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How age influences unravelling morphology of annular
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Abstract

Although age- and degeneration-related changes in the morphology and biochemistry of the annulus fibrosus
have been extensively reported, studies of tensile strength changes show only a weak correlation with maturity.
Given that the disc is a tissue system in which significant levels of deformation occur with normal physiological
loading, there may be structure-related properties that provide a better indicator of the influence of ageing on
its function. This study is a morphological investigation of lamellar interfibre cohesivity with respect to matu-
rity. Anterior segments of ovine lumbar discs in two age groups were cut at one of two section angles to gener-
ate intralamellar and interlamellar slices. These slices of hydrated annular tissue were subjected separately to
microtensile and swelling forces, and examined using differential interference contrast microscopy. There were
distinct differences in microstructural responses to transverse extension between the immature and mature
intralamellar slices. The immature tissue exhibited a diffuse expansion of the array to form a fine fibrous net. In
contrast, the mature tissue displayed a discontinuous expansion with the development of clefts and localized
fibre buckling. A difference was also observed in the free-swelling response; the immature slices remained
planar, whereas the cropped lamellar fibres in the mature slices exhibited a folded, buckled morphology.
Morphological evidence from these experiments infers differences in fibre cohesivity between the immature
and mature tissues, consistent with biochemical and histological studies. More extreme levels of deformation in
the mature tissue could result in discontinuous opening of the fibrous arrays, which might have the potential
to lead to cleft formation. These clefts may, in turn, provide micropaths through which nuclear material could
extrude. Importantly, with many animal studies carried out on immature discs, the results here suggest that
some caution is required with respect to extrapolating annular behaviour beyond this age group.

Key words differential interference contrast optical microscopy; lamellar fibre cohesivity; micromechanical
response; ovine lumbar disc.

Introduction

Age- and degeneration-related changes in the morphology
and biochemistry of the annulus fibrosus have been
extensively reported (Bernick et al. 1991; Buckwalter, 1995;
Marchand & Ahmed, 1990; Roughley, 2004; Urban &
Roberts, 1995), indicating numerous changes such as
lamellae thickening, decrease in water and proteoglycan
content with fragmentation and alterations in cross-linking
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of the collagen fibres. It has been suggested that such
age-related changes will reduce the mechanical strength of
the tissue (Roughley, 2004), decrease the disc’s structural
integrity (Buckwalter, 1995), influence failure mechanisms
(Marchand & Ahmed, 1990) and lead to an unstable
annulus (Bernick et al. 1991).

However, mechanical property studies of the ageing
annulus reveal a more ambiguous picture. Fujita et al.
(1997) examined the radial tensile properties of 1-mm-
thick transverse slices and reported a 30% decrease in
yield and ultimate stress for degenerated discs. latridis
et al. (1998) studied the compressive properties of the
outer annular wall and showed increased elastic stiffening
of the degenerate tissue. Gu etal. (1999) found that
the hydraulic permeability coefficient of the annulus
fibrosus depended significantly on the degree of disc
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degeneration. Only for the non-degenerate grade | tissue
was the hydraulic permeability significantly anisotropic
(direction dependent) with the greatest permeability
being in the radial direction.

In contrast to the above, several other studies have
shown only poor correlation between the mechanical
properties of the annulus and age. Acaroglu et al. (1995)
investigated the circumferential tensile behaviour of
single lamellae and noted only small changes, with the
degenerated annulus failing at a lower stress and requiring
less energy to induce failure than the non-degenerate
annulus. Holzapfel et al. (2005) performed tension tests on
single lamellae but parallel to the fibre direction. They also
found only weak correlation between age and tensile
strength. Ebara et al. (1996) studied the circumferential
tensile behaviour of multiple-layer annulus samples and
reported only weak correlations between tensile properties
and age.

