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Abstract

Introduction: The intervertebral disc has a complex structure originating developmentally from both the
mesenchyme and notochord. Notochordal cells disappear during adolescence, which is also when human discs
begin to show degenerative signs. During degeneration later in life, disc cells decline because of apoptosis.
Although many animal models have been developed to simulate human disc degeneration, few studies have
explored the long-term changes in cell population and phenotype. Our objective was to elucidate the
time-dependent notochordal cell disappearance and apoptotic cell death in a rat tail static compression-induced
disc degeneration model.

Methods: Twenty-four 12-week-old male Sprague-Dawley rat tails were instrumented with an llizarov-type device
and loaded statically at 1.3 MPa for up to 56 days. Loaded and distal-unloaded discs were harvested. Changes in cell
number and phenotype were assessed with histomorphology and immunofluorescence. Apoptosis involvement
was determined with terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining and
immunohistochemistry.

Results: The number of disc nucleus pulposus and annulus fibrosus cells decreased with the loading period;
particularly, the decrease was notable at day 7 in larger, vacuolated, cytokeratin-8- and galectin-3-co-positive cells,
indicating notochordal origin. Subsequently, the proportion of cells positive for TUNEL and cleaved caspase-3,
markers of apoptosis induction, increased from day 7 through day 56. Although the percentage of cells
immunopositive for cleaved caspase-8, a marker of apoptosis initiation through the death-receptor pathway,
increased only at day 7, the percentage of cells immunopositive for cleaved caspase-9 and p53-regulated
apoptosis-inducing protein 1 (p53AIP1), markers of apoptosis initiation through the p53-mediated mitochondrial
pathway, increased from day 7 through day 56. The percentage of cells immunopositive for B-cell lymphoma 2
(Bcl-2) and silent mating type information regulation 2 homolog 1 (SIRT1), antiapoptotic proteins, decreased
consistently with compression.

Conclusions: This rat tail model mimics notochordal cell disappearance and apoptotic cell death in human disc
aging and degeneration. Sustained static compression induces transient activation of apoptosis through the
death-receptor pathway and persistent activation of apoptosis through the p53-mediated mitochondrial pathway in
disc cells. The increased proapoptotic and decreased antiapoptotic proteins observed at all time points signify static
compression-induced disc cell death and degeneration.
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Introduction

Back pain is a global health problem. In the United
States, a reported 3-month prevalence of back pain was
30.7% [1], and estimated direct and indirect costs were
$90.7 billion [2] and $19.8 billion [3], respectively. The
cause of back pain is multifactorial; however, interverte-
bral disc degeneration is associated with back pain, as
shown by the observation that UK women with ad-
vanced disc degeneration have 3.2 higher odds of mani-
festing low back pain [4].

The intervertebral disc has a complex structure with
the nucleus pulposus (NP) encapsulated by the end
plates and the annulus fibrosus (AF). Whereas the AF
arises from the mesenchyme [5,6], the NP originates
from the notochord [7]. Notochordal cells exist during
only approximately the first 10 years of human life, and
are then replaced by non-notochordal, chondrocyte-like
cells of unknown provenance [5,6].

Intervertebral disc degeneration is characterized by
extracellular matrix degradation and decreased cellularity
[8]. Morphologic and biochemical evidence suggests that
the disc degenerates starting from early childhood [9,10],
and these changes are generally more severe in the NP
than in the AF [10]. In the NP, obvious clefts and radial
tears can occur in ages 11 through 16 years [10]. Aggrecan
biosynthesis and type 2 procollagen content are highest in
ages 5 years and younger and diminish by 5 to 15 years,
and denatured type 2 collagen percentage is lowest in ages
5 years and younger and increases thereafter [9]. Pro-
grammed cell death, apoptosis, also increases substantially
in ages 11 to 16 years, associated with notochordal cell dis-
appearance and chondrocyte proliferation [10]. These lines
of evidence suggest a possible link between the loss of noto-
chordal cells and the pathogenesis of disc degeneration [5].

