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Differential Carbonyl Stress Expression in the Intervertebral

Disc between Singular- and Persistent- Mechanical Injuries
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Abstract

Low back pain is a significant public health problem worldwide. Intervertebral disc degeneration

is most significant known risk factor for low back pain. Yet the mechanisms of degeneration

remain relatively unknown. Carbonyl stress and oxidation have been implicated in cartilage and

fibrocartilage degeneration. Here we investigate the role of oxidative stress and carbonyl production

in the intervertebral disc after mechanical injury using an iz vitro organ model of the mouse

functional spine unit. We use a single- stab insult to model mild injury, and the three- stab insult

to model severe trauma. Our results indicate that mild injury increases the carbonyl response that

may be required for tissue repair, while severe trauma tempers this response and rapidly accelerates

degeneration.
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Introduction

Low back pain is a significant public health
problem worldwide [5, 13, 19]. Although there
are a number of causes for low back pain,
degeneration of the intervertebral discs (IVDs)
is the most significant known cause of low back
pain [3, 8, 12]. The degenerative cascade of the
IVD includes changes that affect the structural,

mechanical, and inflammatory behavior of the
disc. Multiple interdependent factors have
been implicated in disc degeneration including
reduced nutrient supply, hereditary factors,
altered mechanical loading, age, up-regulated
levels of pro-inflammatory cytokines and
associated catabolic enzymes, and cellular and
extra-cellular biochemical changes [2, 8, 10—

13, 18, 21]. The occurrence of one or more of
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these factors initiates and propagates the IVD
degeneration process.

The biochemical changes in the IVD include
post-translational oxidative changes in the
extracellular matrix of the IVD. In aging,
the generation of free radicals outpaces the
cellular scavenging mechanism resulting in a
net increase of tissue oxidative stress [2, 7,
16]. Furthermore, increased inflammation
during injury and pathology can exacerbate this
oxidative burst [4, 6, 15]. Oxidative stress has
been implicated in IVD failure [18], interfering
with protein folding, increasing susceptibility to
MMPs degradation, and impairing mechanical
properties. Given the paramount importance of
oxidative stress, it is thus critical that models
investigating disc degeneration account for
and properly account for the role of oxidative
stress.

Investigations of the IVD using human
tissues pose additional challenges because of
the scarcity of normal, healthy human tissues.
Furthermore, cadaveric or aged tissues are not
suitable for disease initiation studies because
of typical degree of advanced degeneration.
Thus many disease initiation studies of disc
degeneration are conducted in animal models.
Animal models of IVDs degeneration can be
classified as either experimentally induced,
either by mechanical overloading, injury,
or other insults to the disc or spontaneous,
which include animals genetically altered or
specially bred to develop degenerative disc
disease [3, 8, 10, 12-13, 21]. In the injury
model, the use of needle puncture has gained

popularity mainly because of its reproducibility

and the short time required to produce the
desired degenerative discs [1]. Studies by our
group and others have shown that the needle
puncture model recapulates the degenerative
and inflammatory cascade of pathological
IVDs, suggesting that this in vitro injury
approach provides the structural and molecular
characteristics of disc degeneration. Yet the
effect of this needle injury on IVD oxidation
remains unknown. We hypothesized that
the injurious response induced by a needle
would induce elevated oxidation from the
cells that would subsequently increase the
net di-carbonyl presence in the tissue. The
objective of this study is to examine and
compare the oxidative response of the IVD
after a single- and repeated- stab injury using
a model of organ culture, with the long term
goal of improving the understanding of the
mechanisms contributing to IVD degeneration

and low back pain.

Materials and Methods

Disc harvesting and organ culture

The experimental protocols were approved
by the university committee on the use and
care of animals at the Washington University in
St. Louis. We used an in vitro model of IVDs (n
= 28) organ culture of BALB/c mice [1]. The
animals were euthanized and 3 IVDs of the tail,
containing an intact vertebrae-disc-vertebrae
structure, from each animal were dissected and
removed under sterile conditions. The IVDs
were rinsed in saline and cleaned of soft tissues

using dissecting scissors prior to organ culture.
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The IVDs were randomly assigned to three
groups: control and stab (mechanically injured
using a 27-guage hypodermic needle). The
samples of both groups were cultured in 2mL
of DMEM containing 20% fetal bovine serum
and 1% penicillin-streptomycin and maintained
in organ culture in 12-well cell culture plates.
The complete medium was refreshed every 48

hours for both groups.

