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Abstract

Purpose To elucidate the natural history of intervertebral disk (IVD) and characterize its embryonic beginnings and age-
related degeneration.

Methods Coronal sections of embryonic (E13.5-neonatal) and postnatal (4-60-week-old) Sprague—Dawley rat IVD were
stained by a series of histological stainings (hematoxylin and eosin, Alcian blue, Picrosirius red, Masson, Periodic acid—
Schiff). Growth kinetics within embryonic IVD were evaluated by immunohistochemical staining of Ki67 and proliferating
cell nuclear antigen. Postnatal maturation and degeneration of IVD were visualized on radiology by X-ray, CT, and MR
imaging.

Results During the formation of rat IVD, inner annulus fibrosus (AF) and cartilaginous endplate (CEP) shared similar cell
density, extracellular matrix, and potential of growth kinetics; notochord provided increased and enlarged cytoplasmic vacu-
oles to generate nucleus pulposus (NP), part of which was retained within CEP. Postnatally, vacuolated notochord cells were
reduced by devacuolation, while chondrocytic NP cells increased; cartilaginous layers of CEP were narrowed by vertebrae
growth and secondary ossification; fibrotic portion of AF decreased as cartilaginous matrix accumulated and infiltrated
outward. In aged and degenerated IVD, large longitudinal fissures were detected near the boundaries between inner and
outer AF, whereas both reduced cellularity and accumulated cell clusters were evident within the dehydrated NP; only part
of these histocytological changes could be reported on radiology.

Conclusions By showing that the natural history of IVD is orchestrated by a dynamic histocytological regulation, our study
may facilitate better understanding of the developmental defects, cellular heterogeneity, age-related degenerative mechanisms,
and biological regeneration of IVD.

Graphical abstract
These slides can be retrieved under Electronic Supplementary Material.

Key points Take Home Messages

. Constructing an intervertebral disc was a highly orchestrated process that
involved dynamic regulation of histocytological components.

. The inner annulus fibrosus and cartilaginous endplate of embryonic disc
shared similar cell density, matrix content, and growth kinemics, thus
could have developed from the same non-condensed sclerotome.
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The natural history of IVD may facilitate better understanding of the
defects, cellular ity, degenerative mechanisms,
and biological regeneration of IVD.
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Only part of the change in cartilaginous matrix in NP and the development
of secondary ossification center in CEP could be reported on radiology.
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Introduction

The intervertebral disk (IVD) is the fundamental building
block of the spine, connecting adjacent vertebrae, absorbing
mechanical loading, and maintaining a motional segment
that allows flexion, extension, bending, and rotation [1].
A young and normal disk is composed of an inner, gelati-
nous nucleus pulposus (NP), an outer, concentric annulus
fibrosus (AF), and a capping cartilaginous endplate (CEP)
that is anchored into the growth plate of the vertebral body
[2]. A degenerated IVD, which often features histologically
deteriorating components and compromised biomechan-
ics [3], has long been noted as a major etiological factor
in the world’s most disabling condition, low back pain [4].
Although endoscopic discectomy now provides minimally
invasive approaches for rapid symptom relief [5-7], it
remains challenging to reverse, by surgery, the pathogenic
basis that underlies IVD degeneration (IVDD) [2, 3]. Thus,
astronomical sums have been spent globally in various areas
of basic research, in an endeavor to understand what precipi-
tates and promotes degenerative changes within the IVD [8].

Traditionally, IVDD appears on magnetic resonance
imaging (MRI) scans as a disk that reduces T2-weighted
signals [9, 10]. Based on this classification, an increasing
number of pathological factors and susceptibility genes
relating to degenerative disks have been identified [3, 11]. To
date, identified promoters of IVDD include older age, acute
injuries, unphysiological biomechanics, oxidative stress, dia-
betes, smoking, obesity, and genetic factors [2, 3, 11]. How-
ever, because radiological findings do not always include
histopathological changes [10], association studies address-
ing the pathogenesis of IVDD have yielded inconsistent and
even conflicting results, raising concerns about whether all
such radiologically degenerative disks are histologically, or
on molecular basis, degenerated [8]. This controversy has
been fueled in recent years by accumulating evidence that
(1) “degenerative” disks with reduced T2 signal intensity
are common in adolescents [12]; (2) nearly 21% of multi-
level IVDD cases showed “skipped level” patterns, whereby
apparently healthy disks are located between degenerative
ones [13]; and (3) some supposedly “degenerative” disks
remain silent for years, and no further progression occurs
[14]. Presumably, some subgroups of radiologically degen-
erative disks are dysgenerated during embryogenesis and
thus are poorly hydrated from the outset, but still appear
normal on radiological scans [8]. To identify these malde-
veloped disks and exclude them from the entity of histologi-
cally degenerated IVD [8], an overview of the natural history
of IVD, detailing its progressing from embryonic formation
all the way to age-related degeneration, is needed.
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Studies with model organisms have shown that the mam-
malian NP develops from the axial notochord, whereas
the AF and CEP are derived from the paraxial mesoderm
[15-20]. However, to date, it is unclear whether there are any
critical developmental points, or a histocytological basis by
which the generation of a normal IVD could be disrupted.
Moreover, because the embryonic map of vertebral column
formation varies evolutionarily from teleostean to avian
and mammalian embryos [15, 16, 21-24], for example, in
zebrafish the notochord rather than the somites secretes bone
matrix and generates vertebral bodies [21], while in chickens
the somite begins to generate vertebrae but the IVD formed
therein lacks a central NP [22], and there is a need to better
understand the course of disk development in the mammals
used for investigating both degeneration and regeneration
of the IVD.

