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Abstract

The relationship between elastic fibre disorders and disc degeneration, aging and progression
of spine deformity have been discussed in a small number of studies. However, the clinical
relevance of elastic fibres in the annulus fibrosus (AF) of the disc is poorly understood.
Ultrastructural visualization of elastic fibres is an important step towards understanding their
structure-function relationship. In our previous studies, a novel technique for visualization of
elastic fibres across the AF was presented and their ultrastructural organization in intra- and
inter-lamellar regions was compared. Using the same novel technique in the present study,
the ultrastructural organization of elastic fibres in the partition boundaries (PBs), which are
located between adjacent collagen bundles, is presented for the first time. Visualization of
elastic fibres in the PBs in control and partially digested (digested) samples was compared,
and their orientation in two different cutting planes (transverse and oblique) were discussed.
The ultrastructural analysis revealed that elastic fibres in PBs were a well-organized dense
and complex network having different size and shape. Adjacent collagen bundles in a cross
section (CS) lamella appear to be connected to each other, where elastic fibres in the PBs
were merged in parallel or penetrated into the collagen bundles. There was no significant
difference in directional coherency coefficient of elastic fibres between the two different
cutting planes (p'= 0.35). The present study revealed that a continous network of elastic
fibres may provide disc integrity by connecting adjacent bundles of CS lamellae together.
Compared to our previous studies, the density of the elastic fibre network in PBs was lower,
and fibre orientation was similar to the intra-lamellar space and inter-lamellar matrix.

Keywords: Partition boundaries, Elastic fibres, Ultrastructural organization, Annulus

fibrosus, Fibre orientation



1. Introduction

Elastic fibres are critical components of the extracellular matrix in biological structures,
whose defects affect tissue elasticity and contribute to pathologies (e.g. cutis laxa, Williams-
Beuren syndrome, scoliotic discs, etc.) degeneration and aging [1-4]. The role of elastic fibres
in the intervertebral disc is not clearly understood, although few studies revealed their
contribution to radial integrity of the annulus fibrosus (AF) [5-7]. On the other hand, the
relationship between elastic fibre disorders and disc degeneration suggests that more
structure-function studies need to be performed to identify the impact of elastic fibres on disc
mechanical properties [8-12]. A clinical observation found that compared to healthy discs,
scoliotic discs have a disorganized and sparse elastic network, which could contribute to the
progression of spine deformity [8]. It was demonstrated that with increasing age and disc
degeneration, elastic fibre morphology appears to become more disorganized [9]. In addition,
an increase of metalloproteinase level in scoliotic discs leads to elastin degradation [10, 11]

as well as activation of elastase enzymes in degenerated discs [12].

Early efforts to establish the presence of elastic fibres as an organizational constituent of the
disc using Scanning Electron Microscopy (SEM) were unsuccessful [13, 14]; however, they
were observed by Buckwalter et al. in 1976 [15]. Several other investigators confirmed the
presence of elastic fibres in the disc; however, their observations did not reveal elastic fibre
ultrastructure [16-19]. Based on low elastin content [20-22], and its irregular distribution
across the disc, elastic fibres were thought to play no role in disc function [23]. However, a
light microscopy study revealed that there was an abundant elastic fibre network distributed
across all regions of the disc [24]. Elastic fibres were found to be comprised of a central
elastin core component integrated with the surrounding fibrillin framework [25], after which

it was revealed that both elastin and fibrillin were extensively distributed across the AF [26].



This understanding has been developed through other studies to highlight the potential role of

elastic fibres on disc structural and mechanical properties [20, 23, 27-29].

Early microstructural investigation indicated that elastic fibres have different oblique and
longitudinal orientations within the AF [30] and are more dense in the outer compared to_the
inner AF [31]. Dissimilarity of the AF elastic fibre density in circumferential and radial
locations was also explained in a microscopic study [27]. At the light microscopy: scale (20x
magnification), it was discovered that the long elastic fibres of the nucleus pulposus extend
radially towards the AF, while some were oriented towards the endplates [23, 24]. Also it was
found that elastic fibres of the AF appeared to be aligned parallel to the collagen fibres within
the lamellae [24, 26, 28] and were more dense and of complex arrangement in the inter-
lamellar matrix (ILM) [24, 26, 28, 32]. A study showed that elastic fibres enhanced the AF
lamellae interconnectivity, while surrounding collagen bundles [33]. This study revealed that
collagen bundles in a cross section (CS) lamella are subdivided by a dense structure of elastic
fibres, a region identified as a partition boundary (PB), which may divide the entire lamella
or appears as incomplete dividers [33]. The PBs were more likely to be seen in CS, rather
than in-plane lamellae (IP) [33]. Identification of CS and IP lamellae depends on the cutting
plane and has been defined elsewhere [34, 35]. Briefly, collagen bundles in oblique sections

are parallel in an IP lamellae, and perpendicular to the cutting plane in a CS lamella.