Apoptosis acts as a quality control mechanism for the
maintenance of tissue homeostasis by eliminating defective
cells [11]. Cells undergo apoptosis through two major path-
ways: the death receptor pathway and the mitochondrial
pathway (Figure 1) [12]. The death receptor pathway is ini-
tiated by apoptotic stimuli comprising extrinsic signals such
as the binding of death-inducing ligands (for example, Fas
ligand (FasL)), to cell surface receptors (for example, Fas).
This complex activates initiator caspases, primarily caspase-
8, followed by direct or indirect (via the mitochondrial
signaling loop) activation of effector caspases, predomin-
antly caspase-3. The mitochondrial pathway is initiated by
intrinsic signals (for example, DNA damage), induced by di-
verse apoptotic stimuli, which converge at the mitochon-
dria. DNA damage acetylates p53, which is deacetylated by
the silent mating type information regulation 2 homolog 1
(SIRT1) [13,14]. DNA damage phosphorylates p53 by dis-
sociation of the complex of p53 and its negative regulators,
murine double minutes 2 and 4 [15]. On severe DNA dam-
age, serine 46 on p53 is phosphorylated, and p53-
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Figure 1 Schematic illustration summarizing apoptotic signaling
through the death receptor pathway and the mitochondrial
pathway. The death receptor pathway is initiated by extrinsic signals
such as the binding of death-inducing ligands (for example, Fas
ligand (FasL)), to cell-surface receptors (for example, Fas). This
complex cleaves the pro-form of initiator caspase-8, followed by
direct or indirect (via the mitochondrial signaling loop) cleavage of
the pro-form of effector caspase-3. The mitochondrial pathway is
initiated by intrinsic signals (for example, DNA damage). DNA
damage acetylates p53, which is deacetylated by the silent
mating-type information regulation 2 homolog 1 (SIRTT). DNA
damage phosphorylates p53 by dissociation of the complex of p53
and its negative regulators, murine double minutes 2 (Mdm?2) and
4 (Mdm4). The p53 phosphorylation at serine 46 induces
p53-regulated apoptosis-inducing protein 1 (p53AIP1) expression.
p53AIPT interacts with B-cell lymphoma 2 (Bcl-2). Imbalanced Bcl-2
family members (such as proapoptotic Bcl-2-associated X protein
(Bax), Bcl-2-associated agonist of cell death (Bad), and BH3-
interacting domain death agonist (Bid) and antiapoptotic Bcl-2),
induce mitochondrial membrane permeabilization, cytochrome ¢
release, and cleavage of the pro-form of initiator caspase-9 followed

by caspase-3 cleavage, resulting in apoptosis.
- J

dependent apoptosis is induced—only when p53-regulated
apoptosis-inducing protein 1 (p53AIP1) is expressed [16].
p53AIP1 is a pivotal mediator of apoptosis through the
mitochondrial pathway, interacting with B-cell lymphoma 2
(Bcl-2) [17]. Imbalanced Bcl-2 family members, such as pro
apoptotic Bcl-2-associated X protein (Bax), Bcl-2-associated
agonist of cell death, and BH3-interacting domain death
agonist and antiapoptotic Bcl-2, induce mitochondrial
membrane permeabilization, cytochrome ¢ release, and
initiator caspase-9 activation, followed by effector
caspase-3 activation, resulting in apoptosis.

A high incidence of apoptotic cells is observed in hu-
man aged and degenerated discs [18]. However, the pro-
gression of apoptosis and its practical significance in
intervertebral disc degeneration still remain unclear.

Systematic analysis of the disc degeneration mechanism
by using human specimens is difficult because of its di-
verse etiologies, such as mechanical stress, injury, inflam-
mation, smoking, nutrient loss, and aging [8]; therefore,
reliable animal models of disc degeneration are required.
Rodents retain notochordal cells in the NP throughout
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their lifetime [6]. Although this limits relevance to the hu-
man condition, studies using rodent models have provided
considerable insights into the notochordal cell-related
pathogenesis of disc degeneration [5].

We previously reported a rat tail model of disc degener-
ation induced by a common induction method—mechan-
ical loading—which mimics extracellular matrix metabolic
imbalances in human disc degeneration [19,20]. The ob-
served imbalances of degradative enzymes and their inhib-
itors and the net effect on aggrecanolysis under sustained
static compression are consistent with human evidence
[21,22]. This similarity with the human condition conveys
the primary advantage of static compression for longitu-
dinal investigation of disc degeneration.

Static compression decreases disc cell numbers, simulat-
ing human degeneration [23-27]. The primary question in
this study was why disc cells decline in number under
static compression despite limited trauma to the disc
[19,20], unlike annular puncture [6]. The mechanism of
static compression-induced decreased cellularity has been
partially explained by increased apoptosis [23-27] through
the mitochondrial pathway [27]. However, the long-term
aspects of apoptotic signaling and the balance between
proapoptotic and antiapoptotic proteins throughout the
degenerative process have not been studied. The role of
notochordal cell disappearance in this process has also
remained undetermined. Therefore, we undertook an
in vivo approach by using the rat tail static compression-
induced disc degeneration model to elucidate the time-
dependent notochordal cell disappearance and apoptotic
cell death.