These reports of insignificant alterations in mechanical
properties with degeneration are not surprising in view of
the fact that most testing was conducted on small samples
removed from their context of a highly complex and aniso-
tropic disc architecture (Marchand & Ahmed, 1990;
Pezowicz et al. 2005, 2006a; Schollum et al. 2008, 2009).
Further, there may be structure-related properties apart
from tensile strength that might provide a more meaning-
ful indicator of the influence of ageing on disc function.
This is a potentially important consideration given that we
are dealing with a tissue system in which significant levels
of deformation occur with normal physiological loading.

In this new study we have used a combination of micro-
mechanical manipulation and microstructural analysis of
fully hydrated annular samples to gain insights into the
alteration in interfibre cohesivity within individual lamellae
with respect to maturity.

Fig. 1 Typical macro views of ovine discs.
Anterior views at top (with oblique linking
lines between dots indicating fibre angles)
and transverse views below. (A and C)
Immature disc; (B and D) mature disc. Scale
bars =5 mm.
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Materials and methods

Tissue

Sixteen ovine lumbar spines in two age categories (eight lamb
and eight ewe spines) were collected fresh and stored frozen at
—20 °C until required. The immature lamb spines were from ani-
mals aged between 4 and 7 months old, and the mature ewe
spines were from animals aged between 3 and 5 years old. All
discs exhibited both clear annular/nuclear demarcation and
discrete fibrous lamellae, consistent with Thompson grade I/1l
tissue (Thompson et al. 1990). Typical examples of the L4-5
ovine discs employed in this study are pictured in Fig. 1; the
approximate lateral width of these discs is 30 mm. Four of the
discs from each cohort were used for the experiments outlined
below exploring lamellar cohesivity. The remaining four discs
from each cohort were used to obtain an average value of the
outer lamellar thickness as follows: the distance encompassing
the 10 outermost lamellae (representing the outer third of
the annular wall at this location by number of lamellae) was
measured in five consecutive 200-um-thick bone/disc/bone slices
per anterior quadrant (generating a total of 20 measurements
per age group). The average outer lamellar thickness was
184 um for the immature and 320 um for the mature tissue with
SDs of 49 and 58 um, respectively. This is in agreement with
published data for the human disc, with the younger disc
reportedly having a thickness of 50% of the older specimen
(Marchand & Ahmed, 1990) (absolute values of 140 and 280 um
as dehydrated tissue). Macroscopically, the most obvious differ-
ence between the two age groups was the extension of defined
lamellae into the transition zone of the mature discs. (Note,
only the outermost lamellae were examined in this study.)
Further detail of ovine disc geometry compared with the human
disc has been published by O'Connell et al. (2007).

Methods

Experiments were restricted to the anterior half of the L4-5
disc. A freezing sledging microtome was used initially to
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obtain 30-um-thick slices at one of two section angles — in the
plane of the lamellae (intralamellar) for microtensile experi-
ments and oblique (interlamellar) for the swelling experiments
(see Fig. 2). In building a better microstructural understanding
of the disc architecture, traditional section planes have the dis-
advantage of chopping the lamellae into non-functional
pieces, making relationships between components of the annu-
lar wall difficult to discern. The two types of structurally rele-
vant section planes adopted in this research were labelled
intralamellar and interlamellar sections by Pezowicz et al.
(2006a) and have been utilized in other published studies by
these authors (Pezowicz et al. 2006b; Schollum et al. 2008,
2009; Veres et al. 2008). An intralamellar slice yields fibres of
parallel orientation from within a single lamella (see Fig. 2A).
An interlamellar section cuts into the face of the disc at 45°
(oblique angle), close to one of the fibre angles (see Fig. 2B).
With successive lamellae aligned approximately 30° above and
then 30° below the horizontal plane, the oblique cutting plane
contains successive lamellae alternately near in-plane and near
cross-section. The cross-sectional bundles are thus cropped to
the thickness of the section making them potentially more sus-
ceptible to swelling than the adjacent intact in-plane fibres
(see Fig. 3).

The intralamellar slices for microtensile testing (n = 15 imma-
ture slices and 15 mature slices) were trimmed with the aid of
a low-power microscope and small fabric tabs were attached
with cyanoacrylate tissue gel. The tabbed slice of annulus in its
fully hydrated state (in 0.15 wm saline) was then placed in a
microtensile device (Pezowicz et al. 2005) mounted on the
stage of a differential interference contrast (DIC) microscope.