Although these light microscopic studies showed that elastic fibres were found throughout
the AF within three different regions including intra-lamellar, [ILM and PB, none were able to
provide the fine-scale and ultra-architectural details of the elastic fibre network. On the other
hand, since all fibrous elements including collagen and elastic fibres, are intermingled with
each other and masked by the matrix, their ultra-structural organization was not possible to be

visualised under low (light microscopic level), nor at higher magnifications (SEM).



Visualization of the AF elastic fibre ultrastructural organization in intra-lamellar region and
the ILM has recently been achieved using a novel technique incorporating sodium hydroxide-
sonication digestion followed by heat treatment [36]. However, less is known about elastic
fibres ultrastructural organization within the PBs. It was demonstrated that large parallel
elastic fibres were connected to each other by very fine elastic fibres and form a loose
network within the intra-lamellar region. An ultrastructural study of elastic fibres revealed
that a dense and complex network, including thick (approximately 1-2 um in diameter) and
thin (0.1 pm diameter) elastic fibres, exist in the ILM [37]. It-was demonstrated that
interconnecting elastic fibres in the ILM were not organized randomly, which supports the
hypothesis that they may be involved in distributing stresses through the AF, while enhancing
its structural integrity. Based on the literature review, there is evidence that elastic fibres,

having a complex pattern of interconnectivity, exist in three main regions of the AF (Table

1.

Table 1- Three main regions where elastic fibre structural characteristics were

described under low (light microscopy) and high (SEM) magnifications.

Region Location Structural characteristics
Low magnification:
Long elastic fibres are in parallel to the collagen fibres [5, 8, 20, 24].
High magnification:
Intra- Within the A loose network (not randomly distributed) of elastic fibres was observed in
lamellar lamella the intra-lamellar region, which are comprised of thick fibres aligned parallel
to the collagen fibres (0.3-0.5 pum diameter), and very fine interconnecting
fibres of less than 0.3 um diameter [37].

Low magnification:
A complex and dense structure was present in the ILM [8, 24, 26, 27, 32].

Inter- Between High magnification:
lamellar adjacent A dense network including thick (diameter of 1-2 pm) and thin (0.1 pm
(ILM) lamellae diameter) elastic fibres was seen in the ILM. This complex network was not

randomly distributed, consisting of different size and shape fibres, differs to
those located in the intra-lamellar region [37].

Low magnification:

Partition Between Elastic fibres are the main component of the PB [33].
Boundaries collagen
(PB) bundles High magnification:

No study was performed.
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Investigation of the ultrastructural organization of elastic fibres within the PBs will help to
improve the knowledge of the AF elastic fibre interconnectivity within the ILM, PB and
intra-lamellar regions. Understanding the ultrastructural organization of elastic fibres in PBs
will support further studies on the AF structure-function properties, the role of elastic fibres
on herniation, and their impact on mechanical behaviour of the disc. In addition, elastic fibre
ultrastructural analysis can be utilized to develop a 3D map of disc elastic fibre distribution to

design tissue engineered scaffolds for AF repair and replacement:

Therefore, the aims of this study were: first to present an ultra-structural analysis of the
elastic fibre network in the PBs of the AF using Scanning Electron Microscopy (SEM); and
second, to investigate whether the elastic fibre orientation and distribution within the PBs

change when viewed from two different cutting planes.