In this study, we explored the natural history of rat IVD,
from embryonic formation to age-related degeneration.
Here, we show that both the axial notochord and paraxial
mesoderm underwent dynamic histocytological changes
during the generation of a normal disk, whereas an aged
and degenerated IVD featured significant remodeling of both
disk cells and extracellular matrix. By showing that con-
struction of the IVD is a sophisticated, orchestrated process
involving a dynamic histocytological regulation, our findings
may help us to better understand developmental defects, cel-
lular heterogeneity, age-related degeneration, and biological
regeneration of the IVD.

Materials and methods
Rat embryos

Animal studies were approved by the Laboratory Ani-
mal Care and Use Committee of Southeast University.
All experimental rats were treated in accordance with the
International Association for the Study of Pain guidelines
for the care and use of animals, with the study designed
and reported following the ARRIVE (Animal Research:
Reporting In Vivo Experiments) guidelines developed by
the National Centre for the Replacement Refinement and
Reduction of Animals in Research.

To collect rat embryos at different embryonic (E)
stages, 20 female (10 weeks old, 200-220 g) and 10 male
Sprague-Dawley (SD) rats (10 weeks old, 210-250 g) were
allocated into ten mating groups. In each group, one male rat
and two female rats were allowed 24 h of free activity and
mating, followed by separate housing until labor. The female
rats were checked for pregnancy at 12 days post-mating; rats
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with positive pregnant signs (increased abdomen circumfer-
ence and body weight) were deemed to be E11.5 and were
used to provide rat embryos, while those without signs of
pregnancy were rechecked at 15 days post-mating, with the
pregnant animals deemed to be E14.5; non-pregnant animals
were allocated to the next round of mating. Rat embryos
were collected at E13.5, E14.5, E18.5, and E21.5 (neonatal).
At each embryonic stage, the female rats were euthanized
with CO, and the embryos were isolated, fixed in 4% para-
formaldehyde, dehydrated through a graded ethanol series,
and embedded in paraffin wax to prepare coronal sections
of 3 pm thick.

Postnatal rat spine

IVDs from the postal spine were collected from 4- (n=4,
100-110 g), 12- (n=4, 200-230 g), 30- (n=4, 450-500 g),
and 60-week-old (n=4, 700-800 g) male SD rats. After
euthanization with CO,, the lumbar (L) spine was harvested
and the vertebra—disk—vertebra unit from L3 to L6 was pre-
pared, followed by fixation in 4% paraformaldehyde, decalci-
fication in ethylenediaminetetraacetic solution, dehydration
through a graded ethanol series, and embedding in paraffin
wax. Coronal sections, 3 pm thick, were prepared. All three
IVDs (L3/4, L4/5, and L5/6) were used for the analysis of
vacuoles within the NP, while L3/4 and L4/5 were used for
the study of age-related changes in the CEP and AF.

Histological staining

Coronal sections were dewaxed in xylene and rehydrated
through ethanol to allow HE, Alcian blue, Picrosirius red,
Masson, and Periodic acid—Schift (PAS) staining, according
to standard techniques. Briefly, the sections were reacted
with Harris hematoxylin for 5 min and eosin for 3 min in
HE staining. For Alcian blue and Picrosirius red staining,
the sections were reacted for 12 min in Alcian blue (pH 2.5)
and for 8 min in Picrosirius red staining solution (G1027 and
G1028; Goodbio Ltd., Nanjing, China); the cartilaginous tis-
sues are stained light blue or green by the Alcian blue, while
the fibrotic tissue is stained red by the Picrosirius red. For
Masson staining (G1006; Goodbio), the rehydrated sections
were immersed in Ponceau 2R and acid fuchsin solution for
10 min, phosphomolybdic acid for 5 min, and acidic aniline
blue solution for 5 min, without nuclei staining in hematoxy-
lin; collagenous fibers are stained blue, while the myofib-
ers are stained red by Masson staining. For PAS staining
(G1008; Goodbio), sections were oxidized in periodic acid
for 10 min, reacted with Schiff’s reagent for 20 min in the
dark, and stained in hematoxylin for 2 min; accumulation of
glycoproteins and glycosaminoglycans shows light red stain-
ing. Stained disks were visualized under light microscopy
(BX41; Olympus, Tokyo, Japan), and images were captured

using a digital camera and Q-Capture Pro software (ver. 6.0
Media Cybernetics, Bethesda, MD, USA).

Immunohistochemical staining

After rehydration through graded ethanols, embryonic spine
sections were heated to 90 °C for 20 min in sodium citrate
buffer (10 mM sodium citrate, PH to 6.0, 0.05% Tween 20)
for antigen retrieval, reacted with 3% hydrogen peroxide
in methanol to eliminate endogenous peroxidase, blocked
with 5% bovine serum albumin in Tris-buffered saline, and
incubated with mouse anti-Ki67 (dilution 1:100) (GB13030;
Goodbio) or proliferating cell nuclear antigen (PCNA) mon-
oclonal antibodies (dilution 1:200) (ab92552; Abcam PLC,
UK) at 4 °C overnight. Binding of the primary antibodies
was detected using the Two-Step REAL EnVision+/HRP
rabbit/mouse kit (K5007; Dako A/S, Glostrup, Denmark).
Briefly, sections were incubated with ChemMate EnVision*/
HRP solution for 1 h at room temperature, and the immuno-
reactivity was visualized with diaminobenzidine for 3 min,
which stained the bound primary antibodies brown. Cell
nuclei were counterstained with hematoxylin, and a negative
control was performed following the same procedure with-
out incubation with primary antibodies. Stained disks were
visualized under light microscopy and imaged for analysis
with the Q-Capture system.

