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Abstract

The cartilaginous endplate (CEP) is a thin layer of hyaline cartilage, and plays an im-
portant role in the diffusion of nutrients into the intervertebral discs. Its damage may
seriously affect the disc degeneration, and result in low back pain (LBP). However, the
structural features of damaged CEPs have not been well characterized, and this hin-
ders our understanding of the etiology of disc degeneration and pain. To present the
structural features of micro-damaged CEPs in patients with disc degeneration and
LBP that might even be regarded as an initial factor for disc degeneration, we per-
formed a histological study of micro-damaged CEPs harvested from human lumbar
intervertebral discs and analyzed its clinical implications. Human lumbar CEPs were
excised from 35 patients (mean age 60.91 years) who had disc degeneration and LBP.
Control tissue was obtained from 15 patients (mean age 54.67 years) with lumbar
vertebral burst fractures. LBP and disability were assessed clinically, and all patients
underwent anterior vertebral body fusion surgery. CEPs together with some adjacent
nucleus pulposus (NP) were sectioned at 4 um, and stained using H&E, Safranin O/
Fast Green, and Alcian Blue. Immunostaining and PCR were used to identify various
markers of degeneration, innervation, and inflammation. Histology demonstrated
physical micro-damage in 14/35 CEPs from the disc degeneration group. Six major
types of damage could be distinguished: fissure, traumatic nodes, vascular mimicry,
incorporation of NP tissue within the CEP, incorporation of bone within the CEP,
and incorporation of NP and bone within the CEP. Pain and disability scores (ODI:
p = 0.0190; JOA: p = 0.0205; JOABPEQ: p = 0.0034) were significantly higher in
those with micro-damaged CEPs (N = 14) than in those with non-damaged CEPs
(N = 21). CEP damage was significantly associated with elevated MMP3 (p = 0.043),
MMP13 (p = 0.0191), ADAMTSS5 (p = 0.0253), TNF-« (p = 0.0011), and Substance P
(p = 0.0028), and with reduced Sox9 (p = 0.0212), aggrecan (p = 0.0127), and type
Il collagen (p = 0.0139). In conclusion, we presented a new classification of human
lumbar micro-damaged CEPs. Furthermore, we verify disc degeneration, innervation,

and discogenic pain in micro-damaged CEPs.
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1 | INTRODUCTION

Severe and chronic low back pain (LBP) is an increasing clinical prob-
lem (Chou and Shekelle, 2010), and is commonly caused by inter-
vertebral disc (IVD) degeneration (Deyo and Weinstein, 2001; Zhao
et al., 2005). Despite the great socioeconomic impact of disc degen-
eration, the mechanisms of initiation and progression are still not
well understood, and an appropriate disease-based model is lacking
(Vergroesen et al., 2015). A destructive cause and effect circle has
been proposed which includes mechanical overloading, catabolic re-
sponse of disc cells and reduced water binding by the extracellular
matrix (ECM). These factors are variously interrelated, and eventu-
ally lead to a common degeneration pathway (Adams et al., 2000;
Fields et al., 2010; Vergroesen et al., 2015; Wade et al., 2014).

Schemes of disc degeneration classification have included sub-
scores for major sub-tissues: nucleus pulposus (NP), annulus fibrosus
(AF) and cartilaginous endplate (CEP) (Boos et al., 2002; Zehra et al.,
2019). The endplate may be most relevant clinically, considering that
endplate defects are associated with pathologic disc innervation
(Fields et al., 2014), and a history of severe back pain (Lama et al.,
2018). Cadaver and histology studies show that tidemark avulsions,
CEP ruptures, and bony endplate lesions are the predominant form
of endplate irregularity (Berg-Johansen et al., 2018b; Berg-Johansen
et al., 2018a; Fields et al., 2014; Kakitsubata et al., 2002; Tanaka
et al., 1993; Wang et al., 2012), and that fragmentation of the CEP is
associated with back pain and sciatica (Lama et al., 2014). However,
the structural features of damaged CEPs have not been well char-
acterized, and this hinders our understanding of the etiology of disc
degeneration and pain.