2. Materials and methods

2.1. Sample preparation

Discs (level LL1/2) from nine lumbar sheep spines (2 years old) were obtained from a local
abattoir, dissected from vertebral bodies, sprayed with saline and stored at -20°C until used
for sample preparation. While frozen, a 10 mm length of the anterior AF was separated from
each disc and were cut into half, transversally (Figures la, a-1 and a-2) to obtain two groups
of nine tissue sections. Both tissue section groups were mounted with optimal cutting
temperature compound (O.C.T, Tissue-Tek®) at two angles of approximately 0° and 30° to
the transverse plane to identify the cutting planes, respectively (Figures 1b and 1c). From
each of the eighteen tissue sections, samples from adjacent sections (30 um thickness) were

cut using a cryostat microtome (Leica Biosystems, CM3050) in oblique (Figure 1d) and



transverse (Figure le) cutting angles. Control (undigested) and digested samples were

prepared for elastic fibre visualization through scanning electron microscopy [36, 37].
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Figure 1. Sample preparation methodology and schematic drawing. Anterior AF strips
(10 mm in length) were separated from the disc and were cut into half, transversally (a).
Frozen sections prepared at two angles of approximately 30° (oblique cut, b) and 0°
(transverse cut, c) relative to the transverse axis. Zoomed-in schematic drawings of two
adjacent lamellae of samples that were cut by microtome to a thickness of 30 pm along
the cutting planes are shown (d, ¢) and can be utilized to identify different anatomic
locations of PBs (red shaded lines) relative to the ILM (blue). F and G boxes represent
magnified regions as shown in f and g images, respectively, to identify the orientation of
elastic fibres in the PBs. PBs connect collagen bundles together, while the ILM provides
cohesion strength between adjacent lamellae (d, e). The TCD axis is shown at both

transverse and oblique cutting planes by black arrows (d, e).

2.2. Sample digestion

NaOH partially digestion (digestion). was performed in accordance with a novel technique
incorporating sodium hydroxide-sonication digestion followed by heat treatment to prepare
the AF samples for ultrastructure visualization of elastic fibres using SEM [36]. Briefly,
samples were sonicated in 0.5 M sodium hydroxide solution (SONIC-950WT, MRC,
Germany) at 37C for 25 min and then washed in distilled water. An indirect heating
treatment using a water bath at 70 °C for 5 min was performed to remove collagen fibres,
leaving the elastic network intact (digested sample). Digested samples were dried in a
vacuum oven (VO3, LABEC, Australia) at 37T and -80 kPa overnight for SEM

investigation.

2.3. Scanning electron microscopy

Using double adhesive tape, samples were mounted on aluminium stubs and sputter coated

(EmiTech K575X) with platinum at 2 nm thickness. A high voltage of 5 kV was set for SEM



imaging (Inspect F50, FEI Company, USA). SEM images were acquired from the sample
surface, while the distance from the sample to the beam source was kept constant. For SEM
imaging the samples were scanned at high magnification first (<50 um) since elastic fibres
were not visible at low magnifications (>200 um). Once elastic fibres in the digested region
were identified, a low magnification was used as a starting point from which sequential

images were acquired at the region of interest at progressively increasing magnifications.

2.4. Quantitative analysis

SEMs of elastic network in the PBs were used to assess the degree of elastic fibre alignment
relative to the tangent to the circumferential direction (TCD plane), which passes vertically
through the ILM (Figures 1d, le and 7-b), using an open source software (ImageJ) [38]. All
SEM images were manually edited to remove non-elastin components, using a graphics
editor software (paint.NET for Microsoft Windows, v3.5.10, Rick Brewster, dotPDN LLC)
utilizing Magic wand editing option and selecting a 15% tolerance. The manual editing
technique and its effect on coherency coefficient values was evaluated by conducting an
intra-rater repeatability analysis: SEM images were randomly selected from five out of the
nine specimens from each of the oblique and transverse samples. The manual editing
technique was repeated 3 times each, giving a total of 30 sample images. The Orientation]
plugin was used to measure the directional coherency coefficient of elastic fibres in the input
8 bit images, utilizing a pre-filter option with the Laplacian of Gaussian (Sigma) equal to
zero. Fibre count-orientation analysis was conducted in the binary images with Cubic Spline

Gradient selected as the structural tensor for fitting the data [38- 39].

2.5. Statistical analysis

An independent samples t-test was conducted (IBM SPSS Statistics for Windows, Version

22.0. Armonk, NY: IBM Corp.), having a test variable of directional coherency coefficient of



elastic fibres within the PBs between two different cutting plane angles (transverse and
oblique) using an alpha of 0.05. To assess intra-rater repeatability of the manual image
editing technique for measuring directional coherency coefficients, an Intra-class Correlation

Coefficient (ICC) for reliability was conducted, as described by Koo and Li [40].