Radiological evaluation

Postnatal growth of the spine was imaged using MRI (mag-
netic resonance imaging) in neonatal, 2-, and 6-week-old
SD rats. Age-related IVDD was evaluated by X-ray radi-
ography, CT (computed tomography) scanning, and MRI
in mature (12 weeks old, 210-230 g) and aged (60 weeks
old, 200-210 g) male SD rats. To avoid interference from
breathing, rats were euthanized with CO,; for the diameter
limitation of the circular surface coil in CT scanning and
MRI, the spine and paraspinal structures were harvested
intact for imaging. X-ray radiography was performed with a
Faxitron MX-20 X-ray machine at a voltage of 30 kV (Fax-
itron Bioptics, Wheeling, IL, USA). CT scans were acquired
using a SkyScan 1176 radiograph microtomograph (Bruker
microCT, Kontich, Belgium) with an exposure time of
340 ms and a rotation step of 0.9°, a voltage of 65 kv, and
a current of 385 uA. MRI was performed using a BioSpec
7T/20 USR spect (Bruker BioSpin, Billerica, MA, USA; T2
TurboRARE, TE 25 ms, TR 2000 ms, thickness 0.7 mm).

Data acquisition and statistical analysis
On histological (HE) staining, all the vacuoles and nuclei

on each evaluated section were identified and counted. The
number of notochordal vacuoles was normalized to that of
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the nuclei. The diameter of notochordal vacuoles was quanti-
fied by normalizing to the averaged nucleus diameter of 20
nuclei randomly selected out of each section. The areas of
cartilaginous layers in the CEP and fibrotic portion in AF
were measured and normalized to those of the CEP and AF,
respectively, using ImageJ software (NIH, Bethesda, MD,
USA). On immunohistochemical staining, staining for the
target gene (Ki67 and PCNA) was counted in a minimum
of 200 cells within the area of interest (NP, IAF, OAF, and
CEP) and converted to a percentage to indicate expression
intensity. Data were acquired from three consecutive mid-
coronal sections covering the largest area of the NP and
averaged to represent an analysis unit. In each group evalu-
ated, a minimum of three rats were analyzed and results are
presented as mean + SD. Differences between groups were
analyzed by one-way ANOVA followed by Tukey’s multi-
ple comparisons test. Within a specific group, differences
between evaluated areas were analyzed by repeated—meas-
ures (RM) one-way ANOVA followed by Holm—Sidak’s
multiple comparisons test, using Prism software (ver. 6.0;
GraphPad, San Diego, CA, USA). A P value <0.05 was con-
sidered to indicate statistical significance.

Results

The NP, AF, and CEP of the IVD have different
embryonic origins

To visualize the formation of the IVD, coronal sections of
embryonic rat spine were evaluated by hematoxylin and
eosin (HE) staining. At an early stage, at E13.5, anlagen of
the prospective vertebrae and AF were evident as the paired
and patterned sclerotome that contained a non-condensed
cranial half and a condensed caudal half. Anlagen of the
prospective NP, the axial notochord, were located between
the paired sclerotomes (Fig. 1a). As development proceeded,
the non-condensed sclerotome elongated axially and fused
to form the vertebrae and CEP (Fig. 1b), whereas the con-
densed sclerotome expanded laterally to generate the AF,
composed of a densely populated outer half and a non-
densely populated inner half (Fig. 1c—d), with the inner AF
and CEP being similar in cell density. Prior to E18.5, neither
the forming IVD nor the vertebrae were vascularized; fol-
lowing the hypertrophic differentiation in the center of the
cartilaginous vertebrae (Fig. 1¢), primary ossification began
and the newly formed disk became connected to the circula-
tion system through the CEP (Fig. 1d). During the formation
of vertebrae, the notochord (Fig. le) was segmented by the
union of the paired vertebrae anlagen and compressed into
the center of the prospective IVD, forming the NP, which
was predominantly populated with vacuolated cells (Fig. 1f),
some of which were retained within the CEP (Fig. 1g). From
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E14.5 to E18.5, the notochordal cells undergo significant
dilatation of the cytoplasmic vacuoles (Fig. 1e—f). The NP of
newborn IVD was populated exclusively by the vacuolated
notochordal NP cells (Fig. 1h).