In human adults, IVDs are the largest nonvascular organs, so
nutrition of the NP and inner AF depends on diffusion of nutrients
through the CEP (Giers et al., 2017). However, diffusion into degen-
erated discs can be reduced by ossification or calcification of the
CEP, occlusion of the vertebral endplate marrow channels, or by
reduced proteoglycan (PG) content of the disc (Kang et al., 2014).
It is reasonable to suppose that micro-damaged CEPs can lead to
nutritional disturbance of the disc, which in turn accelerates disc
degeneration.

Damaged CEPs may also influence discogenic pain. Because
human intervertebral disc aggrecan (ACAN) has been shown to
inhibit nerve growth in vitro (Johnson et al., 2002) and endothe-
lial cell adhesion and cell migration in vitro (Johnson et al., 2005),
aggrecan-rich CEPs/NP could hinder new nerves and vessels from
growing through the endplate into the disc (Lama et al., 2018). Also,
NP homeostasis and intradiscal pressure depend on an intact AF
and CEPs (Adams and Dolan, 2012; Vergroesen et al., 2015; Wang
et al,, 2011). If either structure is damaged, the NP becomes decom-

pressed (Adams et al., 2000) and exposed to immune cells outside

TABLE 1 Patients’ clinical characteristics

Characteristic Control group Study group

Number 15 35

Age (year) 54.67 (26-67) 60.91 (41-79)
Gender (male/female) 9/6 20/15

BMI (kg/m2+SD) 23.09 + 2.69 24.31 + 3.41

the disc (Cole et al., 2014). Delicate CEPs adjacent the NP are more
easily damaged than vertebral endplates, especially in patients with
Modic changes (Chen et al., 2014; Tang et al., 2016), so damage to a
CEP may be a common initiating factor in disc degeneration, neoin-
nervation, and pain.

In the present study, we examine and classify micro-damage in
the human lumbar CEPs, and test the hypothesis that such damage is

associated with disc degeneration, neocinnervation, and pain.

2 | MATERIALS AND METHODS
2.1 | Patient groups and tissue collection

Our study was approved by the Ethical Review Board of Sir Run
Run Shaw Hospital and informed consent from each patient was
obtained. CEP/NP samples were obtained from 35 patients (the
“degenerative group”) with chronic LBP who underwent lumbar
fusion surgery. Before surgery, these patients were scored for
physical disability and LBP using the Oswestry Disability Index
(ODI) (Fairbank et al., 1980), the Japanese Orthopedic Association
scores (JOA) (Izumida and Inoue, 1986), and Japanese Orthopedic
Association Back Pain Evaluation Questionnaire (JOABPEQ)
(Yao et al.,, 2018). Additional specimens were obtained from 15
patients (the “control” group) with lumbar vertebral burst frac-
tures who underwent anterior vertebral body excision and fusion.
These patients did not show significant degenerative changes on
MR images, or suffer from severe LBP. Clinical information was
summarized in Table 1. Samples of CEP were taken from sites
adjacent the nucleus pulposus in all discs, and in addition some
samples were taken from sites adjacent the inner annulus fibrosus.
Dissected samples were either frozen immediately in liquid nitro-
gen, or fixed in 4% paraformaldehyde for 24 hrs at room tempera-
ture and then decalcified in 10% EDTA for 1 month.

