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a b s t r a c t

The mammalian intervertebral disc (IVD) consists of a gel-like, disordered nucleus pulposus (NP) sur-
rounded by a highly ordered collagen structure, the annulus fibrosus (AF). While this concentric array of
lamellae has been amply studied, its physical origin is poorly understood. The notochord is a rod-like
organ located in the mid-line of the growing embryo and plays an essential role in IVD development.
The aim of this study was to elucidate the effect of notochord development on the collagen fiber
arrangement evolution in the AF. To that end, we studied IVD development in mouse embryos and
compared these observations to those from chicken embryos, which do not form the typical laminar
structure around the NP. In mouse, cross-aligned collagen arrangement of the AF forms from the scle-
rotome upon bulging of the notochord to become NP. By contrast, the notochord in the chicken embryo
swells substantially without the physical restrictions of the future vertebrae and thus do not bulge. From
these observations, we conclude that physical and geometrical constrictions are essential for the for-
mation of the highly structured AF.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Lower back pain is often associated with degeneration of the
intervertebral disc (IVD). Due to limited success rates of current
treatments to restore disc function, tissue-engineering is seen as a
promising alternative for IVD replacements [1]. However, in-vitro
tissue-engineered IVDs have yet to be used in clinical applications,
mainly due to the lack of a well-organized structure needed to
provide long-term functionality [2].

While proper functioning of the annulus fibrosus (AF) strongly
depends on the fibrous arrangement of collagen fibers [3], the
mechanisms that create this collagen anisotropy are not well un-
derstood. Different processes, such as cell-induced or strain
rmonderbaan 22, 6167 RD,
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stabilization, have been suggested as underlying mechanisms
behind the formation of highly organized collagen fibers [4e7], and
building on these previous studies, we propose that mechanical
cues and geometrical boundary conditions during embryonic
development direct the cross-aligned collagen structure of the AF.

The role of mechanical strain in the development of the skeletal
tissues has long been recognized [8,9], and while most attention
has been given to the role of mechanics on the alternating bone-
cartilage pattern formation at the early stages of skeletal develop-
ment, there have been comparatively fewer studies on the highly
organized structure of the AF. In early morphogenesis of verte-
brates, the notochord, as an embryonic organ located in themidline
of the embryo, develops between the ectoderm and endoderm [10].
After formation of the notochord, an epithelia-like sheath
composed of collagen fibrils, laminin, and proteoglycans starts to
form around the notochord cells [11,12]. The notochord undergoes
one of the two mechanical events during development: 1) Osmotic
swelling or vacuolization of the notochord cells resisted by the
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notochord sheath results in an increase in length and width of the
notochord, e.g. in chicken and frog [12e14]. 2) After formation of a
regular pattern of more condensed cell or future IVD zones and less
condensed cell or future vertebra zones, the notochord bulges
within the future IVD regions and transforms to the NP in higher
vertebrates [15e17]. The notochord, however, persists in all verte-
brates except mammals and does not transform to the NP.

Collagen fibers on the notochordal sheath exhibit either a
circumferential [11,18] or cross-aligned structure [11,13]. Based on
this observation, it is thus likely that the criss-cross aligned collagen
structure might exist on the notochord sheath and play a contact
guidance role to further guide the alignment of the surrounding
collagen matrix in the AF during bulging. Hayes et al. [15e17]
showed that after bulging of the notochord, criss-cross alignment of
the collagen fibers arises in the AF in rat embryos. However, they did
not investigate the structural arrangement of the notochordal sheath
or the development of its cross-aligned arrangement.

In the present study, we further investigated the origin of the
layered, criss-cross aligned structure of the AF, and whether the
alignment is imprinted by the structure of the notochordal sheath,
or by the physics of bulging. To address these questions, we studied
the embryonic development of collagen fiber alignment in the IVDs
inmouse, as a positive model since the notochord transforms to the
NP. As a negative model, we used the chick embryo since its
notochord does not give rise to the NP. The morphological changes
of the notochords were quantified with histological staining and
image analysis. The fibrous structure around the notochord was
assessed using scanning electron microscopy (SEM) and histology,
and immunohistochemistry was performed to reveal collagen
orientation changes over time.

