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Abstract
Intervertebral disc degeneration (IDD) is the leading cause of debilitating spinal disorders such as
chronic lower back pain. Aging is the greatest risk factor for IDD. Previously, we demonstrated
IDD in a murine model of a progeroid syndrome caused by reduced expression of a key DNA
repair enzyme. This led us to hypothesize that DNA damage promotes IDD. To test our
hypothesis, we chronically exposed adult wild-type (Wt) and DNA repair-deficient Ercc1−/Δ mice
to the cancer therapeutic agent mechlorethamine (MEC) or ionization radiation (IR) to induce
DNA damage and measured the impact on disc structure. Proteoglycan, a major structural matrix
constituent of the disc, was reduced 3-5x in the discs of MEC- and IR-exposed animals compared
to untreated controls. Expression of the protease ADAMTS4 and aggrecan proteolytic fragments
were significantly increased. Additionally, new PG synthesis was reduced 2-3x in MEC- and IR-
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treated discs compared to untreated controls. Both cellular senescence and apoptosis were
increased in discs of treated animals. The effects were more severe in the DNA repair-deficient
Ercc1−/Δ mice than in Wt littermates. Local irradiation of the vertebra in Wt mice elicited a
similar reduction in PG. These data demonstrate that genotoxic stress drives degenerative changes
associated with IDD.
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1. Introduction
Aging is a major etiologic factor of intervertebral disc degeneration (IDD), a condition
responsible for many common spine-related disorders associated with enormous economic
loss [1]. With aging, there is a progressive loss of ECM proteoglycans (PG) in the discs with
a concomitant accumulation of degraded matrix molecules [2]. Loss of disc matrix PGs
inevitably leads to loss of hydration, resulting in altered biomechanics and pathologic
outcomes such as spine stiffness, spinal stenosis, and disabling chronic back pain [2; 3]. In
particular the nucleus pulposus (NP) of the disc becomes more fibrous as the PG content
diminishes, leading to annulus cracks and fissures [4]. Ossification and thinning of the
cartilaginous endplate, microfractures in the adjacent subchondral bone, and bone sclerosis,
are also found with increasing age [5]. This likely contributes to a reduction in nutrient
supply to the disc, accumulation of cellular waste products and an increasingly acidic
environment (pH 6.3-6.6) that severely compromises cell function or causes cell senescence
and death [6]. The driving force behind these disc degenerative changes during the aging
process is still poorly understood.

Aging is thought to arise, at least in part, as a consequence of time-dependent accumulation
of stochastic damage to cellular macromolecules [7; 8]. This impairs tissue homeostasis and
leads to impaired ability of the tissue to respond to stress [9]. Accumulation of damaged
proteins, DNA and mitochondria, telomere shortening, attrition of quality control
mechanisms (autophagy, DNA repair, etc.), and the loss in number or function of
multipotent stem cells are types of damage implicated in aging [10; 11; 12; 13; 14]. There is
compelling evidence to implicate DNA damage as a type of stochastic damage that promotes
aging [10]. Inherited defects in DNA repair mechanisms lead to a variety of syndromes, the
majority of which are characterized by accelerated aging of one or more organ systems [11].
Furthermore, many human progeroid syndromes, or diseases of accelerated aging, are
caused by inherited defects in genome maintenance mechanism 14. These progerias,
including Cockayne syndrome, Werner syndrome, ataxia telangiectasia and
trichothiodystrophy, demonstrate that failure to repair DNA damage promotes rapid aging
[11; 15].