2.2 | Histology and immunohistochemistry

Decalcified CEP/NP tissues were dehydrated with a graded series

of ethanol, embedded in paraffin, and then sliced into 4 pm sections
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as described previously (Tang et al., 2016). Sections were subse-
quently stained with hematoxylin & eosin (to evaluate morphology
and micro-damage), and either Safranin O/Fast Green or Alcian Blue
(to evaluate matrix degeneration). Sections were immunostained to
detect the matrix metalloproteinase-13 (MMP13) (ab75606, Abcam),
type Il collagen (Col Il) (ab34712, Abcam), Substance P (GB11412,
Servicebio), TNF-alpha (ab212899, Abcam), and protein gene prod-
uct-9.5 (PGP9.5) (EM1701-86, Huabio), using an SP Rabbit & Mouse
HRP Kit (DAB) (CW2069, CWBIO, China). Antibodies (IgG) against
MMP13, Col Il, Substance P, TNF-alpha, and PGP9.5 were diluted at
1:100-1:200. Three pathologists who were blind to the clinical data
assessed the CEP/NP tissues for cell density, and for the proportion
of cells positive for each antibody. Three sections of each specimen
(n = 3) were examined under high magnification (400x), and sections
were recounted if the intraclass correlation coefficient was below
0.8.

2.3 | RNAisolation and RT-PCR, quantitative RT-
PCR

CEP/NP tissues were soaked in liquid nitrogen, finely powdered
using a mortar and pestle, and then lysed in TRIzol (Invitrogen,
Carlsbad, CA, USA), as described previously (Huang et al.,
2019). Briefly, total RNA was extracted using Ultrapure RNA Kit
(CW0581, CWBIO, China) and quantified using Nanodrop 2000.
RNA was reverse transcribed using RT-PCR, and complementary
DNA was synthesized using PrimeScript RT MasterMix (Takara
Bio, Otsu, Japan), according to the manufacturer's protocols. Then
gene transcriptional levels (n = 3) were quantified by RT-gPCR
using the SYBR Green qPCR Master Mix (Takara Bio, Otsu, Japan),
according to the manufacturer's protocols. Experimental reaction
was conducted at 95°C for 10 minutes (pre-incubation), 95°C for
15 seconds, 60°C for 60 seconds for 40 cycles (amplification),
95°C for 15 seconds, 60°C for 60 seconds (melting curves) and
40°C for 5 minutes (cooling). Whole qRT-PCR reactions were per-
formed in duplicate, and amplification signals were normalized rel-
ative to the succinate dehydrogenase complex subunit A (SDHA)
signal in the same reaction. Primer sequences were summarized
in Table 2. Relative mRNA levels were calculated as x = 2722 in
which AACt = ACt E-ACt Ctrl, ACt E = Ct exp-Ct SDHA, and ACt
Ctrl = Ct Ctrl-Ct SDHA.

2.4 | Statistical analysis

Data analyses were performed using SPSS 16.0 (SPSS, Chicago,
IL, USA). Differences in gene expression levels, and in the per-
centage of immunopositive cells, were assessed using Student's
t-test (comparing two groups) or one-way ANOVA followed by
Tukey's post-hoc test (comparing >two groups). All values were
expressed as the mean and standard deviation. ‘N’ stands for the

number of individual donors, while ‘n’ stands for the number of
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TABLE 2 Primer sequences

Gene Stream Sequence
Sox9 Forward  5-GGAATGTTTCAGCAGCCAAT-3’
Reverse 5 TGGTGTTCTGAGAGGCACAG-3’
Col2al Forward  5-CTGGAAAAGCTGGTGAAAGG-3'
Reverse 5'-GGCCTGGATAACCTCTGTGA-3'
Aggrecan Forward 5'-CTTCCGCTGGTCAGATGGAC-3'
Reverse 5-CGTTTGTAGGTGGTGGCTGT-3'
MMP13 Forward  5-ACTGAGAGGCTCCGAGAAATG-3'
Reverse 5'-GAACCCCGCATCTTGGCTT-3'
MMP3 Forward  5-CTGGAATGGTCTTGGCTCAT-3’
Reverse 5'-CTGACTGCATCGAAGGACAA-3’
ADAMTS5  Forward  5-TACTTGGCCTCTCCCATGAC-3'
Reverse 5 TTTGGACCAGGGCTTAGATG-3'
SDHA Forward  5-AGACCTAAAGCACCTGAAGACG-3’
Reverse 5'-ATCAATCCGCACCTTGTAGTCT-3'

replicates. p-values less than 0.05 were considered statistically

significant.