Fig. 2 Anterior blocks of ovine lumbar annulus sectioned: (A) parallel
to outer surface (intralamellar) or (B) obliquely (interlamellar) (Pezowicz
et al. 2006b, used with permission.).
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Transverse extension perpendicular to the longitudinal fibre
direction was applied discontinuously and still images were
captured digitally. The degree of extension was expressed as a
ratio of the stretched to the unstretched width of the sample
(this is the normal convention for expressing large strain
behaviour).

The free-swelling behaviour was studied by placing 30-um-thick
interlamellar slices of immature (n = 12) and mature (n = 12)
tissue on a glass slide in a pool of 0.15wm saline and then
examining with DIC optics. For an additional set of 30-um-thick
mature slices (n = 6), the physiological saline was substituted for
distilled water to provide a higher swelling environment and
these slices were then re-examined with DIC optics. Two further
sets of mature slices, microtomed at 25 um (n = 6) and 45 um
(n = 6) respectively, together with the remaining 30-um-thick
slices, were used to investigate how slice thickness influenced
swelling behaviour.

Finally, two blocks of annulus from each age group were first
chemically fixed in 10% formalin overnight prior to interlamel-
lar sectioning in order to capture the in-situ microstructure and
thus provide a reference framework for comparing swelling
behaviour in the abstracted slices (n = 12 slices).

Results

Transverse unravelling behaviour of intralamellar
slices

In terms of their microstructural response to transverse ten-
sile stretching there were distinct differences between the
immature and mature intralamellar slices consistent across
all samples in each cohort. Consider first the low-magnifica-
tion images in Fig. 4A,B, captured at a transverse extension
ratio of 1.6. In the immature tissue (Fig. 4A) there was a
generally uniform expansion of the collagenous array with
the pre-existing faint crimp becoming more distinct (see
boxed area in Fig. 4A enlarged in C). By contrast, the
mature tissue (Fig. 4B,D) consistently displayed discontinu-
ous fibre array expansion. In this typical example (Fig. 4B) a
major cleft has developed accompanied by some localized
buckling of the still coherent fibre array as indicated by the
‘creased’ morphology (see black arrows in Fig. 4B with one
crease enlarged in D).

Fig. 3 Schematic illustration of lamellar fibre alignment in a block of annular wall and an oblique slice. (A) The front face of the block is an
oblique surface like that shown in Fig. 2B. The section plane (see black blade) crops the fibres of one lamellar orientation. (B) Plan view of a slice,
as seen in micrographs, with alternating in-plane and cross-sectional lamellae. (C) Front elevation of a slice, illustrating the cropped fibres of the

middle lamella.
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The vertical sequences of images shown in Fig. 5 provide
a more detailed view of the differing modes of progressive
fibrous unravelling between the immature and mature
tissues. Figure 5A-C illustrates, in three steps, the typical
array expansion of an immature slice and Fig. 5D-F illus-
trates an equivalent series for a typical mature slice. Note
how, in the immature tissue, there is a diffuse expansion of
the array to form a fine fibrous net, a structural response
that is consistent with the earlier study of Pezowicz et al.
(2005) of young bovine caudal discs. By contrast, the mature
tissue sequence (Fig. 5D-F) typically begins with the forma-
tion of a split, which then widens. Deconstructed tissue is
shown again in Fig. 6A,B but at higher magnification. There
is diffuse separation of the immature fibres (Fig. 6A),
whereas the mature specimens (Fig. 6B) show more
dramatic separation. The mature collagen fibres bridging
the opening are realigned into near-horizontal orientations
(see white arrow in Fig. 6B) with minimal participation from
the neighbouring collagen fibres. The secondary vertical

Fig. 4 Transverse microtensile deconstruction
of intralamellar slices with an extension ratio
of 1.6. (A) Macro view, immature. (B) Macro
view, mature. Black arrows indicate localized
fibre buckling. Fibrous details of the boxed
areas are shown in micrographs (C) and (D)
for the immature and mature slices,
respectively.
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contraction that is induced in the sample as the transverse
extension progresses causes the collagen fibres in the
mature section to undergo localized compressive collapse,
as demonstrated by the creases traversing the array (see
large white arrowhead in Fig. 6B).

