05). A significant
decrease in the annular peel strength was observed in the CTS +IL1p group compared to Control (p <0.05).

Conclusion Our findings suggest that CTS and IL-1p act synergistically to increase pro-inflammatory and catabolic molecules
within the AF, particularly the TLBN, leading to a weakening of the tissue. This standardised model enables the investigation
of AF/TLBN structure—function relationship and is a platform to test AF-focused therapeutics.
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Introduction

Low back pain (LBP) is a recurrent occupational condition
affecting up to 85% of the world population [1]. It is fre-
quently linked to intervertebral disc (IVD) degeneration,
prolapse or herniation, often requiring surgical interven-
tions. Fissures and tears in the annulus fibrosus (AF) lamel-
lae and endplate associated failure are considered to be the
main causes of IVD prolapse [2]. With the loss of AF lamel-
lae integrity, the inner nucleus pulposus (NP) soft tissue can
extrude into the adjacent spinal canal, causing pain due to
irritation of nerve roots [3, 4]. Currently, the pathomecha-
nism leading to weakening of the AF structure and failure
of the tissue integrity is not fully understood. Defects in the
AF may arise from trauma, ageing or matrix degeneration,
thereby compromising the AF structure, which becomes
unable to withstand the hydrostatic pressure from the NP.
Genetic predisposition [5] and physical overloading [6, 7],
as well as inflammation factors [8], are known contributors
to degenerative changes of the disc tissue. Nonetheless, it is
not yet fully understood how these factors alter the structure
and function of the AF tissue.

The AF is composed of concentric lamellae consisting
primarily of collagen type I bundles. The orthogonal fibre
orientation of the collagen alternates from lamella to lamella,
thus providing very high resistance to tensile stresses which
occur during disc bulging. These collagen-rich lamellae are
separated by a thin proteoglycan-rich matrix, known as the
interlamellar matrix (ILM). At intermittent locations, this
ILM forms dense transverse bridges that cross the lamella
before separating and reconnecting with the ILM. In this
way, a three-dimensional elastic network named translamel-
lar bridging network (TLBN), connecting the layers of the
AF, is formed. This complex structure has been suggested
to play an important role in preventing radial bulging of the
disc under high axial loads [9, 10]. Biochemically, the TLBN
consists of elastin, fibrillin, collagen type IV, aggrecan and
other proteoglycans including versican and perlecan [11].
This proteoglycan-rich matrix has been proposed to allow
the collagen bundles of the lamellae to slide over each other,
preventing damage in extreme postures [12]. Additionally,
the stiffness of the ILM is hypothesised to be central to the
mechanical properties of the annular wall [13].

To date, few studies have investigated the functional role
of the TLBN in the pathomechanism of disc degeneration
[14]. Regarding a possible role of mechanical influences,
Han et al. [14] studied strain distribution under optical
coherence tomography (OCT) and reported significantly
higher strains in the inter-/trans-lamellar matrix compared to
the intralamellar regions. This uneven distribution of strain
is proposed to make the TLBN more susceptible to mechani-
cal damage or mechanobiology stimulation compared to the

adjacent lamellae. However, little is known about how these
mechanical or other factors influence matrix homoeostasis
of the TLBN.

Disc degeneration involves the interaction of many fac-
tors, such as reduced nutrient supply, mechanical overload-
ing, and levels of inflammatory molecules [15]. Increased
disc matrix degradation has been observed in pro-inflam-
matory conditions [8, 16]. Inflammation is one of the key
contributors to phenotype changes and apoptosis of disc
cells. An increase in the presence of pro-inflammatory
molecules has been described in degenerated and herniated
IVD tissue, among which interleukin-1p (IL-1p) and tumour
necrosis factor-o (TNF-a) are the most prominent [17].
During degeneration progression, many other cytokines
and catabolic markers, such as prostaglandin E, (PGE,),
interleukins (IL-6, IL-8), nitric oxide, matrix metallopro-
teinases (MMPs), and MMPs with thrombospondin motifs
(ADAMTS)-4 and -5, induce catabolic and inhibit anabolic
matrix processes [8, 18].