Materials and methods

All animal procedures were performed under the ap-
proval and guidance of the Animal Care and Use Com-
mittee at Kobe University Graduate School of Medicine.

Animals and surgical procedure

In total, 24 12-week-old male Sprague—Dawley rats (CLEA
Japan, Tokyo, Japan), ranging in weight from 452 g to
509 g, were used. Rats are reported to reach approximately
90% of skeletal maturity 12 weeks after birth [28]. Rat tails
were affixed with an Ilizarov-type apparatus with springs,
a type similar to that of Iatridis and colleagues [29], be-
tween the caudal (C) vertebrae 8 and 10, as described in
our previous articles (Figure 2) [19,20,30]. In brief, two-
cross 0.7-mm diameter Kirschner wires were inserted per-
cutaneously into each vertebral body perpendicular to the
tail’s axis and attached to aluminum rings. Rings were con-
nected longitudinally with four threaded rods. Four 0.50-
N/mm calibrated springs were installed over each rod.
After instrumentation, axial force was applied from the
distal side to produce a calculated compressive stress of
1.3 MPa. This stress, corresponding closely to transient

Page 3 of 11

oS 8
llizarov-type apparatus
- Distal—
Rods
Rings with
Cross pins

C12-13 unloaded control disc

C9-10 loaded experimental disc

Figure 2 Whole and close-up views of a rat tail instrumented
with an llizarov-type loading device.

disc loading force produced by lifting a moderate weight
in the human lumbar spine, is shown to induce morpho-
logic and biochemical disc degeneration [23,24].

After surgery, rats were loaded for 0 (sham), 7, 28, or
56 days and euthanized. Rat tails with the compressive ap-
paratus unloaded for up to 56 days were used as the sham
group. In 24 rats (n=6/time point), C9-10, the distal
loaded disc, and C12-13, the unloaded internal control
disc [19,20], were harvested for histologic assessment.

Paraffin-embedded disc tissue preparation

Loaded and unloaded vertebral body—disc—vertebral
body units were excised, fixed in 4% paraformaldehyde,
decalcified in 10% ethylenediaminetetraacetic acid, em-
bedded in paraffin, sectioned from the mid-sagittal plane
at 5-um thickness, and prepared for histologic analysis.

Hematoxylin and eosin staining

Sections were stained with hematoxylin and eosin ac-
cording to a standard procedure and photographed by
using the BZ-9000 microscope (Keyence, Osaka, Japan).

Immunofluorescence

Sections were incubated with 1:20-diluted mouse-
monoclonal anti-cytokeratin-8 (sc-101459; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and 1:50-diluted
rabbit-polyclonal anti-galectin-3 (sc-20157; Santa Cruz
Biotechnology) antibodies at 4°C overnight, and subse-
quently treated with 1:200-diluted Alexa Fluor 488-labeled
anti-mouse and 568-labeled anti-rabbit antibodies (Mo-
lecular Probes, Eugene, OR, USA) at room temperature
for 2 hours. Two pg/ml of 4',6-diamidino-2-phenylindole
(DAPI) (Molecular Probes) was used for nuclear counter-
staining. Images were obtained by using the BZ-9000
microscope (Keyence). DAPI-positive nuclei were counted
in five random high-power fields (x400) within both NP
and AF by using the BZ-9000 analysis software (Keyence).
The counts were performed in random duplicate sections.
The total cell population was calculated as the mean
population of the six rats corresponding to each time
point. Cells co-immunopositive for cytokeratin-8 and
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galectin-3 were similarly counted, and the percentage of
these cells in total cells was calculated.

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling staining

Sections were stained by using a fluorescent terminal deox-
ynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay kit (Roche Diagnostics, Mannheim, Germany) with
counterstaining for DAPI. The percentage of TUNEL-
positive cells was calculated as described earlier.