Needle puncture model

The samples of stab group were further
divided to two groups: single- and three-stabs
(n = 8/group). The samples of single-stab
group were stabbed on day 0. The samples of
three-stab group were stabbed on day 0, 5 and
10. The samples of all groups were maintained
up to 15 days. Although we have previously
utilized the single-stab model, we also use
a three- stab model [20] to induce severe

degeneration and inflammation.

Histological analysis

After the culture period, the structure
of IVDs was fixed in 10% neutral buffered
formalin, for 48 hours and decalcified in
Imunocal (StatLab Medical Products, USA)
for 5 days, paraffin-embedded, and sectioned
to 5 um thickness with a microtome. The
sections were observed at intermediate
time points using Safranin-O/Fast Green
staining and polarizing microscopy and
were scored according to the classification
system for grading the histological changes
which is from total score 0 (normal disc) to

5 (severe degeneration). The histological

grading by preceding studies [8, 13, 17], with
some modifications (Table 1) was performed
separately on annulus fibrosus (AF), nucleus
pulposus (NP), and the AF and NP border
(Border), and the scores from these regions

were combined to provide a composite score.

Oxidized protein concentrations

The proximal and posterior vertebral
bodies of the sample were removed from
each sample at the growth plate using a
dissection microscope, and the homogenized
using a tissue pulverizer. The concentration
of oxidized proteins in isolated IVDs was
quantified using 2, 4-dinitrophenylhydrazine
(DNPH) spectrophotometric assay [18]. 200 «
L of sample solution was added to 100 ¢ L of
10 mM DNPH solution, mixed, and incubated
for 60 min in the dark at room temperature.
After the addition of 0.6 mL of trichloroacetic
acid (20% w/v) the mixture was vortexed.
The mixture was incubated on ice for 10 min
before centrifugation at 1,000g for 10 min. The
supernatant was discarded without disturbing
the pellet that was washed three times with
1.5 mL of ethanol/ethyl acetate (1/1; v/v) to
remove free DNPH reagent. The sample pellet
was resuspended in 0.5 mL of 6 M guanidine-
HCI before absorbance measurement at 370
nm, using 6 M guanidine-HCI as blank solution,
and then normalized to protein concentration
determined by Bradford’s method using
serialized BSA as standard.

Comparisons between groups were made
between groups using ANOVA with Tukey’s

posthoc comparisons. Significance was



Table 1 : Definition of Histological Grading Scale

1. Annulus fibrosus
Grade:

0. Normal, pattern of fibrocartilage lamellae (U-shaped in the posterior aspect and slightly convex in the anterior aspect) without

ruptured fibers and without any bending / kinks / wavy patterns within the annulus

gL W=

lamellae

II. Border between the annulus fibrosus and nucleus pulposus

Grade:

Nomal (clear distinction between AF and NP)
Minimally interrupted (<10%)

Somewhat interrupted (<25%) border
Moderate (<75%) interruption

Severe (<75%) interruption

SAEE T

No distinguishable boundary between AF and NP tissue

1IL

—

Nucleus Pulposus
Grade:

G W= o

Minor disruptions (<10%) and no rupturing of annulus fibers

Somewhat (<25%) ruptured fibers or bending / kinks / wave pattern in annulus

Moderate (<50%) ruptured fibers or bending / kinks / wave pattern in annulus

Severe (<75%) ruptured fibers or bending / kinks / wave patterns pattern in annulus

Extreme (>75%) rupturing of the annulus fibers and significant bending / kinks / wave patterns, no distinguishable U-shaped

Normal un-fragmented appearance, normal proteoglycan (red) staining, no contraction of the nucleus.

Minimal (<10%) contraction of the extracellular matrix, no significant proteoglycan staining

Somewhat (<30%) contraction of the extracellular matrix, framentation of the matrix, and decreased proteoglycan staining
Moderate (<50%) contraction of the extracellular matrix, fragmentation of the matrix, and decreased proteoglycan staining
Severe (<75%) contraction of the extracellular matrix, fragmentation of the matrix, and decreased proteoglycan staining
Complete disorganization and loss of nucleus matrix, severely decreased proteoglycan staining

Histological grading scale based on 3 categories of degenerative changes with scores rating from a normal disc with 0 points (0 points
in each category) to a severely degenerated disc with 15 points (5 points in each category).

considered to be p < 0.05.