2. Materials and methods

2.1. Collection of embryos

The present investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National In-
stitutes of Health (NIH Publication No. 85e23, 1996) and the Eu-
ropean Commission Directive 2010/63/EU andwas approved by the
institutional review board (Academic Medical Center Amsterdam).
Three wild type mouse embryos were used for each analysis at the
following embryonic days: E10.5, E11.5, E12.5, E13.5, E14.5, E18
(Fig. S1A). At E10.5, the notochord was not yet transformed to the
NP and at E18, the IVD was fully developed. Thoracic spines of three
sacrificed pregnant females (agez 3 months) were processed for
immunohistochemistry.

Fertilized chicken eggs (Gallus) were obtained from Drost BV
(Loosdrecht, NL). The eggs were incubated at 37.5� and 100% hu-
midity until the embryos reached the desired stages. Three em-
bryos were used for each analysis at the following Hamburger-
Hamilton (HH) stages [19]: S14, S16, S18, S20, S22, S24 (Fig. S1B).
Since the notochord does not transform to the NP in the chicken
embryos, comparable stages to those of the mouse embryos were
selected (Fig. S1C). Thoracic spines of three adult chickens (agez 3
months) were processed for immunohistochemistry.

2.2. Histology

Embryos were fixed in 4% paraformaldehyde and processed into
paraffin using a standard histological protocol. Transverse serial
sections of 10 mm were cut from head to tail. Tissue sections were
de-paraffinized in xylene and rehydrated in decreasing concen-
trations of ethanol. For each analysis, every 10th section was
analyzed. To quantify the notochord dimensions, the notochord
cells were stained with a specific monoclonal antibody (Not-1).
For Not-1 staining, de-waxed paraffin sections were rinsed in
phosphate buffered saline (PBS) and subjected to antigen retrieval
in 10mM citrate buffer. To inhibit endogenous peroxidases, sam-
ples were incubated with a peroxidase block solution from the
Envision kit (Dako, United Kingdom). Thereafter, sections were
washed in PBS and non-specific staining was blocked with 2% BSA.
Samples were then incubated with Not-1 primary antibody (1:5,
Developmental Studies Hybridoma Bank, USA) for an overnight.
Samples were washed with PBS afterwards and incubated with
horse anti-mouse IgG biotinylated secondary antibody (1:200,
Vector Labs, Inc.) for 1 h accompanied by incubation with VEC-
TASTAIN ABC Reagent (Vector Labs, Inc.). Samples were incubated
with a DAB solution from Envision kit in Tris-buffer for 15min to
develop peroxidase activity. Finally, all slides were counterstained
with Hematoxyline. Immunohistochemistry images were acquired
using a Leica EL6000 microscope.

2.3. Notochord diameter quantification

Histological images were categorized into 3 groups, showing the
notochord as 1) a line (Fig. 1Ae1), 2) two circles (Fig. 1Ae2) or 3)
one circle (Fig. 1Ae3). Images from each embryo were serially im-
ported in MATLAB and were registered together (Fig. 2BeI) and
corrected for errors (Fig. 2BeII) using standard image processing
algorithms. Since the notochord cross-sections were not always
circular, the smaller diameter was considered as the notochord
diameter. If the larger diameter was 2.5 times longer than the small
diameter, the datawas excluded from the plot. This case can be seen
at E10.5 and E11.5 as the notochord did not yet transform to a rod-
shaped structure from its flattened form. The diameter as a function
of length was obtained, the notochord length was normalized to 1
and a second-order polynomial curve was fitted to the notochord
diameter versus normalized length data. To represent one curve per
each embryonic stage, the 3 curves obtained from 3 embryos were
normalized to the mean curve and 3 R-squared values were aver-
aged. The mean diameter was also calculated for each embryonic
stage. Mouse embryos at E10.5, E11.5 and E12.5, prior to the noto-
chord transformation to the NP, and chicken embryos at S14, S16,
S18, S20, S22 and S24, after the complete vacuolization, were
quantitatively analyzed.