Immunohistochemistry

Sections were incubated with 1:50-diluted rabbit-polyclonal
anti-cleaved caspase-3 (9661; Cell Signaling Technology,
Danvers, MA, USA), 1:10-diluted rabbit-monoclonal anti-
cleaved caspase-8 (8592; Cell Signaling Technology), 1:10-
diluted rabbit-polyclonal anti-cleaved caspase-9 (9507; Cell
Signaling Technology), 1:50-diluted rabbit-polyclonal anti-
p53AIP1 (sc-22761; Santa Cruz Biotechnology), 1:10-di-
luted mouse-monoclonal anti-Bcl-2 (sc-7382; Santa Cruz
Biotechnology), or 1:100-diluted rabbit-polyclonal anti-
SIRT1 (LS-B1564; LifeSpan Biosciences, Seattle, WA, USA)
antibody at 4°C overnight, and subsequently treated with
a peroxidase-labeled anti-mouse or anti-rabbit antibody
(Nichirei Bioscience, Tokyo, Japan) at room temperature
for 30 minutes. The blot was developed by using peroxid-
ase substrate 3,3'-diaminobenzide. Counterstaining was
performed with hematoxylin, except for SIRT1, which was
performed with methyl green because of its nuclear
localization [13,14]. Parallel sections treated with normal
IgG (Dako, Glostrup, Denmark) at equal protein concentra-
tions were used as negative controls. Positive brown stain-
ing was calculated as the percentage of immunopositive
cells to total cell population measured by counting the
nuclei.

Statistical analysis

Data are expressed as mean + standard deviation. Two-
way analysis of variance with the Tukey-Kramer post hoc
test was used to investigate changes for effects of com-
pression (loaded and unloaded) and time (0, 7, 28, and
56 days). We analyzed 6 loaded and 6 unloaded discs
from 6 rats (1 disc each) for each of the four time points
(total 24 loaded and 24 unloaded discs from 24 rats).
Statistical significance was assessed with P<0.05 by
using PASW Statistics 18 (SPSS, Chicago, IL, USA).

Results

All animals tolerated surgery well and gained body
weight throughout the duration of the experiment (543
to 614 g at day 56). All springs maintained their com-
pressive length and fully recovered immediately after re-
lease, indicating sustained axial loading. No signs of
infection, skin necrosis, neurologic problems, or instru-
ment failure were observed.
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We included normal IgG negative controls and appro-
priate positive controls in immunofluorescence, immu-
nohistochemistry, and TUNEL staining. As expected, the
IgG negative controls showed no staining, and strong
staining signals were present in the positive controls.

Sustained static compression induces a
disproportionately large decrease in intervertebral disc
cells with a notochordal phenotype

First, to characterize disc cellular composition, we per-
formed hematoxylin and eosin staining. In the NP, larger,
vacuolated, notochordal cells were frequently observed at
day O but largely disappeared from day 7, whereas smaller,
round, chondrocyte-like cells clustered but were found
throughout the study duration. In the AF, evenly distrib-
uted, fibroblast-like cells were observed at day O but sub-
sequently decreased, and larger, round, chondrocyte-like
cells appeared (Figure 3A). Next, to determine the popula-
tion and localization of notochordal cells in the disc, we
performed immunofluorescence. We selected cytokeratin-
8 and galectin-3 as likely markers of notochordal cells
from reported evidence [5]. Cytokeratin-8 showed cyto-
plasmic localization. Galectin-3 demonstrated nuclear as
well as cytoplasmic localization. Immunopositivity was
slightly higher for galectin-3 than for cytokeratin-8. Im-
munoreactivity for cytokeratin-8 and galectin-3 was
markedly higher in the NP than in the AF (Figure 3A).
Cell count analysis revealed that the number of DAPI-
positive disc cells decreased with the loading period
(P <0.05 at days 28 and 56), up to 47.5% in the NP and
48.5% in the AF at day 56 compared with at day O
(Figure 3B). Cells co-immunopositive for cytokeratin-8
and galectin-3, identified as notochordal cells, accounted
for 67.4% of total NP cells at day O but significantly de-
creased at day 7 and later time points (P < 0.05)—21.5% at
day 7, 7.7% at day 28, and 6.9% at day 56. Cytokeratin-8-
and galectin-3-co-positive cells occupied 34.0% of total AF
cells at day 0 but subsequently decreased with significance
at days 28 and 56 (P < 0.05) (Figure 3B).