3. Results

3.1. Comparing control and digested samples

To clarify the effect of digestion, a comparison between control and digested samples was
performed. Figure 2 presents the SEM images of the PB at different‘magnifications for both
control (Figures 2a-b) and digested samples in oblique (Figures 2c-d) and transverse (Figures
2e-f) cutting planes. The PBs, located between collagen bundles, divide the AF collagenous
compartment (collagen bundles) irregularly and alternately, while running through the
lamella. As shown in Figures 2a and 2b, these PB structures (some denoted by stars) can be
distinguished more readily in the CS lamellae containing collagen bundle cross sections
rather than those having parallel collagen fibres (IP lamellae). However, identification of
their ultrastructural organization wasn’t possible at high and low magnifications for control
samples using SEM .imaging (Figures 2a-b) since all intermingled fibres were obscured by
the matrix. At-100 um scale bar (1702%) in a control sample (Figure 2b), almost parallel

traversing PBs in the CS lamellae seemed to separate collagen bundle compartments.

As shown in Figures 2c-f, removing proteoglycans together with a significant decrease in
matrix masking effect led to a better visualization of the PBs at both cutting angles, oblique
(Figures 2c-d) and parallel (Figures 2e-f) to the transverse plane. Gradual removal of matrix
that occurred as a result of digestion, revealed a progressive improvement in visualization of
fibres within the CS compared to the IP lamellae in all samples. It appeared that a CS lamella

experienced faster digestion compared to the IP, where tightly packed parallel collagen fibres
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were presented. Following the digestion of the AF matrix, organization of collagen bundles in
a CS lamellae was observed in an oblique cutting plane (30°). In a CS lamella, collagen
bundles that were covered by remnants of undigested matrix were perpendicular to the
sample surface (a typical bundle cross section denoted by dashed lines in figure 2d) whose

collage fibres ran inward (denoted by arrow).

Digestion of adjacent lamellae in a transverse cutting plane (0°) facilitated the organization of
PBs to be visualized (denoted by stars in Figures 2f). Compared to the control (undigested)
samples digestion clarified how PBs might run between adjacent lamellae, while connecting
them together (Figure 2f). Referring to control samples, it was hard to see whether collagen
bundles were divided completely by PBs. However, in digested samples (Figures 2e and f), it
was apparent that the size, orientation and pattern of PBs were irregular and they frequently
divided the entire CS lamella or connected to other PBs, while linking adjacent lamellae. The
compartmentalization of the entire lamella seems to result in creating a fenestration across all
adjacent CS lamellae. Large fenestrae, shown by arrow heads in Figure 2f, were introduced

after orthogonal collagen bundles were removed following digestion.
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Figure 2. Comparison between control and digested samples. SEM images of the PBs

(some of which are denoted by stars) organization under different magnifications for

both control in oblique plane (a 600x, b 1702x), digested (¢ 492x,d 1126x) and
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additional digestion (e 606x,f 1336x) samples in two different oblique (¢, d) and
transverse (e, f) cutting planes. Images a, ¢ and e were obtained from different samples.
SEM images demonstrate the different organization of PBs in CS and IP lamellae.
White dashed lines show collagen bundle cross sections in a CS lamella (d) and
boundaries between adjacent CS lamellae (e, f), respectively. B (a), D (c) and F (e) boxes
represent magnified regions as shown in b, d and f images, respectively. Arrow heads (f)

indicate fenestrae that were created after digestion and removal of matrix.

3.2. Partition boundaries ultrastructure in the transverse plane (0°)

Figure 3 shows SEM images of elastic fibres ultrastructural organization of a PB in a digested
sample, spanning six magnification ranges from 160x to 7559%. Elastic fibres within the PB
formed a complex and dense network comprised of thick (approximate diameter 1-2 um) and
thin (approximately 0.1 um in diameter) fibres (Figure 3d-f). Thick elastic fibres within the
network were parallel to each other and made an angle relative to the transverse plane, while
connecting adjacent lamellae (Figure 3f). It appeared that collagen bundles were enclosed by

this network of elastic fibres (Figure 3d, e).
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magnified b, ¢, d, e and f images, respectively. Magnification factors of SEM images in
Figures ““a” to “f” were 160x, 275%, 600x, 1166x, 3876x and 7559x, respectively. White
dashed lines and stars show boundaries between adjacent CS lamellae and PBs,

respectively.