To our knowledge, it has not been investigated whether
interactions between mechanical loads and pro-inflammatory
conditions influence the structural and functional integrity
of the TLBN. Therefore, the objective of the present study
is to investigate the influence of inflammatory and mechani-
cal stress in a bovine AF organ culture (AF-OC) approach,
which enables the application of defined cyclic tensile strain
(CTS) under pro-inflammatory conditions. To investigate a
possible interaction of both factors on the AF structure, cell
viability, and production and distribution of TLBN matrix
components were assessed. We hypothesise that matrix
homoeostasis of the TLBN is altered by mechanical overload
in presence of pro-inflammatory factors, thereby contribut-
ing to tissue structural weakening.

Methods
Tissue dissection and organ culture preparation

Bovine tails from animals aged 18-24 months were obtained
from the local slaughterhouse (Fleischmarkt Donautal,
Ulm). Caudal discs C2-3 to C6-7 were used for the organ
culture model. Muscles and ligaments were removed to
expose the IVDs; then the mid-region of each IVD was
cut out using a custom-built cutting-tool, containing two
parallel microtome blades 5 mm apart. Subsequently, to
obtain AF tissue rings with consistent dimensions (5 mm
height X 3 mm width), the IVDs were cut with a 20 or 22 mm
metal punch (depending on IVD size). Then, the NP tis-
sue was removed using a 14 or 16 mm punch, respectively.
The AF rings were then cultured in IVD culture media,
as previously described [19, 20]: low-glucose Dulbecco’s
Modified Eagle Medium (22320022, Gibco) supplemented
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with 5% Foetal Bovine Serum Superior (S0615, Biochrom),
1% Penicillin—Streptomycin (10,000 U/mL-10,000 pg/mL,
15140122, Gibco), 0.5% Amphotericin B (250 pg/mL,
15290026, Gibco), 1% L-Glutamine (200 mM, 25030024,
Gibco), 1% non-essential amino acids (K0293, Biochrom),
and 1.5% of a 5 M NaCl/0.4 M KCl solution (to adjust osmo-
larity to 400 mOsm). The AF-organ cultures (AF-OCs) were
maintained at 37 °C under 8.5% CO, and 6% O,, for 7 days,
with medium exchange every 2-3 days.

Organ culture stimulation with cyclic tensile strain
and IL-18

To investigate the effects of mechanical stimulation, a cus-
tom-made electro-mechanical device for application of CTS
to deformable silicone dishes was used (Fig. la, b). The
device developed by Neidlinger-Wilke et al. [21] was modi-
fied to include overhanging stainless steel pins in which the
AF-OC rings could be hooked onto, and these were attached
to the silicon dishes by a bracket. The eccentrics caused the
pins to move 1 mm, generating a strain across the AF-OC
rings of 9+3%. This loading was applied cyclically at 1 Hz
for 3 h per day for 5 days to generate a high physiologi-
cal CTS range [22]. Recombinant human IL-1§ (1 ng/mL,
201-LB, R&D) culture medium supplementation was used
to promote pro-inflammatory conditions on the tissue. Four
AF-OC rings from the same animal were separated into dif-
ferent groups, as described in the experimental scheme in
Fig. 1. Briefly, AF-OCs were cultured under cyclic tensile
strain (CTS), IL-1p culture medium supplementation, or
both, CTS + IL-1p. Non-stimulated conditions were used as
Control. Medium exchange was performed every 48 h, and
samples were collected prior to each exchange. At the end
of day 11, each AF-OC ring was divided into segments for
histological and mechanical evaluations. For immunohisto-
chemistry, a segment was fixed in 4% formalin for 72 h at
4 °C and then paraffin-embedded. For cell viability analysis,
each segment was stained with ethidium homodimer-1 solu-
tion and then snap-frozen. For mechanical testing, segments
were stored at — 80 °C.