Sustained static compression induces apoptotic cell death
in the intervertebral disc

To clarify the involvement of apoptosis in static
compression-induced disc cell loss, we performed TUNEL
staining and immunohistochemistry for cleaved caspase-3.
TUNEL-reactivity was localized in the nucleus (Figure 4A).
Immunoreactivity for cleaved caspase-3 was localized in
the cytoplasm and partially in the nucleus, and was stron-
ger in the NP than in the AF (Figure 4A). In cell count
analysis, the percentage of TUNEL-positive cells was low
at day 0 but significantly increased from day 7 through day
56 in the NP and AF (P <0.05) (Figure 4B). Surprisingly,
the percentage of cells immunopositive for cleaved
caspase-3 was higher than that for TUNEL at day O,
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particularly in the NP. The percentage of cleaved caspase-
3-positive cells significantly increased from day 7 through
day 56 in the NP and AF (P < 0.05) (Figure 4B).

Sustained static compression induces transient activation
of apoptosis through the death receptor pathway and
persistent activation of apoptosis through the
p53-mediated mitochondrial pathway in intervertebral
disc cells

To confirm whether static compression induces apoptosis
through the death receptor pathway and/or the

mitochondrial pathway, we performed immunohistochem-
istry for cleaved caspase-8 and cleaved caspase-9. Immu-
noreactivity for cleaved caspase-8 and cleaved caspase-9
was predominantly localized in the cytoplasm and stronger
in the NP than in the AF (Figure 5A). The percentage of
cells immunopositive for cleaved caspase-8 and cleaved
caspase-9 was both higher at day 0 in the NP than in the
AF. Interestingly, immunopositivity for cleaved caspase-8
and cleaved caspase-9 was higher than that for TUNEL.
The percentage of cleaved capsase-8-positive cells in-
creased only at day 7 (P<0.05), whereas that of cleaved
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caspase-9-positive cells increased from day 7 through day
56 in the NP and AF (P < 0.05) (Figure 5B).

To clarify further whether mitochondrial apoptosis is
mediated by p53, we performed immunohistochemistry
for p53AIP1. Immunoreactivity for p53AIP1 was
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Figure 5 Sustained static compression induces transient
activation of apoptosis through the death receptor pathway
and persistent activation of apoptosis through the p53-
mediated mitochondrial pathway in intervertebral disc cells. (A)
Representative immunohistochemical sections for cleaved caspase-8,
cleaved caspase-9, p53-regulated apoptosis-inducing protein 1
(p53AIP1), and negative control in the loaded disc nucleus pulposus
(NP) and annulus fibrosus (AF) at 0, 7, 28, and 56 days of loading
(bars, 50 um). (B) Changes in the percentage of cleaved caspase-8-
positive cells, cleaved caspase-9-positive cells, and p53AIP1-positive
cells in the NP and AF at 0, 7, 28, and 56 days of loading. Data are
mean + standard deviation (n = 6). Two-way analysis of variance with
the Tukey-Kramer post hoc test was used. *P < 0.05 when compared
between loaded and unloaded conditions. 'P < 0.05 when compared
between different time points.
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localized in the cytoplasm and greater in the NP than in
the AF (Figure 5A). The percentage of cells immunopo-
sitive for p53AIP1 was comparable at day O in the NP
and AF, and it was also higher than that for TUNEL.
The percentage of p53AIP1-positive cells significantly
increased from day 7 through day 56 in the NP and AF
(P <0.05) (Figure 5B).

Sustained static compression induces consistently
decreased expression of antiapoptotic proteins in
intervertebral disc cells

Finally, to seek for potential therapeutic targets for
apoptosis in disc degeneration, we performed immuno-
histochemistry for antiapoptotic Bcl-2 and SIRT1. Im-
munoreactivity for Bcl-2 was localized in the cytoplasm,
and that for SIRT1 was localized in the nucleus; both
were stronger in the NP than in the AF (Figure 6A). The
percentage of cells immunopositive for Bcl-2 was higher
at day O in the NP than in the AF, whereas that for
SIRT1 was constant in the NP and AF. The percentage
of Bcl-2-positive cells decreased to nearly undetectable
levels at day 7 and later time points in the NP and AF
(P<0.05). The percentage of SIRT1-positive cells pro-
gressively decreased from day 7 in the NP and from day
28 in the AF (P < 0.05) (Figure 6B).