The inner AF and CEP share similar cellular
and matrix components

To evaluate histocytological changes during disk formation,
coronal sections of the embryonic spine were stained with
Alcian blue (Fig. 2a—c) to assess the accumulation of car-
tilaginous matrix, with Picrosirius red staining (Fig. 2d—f)
used for fibrotic matrix, Masson staining (Fig. 2g—i) used
for collagenous fibers and myofibers, and PAS staining
(Fig. 2j-1) used for glycoproteins and glycosaminoglycans.
At E13.5-14.5, the pre-vertebrae non-condensed sclerotome
accumulated both cartilaginous (Fig. 2a) and fibrotic matrix
(Fig. 2d), in which PAS-positive glycoproteins and glycosa-
minoglycans were present (Fig. 2j—k) and more myofibers
than collagenous fibers were observed (Fig. 2g-h). In con-
trast, except for myofibers (Fig. 2g), staining of the con-
densed sclerotome was negative for these chondrogenic dif-
ferentiation-related matrix proteins (Fig. 2a, d, j). However,
at E14.5-18.5, the extracellular matrix similar to those in the
non-condensed sclerotome began to accumulate in the inner
portion of the AF anlagen (Fig. 2h, k) and, by E18.5, no
significant cellular or histological boundary existed between
the inner AF and CEP (Fig. 2c, f, i, 1). At E13.5-14.5, the
notochord sheath also produced both cartilaginous (Fig. 2a)
and fibrotic matrix (Fig. 2d) that might contain glycopro-
teins and glycosaminoglycans (Fig. 2j), and probably more
collagenous fibers than myofibers (Fig. 2g). The notochord
sheath was thick at E13.5, but became thinner and vanished
(Fig. 2b, e) as the axial notochord was compressed into the
prospective NP, in which more cartilaginous than fibrotic
matrix accumulated (Fig. 2a—f).

The inner AF and CEP have similar potential
of growth kinetics

Ki67 and PCNA are two commonly used markers of cell pro-
liferation capacity. To investigate the growth kinetics among
the different compartments within the developing IVD,
expression of Ki67 and PCNA was evaluated by immunobhis-
tochemical staining in coronal sections of embryonic spine.
At an early stage, at E13.5, non-condensed sclerotome, con-
densed sclerotome, and notochord showed approximately
equal expression of Ki67 and PCNA (Figs. 3a, e, 4a). At
E14.5, cell proliferation decreased in the outer portion of
the condensed sclerotome and increased in the inner part
of the AF anlagen, which showed similar expression of the
proliferation markers to the pre-vertebrae non-condensed
sclerotome (Figs. 3b, f, 4b). Similarly, at E18.5, the inner
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Fig.1 HE staining of cellular changes during IVD formation. a—d
Coronal sections of rat IVD at E13.5 (a), E14.5 (b), E18.5 (¢), and
neonatal (d). The condensed sclerotome (arrow head) generated
the annulus fibrosus (AF), whereas the non-condensed sclerotome
(arrow) developed into vertebrae and the cartilaginous endplate
(CEP). Following hypertrophic changes (pentagram) within the carti-
laginous vertebrae (c¢), a primary ossification center appeared (d). e—f

AF and CEP showed equal expression of the proliferation
markers that was higher than the outer AF (Figs. 3c, g, 4¢),
although the latter showed increased expression of Ki67 and
PCNA postnatally (Figs. 3d, h, 4d).

Devacuolation of NP cells during maturation
and aging

To visualize the cellular changes during IVD matura-
tion and aging, coronal sections of postnatal rat disk
were assessed with HE staining (Fig. 5a—d; Fig. 6a-b). In
contrast to the inflation of the notochordal vacuoles dur-
ing NP formation (Fig. le—f), the cytoplasmic vacuoles
decreased significantly in both size and number from 4
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Dilatation of cytoplasmic vacuoles during NP formation. At E13.5
(e), few vacuoles were detected within the notochord cells (arrow).
By E18.5, the cytoplasmic vacuoles had increased significantly in
both size and number (f). Some notochord cells were retained within
the CEP (g), whereas the neonatal NP was populated exclusively with
vacuolated cells (h). Original magnification X100 for a—d, X400 for
e-h

to 60 weeks old (Fig. Sa—d). However, when normalized
to nuclei, the number of notochordal vacuoles increased
postnatally until 4 weeks of age (Fig. Se—f). In the aged
IVD of 60-week-old rat, both large acellular zones and
cell clusters were detected within the NP (Fig. 6a-b). As
shown by a series of histological sections of IVD (Fig. 7),
the adult (12-30 weeks old) NP showed primarily accu-
mulated cartilaginous matrix (Fig. 7h—i) that was positive
for glycoproteins and glycosaminoglycans (Fig. 7r-s), but
stained less for collagenous fibers (Fig. 7m—n). However,
in the acellular zones of the aged NP of 60-week-old rat,
staining for cartilaginous matrix decreased, while that for
collagenous fibers increased (Fig. 7j, o, t).
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Fig.2 Staining of histological changes during IVD formation. a—c
Alcian blue staining. At E13.5, the non-condensed sclerotome, noto-
chord, and notochord sheath (arrow) were stained light blue, whereas
the condensed sclerotome was negative for cartilaginous matrix
staining. At E14.5-18.5, the notochord sheath became thinner and
disappeared while the blue-stained cartilaginous matrix began to
accumulate in the inner AF. d—f. Picrosirius red staining. Except
for the notochord, the red-stained fibrotic matrix accumulated ini-
tially in non-condensed sclerotome and notochord sheath (arrow) at
E13.5-14.5 and later in the inner AF at E18.5. g—i. Masson staining.
At E13.5, the notochord sheath stained blue for collagenous fibers,
whereas more red-stained myofibers accumulated in the condensed