In the slices from both the immature and mature discs,
once deconstruction had been induced by stretching and
the load removed, there was little or no tendency for the
expanded fibrous meshwork to revert to its original unex-
tended configuration, i.e. the stretching had, in fact, per-
manently disrupted interfibre cohesion.

Free-swelling behaviour

A difference was observed between the immature and
mature tissues in their free-swelling response in 0.15m
saline bathing solution. Whereas the immature slices lay flat
in the plane of the slide (Fig. 7A), the cropped lamellar
fibres of the mature slices exhibited a raised, convoluted

200 pm
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morphology (see Figs 7B and 8A). When cover-slipped for
microscopy, the convolutions were flattened into what
appears to be a localized fold (see Figs 7D and 8B).
High-magnification viewing of these folds combined with a
careful through-section focussing (see Fig. 9A) showed that

Fig. 5 Differential interference contrast
micrographs of typical progressive fibre
unravelling shown for transverse extension
ratios of 1, 1.5 and 2. (A-C) Immature
sequence, uniform expansion of array as the
transverse tensile load is applied. (D—F)
Mature sequence, discontinuous fibre array
expansion.

the fibres traversing the fold were in the plane of the
section, consistent with the tilting of the cropped fibres to
accommodate the fold-back as shown schematically in
Fig. 9B (see region 2). Note how the tilted cropped fibres
merge gradually into the unperturbed region on one side

Fig. 6 Fibrous detail of expanded tissue array at a transverse extension ratio of 1.5. (A) Immature and (B) mature. The white arrow indicates fibres
bridging a cleft realigned to near-horizontal. The white arrowhead indicates localized fibre buckling.
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of the fold (see region 3 in Fig. 9A,B) with a distinct change
in focal depth on the other side (see region 1 in Fig. 9A,B).

To test the hypothesis that these fold morphologies were
an artefact of taking thin slices from a highly anisotropic
architecture, rather than a structural feature inherent in the
tissue, the fold width was examined in slices of different
thickness. It was predicted that a thicker slice would take a
greater distance to fold back on itself, which would be
reflected in the fold width (see the schematics in
Fig. 10A,B). Conversely, if the fold was a structural feature,
then altering the section depth would not affect its width.
Consistent with the proposed hypothesis, the 25-um-thick
slices (see Fig. 10A) resulted in narrower localized folds than
those in the 45-um-thick slices (see Fig. 10B).

Fig. 7 Differential interference contrast micrographs of free-swelling
behaviour of interlamellar slices in 0.15 wm saline. (A) Planar profile of
immature slice. (B) Convoluted form of cross-sectional lamellae in
mature slice. (C and D) Same pair of slices cover-slipped for improved
microscopy (see location tags: white star and triangle). For the boxed
area in (B) see Fig. 8A. For the boxed area in (D) see Fig. 8B.

© 2010 The Authors

Further evidence that this fold morphology was a swell-
ing response could be seen in the response of the mature
slices when the physiological saline (0.15 m) was substituted
with distilled water to provide a higher swelling tension
(see Fig. 11A,B, respectively). The convolutions are more
extreme in distilled water than in the 0.15 wm saline.

Artificially stabilizing the fibrous structures via formalin
fixation of the block prior to sectioning greatly reduced the
swelling response in the mature tissue, eliminating the folds
altogether (see Fig. 11C). By contrast, fixation had no
noticeable effect on the immature tissue (see Fig. 11D).

Aside from the swelling response apparent in the
cropped cross-sectional lamellae, of further note is the
difference in crimped morphology of the in-plane lamellae
in the two age groups. The high-magnification images
contained in Fig. 8C,D illustrate the typical in-plane lamel-
lae of the immature and mature tissues, respectively. This
morphology difference can also be seen in the lower
magnification images contained in Figs 4 and 5.