Cell viability

To assess AF-OC viability, samples were rinsed in PBS,
incubated at 37 °C in a 20 pM solution of ethidium
homodimer-1 (EthD-1, E1169, Invitrogen) for 20 min,
then washed twice with PBS (15 min each wash), and
flash-frozen in liquid nitrogen and stored at — 80 °C. Cry-
osections of 10 um were collected and stained with Hoe-
chst and CF488A TUNEL apoptosis detection kit (30063,
Biotium) according to the kit’s instructions. Cell viabil-
ity was determined by fluorescence microscopy (Leica
DMI6000B, Leica Microsystems), as:
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Cell viability (%)

_ number of red stained cells + number of green stained cells

number of blue stained cells

PGE, production

PGE, production was measured by enzyme-linked immu-
nosorbent assay (ELISA), as per the manufacturer’s
instructions (K051, Arbor Assays). PGE, concentration
at day 9 was normalised to day 7 (before transferring to
silicone dishes) for each disc.

Immunohistochemistry

Localisation of TLBN structural proteins, matrix deg-
radation enzymes and pro-inflammatory cytokines were
assessed by avidin—biotin complex (PK-6100, Vector lab-
oratories) immunohistochemistry (IHC) using NovaRED
Peroxidase (HRP) Substrate Kit (SK-4800, Vector Labora-
tories). Sections with 10 pm thickness were cut from par-
affin blocks and underwent citrate buffer antigen retrieval
(pH 6.0, 85 °C, 20 min), followed by hyaluronidase (2 mg/
mL in citrate buffer pH 8, 30 min, 37 °C) and collagenase
(2 mg/mL in citrate buffer, pH 8, 30 min, 37 °C) diges-
tion. For each marker, all samples were stained at the same
time for comparison purposes. The antibodies and dilu-
tions used are summarised in Table 1.

Microscopy and image analysis

THC sections stained for IL-6, COX-2, fibrillin and MMP3
were imaged using bright-field and polarised light micros-
copy (Axiophot, Zeiss). Polarised light images were
taken to identify the birefringent lamella matrix (LM)
and the opaque/black TLBN regions, and the correspond-
ing bright-field image was used to assess IHC staining
(Fig. 2). Positive IHC staining was identified following
colour deconvolution filter in Fiji Image processing soft-
ware; NOVA red and haematoxylin colour channels were
digitally separated, allowing quantification of colour inten-
sity only in the NOVA red channel. Regions of interest
were drawn around TLBN and adjacent LM areas; within
each region, average pixel intensity was measured and the
ratio (TLBN/LM) of staining intensity was calculated.

Mechanical testing
The strength of the TLBN matrix was evaluated using

a peel test based on the methods established by Greg-
ory et al. [23]. Briefly, rectangular AF segments were
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Fig.1 Annulus fibrosus organ culture (AF-OC) preparation. Sche-
matic representation of the custom-made electromechanical device
for the application of cyclic tensile strain (CTS) to deformable sili-

Table 1 Target molecules, antibodies and dilutions used for immuno-
histochemical evaluation

Target molecule Antibody Dilution
COX-2 Abcam: ab15191 1:200
Fibrillin-1 Thermo Fisher: MA5-12770 1:100
1IL-6 Bioss: bs0782R 1:200
MMP3 Abcam: ab53015 1:200

cone dishes (a) and the electromechanical device stretching the AF
rings (b). Experimental timeline and experimental groups (c)

dissected into a ‘Y’ configuration along a central lamella
boundary. The sample was then clamped into a “T” con-
figuration in a uniaxial material testing machine and pulled
apart at 0.5 mm/s, until complete separation of the sample.
The average force in the plateau region of each force—dis-
placement curve was used to calculate the delamination
strength, according to Gregory et al. [23].
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Fig.2 Immunohistochemistry
(IHC) quantification method.
Polarised light images (a, a’)
were used to define lamella
matrix (LM) and translamel-
lar bridging network (TLBN)
regions of interest. Mean pixel
intensity was measured in
bright-field images (b, b’) for
each region of interest to calcu-
late TLBN/LM staining ratio

Statistical analyses

Results are presented as mean + standard deviation.
All statistical analyses were performed with GraphPad
Prism 7. Data parametric distribution was analysed with
D’Agostino—Pearson normality test. Nonparametric data
were analysed using the Kruskal-Wallis test with Dunn’s
multiple comparison test to compare the different treat-
ment groups. The two-way ANOVA with Tukey multi-
ple comparison test was used to analyse the interaction
between region and treatment for the IHC data.