Within the PBs in the transverse plane, the frequently occurring features (dense-elastic
network with complex structure, different size and shape of elastic fibres) are presented in
Figure 4. The dense elastic network was visible after digestion in all samples. The empty

spaces, located between the PBs, were collagen bundle cross sections that were removed after

digestion.
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Figure 4. Frequently occurring features of a network comprised of thin and thick elastic
fibres across all nine digested samples (transverse plane (0°)) at 20 pm scale bar.

Partition boundaries are denoted by stars in all figures.

3.3. Partition boundaries ultrastructure in the oblique plane (30°)

Figure 5 shows SEM images of elastic fibre organization in a selected PB from an oblique
cutting plane spanning six magnifications ranging 471x to 14848x (Figures Sa-f) and at four
different viewing angles of rotation under 14848x magnification (Figures 5g-j). Elastic fibres
within the PB formed a complex network and seemed to connect collagen bundles in a CS
lamellae. Under higher magnification (Figures Se-f), the ultrastructural organization of elastic
fibres (denoted by white arrow heads, Figure 5f) in‘a PB (that was located between two
adjacent collagen bundles) was apparent. For better clarification the cross section of two
adjacent collagen bundles was identified by white dashed lines and denoted by stars. In
Figures Se-f, the orientation of collagen fibres from adjacent bundles was identified by white

arrows, while being interconnected by elastic fibres in the PB.
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Figure 5. SEM images of a cross section (CS) lamella at an oblique cutting plane reveal
the elastic fibre ultra-structural organization in one sample under different
magnifications (a-f, having magnification factor of 471x, 1126x, 2356x, 5352x, 8534 x,
14848x, respectively). The white boxes denoted by B, C, D, E and F correspond to
higher magnified b, ¢, d, e and f images, respectively. Elastic fibres (denoted by white
arrow heads) between two adjacent collagen bundles, whose cross sections were
surrounded by white dashed lines and denoted by stars (e-f), are shown. Collagen fibres
bundles are denoted by white arrows. The elastic network in the same PB (at an oblique
cutting plane) shown (yellow arrows) at four different viewing angles of rotation (g-j)
under same magnification (14848x). With dashed curved and straight arrows indicate
two different possibilities that exist at collagen bundles- PB boundaries. Some elastic
fibres merge into the adjacent collagen bundles to be oriented in parallel to the collagen
fibres (denoted by curved arrows). While other elastic fibres seem to penetrate directly

into the adjacent bundles (denoted by straight arrows).

Four different viewing angles of rotation of a high magnified PB are shown in Figures 5g-j.

At the PB-adjacent collagen bundle boundaries, where elastic fibres seem to penetrate into

the adjacent bundles, two different kinds of anchoring were observed. Some elastic fibres

merged into the adjacent collagen bundles to be oriented in parallel to the collagen fibres

(denoted by curved arrows). While other elastic fibres seemed to penetrate directly into the

adjacent bundles (denoted by straight arrows).
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Similar to the transverse cutting plane, a dense network of thick and thin interconnecting

elastic fibres (1.5 to 0.2 um diameter, respectively) was observed as a key structural feature

of PB in the oblique cutting plane across all digested samples at 30 ° (Figures 6a-i).

Figure 6. Frequently occurring features of the elastic fibre network (denoted by stars),

including thick and thin fibres across all nine digested samples (oblique cutting plane).

3.4. Quantitative analysis

The quantitative analyses (Figures 7a and 7c¢) show the directional coherency coefficient and

the organization of elastic fibres in the PB of digested samples at two different cutting plane
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angles (transverse and oblique). The directional coherency coefficient and the orientation of

elastic fibres was measured relative to the TCD plane (Figure 7b).
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Figure 7. Directional coherency coefficient of elastic fibres in PBs reported as Mean
(95% CI) for all digested samples in two different cutting planes (a). Fibre directional
coherency coefficient and their orientation were measured relative to the TCD plane
(b). Three principal angles of rotation +45° and 0° (c) were coloured in green, red and
blue in inverted images of two PBs at two different cutting angles of 0° (d) and 30° (e),
respectively. Red and black arrows show corresponding locations of the PBs indicated

in the schematic drawing (b) and SEM images (d-e).

