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ABSTRACT

Currently there is a growing interest in the study of intervertebral discs due to loss of manpower brought to society by low back and neck
pains. These papers seek to delineate the difference between normal aging and disc degeneration, trying to understand what factor would
be determining for the second condition. Thus, the morphology field was expanded and knowledge on the structure of intervertebral discs
currently uses the research field of cell and molecular biology, and genetics. The results indicate that regardless of age or condition, the
intervertebral disc undergoes long and extensive remodeling of its constituents, which are influenced by several factors: environmental,
soluble, cell growth and extracellular matrix. In this literature review we describe the biological characteristics of the cervical and lumbar
intervertebral disc with a focus on basic science of aging and degeneration, selecting the latest findings and discussions of the area, which
influence future research and clinical thoughts.

Keywords: Intervertebral disc/anatomy & histology; Extracellular matrix; Cytokines; Immunohistochemistry.

RESUMO

Atualmente ocorre um crescente interesse no estudo dos discos intervertebrais em virtude da perda da forca de trabalho que a lombalgia
e a cervicalgia trazem a sociedade. Esses trabalhos buscam delinear a diferenca entre envelhecimento normal e degeneracéo discal,
tentando entender qual fator seria determinante para a segunda condi¢do. Assim, o campo da morfologia foi ampliado e o conhecimento
sobre a estrutura dos discos intervertebrais hoje utiliza investigacoes no campo da biologia celular, molecular e da genética. Os resultados
apontam que, independentemente da idade ou condigao de enfermidade, o disco intervertebral sofre extenso e longo remodelamento de
seus constituintes, os quais sofrem influéncias de diversos fatores: ambientais, soliveis e de crescimento das células e da matriz extrace-
lular. Nesta revisdo da literatura, descrevem-se as caracteristicas biologicas do disco intervertebral cervical e lombar, com foco na ciéncia
basica do envelhecimento e degeneragéo, selecionando as mais recentes descobertas e discussées da area, as quais influenciam futuras
pesquisas e pensamentos clinicos.

Descritores: Disco intervertebrallanatomia & histologia; Matriz extracelular; Citocinas; Imuno-histoquimica.

RESUMEN

Actualmente existe un creciente interés en el estudio de los discos intervertebrales debido a la pérdida de mano de obra que el dolor del
cuello y lumbar aportan a la sociedad. Estas obras tratan de delimitar la diferencia entre el envejecimiento normal y la degeneracion del
disco, tratando de entender qué factor seria decisivo para la segunda condicién. Asi, el campo de la morfologia se amplié y los conoci-
mientos sobre la estructura de los discos intervertebrales utiliza actualmente la investigacion en el campo de la biologia celular y molecular,
ademas de la genética. Los resultados indican que, independientemente de su edad o estado de la enfermedad, el disco intervertebral
sufre una remodelacion extensa y larga de sus componentes, que son influenciados por varios factores: el ambiente, solubles y de creci-
miento celular y de la matriz extracelular. En esta revision de la literatura se describen las caracteristicas bioldgicas del disco intervertebral
cervical y lumbar, con un enfoque en la ciencia basica del envejecimiento y la degeneracion, seleccionando los ultimos descubrimientos
y discusiones del area, que influyen en la futura investigacion y pensamientos clinicos.

Descriptores: Disco intervertebrallanatomia & histologia; Matriz extracelular; Citocinas; Inmunohistoquimica.

INTRODUCTION

Complaints related to the neck and lower back regions, asso-
ciated with spinal pathologies, affect subjects from all kinds of ba-
ckgrounds around the world, and are among the main factors of
impaired health among workers.'® It is estimated that 70 to 80% of
the adult population will experience a clinically relevant episode of
lower back pain at some time in their lives,* and two out of every three
people will present with cervicalgia (neck pain) in this same period. "¢

Since the 19" century, the morphology of the spine has been
studied, seeking to establish connections between the alterations
that occur in the spine, and their potential to become pain causing
agents.” In general, the initial studies were focused on the structure
of the joint processes and intervertebral discs (IVDs) using morpho-
logical, histopathological and radiological observations.