2.4. Scanning electron microscopy (SEM)

Embryos were fixed in 4% paraformaldehyde and processed into
paraffin using a standard histological protocol. Transverse serial
sections of 10 mm were cut from head to tail until a desired
sectioning plane was reached. Tissue sections were de-paraffinized
in xylen serially dehydrated to 100% ethanol, critically point dried,
and imaged with a Tescan Vega GMU scanning electron
microscope.

2.5. Immunohistochemistry

Fixed embryos at E10.5, E12.5, E14.5 and E18 were embedded in
Tissue-Tek OCT compound (Sakura, USA). Adult spines and E18
mouse embryos went through a decalcification process in 4.2%
EDTA (Merck, Germany) solution for 2 weeks prior to embedment
in OCT, and were cut through serial 40 mm sagittal sections. To
investigate the notochord sheath structure in chicken embryos af-
ter vacuolization, the dissected notochords from the S18, S20, S22
and S24 embryos were transferred to a petri-dish containing PC-
saline to inflate osmotically until reaching the equilibrium state
and were fixed afterwards.

To assess the expression of collagen I in mouse samples, the
sections were incubated with blocking buffer for 1 h, followed by



Fig. 1. Image analysis process to quantify the notochord diameter as a function of length. A) A representative image of a chicken embryo and 3 representative histological sections,
showing the notochord as a line (1), two circles (2) and one circle (3). B) Registered notochord images before (I) and after (II) error correction using standard image processing
algorithms. The normalized polynomial curves fitted to the notochord diameter versus normalized length data in mouse (C) and chicken (E) embryos. The mean of the notochord
diameter data in mouse (D) and chicken (F) embryos. Scale bar represents 100 mm.

Fig. 2. A) Lower (I, III) and higher (II, IV) magnification SEM images of the notochord from sagittal (top row) and transverse (bottom row) sections. B) Collagen I and fibronectin
fibers on the notochord sheath. The white arrows indicate the position of the notochord. Scale bar is 500 mm (IA), 200 mm (IIIA) and 50 mm (II, IVA and I, IIB).
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2 h incubation with rabbit polyclonal anti-collagen I primary anti-
body (1:1000, Abcam, USA) and 1 h incubation with Alexa 488
donkey anti-rabbit secondary antibody (1:2000, Invitrogen, USA).
After washing, the slides weremountedwith Vectashieldmounting
medium containing DAPI (Vector Laboratories, USA). To probe the
expression of collagen I on the chicken adult slides and notochord
sheath, samples were incubated with blocking buffer for 45min
followed by 2 h incubation with mouse anti-collagen I primary
antibody (1:10, Developmental Studies Hybridoma Bank, USA) and
1 h incubation with Alexa 488 goat anti-mouse secondary antibody
(1:1000, Invitrogen, USA). To assess the expression of fibronectin on
the notochord sheath, samples were incubated with mouse anti-
fibronectin primary antibody (1:10, Developmental Studies Hy-
bridoma Bank, USA) for 2 h, following the application of the
blocking buffer, and were then incubated for 1 h with Alexa 488
goat anti-mouse secondary antibody (1:1000, Invitrogen, USA).
Samples were imaged using an inverted confocal microscope (Leica
SP8, Germany).
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2.6. Statistical analysis

The notochord diameter data were averaged per embryo and
then per embryonic stage. To test statistical differences between
consecutive developmental stages, student's t-test using GraphPad
Prism 6was performed (GraphPad software, USA). Differences were
considered statistically significant at p< 0.05.