Discussion

The complex structural integration of the nucleus, end-
plate and annulus, make it exceptionally difficult to isolate

50 pm

Fig. 8 (A) High-magnification micrograph of free-swelling behaviour
of mature slice in 0.15 wm saline. (B) Suspected creases in mature slice.
(C and D) In-plane lamellae of immature and mature slices,
respectively.
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-<(FP

Fig. 9 (A) High-magnification micrograph of a suspected crease in a
mature slice. (B) Side-view schematic of proposed crease formation,
with the dashed line indicating the plane in focus (FP). At site 2 the
fibres traversing the crease are in the plane of the section due to their
reorientation to accommodate the fold-back. 1, step change in focal
depth; 3, gradual reorientation of fibres.

causative factors and sequential events in the complex
cascade leading to intervertebral disc degeneration. This
study, by using morphologically normal intervertebral discs
from immature and mature ovine specimens, allowed the
isolation of age as the specific variable in the study of annu-
lar structural unravelling behaviour. Gu etal. (1999)
pointed to tissue dehydration [strongly linked with increas-
ing age (Urban & McMullin, 1988)] as the cause of reduced
radial permeability, probably causing a reduced energy
dissipation capability of the disc. Alterations in lamellar
unravelling behavior appear to similarly indicate a reduced
functionality of the aged annulus and could conceivably be
a contributor to the cascade of degeneration. Importantly,
with many animal studies carried out on immature discs,

50 pm

Fig. 10 High-magnification micrographs of suspected creases in
mature slices with section thickness of (A) 25 um and (B) 45 um.
Beneath each micrograph is a side-view schematic of the suspected
crease formation. FP, Focal Plane. Note the expected increase in
crease width with increasing slice thickness, b > a.
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Fig. 11 Further evidence that the ‘creases’
are a swelling effect. The same mature slice
bathed in (A) 0.15 m saline and (B) distilled
water. (C) Fixed mature slice, note absence of
creases. (D) Fixed immature slice.

the results here suggest that some caution is required with
respect to extrapolating annular behaviour beyond this age
group.

There is a clear difference in the behaviour of immature
and mature annular fibres in response to transversely
applied tensile forces. The immature tissue demonstrates
graduated separation and widening between the intercon-
nected longitudinal fibres. In the mature tissue the adjacent
fibres appear to be firmly attached to one another, largely
resisting any more uniform or generalized separation of the
array. Instead the arrays split locally and then progressively
widen from these same sites. The local creases that form
imply an increased stiffness of the fibres and a tendency to
eventually buckle as secondary contraction occurs along the
primary array direction with transverse stretching. The pre-
viously reported increases in both collagen cross-linking and
fragmentation associated with ageing (Bernick et al. 1991;
Buckwalter, 1995; Roughley, 2004; Urban & Roberts, 1995)
are consistent with the responses that we have observed in
this new microstructural study.

Due to the smallness of the test slice dimensions (includ-
ing section thickness), there was no possibility of obtaining
any correlation between applied force and extension.
Rather, we have used the morphological response to trans-
verse stretching to infer potential differences in interfibre
bonding relationships between the two tissue groups. The
more uniform expansion of the immature array to form a
fine, diffuse network of relatively discrete collagen fibres
and fibre bundles (see Fig. 6A) clearly implies a higher level
of organization than merely an array consisting of largely
unconnected parallel fibres. Brinckmann (1986) induced
damage to the inside of the disc wall, leaving only the out-
ermost layers intact, prior to applying a load and measuring
the resultant radial bulge. There were insufficient samples

© 2010 The Authors

in the study of Brinckmann (1986) to draw conclusions
regarding the effect of degeneration of the discs, although
the general trend was for the least degenerate discs to
show the most radial bulge. This suggests that the expan-
sion of the mature array as exhibited in this study may
require a higher load than the diffuse response seen in the
younger tissue.