It was only in the 1990s that, due to advances in the field of cell
and molecular biology,®® more detailed evaluations involving the IVD
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structure and its modifications became possible. Thus, the aim of
this study is to review advances in the basic area, on abnormalities
resulting from the process of aging and degeneration in IVDs.

Intervertebral disc aging and degeneration

The limit between disc aging and pathological abnormalities
is absolutely indistinct, and has been recognized as such since
the start of morphological studies on the intervertebral disc.'®'? In
an attempt to clarify this limit, researchers have investigated the
morphological characteristics of IVDs taken from symptomatic
or asymptomatic patients of varying ages, in order to relate the
severity of neck pain and lower back pain to the severity of mor-
phologic lesions.

The classical series of studies by Conventry et al.'®'? collected
the first ideas about the dynamic of changes to which IVDs are sub-
ject over a person’s lifetime. The observations relative to morpholo-
gy and age group include: the disappearance of the vascular chan-
nels originating from the endplate (EP), (Figure 1A) densification
of the fibers that constitute the annulus fibrosus (AF), (Figure 1B)
progressive loss of annulus-nucleus distinction (Figure 1C and D),
substitution of the original nuclear tissue by fibrocartilage, (Figure
1E) the appearance of chondrocyte agglomerates in the deep part
of the disc, cartilaginous hyalinization of the endplate, vasculariza-
tion of the posterior portion of the annulus fibrosus, the appearance
of fissures in the disc, and the extrusion (in a small quantity) of
nuclear material through the endplate (Schmorl's node)'" (Figure 1E
and F). With regard the findings derived from abnormal or patholo-
gical conditions, as in degenerative disc disease, these include: the
appearance of osteophytes, expansion and swelling of the nucleus
pulposus (NP) (Figure 1C), anterior and posterior protrusions (with
total or partial rupture of the annulus fibrosus fibers), the presence
of Schmorl’s nodes and NP calcifications (Figure 1E), and disc
flattening'® (Figure 1F). The criterion of these findings was the fre-
quency with which they occur,? although other authors also use
severity and chronology.'® For the macroscopic analysis of these
disc alterations, most studies'*'® use the Thompson scale, '® which
attributes a grade of 1 to 5, in increasing order of IVD alterations.
(Figure 1)

Although considered the state of the art on the topic, it is still
difficult to understand why an subjects of advanced age (e.g., 70
years old), with evident degeneration of the structural elements of
the spine, does not manifest symptoms, while another person half
this age, with better structural characteristics, presents with neck and
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lower back pain.”'"'® That said, it is unfeasible to point out a state
of normality in the IVD, which instigates detailed research on the
topic and has already revealed a considerable number of molecules
involved in IVD aging and degeneration.

Alterations in the extracellular matrix (ECM) of the intervertebral disc

Briefly, alterations in the ECM occur through modification in the
synthesis of type Il collagen (Col)™ to type I,"* and reduction of
aggrecan synthesis® in the NP This process can extend to and
affect the annulus fibrosus, consequently reducing the intervertebral
space. Similar changes occur in the ER and may result in microfrac-
tures.?! Accordingly, the biomechanical balance existing beween the
forces of the NP, AF and EP is lost, resulting in reduced tension of
collagen in the AF, alteration of those resulting from the force vectors
on the spine, and impacts caused by load during motion; which can
lead to microtraumas and pain.'%22

In the initial stage of degeneration, collagen synthesis, in gen-
eral, increases, with a clear increase in type Il Col in the NP, pre-
sumably indicating the presence of a repair mechanism.?® With the
progress of degeneration, the synthesis pattern changes and more
type Il Col is synthesized on the surface of the AF, forming strong
collagen fibrils; nevertheless, type | Col is synthesized in the deep
region of the AF and NP of these discs. Moreover, type X Col was
associated with chondrocyte agglomerates and the formation of
tears in degenerated IVDs, which means abnormal cell activity.?*

The synthesis of proteoglycans (PGs) also changes with a de-
cline in the production of aggrecan and an increase in the production
of versican, biglycan and decorin; the amount of fibronectin also
increases, along with a decrease in glycosaminoglycans (GAGs), es-
pecially the modification of chondroitin sulfate to keratan sulfate. All
these changes result in less IVD hydration and are a result of existing
disorders in the cell biology of the AF, NP and EP cells.”19:2225-28