Discussion

Mechanical stress is one of the key contributors to inter-
vertebral disc degeneration [6]. In the rodent tail model
by Lotz and colleagues [23,24], static compression initi-
ates apoptotic cell death in the inner AF, cartilage end-
plates, and then NP, which is worsened by increases in
the magnitude (up to 1.3 MPa) and duration (up to
7 days) of loading. Furthermore, in the inner AF, static
compression at 1.3 MPa for 24 hours induces increased
reactivity for TUNEL and cytochrome ¢ but not for
FasL, indicating apoptosis induction primarily through
the mitochondrial pathway [27]. However, these are the
short-term effects. Few studies have explored the long-
term changes in cell population and phenotype. Our rat
tail model of disc degeneration induced by sustained
static compression at 1.3 MPa for up to 56 days repro-
duces progressive radiographic disc height loss (>70%),
lower T2-weighted magnetic resonance imaging (MRI)
disc intensity, histologic degeneration [19], and extra-
cellular matrix degradation with modified expression of
catabolic enzymes and anticatabolic proteins [20]. In the
current study, by using this model, we investigated the
long-term progression of notochordal cell disappearance
and apoptotic cell death in the disc. Furthermore, we
studied time-dependent apoptotic signaling through the
death receptor pathway and the mitochondrial pathway.
This study elucidates the likely mechanisms behind
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decreased expression of antiapoptotic proteins in
intervertebral disc cells. (A) Representative immunohistochemical
sections for B-cell lymphoma 2 (Bcl-2), silent mating-type information
regulation 2 homolog 1 (SIRT1), and negative control in the loaded
disc nucleus pulposus (NP) and annulus fibrosus (AF) at 0, 7, 28, and
56 days of loading (bars, 50 um). (B) Changes in the percentage of
Bcl-2-positive cells and SIRT1-positive cells in the NP and AF at 0, 7,
28, and 56 days of loading. Data are mean + standard deviation
(n=6). Two-way analysis of variance with the Tukey-Kramer post hoc
test was used. *P < 0.05 when compared between loaded and
unloaded conditions. 'P < 0.05 when compared between different

time points.

decreased cellularity in static compression-induced disc
degeneration.

Histomorphologic and immunofluorescent analysis de-
monstrated decreased disc NP and AF cells with compres-
sion. Eventually at day 56, only <50% of cells remained
both in the NP and AF. Particularly, the decrease was not-
able at day 7 in NP cells with a notochordal phenotype—
cytokeratin-8" galectin-3". This finding is consistent with
the rabbit lumbar compression model study by Guehring
and colleagues [31], showing more rapid reduction of
cytokeratin-8" cells than total NP cells by mechanical
compression. Their study suggested increased sclerosis
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and fibrosis in the endplates, leading to the loss of nutrient
supply, which could explain why notochordal cells de-
crease in number and lose their phenotype in compressive
stress-induced disc degeneration. In addition, an MRI
study using a contrast agent implied impairment of diffu-
sion of nutrients from the periphery through the endplates
with sustained mechanical loading [32]. Therefore, the
static compression model may be associated with nutrient
deprivation. Notochordal cells require a higher amount of
energy to survive and are more vulnerable to nutrient
deprivation than do non-notochordal, chondrocyte-like
cells [33]. Thus, notochordal cells appear to be less resist-
ant to mechanical loading and related nutrient deprivation
than do non-notochordal cells. However, how these
stresses affect notochordal cells and reduce their numbers
was largely unknown. Hence, we next examined the apop-
tosis of notochordal cells.

TUNEL staining and immunohistochemistry for cleaved
caspase-3 demonstrated increased involvement of apop-
tosis with compression, which concurs with human
[18,34] and other static compression studies [23-27].
Then, immunohistochemistry for cleaved caspase-8 and
cleaved caspase-9 showed transient activation of death
receptor signaling and persistent activation of mitochon-
drial signaling in static compression-induced apoptosis.
Caspase-dependent apoptosis requires proteolytic cleav-
age; therefore, the presence of cleaved caspases indicates
activated apoptosis through their own pathways [12]. In
the context of the mouse model study by Rannou and col-
leagues [27] describing increased mitochondrial cyto-
chrome c release but not death ligand, FasL, expression in
the AF under 24-hour static compression, our longitu-
dinal, longer-term observation of caspase cleavage prod-
ucts provides more direct evidence regarding the involved
apoptotic pathways during disc degeneration. Further-
more, immunohistochemistry for p53AIP1 exhibited that
the observed mitochondrial apoptosis was consistently
mediated by p53 signaling. p53AIP1 expression itself indi-
cates induction of p53-dependent mitochondrial apoptosis
[16,17]. Although few studies have reported p53AIP1 in-
duction in the disc, a human chondrocyte study showed
highly expressed p53AIP1 in osteoarthritic cartilage and
increased p53AIP1 expression by shear strain [35]. Taken
together, the present results indicate that apoptosis is in-
volved in static compression-induced disc degeneration,
which is induced by a combination of signals through the
death receptor pathway and more dominantly through the
p53-mediated mitochondrial pathway.