Further, the more localized separation that we have
observed in the aged annulus suggests that a reduced
functional performance could be expected in the aged disc.
Under more extreme levels of deformation, widening of the
array could result in a discontinuous opening of the array
that may lead to cleft formation. This, combined with a
nucleus still having hydrostatic properties, could be respon-
sible for the report of mechanically induced prolapse
occurring most readily in discs aged 40-50 years (Adams &
Hutton, 1982; Gallagher, 2002). Such a disruptive scenario is
also consistent with the mechanism proposed for disc hernia-
tion in adults in which extrusion of mainly nuclear material
occurs through pre-existing annular clefts (Moore et al.
1996).

The second component of our study shows a clear differ-
ence in the tissue response to swelling pressure between
immature and mature lamellae. Two different mechanisms
that could produce the distinct swelling responses of imma-
ture and mature interlamellar slices are illustrated schemati-
cally in Fig. 12. The first relates to the interfibre cohesivity
of the cropped cross-sectional lamellae (see Fig. 12A,B). The
idealized lamellae are constructed of tightly packed perpen-
dicular fibrils (see Fig. 12A). For this tissue to exhibit any-
thing other than a planar profile would require fibre
separation. In the immature tissue the swelling forces are
insufficient to overcome the interfibre cohesion and the tis-
sue remains planar. Mature tissue, in contrast, may have (i)
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a less uniform degree of cohesion between fibres (see
Fig. 12B) and/or (ii) some fibres in the plane of the section
that are free to flex when exposed to swelling forces, with
no fibre separation required.

A second possible mechanism affecting the distinct swell-
ing responses observed relates to the stiffening of the
mature collagen fibres (see Fig. 12C). We saw earlier in
Fig. 8C,D the dramatic loss of crimped morphology in the
collagen fibres across this age range. The collagen fibre is a
high-strength biomaterial component but when crimped,
as in the immature tissue, it can readily undergo low-stress
reversible extension. If we consider our interlamellar slice in
Fig. 12C, the intact in-plane fibres of the immature slice
could extend (see white arrows) to accommodate the free
swelling in the adjacent lamellae. Conversely, the stiffened
fibres of the mature tissue would be less able to offer
extension along their length, thus forcing the cross-sec-
tional lamellae within the thin slice to buckle/convolute as
the fibres swell.

Conclusions

This study provides a novel view of what are thought to be
age-related changes in interfibre cohesivity as inferred from
differences in both the unravelling behaviour of lamellae
and artefactual morphologies linked to free-swelling
behaviour. As the attention of more researchers is drawn

Fig. 12 Mechanisms that could produce the distinct swelling
responses of mature and immature thin interlamellar slices. (A) The
swelling force is insufficient to cause fibre separation between the
tightly packed cropped fibres in the immature slice; the resultant
planar profile can be seen. (B) Mature tissue, in contrast, may have
less uniform cohesion between fibres, hence swelling forces result in a
convoluted profile to the cropped lamellae. (C) The crimped in-plane
fibres in the immature tissue offer reversible extensibility (see white
arrows), thus accommodating expansion of the cropped cross-
sectional fibres.
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to the repair and regenerative therapies of the annulus
fibrosus (Bron et al. 2009), our study provides a graphic
morphological indication of subtle biomechanical changes
occurring in the ageing annulus fibrosus.

With the folded structures in the mature tissue slices
confirmed as an artefact of hydrated thin interlamellar
slices, we conclude that there is a fundamental change
in the level of cohesivity within fibre bundles of the
lamellae with ageing. Our identification of these artefacts
emphasizes both the importance of thoroughly under-
standing disc wall morphology and the need to appreci-
ate that significant artefacts of tissue handling can arise,
which should not be mistaken for any inherent structural
property.

Finally, it is important to emphasize that the deforma-
tions that we have employed in this study were not meant
to simulate physiologically relevant deformations in the
annulus. Rather, the large extension ratios were used to
deconstruct the fibrous arrays within the lamellae so as to
reveal what we believe are fundamental differences in
interfibre cohesion.
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