3 | RESULTS
3.1 | Micro-damage in human CEPs

Histology showed the normal structure of human lumbar CEPs (Figure 1a).
In the degenerated group, however, H&E staining showed fibrotic and
sclerotic extracellular matrix and fewer round chondrocytes (Figure 1b1-
g2). Safranin O/Fast Green staining, and Alcian Blue staining, showed a
reduction in the proteoglycan (PG) content of the cartilage matrix in the
degenerated specimens. In addition, 14/35 (40%) of the ‘degenerated’
CEPs showed physical micro-damage, which could be classified into six
types: fissure (Figure 1b); vascular mimicry (blood vessel ingrowth after
damage) (Figure 1c); NP herniation into the CEPs (Figure 1d); NP herniation
and incorporation of bone tissue into the CEPs (Figure 1e); incorporation
of bone tissue into the CEPs (Figure 1f); and the traumatic node (damaged/
repaired CEPs) (Figure 1g). These are the six primary types of CEP micro-

damage found in patients with degenerated human lumbar IVDs.

3.2 | Expression of anabolic and catabolic molecules
in CEP and NP tissues

To investigate degenerative processes within micro-damaged CEPs
and discs, we quantified the expression level of important anabolic
and catabolic molecules in CEPs and NP tissue, using RT-qPCR and im-
munohistochemistry (IHC). Each symbol represented the mean of rep-
licates from a single donor. The percentage of MMP13-positive cells
was significantly higher in micro-damaged CEP and NP tissue, than in
control tissue (Figure 2b), whereas the concentration of cells positive

for Collagen Type Il was greatly decreased (Figure 2c). Furthermore,
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FIGURE 1 Histology of cartilage endplates (CEPs). (al-a4) Control (normal) CEPs stained with H&E, Safranin O/Fast green, and Alcian
Blue staining. Some bony endplate (BEP) is seen at the top of some images. (b1-b4) CEPs with fissures. The cartilage calcification ‘tidemark’
lies centrally in some images. (c1-c4) CEPs with ‘vascular mimicry’ suggesting blood vessel ingrowth after damage. (d1-d4) Nucleus pulposus
(NP) herniation into the CEPs. (e1-e4) NP herniation and incorporation of bone tissue into the CEPs. (f1-f4) Incorporation of bone tissue into
the CEPs. (g1-g4) The traumatic nodes (damaged/repaired CEPs) within CEPs. BEP, bony endplate; CEP, cartilaginous endplate; NP, nucleus
pulposus; f, fissure; *The position of typical structural features. Scale bar: 100 pm

gene expression for the ‘anabolic’ molecules Sox9, aggrecan, and colla-
gen type |l was significantly decreased (to different degrees) in micro-
damaged CEPs and NP compared to the control group (Figure 3a-c).
In contrast, gene expression for the ‘catabolic’ molecules MMP3,
MMP13, and ADAMTS5 was significantly increased in micro-damaged
CEPs and NP compared to the normal controls (Figure 3d-f).

3.3 | Inflammation and Substance P in micro-
damaged CEPs

In order to investigate whether inflammation and algogenesis are
associated with micro-damaged CEPs, we compared expression of
the inflammatory factor TNF-a, and the neuropeptide Substance P,
in damaged and control tissues. As shown visually in Figure 4a, ex-
pression levels of both molecules were elevated in micro-damaged
CEPs compared to control specimens. These differences were highly
significant in both CEP and NP tissues (Figure 4b,c).