This remodeling of the ECM results from changes in the balance
between synthesis and degradation of each subjects component of
this matrix. The protagonists of this process are the matrix metallo-
proteinases (MMPs); enzymes that can collectively break down every
type of ECM protein.' There are also ADAMTS (a desintegrin and
metalloproteinase with thrombospondin), which play a role similar
to that of the MMPs, although more powerful in the break down of
ECM.? Both families have the same endogenous inhibitors, called
TIMPs (tissue inhibitor matrix metalloproteinase), which act synergically
in the remodeling of the ECM, whether the need is of a homeostatic or
disease-related nature® (Table 1).
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Figure 1. Lumbar intervertebral discs fixed in 4% formalin in sagittal section: Note the different macroscopic appearances found in the aging and degeneration
process, evaluated according to Thompson’'s macroscopic degeneration scale'®. (A) Thompson I: NP of gelatinous appearance and AF with organized lamellae;
(B) Thompson II: NP with whitened fibrous tissue and mucinous material between the lamellae of the AF, note small fissure in the NP; (C) Thompson Il Loss of
AF/NP distinction, focal defects in the VP, see dehydration of NP and longitudinal and vertical fissure; (D) Thompson IV: Fissures in the NP and parallel to the VP,
with presence of focal sclerosis at this point; (E) Thompson V: Diffuse sclerosis and Schmorl's nodes; (F) Thompson 5: total sclerosis and flattening of the disc.

Specimens from the collection of the Human Anatomy laboratory of UFES.
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Table 1. Main molecules involved in disc aging and degeneration.

Classification Molecule Function General repercussions on old age and infirmity
MMP-1 (collagenase-1) Degradation of collagens I, Il, Il and gelatin
Degradation of collagens II, Ill, IV, V, X, elastin,

MMP-3 (stromelysin-1)

fibronectin, laminin and activation of other MMPs

111 act in the remodeling of the ECM

Catabolic/ MMP-13 (collagenase-3) Degradation of collagens I, II, lll, IV, IX, X and gelatin
Remodelers of | ADAMTS-4 (aggrecanase-1) Degradation of aggrecan
the ECM ADAMTS-b (aggrecanase-2) Most powerful degrader of aggrecan
TIMP-1 Endogenous inhibitor of MMPs -1 and -3 Besides acting in the remodeling of the ECM, the
o imbalance between MMPs/ADAMTS and TIMPs
TIMP-3 Endogenous inhibitor of ADAMTS-4 and -5 generates degradation of the ECM
IL-1p Regulates the immune and inflammatory response.
Activates T lymphocyte, B lymphocyte, and NK cell. 111 particularly in degeneration, being responsible
Catabolic/ Regulates the immune and inflammatory response. for the catabolic metabolism
: TNF-a X .
Cytokines Acts in apoptosis.

IL -1Ra (receptor antagonist)

Natural competitor to IL -1 receptors

11| especially in the presence of the
degenerative process

VEGF Acts in the development of endothelial cells 111 in response to a possible repair mechanism
Acts in axonogenesis, in the differentiation of sensory
NGFp neurons and in neuron functions mediated by ) ) -
Growth factors pain and inflammation. Stimulate axon growth. Are the possible origin of
- - - - discogenic pain or can be considered a structure
BDNF Acts in axonogenesis, maintenance of subpopulations protection factor

and neuroplasticity.

The ECM remodelers most frequently studied in disc aging
and degeneration are: MMP-1, -3, and -13, which degrade type
L 1L, 1V, Vand X collagens (Figure 2); ADAMTS-4 and -5, which
break down aggrecan and other PGs; and TIMP-1 inhibitors, for the
abovementioned MMPs, as well as TIMP-3 for ADAMTS.3"%7 |t is
clear that the imbalance between the expression of MMPs/ADAMTS
in the disc tissue and those of TIMPs results in a loss of structural
integrity, decreased IVD hydration, diminished ability to resist load,
and other phenotypic characteristics of the aged/degenerated IVD,
already described here.”19222528 Microscopically speaking, IVD
chondrocytes are usually identified as expressing these molecules
close to a tissue lesion such as tears and fissures?3233 (Figure 2A).
Additionally, soluble factors such as several cytokines (IL-1 B, inter-
leukin-1 and TNF-a, tumor necrosis factor), growth factors (VEGF,
vascular endothelial growth factor) and neurotrophins (NGF-B, nerve
growth factor, and BDNF, brain-derived neurotrophic factor) can
modulate the action of the MMPs, ADAMTS and TIMPs. (Table 1)

