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Increased cell senescence is associated with decreased cell
proliferation in vivo in the degenerating human annulus
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Abstract BACKGROUND CONTEXT: During disc de
FDA approval sta

The authors do no

perceived as creating,

Support in whole

Spine Society, a nonp

1529-9430/09/$ – see

doi:10.1016/j.spinee.2
generation, there is a well-recognized loss of cells.
This puts the remaining cell population at high risk for any further decrease in cell function or cell
numbers. Cell senescence has recently been shown to be present in the aging/degenerating human
disc. Senescent cell are viable, metabolically active, persist, and accumulate over time, but cannot
divide. Little is known about the relationship between renewal of the disc cell population via cell
proliferation and disc cell senescence.
PURPOSE: To determine the percentage of senescent cells and proliferating cells in the human
annulus in vivo.
STUDY DESIGN/SETTING: Human annulus specimens were obtained from surgical subjects
and control donors in a study approved by the authors’ Human Subjects Institutional Review Board.
PATIENT SAMPLE: One Thompson Grade I disc, 4 Grade II discs, 9 Grade III discs, and 12
Grade IV discs were studied.
OUTCOME MEASURES: The percentages of senescent cells and the percentage of proliferating
cells.
METHODS: Immunohistochemistry was used to detect senescent cells using an antisenescence-
associated beta-galactosidase antibody, and an antiproliferation antibody (Ki67). An average of
410 cells/specimens was counted to determine the percent senescence, and an average of 229 cells
was counted to determine the percent proliferation.
RESULTS: Cell proliferation was low in both surgical and control normal donor annulus tissue
(4.09%þ1.77 (26), meanþSD (n)). There was no significant difference in the percentage of prolif-
erating cells for more degenerate discs versus healthier discs (4.7%þ1.6 (21) for Grades III and IV
vs. 5.3%þ1.9 (5) for Grades I and II). More degenerated Grades III and IV discs contained signif-
icantly greater percentages of senescent annulus cells than did the healthier Grades I and II discs
(44.4%þ20.0 (21) vs. 18.8%þ11.0 (5), respectively; p5.011). A significant negative correlation
was present between the percentage of senescent cells versus the percentage of proliferating cells,
r5�0.013, p5.013. No correlation was present between age and the percentage of senescent cells
or age and the percentage of proliferating cells.
CONCLUSIONS: Because senescent cells cannot divide, senescence may reduce the disc’s ability
to generate new cells to replace cells lost to necrosis or apoptosis. Senescent cells also accumulate
in the disc over time, such that their metabolic patterns may contribute to the pathologic changes
seen in degenerating discs. Novel data presented here show a significant negative correlation be-
tween the percentage of senescent cells and the percentage of proliferating cells during disc degen-
eration. Molecular work is underway in our lab to help us determine whether senescent cells in the
disc secrete factors that can result in decreased proliferation in neighboring cells. � 2009 Elsevier
Inc. All rights reserved.
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Context
Because of the significance of disc degeneration and the
loss of disc cells as the degenerative process progresses,
it is important to understand the mechanism by which
the cells are lost. This is particularly important in the bi-
ological treatments and strategies toward disc regenera-
tion or prevention of degeneration in which growth
factor or gene transfer strategies are used to target disc
cells, or if strategies need to introduce new cells into
the disc.

Contribution
The results of this study show that overall there is low
cell proliferation in all annulus tissues in control and
degenerative discs, showing that this is a very difficult
tissue to proliferate and renew itself. There was no
significant difference for the percent proliferating cells
for the more degenerative discs versus the healthier
discs, however, the greater grades of degeneration con-
tain greater percentages of the senescent annulus cells
than the healthier grades, respectively. It also appears
that as the percent senescent cells goes up, the percent
proliferating cells goes down.

Implications
Cell senescence and the factors controlling these meta-
bolic events may be primary factors in disc degeneration.
The disc environment is austere and this article allows in-
sight into potential mechanisms where the disc cells are
lost and no longer renewing themselves.