Immunohistochemistry for Bcl-2 and SIRT1 demon-
strated that expression of these antiapoptotic proteins
decreased with compression, which also concurs with
reported evidence [36,37]. Overexpression of Bcl-2 limits
disc cell apoptosis and messenger RNA downregulation of
aggrecan and collagen type 2 under serum starvation [38].
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SIRT1 activation by resveratrol inhibits nitric oxide-
induced mitochondrial apoptosis in chondrocytes, showing
decreased Bax and increased Bcl-2 [37]. Overexpression of
SIRT1 suppresses catabolic gene upregulation induced by
interleukin-1p [39]. Thus, the consistently decreased Bcl-2
and SIRT1 expression may contribute to the acceleration
of apoptotic cell death in static compression-induced disc
degeneration.

The cell decrease in this rat tail model is summarized
in Figure 7. Although the majority of cells with a noto-
chordal phenotype disappeared at day 7, the proportion
of apoptotic cells without notochordal phenotype sub-
stantially increased. This raises two questions. The first
question is how notochordal cells are actually lost—
cell death or phenotypic loss? A tamoxifen-inducible
ShhcreER™ mouse study showed that the entire NP cell
population, even in the adult, descends from the noto-
chord [7]. In a mouse disc injury model, annular punc-
ture induces transformation of the notochordal NP into
a chondrogenic and subsequently fibrocartilaginous
phenotype [40]. Our cell count data, which showed a
transient increase in non-notochordal NP cells, may
also indicate a phenotypic change with differentiation of
notochordal into non-notochordal cells by mechanical
stress.

Somewhat inconsistent TUNEL and immunohisto-
chemical staining results were seen in the NP at day 0.
Although TUNEL-positivity was lower, immunoreactivity
for apoptotic and antiapoptotic proteins was stronger
and immunopositivity for cleaved caspases and Bcl-2
was higher. The higher positivity for cleaved caspases
versus TUNEL is similar to the higher positivity for cyto-
chrome ¢ versus TUNEL in the mouse-model study by
Rannou and colleagues [27]. A previous comparative
study of apoptosis detection methods concluded that im-
munohistochemical staining for cleaved caspase-3 is a
more sensitive and reliable method for detecting and
quantifying apoptosis than is TUNEL staining [41]. That
study showed that positivity for cleaved caspase-3 was
approximately threefold higher than that for TUNEL
staining but was close to that for morphologically identi-
fied apoptotic cells. Therefore, our findings potentially
indicate high baseline levels of apoptotic signals in noto-
chordal cells, suggesting a preapoptotic state. Our 56-
day observation did not detect additional increase in
apoptosis of notochordal cells in unloaded control discs.
Longer-term studies may be required to investigate age-
related increases in the apoptosis, as notochordal cell dis-
appearance was reported previously in a >2-year rabbit
study [42]. In addition, the decrease in Bcl-2 expression
was more pronounced between days 0 and 7, suggesting
an important role of Bcl-2 in notochordal cell homeosta-
sis. Thus, our findings lend support to the view that noto-
chordal cell disappearance is associated with apoptosis.
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Figure 7 Schematic illustration summarizing static compression-induced notochordal cell disappearance and apoptotic cell death in
the intervertebral disc. The number of disc nucleus pulposus (NP) and annulus fibrosus (AF) cells decreases with compression; particularly, the
decrease is notable in larger, vacuolated cells with a notochordal phenotype, cytokeratin-8* galectin-3*. Subsequently, the proportion of apoptotic
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells and cleaved caspase-3-positive cells increases throughout. This
apoptosis induction is mediated transiently through the death receptor pathway, as determined by immunopositivity for cleaved caspase-8, and
persistently through the p53-dependent mitochondrial pathway, as identified by immunopositivity for cleaved caspase-9 and p53-regulated
apoptosis-inducing protein 1 (p53AIP1). The percentage of cells expressing antiapoptotic proteins, B-cell lymphoma 2 (Bcl-2), and silent mating-
type information regulation 2 homolog 1 (SIRT1), decreases consistently. The increased proapoptotic and decreased antiapoptotic proteins are

an indication of static compression-induced disc cell death and degeneration.

However, no direct evidence exists regarding whether the
possible phenotypic transition from notochordal to non-
notochordal is associated with apoptotic signaling. Further
studies are needed to understand the mechanism of noto-
chordal cell disappearance.