Mean (95%CI) values for directional coherency coefficients of elastic fibres were equal to
0.306 (0.04) and 0.20 (0.03) in the transverse and oblique cutting planes, respectively (Figure
7a). A coherency coefficient close to 1 indicates a strongly coherent orientation of the local
fibres, and a value of zero denotes no preferential orientation. There was no significant
difference in directional coherency coefficient of elastic fibres between the two different
cutting planes (p = 0.35). Fibre count-orientation analysis detected principal symmetrically

organized angles of rotation (45, 0° and +90 °) in both cutting planes (figure 7c).

A geometric 3D presentation of PBs was obtainable based on SEM images in both transverse

and oblique cutting planes (Figure 8).
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Transverse <30 pm A 1 o & =

cutting plane

Figure 8. Schematic 3D presentation of PBs in an oblique (a, b) and a transverse cutting
plane (c, d) is shown. PBs are in red and the ILM identified in blue. Figures b and ¢
show schematic drawing of PBs after collagen bundles removal from the adjacent
lamellae. Geometrical analysis of PBs is presented in panel e. Radial and

circumferential directions were denoted by R and c, respectively.

PBs were less than 10 um thick and their length in the radial direction was less than 50 pm

for those PBs that don’t completely divide CS lamellae. The length of a complete PB, which
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connects two adjacent ILM in radial direction, is approximately 120-150 um. The distance
between two adjacent PBs in a CS lamellae was measured as less than 60 um, and the ILM

thickness was less than 30 pm (Figure 8e).

4. Discussion

The current study was designed to identify the ultrastructural organization of elastic fibres in
the PBs, which is an initial and important step toward identification of the mechanical role of
elastic fibres in the disc. Referring to our previous studies, where the ultrastructural
organization of elastic fibres within the ILM and intra-lamellar region were visualized, it was
found that the distribution of elastic fibre orientation was ‘similar in both intra- and inter-
lamellar regions. The present study showed that the distribution of elastic fibre orientation
was similar to the ILM and intra-lamellar regions. It seems that the organization of elastic
fibres in all three regions are similar; however, their function may be different. The presence
and arrangement of elastic fibres in PBs were described previously under light microscopy in
both cross section (CS) and .in-plane (IP) lamellae [33]; however, their ultra-structural
organization has not been previously described. Using a technique to remove collagen,
proteoglycans and ~matrix from the AF, while leaving elastic fibres intact [36], the
ultrastructural organization of the elastic fibres in the inter- and intra-lamellar regions were
successfully described [37]. Utilizing the same technique, current SEM study has described

the ultrastructural architecture of the elastic components in the PBs of the AF lamellae.

In spite of using a novel method for visualizing elastic fibres that enabled us to present SEM
images of PBs elastic network, there are a few limitations that need to be addressed. An ovine
model was used for the current study based on its structural and biochemical similarities to
the human disc; however, using human samples are more clinically relevant. The findings of

this study may be affected by remnants of undigested matrix or undigested components;
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however, only regions where undigested tissue did not obscure elastic fibres were analysed
for quantitative analysis. On the other hand, the sample preparation method including
digestion, indirect heat treatment and drying, was found to alter the fibre orientation by
approximately 2° compared to the control samples [36]. Therefore, it is unlikely that this
orientation affects the overall quantitative analysis as it is small in magnitude [41]. Like other
SEM studies, identification of elastic fibres by their physical appearance and size is another
limitation. Elastic fibres were distinguished from other fibrous components as they are
generally twisted or straight strands (0.2-1.5 um in diameter) that sometimes branch to
introduce a course network [42-44]. Further studies will be required to investigate the elastic
fibre characteristics in different disc regions (e.g., anterior, lateral and posterolateral) or

showing the effect of age, degeneration or disease on elastic fibre ultrastructural organization.