Narrowing of cartilaginous layers of the endplate
during maturation and aging

On histological sections of the postnatal rat IVD (Fig. 7),
CEP also showed significant age-related histocytological
changes. First, the thick cartilaginous layers of the neo-
natal endplate became thinner as growth plate elongated
and vertebrae grew (Fig. 7a—c); during this process, the
cartilaginous matrix decreased, whereas the fibrotic matrix
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E18.5

sclerotome and notochord than in the non-condensed sclerotome.
At E14.5-18.5, the inner AF and CEP began to show similar fiber
contents, while the myofibers within the notochord decreased, com-
pared with E13.5. j-1 PAS staining. PAS-positive matrix was stained
light red and detected primarily in the axial notochord and notochord
sheath at E13.5 and accumulated in the non-condensed sclerotome
at E14.5-18.5. Again, the CEP and inner AF showed a similarly
PAS-positive matrix. NC notochord, CS condensed sclerotome, NCS
non-condensed sclerotome, NP nucleus pulposus, JAF inner annulus
fibrosus, OAF outer annulus fibrosus, CEP cartilaginous endplate.
Original magnification X400

increased within the CEP (Fig. 7f~h), which was rich in
collagenous fibers (Fig. 7k—m) and PAS-positive glycopro-
teins and glycosaminoglycans (Fig. 7p-r). Second, after
secondary ossification began (Fig. 8a, b), from the periph-
eral region of the CEP and then infiltrating outward, the
cartilaginous layers of the endplate significantly narrowed
(Figs. 7d, e, 8c); during this process, myofibers increased
while collagenous fibers and PAS-positive components
decreased (Fig. 71, j, n, o, s, t).
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Fig. 3 Immunohistochemical staining of Ki67 and proliferating cell
nuclear antigen (PCNA) during IVD formation. a—d. Immunohisto-
chemical staining for Ki67 in embryonic and neonatal rat IVD. At
E13.5, Ki67 showed equivalent levels in the non-condensed scler-
otome, condensed sclerotome, and notochord. At E14.5, Ki67 was
expressed less in the outer portion of the condensed sclerotome
(arrow head) than in the inner part (arrow), which showed a simi-
lar expression pattern of Ki67 as the pre-vertebrae non-condensed
sclerotome. At E18.5, the outer AF (arrow head) showed even less
Ki67 than the inner AF (arrow), which showed no significant differ-
ence in the expression of Ki67 versus the NP and CEP. In the neona-

Narrowing of the fibrotic portion of the AF
during maturation and aging

As shown by histological staining, distinct histocytological
boundaries separated the inner and outer AF of the neona-
tal IVD, where the inner AF was cartilaginous while the
outer AF showed accumulated fibrotic matrix (Fig. 9a, f).
With maturation, the histocytological boundaries became
increasingly indistinct and the inner cartilaginous matrix
began to accumulate within the outer fibrotic AF (Fig. 9b—d,
g-i), reducing the ratio of the fibrotic layers to the entire
AF (Fig. 8d). In the aged AF of 60-week-old rat, large
longitudinal fissures were detected near the transitional
area between the inner and outer AF (Fig. 9¢), where car-
tilaginous matrix also accumulated (Fig. 9j). Unlike the
cartilaginous matrix of the NP, the AF was stained more
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tal IVD, the inner AF and CEP were still similar in the expression of
Ki67, which was higher than that of the outer AF, although the latter
showed increased positivity of Ki67 staining as compared with E18.5.
e—h Immunohistochemical staining for PCNA. PCNA was expressed
and localized in a pattern similar to that of Ki67 in embryonic and
neonatal rat IVD. NC notochord, CS condensed sclerotome, NCS
non-condensed sclerotome, /CS inner portion of the condensed scle-
rotome, OCS outer portion of the condensed sclerotome, NP nucleus
pulposus, /AF inner annulus fibrosus, OAF outer annulus fibrosus,
CEP cartilaginous endplate. Negative controls are not shown. Origi-
nal magnification X400

positively for collagenous fibers (Fig. 9k—m) and, as aging
progressed, myofibers increased regionally within the carti-
laginous matrix of the aged AF of 60-week-old rat (Fig. 90),
which became less positive for Alcian blue and PAS staining
(Fig. 9j, t).

Radiological evidence of disk growth, maturation,
and age-related degeneration

To investigate postnatal growth of the IVD, MRI (magnetic
resonance imaging) was performed on neonatal, 2-, and
6-week-old rat spines. In the neonatal rat, the NP of the
lower thoracic region was not as fully hydrated as the lumbar
NP (Fig. 10a), which took an additional 2 weeks to demon-
strate a bright disk on T2-weighted images (Fig. 10b, c). To
visualize age-related IVDD by radiology, X-ray radiography,
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Fig.4 Statistics of immunopositivity for Ki67 expression during IVD
formation. NC notochord, CS condensed sclerotome, NCS non-con-
densed sclerotome, /CS inner portion of the condensed sclerotome,
OCS outer portion of the condensed sclerotome, NP nucleus pulpo-

computed tomography (CT) scanning, and MRI were per-
formed on 12- and 60-week-old rat spines. As aging pro-
gressed, the growth plate of younger rats, which was radio-
parent on X-ray radiography and CT scanning (Fig. 10d-g),
vanished gradually and, with secondary ossification, fused
with the vertebrae (Fig. 10i-1). On MRI, the T2 signals of
younger IVD were bright and compartmentalized mainly
within the NP and/or inner AF (Fig. 10h), whereas the aged
and dehydrated disk of 60-week-old rat grossly lost T2 sig-
nals and the radiological boundaries between NP and AF
became less distinct (Fig. 10m).