Action of proinflammatory cytokines on the intervertebral disc

The specific changes of the ECM of IVDs, the biomechanical
events that influence its biology, loss of vascularization, and the
consequent change in availability of nutrients and growth factors for
its cells®3 favor alterations of the normal functions performed by
this anatomical structure. This process also results in the release of
proinflammatory cytokines capable of influencing local cell activity.*0

IVD cells are able to synthesize various proinflammatory cyto-
kines, including: bFGF (basic fibroblast growth factor), phospho-
lipase A2, GM-CSF (granulocyte macrophage colony stimulation
factor), IGF-1 (insulin-like growth factor), interleukin-1p, interleukin-6,
interleukin-8, interleukin-10, PGE2 (prostaglandin E2), TGF-B (trans-
forming growth factor) and TNF-a* (Figure 2B). IL-1p and TNF-a are
the proinflammatory mediators with the largest amount of accumu-
lated evidence in studies on disc degeneration, with a modulator
effect in the family of MMPs 2

Not only is IL-1B able to induce the characteristic changes in
the ECM of degenerating discs,?%323%36:41 jtg expression also in-
creases during this process, without an corresponding increase
in its natural inhibitor, IL-1RA (interleukin 1 Receptor antagonist).*!
There is evidence that knockout mice for IL-1RA exhibit loss of PGs
and of the normal collagen structure of IVDs, as well as an increase

in the expression of MMP-3, MMP-7.42 This leads us to believe that
IL-1 is a key molecule in the disc degeneration process. Likewise,
TNF-o has been linked to disc modifications resulting from age
and degeneration,*>*” although, on the other hand, this cytokine
has been pointed as the most catabolic and anti-anabolic in disc
tissue events.*®4° Moreover, both cytokines have been postulated as
activators of two potent aggrecanases, ADAMTS-4 and -5, through
protein co-expression pathways.*® (Table 1)

Although the means (intrinsic or extrinsic to the disc environ-
ment) that lead to deregulation in the production of IL-1 and TNF-a
have not yet been elucidated, these are known to be related to
the increase of matrix degrading enzymes, abnormal synthesis of
aggrecan and type Il collagen, besides its substitution by type |,
angiogenesis, axonogenesis and apoptosis of IVD cells.19:5-53

Angiogenesis in the intervertebral disc

It is believed that increased load on the vertebral structures, and
the need for nutrition, growth and regeneration of tissues, are the
reasons for vascular growth in the IVD.7:2654

VEGF is produced by the IVD cells (Figure 2C) and is able to ac-
tivate MMP-3, -9, -12 and -13,% evidencing the role of this glycopro-
tein in disc remodeling (Table 1). Its expression is also related to that
of IL-1p and TNF-a in the NP, especially the first, and that together,
there is expression of PECAM-1 (platelet endothelial cell adhesion
molecule), a molecule present only in endothelial cells. This ratifies
neoangiogenesis in the disc tissue.% Thus it is currently believed
that the presence of VEGF in IVDs originates from the inflammatory
chain due to the metabolic requirement of the region.%6:5

Axonogenesis in the intervertebral disc and discogenic pain

In association with angiogenesis, the detection of nerve fibers
in deeper regions than the peripheral one-third of the IVD has been
documented in samples from symptomatic subjects, and pointed
as responsible for discogenic pain.?>%® From a macroscopic point of
view, the nerve pathways involved in this process are: the meningeal
branches and grey rami communicans,” present in the peripheral
one-third of the AF and that through axogenesis, extend deeper into
the disc tissue,®%° and the dorsal ganglion of the spinal nerve, which
has nociceptive capacity in relation to peptides involved in pain mod-
ulation.® It is assumed that the IVD cells lose the anti-angiogenic and
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anti-axonogenic factors in the degenerative process.?>%%¢' Thus, two
neurotrophins have revealed a close relationship with this process:
NGF-B (nerve growth factor) (Figure 2D) and BDNF (brain-derived
neurotrophic factor) (Table 1). However, BDNF is the neurotrophic
most closely related to nociceptive sensitivity in the IVD.52