Previously we reported spontaneous age-dependent IDD in a murine model (Ercc1−/Δ mice)
of a human progeroid syndrome caused by deficiency of the DNA repair endonuclease,
ERCC1-XPF [16]. These mice showed aging-related degenerative changes in their discs,
including loss of disc height, premature loss of disc (PG), reduced matrix PG synthesis, and
enhanced apoptosis and cell senescence. This led us to hypothesize that DNA damage is a
driving force behind matrix loss, disc aging and IDD. Herein, we tested this hypothesis by
chronically challenging both wild-type (Wt) and DNA repair-deficient Ercc1−/Δ mice with a
subtoxic dose of the chemotherapeutic agent mechlorethamine (MEC) or ionization
radiation (IR) to induce DNA damage. MEC, a nitrogen mustard alkylating agent, reacts
primarily with the N7 position of guanine residues to form monoadducts and 1,3 G-G
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interstrand crosslinks [17; 18]. A prototype of alkylating agents, MEC has been used
extensively as an anticancer chemotherapeutic drug [19; 20]. Both MEC and IR accelerated
loss of disc matrix PG and greatly enhanced cellular senescence and apoptosis. The effects
were more pronounced in DNA repair-deficient Ercc1−/Δ mice than Wt littermates. These
findings provide strong evidence that DNA damage can drive degenerative changes
associated with IDD even in a normal host. This provides a mechanism by which smoking
could promote IDD and indicates that cancer survivors may be at increased risk for IDD.

2. Materials and Methods
2.1. Exposure to genotoxins

Experiments involving mice were approved by the University of Pittsburgh (Pittsburgh, PA)
Institutional Animal Care and Use Committee in accord with the National Institutes of
Health guidelines for the humane care of animals. Ercc1−/Δ mice were generated in an f1
hybrid background by crossing heterozygous Ercc1+/− and Ercc1+/Δ mice from two different
inbred, C57Bl/6J and FVB/n, backgrounds to obtain genetically identical mice without
strain-specific pathology. The mice were genotyped using PCR, as previously described
[21]. Six Ercc1−/Δ mice and six of their wild-type (Wt) littermates were chronically exposed
to genotoxic stress by subcutaneous administration of a sub-toxic dose of mechlorethamine
(MEC) (8 μg/kg once per week for 6 wks). Six Ercc1−/Δ mice and six of their wild-type
(Wt) littermates were exposed to total body ionizing radiation (TBI) (0.175 Gy, at a dose
rate of 0.054 Gy/min, once per week for 4 weeks using a Shepherd Mark I-68 irradiator with
a 137Cs source). Mice were treated beginning at 8 weeks of age and sacrificed 6 weeks
following the last exposure. Unexposed age- and sex-matched mice of the same genotype
were used as controls.

2.2. Localized irradiation of the spine
Six Wt C57B1/6 mice were irradiated using a 6 MV photon beam obtained from a Varian
23EX linear accelerator. Anesthetized and laid on their side, mice were irradiated with a
focused beam from above (20 cm long and 3 cm wide field size) 1.5 cm wide spinal region
and the entire length of the spine and tail. During irradiation, a 1 cm thick bolus was placed
on the mice which ensured delivery of uniform dose across the entire irradiated region.
Using a source to surface distance (SSD) of 100 cm, mice were exposed once to 0, 6 or 10
Gy. Three mice were irradiated at each IR dose when they were 22 weeks old and sacrificed
10 weeks later.

2.3. Isolation of nucleus pulposus, annulus fibrosus and complete intervertebral discs
The spines were isolated from euthanized mice and dissected with the aid of a 5× magnifier.
Entire intervertebral discs (IVDs) were removed en bloc from the surrounding vertebral
bodies by creating an incision along the endplates. To harvest nucleus pulposus (NP) tissue,
an axial cut was made on the disc side of the endplate to expose the disc center, followed by
gentle aspiration of the NP tissue using a P-10 pipette tip under a dissecting microscope
(20-40× magnification, Nikon SMZ645). After removing the NP tissue a second axial cut
was made on the disc side of the opposite endplate in order to isolate annulus fibrosus (AF)
tissue.

2.4. Histological staining
Isolated spines were decalcified and embedded in paraffin (Tissue Tek processor and Leica
embedder). 7 μm sections were stained with either hematoxylin and eosin (H&E) or safranin
O and fast green dyes (Fisher Scientific) by standard procedures and photographed under
40× to 200× magnification (Nikon Eclipse Ts100).
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2.5. 1,9-dimethylmethylene blue (DMMB) colorometric assay for sulfated
glycosaminoglycans

NP and AF tissue isolated separately from six lumbar IVDs of each mouse were pooled and
digested using papain at 60oC for two hours. Glycosaminoglycans (GAG) content was
measured in duplicate by the DMMB procedure [22] using chondroitin-6-sulfate (Sigma
C-8529) as a standard. The DNA concentration of each sample was measured using the
PicoGreen assay (Molecular Probes) and used to normalize the GAG values. Average values
from six exposed mice and six unexposed controls were calculated and reported ± standard
error of the mean.