3. Results

3.1. Notochord diameter quantification

In mouse embryos (Fig. 1C), at E10.5, the notochord was not yet
fully developed into a rod-shaped structure, and the diameter
showed a decrease from the anterior part towards the middle.
However, at E11.5 and E12.5, the notochord diameter was wider in
the middle as compared to the anterior and posterior ends, and the
curve appeared more flattened at E12.5 compared to E11.5. More-
over, R-squared of the fitted curves decreased from E10.5 to E12.5
since bulging created an uneven diameter of the notochord
throughout the embryos. The notochord mean diameter, slightly,
but not significantly, increased in consecutive embryonic stages
(Fig. 1D). In chicken embryos (Fig. 1E), the notochord diameter
increased muchmore than in the chick embryo (120 vs. 30 mm) and
was also larger in the middle and decreased towards the anterior
and posterior ends. The difference in diameter increased in
consecutive stages from S14 to S22. Furthermore, the notochord
mean diameter increased from S18 to S20 and S20 to S22 (Fig. 1F).

3.2. Scanning electron microscopy (SEM)

In order to investigate the detailed structure of the chick noto-
chord sheath after vacuolization, SEM imaging on S24 was per-
formed. Lower and highermagnification of both sagittal (Fig. 2AeI,II)
and transverse (Fig. 2AeIII,IV) sections revealed that the highly
vacuolated cells were surrounded by a thick and dense tissue layer.
Furthermore, there were a few layers of cells (Fig. 2AeIV) that were
circumferentially aligned around the notochord.

3.3. Immunohistochemistry

Collagen I (Fig. 2BeI) and fibronectin (Fig. 2BeII) staining on the
notochord sheath of the chick embryos at S24 showed that collagen
I was not structured and the fibronectin was randomly aligned.
Laminin and collagen II did not showany alignment either (data not
shown) and this did not change for S18, S20 and S22.

In the mouse embryos, collagen fibers on the notochord sheath
were aligned circumferentially at E10.5 (Fig. 3A). At E12.5, collagen
fibers in both lower (left image) and higher (middle image)
magnification images showed a layered structure next to the
bulged notochord; however, the cross-aligned structure was not
found in the perpendicular plane (right image) (Fig. 3B). Only after
complete bulging of the notochord, at E14.5 (left image), the cross-
aligned collagen fibers were observed (Fig. 3C). Moreover, collagen
fiber density increased at stage E18 (Fig. 3C).

A schematic representation (I), top view (II) and sagittal view
(III) of an adult mouse (Fig. 4A) and chicken (Fig. 4B) IVD indicated
that collagen fibers in the AF had a lamellar (Fig. 4AeII) and cross-
aligned (Fig. 4AeIII) organization in the mouse IVDs. However, in
the chicken IVDs, the concentrically aligned (Fig. 4BeII) collagen
fibers in the periphery of the disc did not show cross-aligned
orientation in the sagittal planes (Fig. 4BeIII). Cells elongated and
co-aligned with collagen fibers at E14.5 (Fig. 3C, left image) became
less elongated at the later stage of E18 (Fig. 3C, right image) and
almost rounded in an adult mouse (Fig. 4AeIII).
4. Discussion

Collagen fiber arrangement in the AF has been shown to be
critical for the proper functioning of the IVD. However, it is not yet
fully understood how this highly ordered structure forms. This
current study aimed to addresses the hypothesis that physical and
geometrical constrictions during development create the highly
organized collagen arrangement of the AF. Therefore, morpholog-
ical changes that occur during the IVD development and their
consequent effects on the collagen fiber arrangement were
investigated.

We evaluated whether the cross-aligned collagen fibers already
exist on the notochord sheath and then guide the collagen align-
ment of the AF. Since the cross-aligned collagen fibers were found
neither on the chicken nor mouse notochord, it was concluded that
cross-aligned collagen fibers only form after bulging of the noto-
chord into the nucleus pulposus. Grotmol et al. [11] suggested that
circumferentially aligned collagen fibers were rearranged to
lamellae of criss-cross aligned fibers around the notochord at the
later stages of development in Atlantic salmon. It should be noted,
however, that this collagen criss-cross alignment in Atlantic salmon
appears after hatching when the notochord undergoes straight-
ening concomitant with the length increase, which does not occur
in either chicken or mouse [11]. Since the notochord sheath is
strained both axially and circumferentially, it is possible that the
collagen fibers align along a direction situated between the prin-
cipal stain directions [20]. Bulging of the notochord applies local
biaxial stretch to the future annulus cells and matrices. This me-
chanical stress could therefore be the underlying mechanism of
criss-cross aligned pattern formation of collagen in the AF as the
pattern was only observed after this event. The notochord bulging
does not occur in avian and thus their AF do not exhibit the cross-
aligned structure.