3.4 | Patients with damaged CEPs have more severe
disability and LBP

Clinical significance of the above results was investigated by com-
paring disability and back pain in patients with normal and damaged
CEPs within the ‘degenerated’ group. Pain and disability were as-
sessed using the ODI, JOA, and JOABPEQ scores. In addition, the
potential for pain from the CEP was assessed immunohistochemi-
cally using the general nerve marker PGP9.5. LBP patients with mi-
cro-damaged CEPs (N = 14) showed significantly higher ODI scores
(Figure 5a); lower JOA scores (Figure 5b); and lower JOABPEQ scores
(Figure 5c) than LBP patients with non-damaged CEPs (N = 21).
Taken together, these results imply that micro-damaged CEPs can in-
crease LBP and physical disability. In addition, preliminary evidence
(Figure 5d) suggests that fine nerves, positive for PGP9.5, can be
found in damaged CEPs showing vascular mimicry, or the ingrowth
of bone (or NP and bone).

4 | DISCUSSION

This study identified micro-damage in the cartilage endplate (CEP)
in approximately 40% of patients with suspected discogenic LBP.
Patterns of micro-damage were used to propose a novel histo-
logical classification which included: cartilage fissures, “vascu-

n o«

lar mimicry,” “traumatic nodes,” and ingrowth within the CEP of

nucleus pulposus (NP) and/or bone tissue. Additional experiments
involving IHC and RT-PCR showed that damaged CEPs were as-
sociated with increased matrix breakdown in the CEP and adjacent
NP. Finally, LBP patients with damaged CEPs reported more back
pain and disability, which may be linked to preliminary findings
of increased innervation by PGP9.5-positive nerves. It should be
noted that the present study was unable to examine all regions
of excised endplates, so the true proportion of CEPs with micro-
damage in the “degenerated” patient group may exceed the 40%
reported here.

Previous work has focused mainly on the bony vertebral end-
plates, in cadaveric or animal tissues, and on MRI (Adams and
Dolan, 2012; Adams et al., 2000; Berg-Johansen et al., 2018b; Berg-
Johansen et al., 2018a; Feng et al., 2018; Fields et al., 2014; Rade
et al., 2018; Wang et al., 2012). Some defects in cadaveric tissues
may be artefactual, and defects in young animal tissues may not
accurately represent those in ex vivo tissues obtained from living
humans, as identified in the present study. Also, detection of CEP
defects in MRI studies is limited by image resolution (typically in the
region of 1 mm). Therefore, the present study is the first to con-
sider human CEP defects at the histological (um) scale, and their
relationship with disc degeneration and pain. Previous histological
studies have reported (as incidental findings) that defects in CEPs
can be filled with transformed or necrotic tissue (Lama et al., 2014),
or bone tissue (Zehra et al., 2015), but no systematic classification of
micro-damaged CEPs was attempted. Small-scale damage may well
arise before the larger lesions visible on MRI or radiographs.

The main strength is that human tissues were examined at high
resolution, and that clinical data were obtained from the same
human donors. The exact anatomic location of the CEP specimens
could not be confirmed, but they were all adjacent degenerated discs
that were believed to be painful. It is not possible to avoid any tis-
sue damage during excision and sectioning, but the risk of artifacts
was minimized by requiring micro-damage to be identified on at least
three sequential sections, in order to exclude the result error caused
by excision and sectioning.

CEP fissures, with or without tidemark damage, are proba-
bly generated by shearing forces at the cartilage-bone junction,
possibly in response to axial rotation of the vertebral column.
“Vascular mimicry” involves blood cells within a void in the CEP
and may represent neovascularization of damaged and proteogly-
can-depleted tissue, as seen in intervertebral discs (Lama et al.,
2018). Such tissue may also be susceptible to the incorporation
of fragments of bone and/or NP from an adjacent degenerated
IVD. Tissue fragments could be generated when the lumbar spine

is loaded severely in bending, which can cause the disc annulus
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to pull fragments of CEP and bone from the adjacent vertebral cannot identify the mechanisms leading to micro-damaged CEPs.
body (Lama et al., 2014). “The nodes” may be formed similarly However, high compressive loading of the spine causes gross dam-
following more severe trauma. The present cross-sectional study age to an endplate (cartilage and bone) (Adams et al., 2000), and
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this is known to decompress the adjacent disc nucleus and lead to
disc degeneration (Adams and Dolan, 2012).