2.6. Quantitation of matrix synthesis
Disc organ cultures of isolated functional spine units (FSU), each consisting of vertebra,
disc, vertebra, were established as previously described [23]. Four thoracic FSUs (2 FSU per
well for duplicate) were cultured in complete growth medium [F-12/D-MEM containing
10% fetal calf serum (FCS), 1% PS (10000 units/ml penicillin, 10 mg/ml streptomycin), and
25 μg/ml L-ascorbic acid] for two days to equilibrate after the trauma of surgical dissection,
followed by three day dual labeling incubation with 35S-sulfate (20 μCi/ml). Proteoglycan
synthesis was measured by 35S-sulfate incorporation as described previously [24]. The rate
of proteoglycan synthesis was calculated as the fmoles of sulfate incorporated per μg DNA.
Average values from six samples (3 mice each analyzed in duplicate) and six unexposed
controls are shown ± one standard error.

2.7. Immunohistochemistry
Paraffin embedded sections were used to probe for ADAMTS-generated neoeptitope
NVTEGE (anti-NITEGE neoepitope antibody, Ab1320[25]), aggrecan (rabbit polyclonal
IgG anti-aggrecan, amino acids 1177-1326 of mouse aggrecan epitope, Millipore, ab1031),
and ADAMTS4 (rabbit polyclonal IgG anti-aggrecan, Millipore, ab19165).
Immunohistochemistry was performed as described previously [26]. A negative control
without addition of the primary antibodies was also performed. The anti-NITEGE
neoepitope antibody cross-reacts with the NVTEGE neoepitope generated from mouse
aggrecan.

2.8. Measuring apoptosis and cell senescence
Frozen sections of discs were treated with TUNEL reagents (Roche) to detect apoptotic cells
as described by the manufacturer and counterstained with the Hoechst nuclear stain to detect
total cells in the specimens. Immunohistochemistry was used to localize the senescence
marker p16INK4a in disc tissue using tonsil tissue as a positive control. Briefly, slides
containing 4μm frozen sections of discs were fixed in cold acetone for 10 minutes, washed
3x in phosphate-buffered saline (PBS), and incubated in Vector M.O.M (Vector Lab) for 1
hr to eliminate background binding of mouse primary monoclonal antibodies on mouse
tissues. Sections were incubated overnight at 4°C with mouse monoclonal primary antibody
against p16INK4a (Santa Cruz Biotech; 1:50 dilution). After washing with PBS, sections
were incubated with biotinylated horse anti-mouse serum (1:200; Vector Lab) for 30 min at
room temperature, followed by biotin detection for 30 min using ABC/horse radish
peroxidase (ABC Elite; Vector Lab) and AEC chromogen substrate (Skytes) for 10 min at
RT. Sections were counterstained with aqueous hematoxylin and blue Scott’s T H2O. At
least three random fields in three sections from each tissue sample were imaged at 200X to
quantify the percent p16INK4a- and TUNEL-positive cells. Average values from nine fields
(3 field/NP × 3 mice) were calculated with one standard error.

Nasto et al. Page 4

Mech Ageing Dev. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.9. Statistical analysis
Values represent the average of six trials ± standard error (SE), with 95% confidence
intervals calculated to determine statistical significance. The confidence intervals were
calculated based on the t-distribution because of the small sample size.