It has been suggested previously that hypertrophy of the future
vertebra cells, accumulation of proteoglycans, and their osmotic
swelling lead to compression of the notochord and a pushing of the
notochord cells to the adjacent IVD regions [21]. Moreover, it has
been shown that neither disappearance of the notochord cells in
the vertebra regions is due to the cell death, nor accumulation of
the notochord cells in the IVD regions is due the cell proliferation
[22]. Thus, the notochord acts as a passive element in mouse em-
bryos. By contrast, in chicken embryos, the notochord behaves like
an active force-exerting element due to osmotic swelling of the
notochord cells. The notochord persists as an axial skeleton
element throughout life in some species [11], and interestingly, a
persistent notochord has also been observed in sacral agenesis
patients having abnormal ossification of the vertebral bodies. The
patient had mutations in the T-box (brachyury) gene, which causes
delay in mesoderm differentiation and ossification process [23].
This clinical study demonstrated that the notochord persisted
when the ossification of the cartilage cells was delayed, meaning
that a periodic external force from the swelling precursor vertebrae
is essential for the transformation of the notochord to the NP.

Image analysis of the serial sections throughout the whole
embryos described here also showed that the notochord diameter
varied both spatially and temporally. Within one embryo, the
diameter was wider in the middle as compared to the ends; this
spatial morphological characteristic is also seen in the “tapered
notochord” of ascidians [24]. The mechanism of tapering in the
ascidian notochord is related to the unequal developmental timing
of intercalation from the anterior-posterior ends towards the
middle, the rates of notochord cell narrowing transition, and cell
volume partitioning [24]. Additionally, the notochord mean diam-
eter significantly increased from S18 to S20 and S20 to S22 in
chicken embryos when the vacuolization was pronounced (Figs. S2



Fig. 3. A) Collagen fibers (green) and cell nuclei (blue) on the notochord sheath at E10.5. B) Collagen fiber structure in the vicinity of the dilated notochord in both lower (left) and
higher (right) magnification images at E12.5. C) The cross-aligned collagen fibers at E14.5 (left) and E18 (right). The white arrows point at the collagen layers. Scale bar represents
25 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. A) A schematic representation (I), top view (II) and sagittal view (III) of the adult mouse IVD composed of the AF and NP. B) A schematic representation (I), top view (II) and
sagittal view (III) of the adult chicken IVD composed of the AF-like (*) and NP-like (**) regions.
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and S3). Notochord vacuolization and therefore, significant increase
in the notochord diameter were, however, not seen in the mouse
embryos. Thus, it seems that vacuolization of notochord cells only
happens upon bulging in mammals like mice.
In conclusion, this study provides in-vivo information on the
development of the collagen fiber arrangement from early stages
on the notochord sheath towards a highly organized structure of
the AF in mammals. We suggest that mechanical forces in and
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around the notochord, rather than alinment of the notochordal
sheath, define the architecture of the IVDs. In mammals, the
bulging notochord applies a bi-axial strain in the sclerotome be-
tween the condensations, which then induces the criss-cross
aligned structure of cells and matrix. However, the IVDs in birds
do not show such a structure as the avian notochord is not
squeezed. To recapitulate the native-like microenvironment to
tissue-engineer lamellar, criss-cross structure in-vitro, the pro-
posed mechanisms behind the formation of highly organized fibers
can be applied. By designing an in-vitro model system considering
the in-vivo parameters, we can better evaluate and optimize the
factors that affect this pattern formation, which may ultimately
lead to the development of novel strategies for the regeneration of
well-structured functional IVDs.
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