Results

AF organ culture viability

Cell viability in all the AF-OC groups was above 80%
after 11 days in culture. A small number of necrotic cells
were present at the edges of the samples, and occasional
TUNEL positivity (apoptotic cells) was seen within the
tissue, namely in the CTS group (Fig. 3).

Production of inflammatory factors

PGE, release from stimulated AF-OC was quantified and
compared between the different groups at day 9. Alone,
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Polarised

Bright-field

IL-1pB or CTS did not significantly increase PGE,. How-
ever, in the presence of the combined treatment in the
CTS +IL-1p group, PGE, release was significantly higher
(about 20-fold increase, *p < 0.01) compared to the Control
group (Fig. 4).

The distribution of COX-2 and IL-6 pro-inflammatory
mediators in AF tissue and specifically in the TBLN was
assessed by IHC at day 11 (Fig. 5). Polarised light micros-
copy enabled identification of the TLBN and LM regions
within the transverse sections of AF. Since the lamella are
composed of regularly arranged collagen fibrils, they are
birefringent, and therefore are visibly bright, while the irreg-
ular matrix of the TLBN appears as opaque/black regions
dividing the alternating lamellae. COX-2 was distributed all
over the AF-OC tissue (Fig. 5a). A significant increase in
its expression on the TBLN, in comparison to the LM, was
observed for CTS +IL-1p group (p <0.05, Fig. 5b). How-
ever, no significant differences were observed in the distri-
bution of COX-2 in LM and TBLN regions or between the
different treatment groups.

IL-6 deposition was detected in the LM and TLBN of
samples from all groups (Fig. 5a). For Control, IL-1p and
CTS single groups, IL-6 was similarly distributed within
both regions, while in the CTS +IL-1p treatment, the pro-
duction of IL-6 was significantly higher in the TLBN com-
pared to the adjacent LM, and this ration was significantly
higher than in the Control group (p <0.05, Fig. 5b). This
indicates that only the TLBN region was affected by the
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Fig.3 Representative fluorescence microscopy images of TUNEL
staining (a). Dead cells (red, EthD-1), apoptotic cells (green,
TUNEL) and Hoechst counterstain of cell nuclei (blue) in Control,
CTS, IL-1p and CTS +1IL-1p groups (scale bar, 500 um). Cell viabil-
ity (b) presented as frequency of viable cells (%). Data are shown as
mean + standard deviation, n=>5

combined treatment. Two-way ANOVA analysis found a
significant interaction of region and treatment (p <0.05,
Table 2).

ECM remodelling

The ECM remodelling of AF-OCs was evaluated by fibril-
lin and MMP3 THC (Fig. 6). Fibrillin staining was dense
and dark in the TLBN, and weak and diffuse in the LM
(Fig. 6a). Although no significant differences in the fibril-
lin deposition were detected between the different stimuli,
a significantly higher staining intensity in the TLBN of
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Fig.4 Prostaglandin E, released to the supernatant by AF cells cul-
tures in basal or degenerative conditions at day 9 relative to day 7.
Data are shown as meanz+standard deviation, n=7, *p<0.05;
*#p <0.01

samples from Control and IL-1p groups (p <0.05) was
found. MMP3 was expressed in both cells and matrix
throughout the tissue. Significantly higher staining inten-
sity was detected in the TLBN regions (compared to adja-
cent LM) of CTS +1IL-1p group (p <0.05, Fig. 5c). Using
two-way ANOVA analysis, significant staining intensity
differences were observed between the TLBN and LM
regions for both fibrillin and MMP3 (p <0.001), but not
between the different treatments (Table 2).