3. Results
3.1. Mice exposed to IR or MEC displayed loss of matrix proteoglycan in their
intervertebral discs

Mice chronically exposed to MEC were previously reported to exhibit substantial reduction
in intervertebral disc PG and endplate cellularity by histological staining [16]. Six weeks
following chronic, low-dose total body IR, the discs of Wt and Ercc1−Δ mice were isolated.
Sections were stained with safranin O/fast green to detect sulfated PGs (Fig. 1A). PG levels
were reduced in Wt mice treated with IR compared to untreated animals. Staining was also
reduced in Ercc1−/Δ mice compared to Wt littermates, and further reduced if the Ercc1−/Δ

mice were irradiated (Fig. 1A). To quantify the differences, the DMMB assay, which
measures the sulfated glycosaminoglycans (GAG) component of PG was used (Fig. 1B).
The NP GAG content of IR-exposed Wt mice (119 ± 23 μg GAG/ng DNA) was
significantly reduced compared to unexposed Wt mice (562 ± 92 μg GAG/ng DNA).
Ercc1−Δ mice showed more pronounced effects, with their NP GAG being 112 ± 19 μg
GAG/ng DNA from IR-treatment and 296 ± 25 μg GAG/ng DNA from untreated control.
These data are consistent with our previous finding that chronic exposure of mice to the
genotoxin MEC reduces disc PG [16]. To extend this, sections of discs from mice
chronically exposed to total body irradiation (TBI) or MEC were stained for aggrecan, the
major extracellular matrix proteoglycan constituent responsible for the osmotic turgidity of
intervertebral discs [27]. Aggrecan staining was substantially reduced in Wt mice exposed to
IR or MEC compared to untreated controls (Fig. 1C). Similar, albeit more dramatic effects
were seen in DNA repair-deficient Ercc1−/Δ mice.

3.2. Chronic exposure to genotoxic stress reduced proteoglycan synthesis
To determine the mechanism by which PG content is lost after exposure to genotoxic stress,
we quantitated synthesis of new PG by discs isolated from exposed mice ex vivo, by
measuring the level of 35S-sulfate incorporated. MEC-exposed Wt mice incorporated 3.0 ±
0.8 fmoles sulfate/ng DNA, a nearly 3x reduction compared to that of unexposed Wt control
mice (8.2 ± 0.6 fmoles sulfate/ng DNA) (Fig. 2). MEC-exposed Ercc1−Δ mice incorporated
2.0 ± 1 fmoles sulfate/ng DNA, also a nearly 3x reduction compared to unexposed Ercc1−Δ

mice (5.5 ± 1.1 fmoles sulfate/ng DNA) (Fig. 2). Similar effects were seen with IR
treatment. IR-exposed Wt mice incorporated 2.2 ± 0.3 fmoles sulfate/ng DNA, while IR-
exposed Ercc1−Δ mice incorporated 1.0 ± 0.5 fmoles sulfate/ng DNA.

3.3. Chronic exposure to genotoxic stress induced senescence and apoptosis of disc cells
A decline in PG synthesis could be due to the loss of functional cells through senescence or
apoptosis [28]. Hence we measured senescent cells by immunodetection of the cellular
senescence marker, p16INK4a (Fig. 3A). Thirty-four percent of NP cells from untreated Wt
mice stained positively for p16INK4 compared to 62% of untreated Ercc1−/Δ mice. After IR
treatment, a significantly greater number of p16INK4 positive cells were detected in the
nucleus pulposus of Wt (58%) and Ercc1−/Δ (78%) mice (Fig. 3B). Similarly, MEC
treatment increased the number of p16INK4 immunopositive nucleus pulposus cells in Wt
(61%) and Ercc1−/Δ (89%) mice significantly (Fig. 3).

There was also a significant increase in the number of apoptotic disc cells following
exposure to MEC and IR, primarily in the annulus fibrosis region (Fig. 4). In untreated Wt
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mice, 1.1% of disc cells were TUNEL positive compared to 8.4% in untreated Ercc1−/Δ

mice. MEC treatment increased the percent of TUNEL positive cells in the disc to 2% (Wt
mice) and 15% (Ercc1−/Δ mice) (Fig. 4). Similarly, IR exposure increased the number of
TUNEL positive disc cells in Wt (5%) and Ercc1−/Δ (13.5%) mice (Fig. 4).