Results

After 15 days of culture, the control IVDs
remained viable and structurally intact. The
single-stab injury caused a loss of structure in
the NP and reduced Safranin-O uptake, while
the three-stab resulted in complete loss of
proteoglycans and the NP structure, suggesting
that severe granulated fibrosus of these tissues
(Figure 1). The modified Masuda’s grading
system confirms that the discs are categorically

degenerated in the single-stab treatment, and

highly degenerated in the three-stab group
(Table 2). The normalized DNHP assay reveals
significantly higher levels of reactive carbonyls
in both the single- (p < 0.01) and three- (p <
0.05) stab groups. Normalized to the controls,
the single-stab differentially upregulated
carbonyl production while the three-stab

resulted in a reduction (Figure 2).

Discussion

Here we examined the effects of single-
and three-stabs injury on the structure and

oxidation of the mouse IVDs in culture. Our
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Figure 1 : Histological assessment by Safranin-O (Fast Green Counter strain) reveals that the single- stab
group has an increase disorganized nucleus pulposus, and disruption of the annular-nucleus

interface. In contrast, the three- stab group shows a complete ablation of the nucleus, yet the
annulus cells remain viable.

Table 2 : The histological grading after the culture

Group ! I - composite
AF Border NP
Control 1 2 2 5
single-stab 2 2 3 7
three-stab 3 5 5 13

The quantitative assessment of the degeneration of the control, single-, and three- stab groups show that the three-stab group is
significantly more degenerated than the control and the single-stab group.
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Figure 2 : The 2, 4-dinitrophenylhydrazine shows significantly higher carbonyl production by the single- stab

group (" *; p < 0.01) while the three-stab group results in significantly lower carbonyl (*; p < 0.05),
suggesting this cellular response mechanism is impaired.

results show that single-stab IVDs causes mild

structural changes, and the IVD cells adapt by

inflammatory response in cells, the elevated

expressions of the DNHP assay in the single-

expressing elevated levels of carbonyls. Since stab group may be part of the insult-medicated

carbonyls can stimulate the damage repair [4, reparative response of the IVD cells. Since

6, 15] by cells and are part of the immune and the resulting degeneration is relatively mild,
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especially since the nucleus pulposus and the
annular-nucleo border appear intact, albeit
disorganized, the IVD under a single stab
insult may eventually repair itself if given
sufficient time. It is noteworthy however, that
this organ culture system preserves only the
IVD cells (annulus fibrosus, nucleus pulposus,
and end-plate), the macrophage and the
endothelial progenitors that may be required
for full regeneration are missing from this
system. Nevertheless, the increased carbonyl
response suggests at least that the IVD cells
are responsive to its environment and may be
capable of generating recruitment signals for
regeneration.

In contrast, the three-stab IVDs exhibit
total depletion of the NP as well as an inability
to produce carbonyls, suggesting that this
injury is catastrophic and the cells cannot
repair itself from this magnitude of injury. In
place of the NP are granulated tissues that
are completely impervious to the Safranin-O
stain, demonstrating that this fibrotic tissue
is devoid of glycosaminoglycans. This
phenotype is reminiscent of the loss of HIF-
alpha, a transcription factor necessary for the
homeostasis of nucleus pulposus cells [14].
In this phenotype the HIF-alpha results in
the inability of NP cells to undergo anaerobic
glycolysis, forcing the NP cells to undergo
oxidative phosphorylation. Our observations
are consistent with this phenotype: the triple-
stab results in a loss of carbonyl production,
and results in a loss of the nucleus pulposus
despite maintaining the disc height. In our

previous works, depletion of the GAGs results

in loss of the water content and declined
viscoelastic behavior [9, 11] that would increase
its susceptibility to mechanical damage. Taken
together, the extreme trauma induced by triple-
stab reduces the oxidative response required
for regeneration, and increases further
propensity for damage.

It is noteworthy that in this experimental
model, we have isolated the functional spine
unit in culture. This model maintains the
viability and homeostasis of just the IVD
structure and cells, and thus other cells such
as the macrophage that may be required for
the intact inflammatory and repair response.
However, this approach also allows us to
precisely isolate and stimulate responses only
in the intervertebral disc, which allow us to
understand response solely attributable to
the disc. It will be important to investigate
the mechanisms here in vivo to ensure
translatability. An improved understanding
of mouse injury models to the IVD will
enable us to conduct more mechanistic
investigations relating to structure, oxidation,
and downstream inflammatory factors. It may
be possible to develop therapies targeting

oxidation in the future.
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