Mechanical properties

At the end of the experiment, a biomechanical peel-test
was performed in AF-OC tissue segments (Fig. 7a—c).
Force—displacement curves showed an initial increase in
force, then a plateau phase (Supplementary Fig. S1). Par-
ticularly in the Control, IL-1p and CTS groups, the plateau
region was interrupted by steep peaks and troughs, while
the CTS +1IL-1f curves seemed to be smoother. Therefore,
the mean force along one or more plateau regions was used
to calculate the average annular delamination strength for
a given sample. Interestingly, the CTS +IL-1f group was
found to have a 40% lower delamination strength com-
pared to the Control group (p <0.05, Fig. 7d).
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Fig.5 Pro-inflammatory factors produced by AF cells cultures in scale bar, 200 um. COX-2 (b) and IL-6 (c) staining intensity in the
basal or degenerative conditions, at day 11. Representative images (a) TLBM relative to LM. Data are shown as mean + standard deviation,
under polarised light and bright-field of COX-2 and IL-6 distribution n=35; *significant effect of treatment, *p <0.05; # significant effect of
within the translamellar bridging network (TLBN, yellow arrows) region, *p <0.05

and the lamella matrix (LM, green arrows) of AF organ cultures;
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Table2 Two-way ANOVA results from analysis of immunohisto-
chemical staining of the AF-OC tissues

Source of variation Region Treatment Interaction

COX-2 HE ns ns

IL-6 * ns * CTS+IL-1p
MMP3 ok ns ns

Fibrillin HE ns ns

Discussion

In this study, a suitable AF-OC model was developed to
investigate the AF structure—function relationship by stimu-
lation with mechanical overloading in a pro-inflammatory
environment. IL-1f is a well-characterised pro-inflammatory
cytokine, previously shown to stimulate inflammation in
IVD cells at concentrations ranging from 1 to 100 ng/mL
[19, 24, 25]. Here, 1 ng/mL IL-1p was used to simulate a
mild inflammatory environment. Interestingly, at this dose,
IL-1p alone seemed to have no significant effect on any of
the parameters analysed.

Although disc herniations may not be symptomatic or
spontaneously regress, in many patients it may lead to
chronic low back pain. There are few clinical solutions that
target the underlying cause of disc degeneration [26-28],
and new therapies that promote IVD regeneration and/or
control inflammation-associated pain are needed. The ques-
tion of how inflammation together with mechanical stress
influence IVD herniation remains controversial, and given
the lack of adequate models, we have developed this bovine
AF-OC to address with a special focus the differences in
annular tissue weakening between TLBN and LM. Although
they cannot mimic the complexity of in vivo trials, these
explant cultures present several advantages in comparison
to in vitro studies, since they recreate a more physiologi-
cally relevant environment of disc degeneration compared
to mechanical stimulation of IVD cells [29]. The bovine
caudal discs are a well-accepted biological and biomechani-
cal model for human discs which is easily available and has
a similar cellular composition to human discs [30, 31].

Mechanical loading is crucial to mimic IVD physiologi-
cal conditions. Previous in vitro studies found a complex
cellular response to cyclic tensile strain in AF cells [32,
33]. CTS was shown to induce catabolic or anabolic factors
and to modulate/upregulate inflammatory factors depend-
ing on strain magnitude, frequency and duration [33, 34].
In an in vitro study of the combined effects of IL-1f and
CTS, Miyamoto et al. [35] reported that higher doses of
inflammatory factors (10 ng/mL IL-1f) or higher magni-
tudes of mechanical loading (20% CTS) alone could induce
PGE, production by both AF and NP cells, with the stimuli
combination producing a strong synergistic response. In

the present study, we showed that 1 ng/mL IL-1p or 9%
CTS alone did not significantly increase PGE, release by
the AF cells, but the combination of these stimuli did pro-
duce a strong synergistic response, resulting in a significant
increase in PGE,.