Discussion

The theoretical basis for the study described here was that
some IVDs are probably dysgenerated during embryogenesis
and are never well developed, and yet appear as normal on
radiology scans [8, 13, 14]. Through a series of histocy-
tological observations in embryonic rat spine, we showed
that constructing a well-structured and fully hydrated disk
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Positive rate of Ki67

appears to require, at least: (1) unification of the paired non-
condensed sclerotome that segments and compresses the
axial notochord into the NP, (2) dilatation of notochordal
cytoplasmic vacuoles to generate vacuolated NP cells, and
(3) restrained growth kinetics in the outer condensed scle-
rotome that might facilitate or synchronize the expansion
of the inner AF and NP. Because constructing the IVD is
a multifaceted and orchestrated process, any impairment
of the critical developmental steps could possibly lead to a
dysgenerated IVD. For example, failed fusion of the paired
pre-vertebrae sclerotome might generate inherent lesions
in the CEP that potentiate the intravertebral herniation of
the NP [25] or cause Schmorl’s node [26, 27]; also, defects
in the dilatation of notochordal vacuoles could possibly
lead to a narrowed disk with reduced T2 signal intensity,
as reported in adolescent spines [12]. Our results are con-
sistent with these notions, showing that the newly formed
NP could be arrested within the CEP, which, in turn, may
diminish the notochord content in the prospective IVD. This
is also consistent with the prevalence of chordomas in the
spheno-occipital and sacrococcygeal regions, where the [VD
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Fig. 5 HE staining of NP during IVD degeneration. a—d Vanishing of
cytoplasmic vacuoles during aging and degeneration. The vacuoles
decreased significantly in both size and number from 4 weeks (a) to
12 weeks (b), 30 weeks (¢), and 60 weeks old (d). e—f Statistics of
the notochordal vacuoles during IVD formation and degeneration.

Fig. 6 HE staining of acel-
lular zones and cell clusters

in degenerated NP. Within

the NP of degenerated disk

(60 weeks old), large acellular
zones (arrow) and cell clusters
(or regionally proliferation-
enhanced zones, arrow head)
were evident. Original magnifi-
cation x400 for a, b

P=0.0301

While the diameters of vacuoles showed steady reductions as aging
progressed (f), the number of cytoplasmic vacuoles increased until
4 weeks old and then decreased (e). Original magnification X400 for
a-d

P=0.0330

Relative Diameter of Vacuoles
(Normalized to Nuclei)
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Fig.7 Histological staining of the postnatal change within CEP and
NP. a—e HE staining. In the neonatal endplate, the cartilaginous lay-
ers were thick (bracket) and the fusion line between the paired ver-
tebrae anlagen was visible (arrow). At 4-12 weeks, the cartilaginous
layers became comparatively thinner as the growth plate extended
toward the endplate surface. At 30-60 weeks, secondary ossification
(arrow head) narrowed the cartilaginous layers significantly, although
activity of the growth plate ceased. f—j Alcian blue and Picrosirius
red staining. In the neonatal endplate, the green-stained cartilagi-
nous matrix accumulated predominately. At 4—-12 weeks, cartilagi-
nous matrix decreased while the red-stained fibrotic matrix increased
within the CEP. At 30-60 weeks, secondary ossification resulted in
more fibrotic matrix. k-0 Masson staining. In the neonatal endplate,
blue-stained collagenous fibers accumulated initially. At 4—12 weeks,

is morphologically atrophied or missing [28]. Moreover, the
postnatal swelling of the lower thoracic NP and increase in
cytoplasmic vacuoles until the ages of 4 weeks support the
need for notochord expansion and hydration to manifest the
plump and bright disk on MRI. This is in accordance with
the finding that the narrowed dysgenerated IVDs are more
prevalent in the upper lumbar and thoracic segments than in
the lower spine in adolescents [12, 25].

Evidence is mounting that the axial notochord provides
both mechanical and signal support for the development
of the vertebral column [15, 16]. To date, the notochord
has been known to release numerous signaling factors,
such as sonic hedgehog (SHH) and noggin, to regulate the
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collagenous fibers increased significantly within the cartilaginous lay-
ers, which were replaced later (30-60 weeks old) by the red-stained
myofibers as secondary ossification progressed. p—t PAS staining.
The PAS-positive matrix was stained light red and accumulated in
the cartilaginous layers of the younger endplate (neonatal to 12 weeks
old), which also decreased after secondary ossification began. The
NP of the adult (12-30 weeks old) rat accumulated primarily carti-
laginous matrix (h—i) that was positive for glycoproteins and glycosa-
minoglycans (r-s), but stained less for collagenous fibers (m-n). In
contrast, the large acellular zones within the degenerated NP (arrow)
stained less with Alcian blue (j) but were positive for collagenous fib-
ers (0) and PAS staining (t). NP nucleus pulposus, CEP cartilaginous
endplate original magnification X200