Both have been detected near the neoformed vessels that enter
the IVD through the EP%:%3 and modulate interaction between NP cells
(Figure 2D) and the dorsal root ganglion. Thus, it is possible to control
nerve growth into the interior of the intervertebral disc.®* Furthermore,
these molecules are capable of inducing co-expression of nociceptive
peptides in the disc tissue, and stimulating discogenic pain.®*

The results of research on the interaction between the axonogen-
esis process, angiogenesis and remodeling of the disc extracellular
matrix%-68 make it clear that the constituents of the IVD ECM act as
preventive agents of this process, as do the molecules of the collap-
sins group (semaphorin).%% Other evidence has been found, such
as the modulation of the expression of these neurotrophins through
IL-1pB,%707" the proportionality between the severity of disc degenera-
tion and the amount of cytokines detected,*® and the association
between the reduction of semaphorins and greater expression of
PECAM-1 in the tissue.®®

One of the most interesting data currently verified in the litera-

Cervical

e X
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Figure 2. Assays with immunohistochemical technique in IVDs extracted from
individuals presumed asymptomatic. A-C) Elderly IVD (>65 years); D) young
IVD (34 years). See in (A) chondrocytes of varied morphology expressing
MMP-3 close to a tear or fissure in the tissue; in (B) detection of TNF-a in the
ECM and in the chondrocytes; in (C) expression of VEGF in chondrocytes from
the deep region of the NP and, in (D), note especially the immunodetection of
NGF-B in the NP of a young individual.
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ture was the ability of the NP cells to produce mediators capable of
inhibiting or stimulating (Figure 2D) nerve growth to this region of
the IVD, proving the theory that there are anti-angiogenic and anti-
axonogenic agents in the disc tissue, and that these cells have the
ability to modulate nerve growth into the tissue.®':%

Genetics and disc degeneration

Few genetic associations have been made in the field of disc
degeneration. Most of these studies use the phenotype-gene-can-
didate association. However, that model is ideally used for diseases
caused by a single gene with Mendelian inheritance pattern. There-
fore, as disc degeneration is a polygenic condition, with important
environmental influences, variation according to ethnicity, and phe-
notypic characteristics that are not well standardized in the literature,
the statistical power of these studies is greatly reduced.”>” The
alternative approach would be the genome-wide association study;
However this model pinpoints genes in a very broad way, frequently
involving those whose localization and function are not known.”76

The most widely studied genes are those that codify Col IX
(COL9A1 gene)”” (COLSA2 gene),”®’® Col | (COL1A1 gene),”®
MMP-3,7 and the VDR gene (vitamin D receptor).2’ The most impor-
tant associations were achieved in the study of mutations of the VDR
gene (vitamin D receptor). Certain alleles for Tag1 polymorphism of
the VDR gene are associated with disc degeneration.”*&® On the other
hand, it is impossible to imagine a direct role for the polymorphisms
of this gene in disc degeneration; these VDR polymorphisms probably
represent only a marker for mutations of other genes, as there is a
structural proximity both for the COL2A1 gene and for IGF-1. These
are known to be involved in the composition and degenerative pro-
cess of the intervertebral disc, and it is to be expected that future
genetic studies will shed light on how these genes relate to the VDR
polymorphisms identified so far.”

FINAL CONSIDERATIONS

Despite the volume of knowledge achieved on IVD in the last
three decades, the distinction between disc aging and degenerative
disc disease still remains unclear, particularly due to its multifactorial
origin. Thus, it is to be expected that subjects of different ages may
exhibit morphological alterations in the IVDs, without necessarily
suffering from a pathological condition. Although surgical treatment
has improved in terms of safety, the procedure has changed very
little in the last fifty years; on the other hand, many studies already
see modulation of the inflammatory/enzymatic process as a means
of treatment, where the first effective treatments for degenerative
disc disease are expected to be achieved, by intervening directly
in the disease physiopathology. Moreover, more modern therapies,
using stem cells and bioengineering, are advancing rapidly, even if
clinical and surgical applications are still a long way off.
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