Additionally, these combined stimuli increased IL-6 and
COX-2 production in the TBLN region compared to the LM.
While IL-6 staining increase was significant in comparison
to the unstimulated controls, COX-2 expression did not pre-
sent statistically significant differences. This discrepancy
might be explained by the fact that PGE, is also produced
by COX-1 in human chondrocytes [36], or differences in
COX-2/PGE, kinetics which contribute to the observed find-
ings in our AF-OC model [37]. More recently, TNF-« stimu-
lation of a whole IVD organ culture together with degenera-
tive mechanical loading resulted in decreased anabolic and
increased pro-inflammatory gene expression in both the AF
and NP tissues [38]. Interestingly, Lang et al. [38] found
an increase in IL-6 gene expression within the NP but not
the AF region in response to inflammation and mechanical
loading. This finding taken together with the increase in IL-6
protein expression seen only within the TLBN in our study
could suggest that the proteoglycan-rich TLBN responds to
the combined stimuli in a manner more similar to NP than
to AF tissue.

Due to the interwoven nature of the TLBN through the
lamella of the AF, separation of these regions for cell iso-
lation and RNA extraction is not easy to perform. Conse-
quently, previous TLBN studies have focused on histologi-
cally characterising the structural matrix components as
identifying the TLBN as proteoglycan-rich. Our study adds
to these findings the identification of a significantly higher
expression of the catabolic enzyme MMP3 in the TLBN
compared to the lamella matrix. Together, the IHC findings
suggest that the TLBN is more affected by the combined
stresses than the lamellae of AF. Therefore, it seems that
a region-specific pro-inflammatory cascade leads to matrix
breakdown and tissue weakening.

In the first study investigating the role of the TLBN
in disc degeneration, Gregory et al. [39] induced disc
degeneration in an in vivo model by injury and showed a
resultant 30% decrease in delamination strength 3 months
post-operatively. However, no mechanism for the findings
was proposed. In the present study, we found that a mild
inflammatory environment in combination with mechani-
cal loading led to an upregulation of IL-6 coupled with
a 40% decrease in delamination strength after 5 days of
stimulation. These findings suggest that the initiation of a
region-specific pro-inflammatory cascade leads to matrix
breakdown and tissue weakening. While we did not find
a significant decrease in fibrillin expression in response
to the combined treatment, the TLBN matrix consists of
many different components [11] and a decrease in any of
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Fig.7 Set-up of the material properties testing of AF tissue (a),
after 11 days in culture under different stimuli, with half an AF ring
clamped at the tabs into a ‘T’ configuration in the uniaxial mate-
rial testing machine (arrows indicate the movement direction of the
upper arm). Detailed look on the AF segment being pulled apart (at
0.5 mm/s) into a ‘Y’ configuration along a lamella boundary (b, c¢).
Annular delamination strength as function of displacement rate (N/
mm) for all conditions tested (d). Data are shown as mean + standard
deviation, n==6, *p <0.05

these could be responsible for the observed decrease in
delamination strength. Future studies concerning gene
expression specifically of the TLBN region should be
conducted, potentially by using laser capture microdissec-
tion technology. Moreover, future work will focus on the
translation of these findings to human tissue, by investigat-
ing changes in human AF samples from patients suffering
from different disc pathologies, namely disc herniation
(versus healthy donors), and identifying the distribution of
different inflammation and degeneration markers between
the TLBN and the adjacent tissue (LM regions).

Conclusion

The novel AF-OC model presented in this study demon-
strates how mechanical loading and a pro-inflammatory
microenvironment may particularly affect the TLBN and
integrity of the annular wall, without the need for a com-
plex whole IVD organ culture system. Additionally, it
was shown that the synergistic interaction of IL-1p and
mechanical overload resulted in increased expression of
PGE, and IL-6, the latter specifically within the TLBN,
but not in the lamellae of the AF. This synergic action was
also shown to decrease the annular mechanical strength.
Overall, these results provide novel insights into the
mechanism of how a degenerating disc can lead to tissue
weakening and annular wall failure. Our findings show
that small changes in the homoeostasis of the TLBN are
capable of significantly weakening the tissue, highlighting
the importance of the development of strategies to spe-
cifically target the weakening of this structure during disc
degeneration.
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