patterning and differentiation of presomitic paraxial meso-
derm [29-31], and undergo fast vacuolation to elongate and
maintain the geometry shape of forming spine [32]. Recent
studies in Xenopus laevis revealed that the matrix (fibronec-
tin and laminin) deposited at notochord—somite boundaries
functioned through specific transmembrane receptors, such
as integrin and dystroglycan, to potentiate polarization of
the paraxial mesoderm and vacuolation of the axial noto-
chord [33]. We noticed that although the thick notochord
sheath of rat embryos accumulated both cartilaginous and
fibrotic matrix—rich in collagenous fibers, glycoproteins,
and glycosaminoglycans—it thinned gradually and vanished
as the unvacuolated notochord became compressed into the
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Fig.8 HE staining of secondary ossification during IVD maturation.
a, b HE staining of rat vertebral endplate at 4 weeks (a) and 12 weeks
(b) old. The vertebral endplate was resulted from endochondral ossi-
fication, located at the cranial and caudal end of the vertebrae, mainly
composed of chondrocytes separating nucleus pulposus from bone
marrow cavity. Like the cartilaginous end in long bones, and based
on the maturity of chondrocytes, the vertebral endplate could also
be divided into (1) zone of resting chondrocytes, which was located
adjacent to the nucleus pulposus, (2) zone of proliferating chondro-
cytes, also known as growth plate, (3) zone of hypertrophic chondro-
cytes, and (4) zone of apoptosis and calcification (ossification center),

prospective IVD. Choi et al. [29] found that SHH signaling
mediated the formation of the notochord sheath and that
the latter was responsible for moving notochord cells into
the forming disks. Because the notochord sheath will disas-
semble as the IVD forms, it is possible that some notochord
cells may leak out through the broken sheath and be retained
within the vertebrae or CEP. However, by far, it remains
largely unclear why the notochord sheath disappears during
formation of the NP, and whether disassembly of the sheath
is related to the vacuolation process that follows within the
mammalian notochord. Based on the insufficient vacuolation
before E14.5 and the vanishing of notochord sheath after-
ward, we suggest that vacuole-derived hydrostatic pressure
may provide little, or no, mechanical support for vertebrate
body elongation in rat embryos. Instead, unlike zebrafish

O

Ratio of Fibrotic Layers
to Entire AF

o

which featured vascularization and was connected to the circulation
system. The cartilaginous endplate (CEP) usually refers to the resting
chondrocyte layers that connect IVD to the growth plate of vertebrae.
During maturation, secondary ossification (arrow) initiated from the
peripheral region of CEP and then infiltrated inward, reducing the
cartilaginous layers therein. ¢, d Statistics of postnatal changes within
rat CEP and AF. Both the cartilaginous layers in CEP and the pro-
portion of fibrotic AF showed steady reductions during IVD matura-
tion and aging. CEP cartilaginous endplate, PZ proliferating zone,
HZ hypertrophic zone, CZ calcification zone. Original magnification
%400 for a, b

[32, 34, 35], axial growth of the embryonic rat spine may
rely more on chondrogenic differentiation and elongation of
the non-condensed sclerotome, supporting the notion that
the vertebral column is generated in an evolution-dependent
and species-specific manner [15, 16, 21-24].

Regarding the long-debated issue of cellular heteroge-
neity within the IVD [17-20], we showed clearly that:
(1) the NP was derived from the axial notochord and was
populated exclusively with vacuolated cells, supporting
the view that all NP cells, including the non-vacuolated
chondrocytes in the adult NP may be of notochord origin
[19, 20], (2) the CEP developed from non-condensed scle-
rotome but contained mixed notochord cells, so was het-
erogeneous, and (3) the AF originated from the condensed
sclerotome, although its inner part was histocytologically
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Fig.9 Histological staining of postnatal changes within the AF.
a—e HE staining. In the neonatal IVD (a), distinct boundaries sepa-
rated the NP, inner AF, and outer AF from each other, with the lat-
ter being much more densely populated (arrow). As aging progressed
(4-30 weeks old), the anatomical boundaries became less distinct,
especially between the inner and the outer AF, where the cell den-
sities were similar. f—j. Alcian blue and Picrosirius red staining. In
the neonatal AF (f), the inner part accumulated green-stained car-
tilaginous matrix while the outer part showed red-stained fibrotic
matrix (arrow). During aging, the inner cartilaginous matrix gradu-
ally infiltrated outward and decreased the fibrotic portion of the
AF. k-0 Masson staining. Both the blue-stained collagenous fibers

similar to the adjacent CEP, raising the possibility that
the AF might originate heterogeneously from both the
condensed sclerotome and pre-vertebrae non-condensed
sclerotome. Making this issue even more complex, the
resegmentation theory [24] states that the non-condensed
sclerotome generates only the lower CEP of a single ver-
tebra, whereas the upper CEP is constructed from part of
the condensed sclerotome from a cranial somite. How-
ever, probably because of the differentiation-based his-
tological analyses, the resegmentation process of the rat
vertebral column was not detected in our study. Also, our
findings are inconsistent with an early report that the cau-
dal condensed half of the chick sclerotome demonstrated
higher proliferation than the cranial non-condensed halves
[36]. Further observations across species and cell lineage

@ Springer

and the red-stained myofibers were detected in the neonatal AF (k),
whereas as the rat matured and aged, collagenous fibers accumulated
predominately within the AF. p—t PAS staining. PAS-positive matrix
was detected in both the inner and outer portions of neonatal AF,
which accumulated mainly within the inner AF as aging progressed.
In the aged AF of 60-week-old rat (e), large longitudinal fissures
were evident (arrow) and the matrix therein was positive for Alcian
blue (j) but negative for collagenous fibers (0) and PAS staining (t);
regionally, Alcian blue (j) and PAS staining (t) was decreased while
myofibers (0) increased within the cartilaginous AF of 60-week-old
rat (arrow). IAF inner annulus fibrosus, OAF outer annulus fibrosus.
Original magnification X200

studies are required to unveil the full embryonic origin of
all the components of the IVD.