3.4. Chronic exposure to genotoxic stress induced disc aggrecanase expression and
proteolysis of aggrecan

A second mechanism by which genotoxins could cause loss of ECM proteins is via
increased protein degradation. ADAMTS4 is one of the most efficient proteolytic enzymes
of the PG aggrecan. In untreated mice, ADAMTS4 expression was slightly greater in the
discs of DNA repair-deficient Ercc1−/Δ mice compared to their Wt littermates (Fig. 5). Mice
of either genotype showed a dramatic increase in ADAMTS4 expression in their
intervetebral discs after chronic exposure to IR or MEC. ADAMTS4 staining was intense
throughout the nucleus pulposus of Wt and Ercc1−/Δ animals treated with either genotoxin
(Fig. 5). Interestingly, no consistent increase in the expression of other matrix
metalloproteinases, e.g., ADAMTS-5 or MMP-2, was detected by immunohistochemistry
(data not shown).

Immunohistochemical detection of NVTEGE neo-epitopes [25; 29] was also performed to
measure proteolytic cleavage of the interglobular domain of aggrecan (Fig. 5). The
ADAMTS-generated aggrecan G1 fragments terminating in NVTEGE−392 were detected at
high level in discs of MEC-exposed mice, especially the Ercc1−/Δ mice, relative to untreated
mice. Curiously, mice exposed to IR showed no increase in NVTEGE−392 neo-epitope in
their discs. It is possible that ADAMTS4 expressed under IR induction is in the inactive pro-
form. Alternatively, the activity of ADAMTS4 could be suppressed by an endogenous
inhibitor. Moreover, no significant increase in the MMP-generated aggrecan G1 fragment
terminating in VDIPEN−360 was detected following either MEC or IR exposure (data not
shown).

3.5. Acute local IR exposure caused a decrease in disc matrix
The deleterious effects of MEC and IR treatment on disc health could be due to direct
damage to the tissue or a systemic response to genotoxic stress. To test the former, we
exposed Wt mice to local IR using a Varian 23EX linear accelerator to irradiate only the tail
and the spinal region of mice. The rest of the animal was shielded from exposure (see
Method). Mice were exposed to single high doses of IR (6 or 10 Gy) then sacrificed 10
weeks later for analysis. Local IR exposure decreased disc matrix proteoglycan content in
the tail and spine of mice in a dose-dependent fashion (Fig. 6). The effect was similar to that
of TBI (Fig. 1).

4. Discussion
The progeroid, DNA repair-deficient Ercc1−/Δ mice spontaneously develop a number of
progressive age-associated degenerative changes of the intervertebral disc, suggesting that
DNA damage contributes to this process [16]. Here we tested this hypothesis rigorously by
exposing both Wt and Ercc1−/Δ mice to two different genotoxic agents, the
chemotherapeutic agent MEC and IR. We discovered that both lead to accelerated disc
aging, including loss of disc matrix proteoglycan and functional cells, even in normal mice
exposed to sub-toxic doses. The effect was exaggerated in the DNA repair-deficient
Ercc1−/Δ mice relative to Wt mice, substantiating that nuclear DNA damage is detrimental
to disc matrix homeostasis and promotes disc aging and degeneration. However, it remains
to be determined whether MEC or IR treatment affects disc health directly by increasing
DNA damage within disc cells, or the observed effects are primarily systemic. Damage to
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neighboring organs and tissues could promote degenerative changes in the discs via
secondary processes, for example by inducing cell senescence and senescence associated
secretory phenotype (reference Baker/Kirkwood and a second paper by Campisi).

The findings in this study reveal important mechanistic insights into how genotoxic stress
induces IDD, and significantly extended our previous study, which only qualitatively
described disc histological changes following MEC treatment [16]. Our results are consitent
with the fact that tobacco smoking, a source of many potent genotoxins that covalently
modify DNA [30], is a major risk factor for disc degeneration [31; 32]. Given these
observations, it is plausible that DNA damage could be an underlying cause of increased
IDD in smokers, as reported by Battié and coworkers [31].