Alternatively, or in addition, focal damage to a CEP could lead to
disc degeneration by direct biological means. An intact CEP represents
an effective biological barrier which would obstruct the transport of
inflammatory mediators and bacteria between the disc nucleus and the
vertebral body. By allowing increased transport of these substances,
micro-damaged CEPs could therefore promote disc degeneration
or Modic changes (Adams et al., 2000; Berg-Johansen et al., 2018b;
Fields et al., 2010; Rutges et al., 2013; Shan et al., 2017). Previously, we
have shown that disc degeneration is associated with anabolic and cat-
abolic molecules, including inflammatory mediators, entering a disc in
the CEP/NP regions (Chen et al., 2019; Dudli et al., 2015; Henry et al.,
2018; Monchaux et al., 2017; Nakazawa et al., 2018; Tang et al., 2016).
Hence, progressive disc degeneration could be explained by a ‘vicious
circle’ involving endplate damage, catabolic responses of disc cells, re-
duced water binding by the disc matrix, and further overloading and
damage to the endplate (Adams and Dolan, 2012; Vergroesen et al.,
2015). We suggest that micro-damage to a CEP could be a common
initiating factor of this process.

CEP damage could also lead to ‘discogenic’ pain. Vertebral end-
plates are more innervated than the intervertebral disc (Fields et al.,
2014), although nerves in the latter are not detectable on MRI.
Histological studies have shown that nociceptive nerves can grow
into damaged and proteoglycan-depleted regions of annulus fibro-

sus (Lama et al., 2018) and evidence from the present study (Figures

4 and 5) suggests that this occurs in the CEP also. Defects in the
CEP probably provide adequate space, and allow sufficient nutrient
transport from the vertebral bodies, for neoinnervation and/or neo-
vascularization to be possible. Furthermore, cytokines such as IL-1p
which are generated during IVD degeneration can stimulate the ex-
pression of angiogenic and neurotrophic factors (Lee et al., 2011),
so that endplate abnormalities are associated with inflammation and
axon growth induced by TNF-a (Ohtori et al., (2006)). LBP can be
generated from the local dorsal root ganglion (You et al., 2013) and
thalamus, temporal lobes, insula, or dorsolateral prefrontal cortex
(Schmidt-Wilcke et al., 2006; Vlaeyen et al., 2018). Clinical results
from the present study are consistent with LBP and disability arising
from a damaged CEP following nerve ingrowth and sensitization.

Tissue engineering can influence disc cell metabolism, and may
eventually provide an effective treatment for disc degeneration in
humans (Yuan et al., (2017); Li et al., 2016; Silva-Correia et al., 2013).
However, this approach is unlikely to succeed unless allowance is
made for the effects of CEP micro-damage when gels or tissues are
introduced into the degenerating disc space. This is a new objective
for tissue engineering of 1VDs.

In summary, we have characterized the histological features of
damaged CEPs, and present a novel classification system. We have
also identified nerves within micro-damaged CEPs, and shown that
CEP micro-damage is significantly associated with features of disc
degeneration, with LBP, and with disability. We conclude that CEP

micro-damage could initiate disc degeneration, and so should be
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considered in the development of tissue-engineering approaches to
treat it.
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FIGURE 5 Damaged CEPs are associated with physical disability and LBP. Pain and disability scores were compared for patients in the
“degeneration” group who had non-damaged (N = 21) or micro-damaged (N = 14) CEPs. (a) Oswestry Disability Index (ODI), (b) the Japanese
Orthopedic Association scores (JOA), and (c) the Japanese Orthopedic Association Back Pain Evaluation Questionnaire (JOABPEQ). (d) Fine
nerves immunopositive for protein gene product-9.5 (PGP-9.5) in four patients with micro-damaged CEPs. The white arrows represent the
PGP-9.5-positive cells. Scale bar: 100 pm. *p < 0.05, **p < 0.01, ***p < 0.001
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