Of the increasing list of factors that lead to IVDD, natural
aging is supposed to cause the most substantial and irrevers-
ible degenerative changes [3]. Here, we showed that as aging
progressed, the vacuolated notochord NP cells were gradu-
ally exhausted and replaced by chondrocytic NP cells; the
cartilaginous layers of CEP were narrowed as the vertebrae
grew and secondary ossification began, and the cartilaginous
matrix of the inner AF infiltrated outward and reduced the
thickness of the fibrotic AF. These age-related degenerative
changes take longer time to be than the degeneration induced
by annulus puncture or mechanical overloading, which often
features acute loss of NP content and collapsed IVD [37,
38]. Previously, the notochordal NP cells were considered
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Fig. 10 Radiological evaluation of postnatal growth and age-related
degeneration in the rat IVD. a—¢ Magnetic resonance imaging
(MRI) scans of neonatal (a), 2- (b), and 6-week-old (c) rat spines.
In the neonatal IVD, the lumbar NP (blue arrow) was expanded and
hydrated to a higher extent than the lower thoracic NP (red arrow),
which took an additional 2 weeks to show a T2-weighted signal (B,
red arrow). d-m. X-ray radiography (d—e, i—j), computed tomogra-
phy (CT) scan (f-g, k-1), and MRI (h, m) scan of 12-week- (d-h)
and 60-week-old (i-m) rat spine. At 12 weeks, the growth plate of
the vertebrae was visible as a radioparent epiphysis line (red arrow)
on X-ray radiography (d—e) and CT (f-g) scanning, while on MRI,

to become self-exhausted due to Fas-mediated apoptosis,
and to be replaced by chondrocytes migrating from the CEP
[39-41]. However, we found just the opposite to the vacu-
olation process during NP formation, the aging NP showed
devacuolation and the cytoplasmic vacuoles were reduced
in both size and number, suggesting that a chronic transition
into chondrocytic NP cells, probably in addition to acute cel-
lular apoptosis [39], may account for the age-related exhaus-
tion of the vacuolated notochord cell resources. Noteworthy,
most of human notochordal NP cells have transformed into
chondrocyte-like NP cells before skeletal maturity, and early

it demonstrated a high T2-weighted signal that was bright (h), and
vanished in the aged spine (blue arrow). At 12 weeks old, the second-
ary ossification that initiated from the peripheral region of the CEP
showed high intensity signals on CT scanning (g, yellow arrow) but
low T2 signals on MRI (h, yellow arrow), which infiltrated inward
and fused with the vertebrae in the aged spine. In the younger IVD,
the T2 signals were bright and compartmentalized primarily within
the NP and/or inner AF (h, white arrow), whereas an aged and dehy-
drated disk grossly lost T2 signals and the radiological boundaries
between the NP and AF became indistinct (m, white arrow)

onset of IVDD is common in adolescents [42]. Similar IVD
degeneration pattern also exists in the chondrodystrophic
dog [43], suggesting that age-related IVD degeneration
could be initiated and promoted in a species-specific man-
ner. Further observations across species are also required to
characterize the age-related degenerative change in mammal
IVD.

For IVD regeneration, therapies ranging from growth fac-
tor injection to stem cell transplantation have been tested in a
variety of IVDD models [2, 42, 43]. Because a degenerated
disk, as seen in the aged rat of 60 weeks old, featured gross
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degeneration in the NP, AF, and CEP, caution should be
taken when judging that the disk is “regenerated” after the
NP, presumably the most important structure of the three,
is supplemented with therapeutic ingredients [2, 44]. More
importantly, as T2-weighted MR imaging shows mainly the
overall content of the hydrated matrix [10, 45, 46], a bright
disk does not necessarily mean a healthy or regenerated one,
given that the outward infiltration of cartilaginous matrix is
degenerative and the cellular components within may have
changed. Similar concerns also apply to association studies,
where the “degenerative” group, assigned according to radi-
ology results, may be highly heterogeneous in terms of the
molecular basis, histopathological cascades, and genetic dis-
positions that lead to the IVD with reduced signal intensity;
thus, there is a need to revamp the classification scheme for
IVDD [8]. Recently, accumulating evidence has suggested
that the avascular IVD itself may have already inherited stem
cells or attracted progenitors from specific stem cell niches
for endogenous repairs [2, 47-49]. Considering the natural
history of IVD, from embryonic formation to age-related
degeneration, it is perhaps not surprising that these inherent
multipotent cells are diversified in terms of both identity
and functionality [2, 49]. Because these resident disk stem
cells are incapable of halting age-related IVDD, it remains
debatable as to whether transplanted stem cells are capable
of providing an efficacious and durable therapeutic effect [2].
To achieve long-term promising regeneration, age-related
IVDD should be targeted and alleviated in the first place,
before we encourage the clinical practice of any biological
disk repairs.
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