It is not clear why exposure to MEC leads to ADAMTS-mediated, but not MMP-mediated
aggrecanolysis. This could be due to differential regulation of MMP and ADAMTS gene
expression under genotoxic stress, or that ADAMTSs, particularly ADAMTS-5, are more
efficient enzymes than MMPs at cleaving aggrecan [33]. Extensive research in osteoarthritis
suggests that ADAMTS-mediated aggrecanolysis is destructive to cartilage function,
whereas MMP-mediated aggrecanolysis is not. This conclusion is based on biochemical and
animal studies demonstrating that ADAMTSs are responsible for cleaving within the
interglobular domain (IGD) of aggrecan resulting in the loss of GAG, while MMPs cleave
within the IGD in a different pool of aggrecan, which does not release GAG [34]. Whether
or not genotoxic stress induces similar mechanisms of proteolytic action by MMPs and
ADAMTSs on disc aggrecan remains to be further investigated.

Crosslinks are an extremely toxic class of DNA damage because they covalently join both
strands of DNA, preventing strand unwinding, an essential step during replication and
transcription. Repair of DNA interstrand crosslinks requires the ERCC1-XPF endonuclease
[35; 36], making MEC particularly toxic to ERCC1-deficient cells and mice. Discs of
ERCC1-XPF-deficient mice chronically exposed to MEC underwent considerable disc
degenerative changes, showing loss of functional cells and PG synthesis, and up-regulation
of ECM catabolism. The fact that the discs of DNA repair-deficient mice are more severely
affected by MEC than Wt mice, emphasizes the contribution of DNA damage to IDD.
Administration of MEC into lungs of rats triggers an inflammatory response, including
increased expression of COX-2, iNOS, and mediators of extracellular matrix turnover, such
as connective tissue growth factor and MMP-9 [37]. Topical exposure to MEC leads to
blistering and ulceration, and skin matrix breakdown is associated with induction of several
collagenases [38]. Together these studies demonstrate that genotoxic agents cause up-
regulation of matrix catabolism in a variety of tissues.

Ionizing radiation liberates electrons from atoms or molecules, producing ions that can be
chemically reactive [39]. For example, IR may produce free radicals, such as reactive
oxygen species, which can damage DNA. This is in addition to the direct, physical DNA
damage caused by ionizing or breaking DNA molecules, leading to single- and double-
strand breaks [40]. IR is ubiquitous in the environment, and comes from naturally occurring
radioactive materials and cosmic rays. Common man-made sources are artificially produced
radioisotopes, X-ray tubes and particle accelerators. Because of its action, IR has long been
linked to aging and certain age-related diseases [41]. IR is known to induce a number of
processes implicated in biological aging including oxidative stress, chromosomal damage,
apoptosis, stem cell exhaustion and inflammation [41]. IR-exposed articular chondrocytes
undergo senescence [42], consistent with our finding of IR induced cellular senescence in
intervertebral discs (Fig. 3). In our study, IR exposure also perturbed disc matrix
homeostasis, especially in DNA repair-deficient Ercc1−/Δ mice. The effects were generally
less severe than those seen by MEC, but it is difficult to compare the extent of DNA damage
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induced by the two genotoxic agents. Our results are consistent with a previous study that
demonstrated that IR has a deleterious effect on extracellular matrix, including decreased
aggrecan expression, in articular cartilage [43; 44], and provide support for the contributive
role of IR exposure in the development of intervertebral disc degeneration [45]. Importantly,
we demonstrate that local irradiation of the vertebrae is sufficient to induce PG loss,
indicating a direct role for DNA damage on disc cells.

5. Conclusion
Our findings provide novel insights into the mechanisms involved in IDD. Exposure to
genotoxic agents, cause decreased disc extracellular matrix in healthy adult mice, an
outcome that is attributable to both decreased matrix synthesis and increased degradation.
The use of a genetic model with a DNA repair defect (Ercc1−/Δ mice) was important in our
study because it revealed that disc matrix loss was more dramatic in these mice compared to
Wt mice, demonstrating that DNA damage drives the loss of disc homeostasis. This may
explain why smokers are at increased risk of IDD [46; 47].