The second question concerns with the causative roles
of notochordal cell disappearance and increased apoptosis
of non-notochordal cells in intervertebral disc degener-
ation. The observed finding at day 7 raises the possibility
that cell death during disc degeneration is driven by non-
notochordal cells, whereas the loss of notochordal cells is
coincidental. Discs of some species (for example, bovine,
ovine, and equine) lose notochordal cells before or rapidly
after birth; however, their discs show few signs of degen-
erative changes, even in adulthood [6]. This indicates that
the loss of notochordal cells is not always an indication of
disc degeneration. It is still controversial whether the loss
of notochordal cells is a part of species-specific devel-
opment or of the degenerative process in the human
disc. In vitro, notochordal cell-conditioned medium pro-
tects non-notochordal cells from FasL-mediated apoptosis
and interleukin-1B-mediated inflammation [43]. In
addition, notochordal cells produce a larger amount of
proteoglycans than do non-notochordal cells [44] and
stimulate non-notochordal cells to produce proteoglycans
[45]. Taken together with the susceptibility of notochordal
cells by mechanical [31] and nutritional [33] stress, noto-
chordal cells potentially lead to altering their phenotype

and/or cell death under static compression, whereas non-
notochordal cells may be actively involved in subsequent
disc degeneration. This rat tail static compression
model mimics notochordal cell disappearance and
apoptotic cell death in human intervertebral disc
aging and degeneration.

A major limitation of the study is that the static-
compression model simulates nonphysiological conditions:
immobility, extended pressure, and absence of trauma
[19,20,30]. Lower levels of inflammation in this model, as
shown previously [20], may relate to less involvement of
apoptosis through the death receptor pathway. Another
limitation is that the results of the staining assays are not
completely quantitative. Our analysis of apoptotic signal-
ing was limited to immunohistochemistry because it was
difficult to collect sufficient protein extracts for Western
blotting from severely degenerated discs. In addition, this
study does not probe all apoptotic pathways. For example,
Bcl-2 family members can function to activate caspase-12,
inducing endoplasmic reticulum-mediated apoptosis [12].

The specificity of cytokeratin-8 and galectin-3 as exclu-
sive notochordal cell markers is not certain. In the current
study, although 67.4% of cells co-immunopositive for
cytokeratin-8 and galectin-3 with stronger immunoreac-
tivity were observed in the NP at day 0, 34.0% of double-
immunopositive cells were detected in the AF as well. This
is consistent with Western blot results reported by Oguz
and colleagues [46] showing that galectin-3 expression is
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highest in the rat NP, but AF and cartilage tissues also
express galectin-3. In addition, microarray studies found
that adult bovine and human NP tissues still express
cytokeratin-8 [47,48]. Cells positive for cytokeratins and
galectin-3 are present in a considerable fraction of adult
human lumbar discs [49], raising the question whether no-
tochordal cells are truly lost in the disc during postnatal
life. Cytokeratin-8 and galectin-3 are useful markers;
however, they are by no means exclusively specific for no-
tochordal cells. The establishment of more specific noto-
chordal cell markers is required as still no definitive
markers of notochordal cells are known [50].

This study describes the predominance of the mito-
chondrial pathway of apoptosis over the death receptor
pathway during disc degeneration. An in vivo study
using a rabbit annular puncture model demonstrated
that knockdown of caspase-3 by small interference RNA
results in delayed disc degeneration [51]. However, cas-
pase inhibition has shown induction of alternative cell
death-related programs, including necrosis, autophagy,
and senescence [52,53]. Taken together, overexpression
of antiapoptotic proteins through the mitochondrial
pathway (for example, Bcl-2) may represent a specific,
effective molecular treatment option in degenerative disc
disease. Future mechanistic studies must be conducted.

Conclusions

This rat tail static compression model mimics notochordal
cell disappearance and apoptotic cell death in human inter-
vertebral disc aging and degeneration. In early degenerative
stages, the number of disc cells, particularly cells with a
notochordal phenotype, drastically decreases, whereas the
proportion of apoptotic cells increases. In late stages, disc
cell numbers further decline because of apoptosis. This
apoptosis induction is mediated transiently through the
death receptor pathway and persistently through the p53-
dependent mitochondrial pathway. The increased proa-
poptotic and decreased antiapoptotic proteins observed at
every time point are an indication of static compression-
induced disc cell death and degeneration.
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