Based on SEM images obtained from transverse cutting planes, the frequent presence of PBs
dividing the CS lamellae across the AF (Figures 2a, b, e, f and 3d, e) indicated a well-
organized interconnecting structure comprised of elastic fibres. Consistent with other studies,
collagen bundles in the CS Jlamellae of the AF provide a segmental structure that is
surrounded by a network of elastic fibres in the PBs and inter-lamellar matrix (Figure 3b)
[33-35]. This compartmentalization of the AF by traversing PBs was seen in SEM images in
the transverse cutting plane (Figures 2e-f). SEM imaging of a control sample did not reveal
elastic fibres in the PBs due to the presence of matrix and collagen constituents, while PBs
appear to constitute a constant or definite pattern that recurs at uniform intervals (denoted by
stars in Figure 2a-b). As a consequence of partial digestion, a fenestration structure of various
sizes was seen to randomly scatter across the CS lamellae (cutting plane = 0 °) indicating that
PBs are irregularly distributed across the AF (Figures 2e-f). Previously it was believed that
PBs divide collagen bundles. However, we have shown that PBs both divide and enclose

collagen bundles. This PB arrangement is in agreement with findings that indicated the role
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of elastic fibres on AF radial integrity [5, 6]. Also their contribution to enhance disc
mechanical properties is unknown.

By removing the matrix and collagen fibres, it is now possible to visualize elastic fibre
organization within the PBs, and to our knowledge this new interpretation of elastic fibre
ultrastructure has not been previously reported. In both cutting planes (transverse and
oblique), a dense network including thick (1-2 um diameter) and thin (less than 0.2 um

diameter) elastic fibres were seen in the PBs (Figures 3f and 5f).

Analysing the ultrastructural organization of elastic fibres in the PBs'in the oblique plane
revealed that elastic fibres connect adjacent collagen bundles in a CS lamella by two
mechanisms: merging with and becoming orientated in _parallel to the collagen fibres; or by a
sharp penetration into adjacent collagen bundles (Figures 5g and j). A similar anchoring
mechanism was reported within the boundaries between the inter-lamellar matrix and
adjacent lamella [37]. Based on the proposed 3D geometrical model of the PB (Figure 8), a
possible function of elastic fibres in the PBs is to structurally reinforce adjacent collagen
bundles during loading. Could PBs not only enclose collagen fibre bundles, but rather form a
branching elastic fibre network between these bundles to provide some form of

reinforcement.

Quantitative analysis revealed that there was no significant difference in structural
organization of elastic fibres between the transverse and cutting planes. While at least three
principle orientations of elastic fibres in the PB were identified, the relatively low magnitudes
of coherency coefficients would suggest that the organization of elastic fibres in the PBs
represented a more isotropic than anisotropic structure. However, investigations comparing a
random network of fibres representing a more isotropic structure, to a preferential fibre
orientation that more closely indicates an orthotropic structure with well-organized fibres at
0° and +45° (Figure 7c), the coherency coefficients were the same. The frequently occurring
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features including a dense elastic network, having a complex structure with different size and
shape of elastic fibres, were seen across all nine specimens in both cutting planes (Figures 4

and 6).

Based on the presented results the likely mechanical role of PBs in the AF can be speculated,
however, a study of the mechanical properties of the PBs is required to provide new
mechanical insights, and the current study represents the first steps towards _this: The same
method that was carefully developed for visualization of the elastic fibre organization in the
ILM and lamellae, was utilized to present an ultrastructural understanding of the elastic fibre
network in the PBs, which is new knowledge that has not been presented before.
Furthermore, with the new proposed 3D geometry of the PBs resulting from the present study
(Figure 8), more-accurate multiscale computational models of the disc can be developed,

which will provide new insights on the mechanics of the disc.

5. Conclusion

A detailed understanding of the PB ultrastructure is crucial to elucidate its role on the
structural integrity of the adjacent collagen bundles, as well as adjacent lamellae. The present
study used extracellular matrix digestion to address significant gaps in understanding of disc
ultrastructure, and_ will contribute to multidisciplinary ultrastructure-function studies. The
findings presented reveal a well-organized elastic fibre network with a complex ultrastructure
that spreads across the PB in both transverse and oblique cutting planes. The present study
revealed that a continous network of elastic fibres may provide disc integrity by connecting
adjacent bundles of CS lamellae together.
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Statement of significance

A detailed ultrastructural study in the partition boundaries of the annulus fibrouses within the
disc revealed a well-organized elastic fibre network with a complex ultrastructure. The
continous network of elastic fibres may provide disc integrity by connecting adjacent bundles
of cross section lamellae together. The density of the elastic fibre network in PBs was lower,

and fibre orientation was similar to the intra-lamellar space and the inter-lamellar matrix.
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