Genotoxic agents are integral to cancer therapy[48]. Advances in such treatments have
resulted in substantial improvements in overall survival [49]. Long-term cancer survivors
are, however, at higher risk than the normal population of developing cancer (secondary),
cardiac and thyroid dysfunction, osteoporosis, pulmonary disease, and other chronic
conditions [50]. Damage to the organ systems caused by chemotherapy and radiation
therapy is clearly involved in long-term health effects [51]. Our findings suggest that cancer
survivors may be at increased risk of IDD and its sequelae.
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Highlights

Genotoxic stress accelerates disc cellular senescence and matrix proteoglycan loss

Harmful effects of genotoxin on discs more pronounced in DNA repair-deficient mice

Genotoxic stress can promote intervertebral disc aging and degeneration.
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Figure 1. Genotoxic stress-induced loss of intervertebral disc proteoglycan matrix
A, Safranin O and fast green staining of disc sections of IR-treated Ercc1−/Δ mice and their
Wt littermates. Red, proteoglycan staining. Arrows indicate the NP region of the disc. The
black bars represent 100 μm B, Quantitation of NP GAG. GAG levels from nucleus
puloposus tissues of IR-treated and untreated mice were measured using 1,9-
dimethylmethylene assay against GAG standards (chondroitin-6-sulfate) and normalized to
total DNA content. * = p < 0.05 from six independent assays. C, Coronal sections of mouse
discs were immunostained for aggrecan (brown) and counterstained with aqueous
hematoxylin and blue Scott’s tap water. Decreased immunodetection of nucleus pulposus
aggrecan was observed in Wt and Ercc1−/Δ mice treated with either IR or MEC. The bar
represents 100 μm.
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Figure 2. Chronic exposure to IR and MEC decreased new matrix protein synthesis in
intervertebral discs
Proteoglycan synthesis as measured by 35S-sulfate incorporation in intervertebral discs of
unexposed mice (C) and mice exposed to mechlorethamine (MEC) or ionizing radiation (IR)
to induce nuclear DNA damage. * = p < 0.05 from six independent assays (3 mice each
analyzed in duplicate).
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Figure 3. Effects of IR and MEC exposure on cellular senesecence in mouse intervetebral discs
A, immunohistochemical detection of p16INK4a, a senescence marker, to distinguish
senescent (brown, arrow) from non-senescent (blue) cells. B, Quantitation of the percent
p16INK4a immunopositive cells in the nucleus pulposus of unexposed mice (C) and mice
exposed to mechlorethamine (MEC) or ionizing radiation (IR). Top graph, Wt mice. Bottom
graph, Ercc1−/Δ mice. * = p < 0.05 from nine random fields.
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Figure 4. Enhanced apoptosis in intervertebral discs of IR- and MEC-exposed mice
A, TUNEL assay to identify apoptotic cells (green) in disc tissue. Insets, nuclear DAPI stain
(blue) to reveal tissue cellularity. B, Quantitation of the percent TUNEL positive cells in the
annulus fibrosus of unexposed mice (C) and mice exposed to mechlorethamine (MEC) or
ionizing radiation (IR). Top graph, Wt mice. Bottom graph, Ercc1−/Δ mice. * = p < 0.05
from nine random fields.
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Fig. 5. Immunohistochemical detection of aggrecanase and aggrecan degradation products
Sagittal disc sections were analyzed using an anti-ADAMTS4 antibody (top) and antibodies
recognizing the C-terminal neo-epitope generated by aggrecanase cleavage in the
interglobular domain. ADAMTS4 protein expression (reddish brown, arrow) was
dramatically up-regulated throughout the nucleus puloposus of both Wt and Ercc1−/Δ mice
following treatment of IR or MEC. MEC, but not IR exposure, also induced aggrecanase-
mediated proteolysis of aggrecan (reddish brown, arrows), as evident by increased
immunodetection of the aggrecan NVTEGE neo-epitope.
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Figure 6. Local ionizing radiation exposure induced loss of intervertebral disc proteoglycan
matrix
Safranin O and fast green staining of sections of discs isolated from the lumbar and tail
region of IR-exposed Wt mice. Red, proteoglycan staining. The black bars represent 100
μm.
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