– The Editors
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Introduction

Cell senescence (also termed replicative senescence) oc-
curs when normal cells stop dividing. This phenomenon
was initially described more than 40 years ago during stud-
ies of cultured human fibroblasts [1]. Senescent cells are vi-
able, but exhibit alterations in phenotype and altered gene
expression patterns [2–5]. Senescent cells may have altered
responsiveness to external stimuli and may secrete factors,
which can influence neighboring cells or their nearby extra-
cellular matrix. There is currently a great deal of interest in
the manner in which cell senescence may contribute to age-
associated loss of function or age-related pathology in vivo,
and molecular studies are directed toward elucidating
mechanisms and pathways which activate the senescence
program in cells [6].

The current views of cell senescence not only recognize
that it is a condition in which cells can no longer respond
to mitogenic signals and thus cannot proliferate, but also
point out that senescence is associated with alterations in
nuclear structure, protein processing, gene expression,
and cell metabolism. The senescent state is a response to
specific trigger(s) or multiple signaling pathways, includ-
ing telomere uncapping, oxidative stress, DNA damage,
and oncogene activation [3,7,8]. Senescence represents
a general cellular response mechanism which, when acti-
vated, results in numerous morphologic and functional
changes [2].

Our laboratory and two other groups have recently pub-
lished papers pointing to the importance of senescence in
the disc. Roberts et al. have provided evidence that there
was a greater proportion of senescent cells in herniated than
non-herniated discs, and more senescent cells in the nucleus
pulposus compared with the annulus [9]. Our laboratory
showed that that the proportion of senescent cells increased
significantly with increasing stages of disc degeneration
(p!.0001) [10]. The third paper on disc cell senescence
came from Le Maitre et al. and determined that the senes-
cent disc cell phenotype is associated with increased catab-
olism involving metalloproteinase 13 and aggrecanase [11].
This finding is important because it links senescence with
matrix degradation, one of the major problems in disc de-
generation. This study also showed that disc cells exhibit
accelerated senescence with decreased telomere length.
(Shortening of telomeres [the nucleoprotein complexes at
the ends of chromosomes] has been suggested as one of
the hypotheses to explain senescence.) An additional publi-
cation from our group provided information on senescence
using laser capture microdissection and microarray analysis
[12]. We identified two senescence-related genes, which
were significantly up regulated in more degenerated discs
compared with healthier discs: growth arrest-specific 1 gene
(GAS) (which inhibits DNA synthesis, inhibits cell cycle
progression in vitro, and is expressed in senescent fibro-
blasts [13,14]), and lysyl oxidase-like 2, which is expressed
in senescent human fibroblasts [15].
In the present study, we examine the percentage of cells
in human annulus specimens and investigate the relation-
ship of proliferation to cell senescence.
Methods

Source of disc tissue

Experimental study of disc specimens was approved
prospectively by the authors’ Human Subjects Institutional
Review Board. Patient specimens were derived from surgi-
cal discectomy procedures. Surgical specimens were trans-
ported to the laboratory (less than 30 minutes after surgical
removal) in sterile tissue culture medium and placed in



Table 1

Demographic features for specimens studied for immunocytochemical

localization of senescence-associated ß-galactosidase and Ki67a

Subject # Site

Thompson

score Gender Age Other information

1 L I M 23 Surgical

2 L II F 29 Surgical

3 L II F 18 Surgical

4 L II M 31 Surgical

5 L II F 16 Surgical

6 L III F 47 Surgical

7 L III F 68 Control donor; cause

of death: PE

8 L III F 33 Control donor; cause

of death: stroke

9 L III F 40 Surgical

10 L III M 37 Surgical

11 L III M 44 Surgical

12 L III M 37 Surgical

13 L III M 57 Surgical

14 L III F 26 Surgical

15 L IV F 45 Surgical

16 C IV M 58 Surgical

8 L IV F 33 Control donor

17 C IV M 42 Surgical

18 L IV F 56 Surgical

19 L IV M 59 Surgical

20 L IV M 55 Surgical

21 L IV F 34 Surgical

22 L IV M 56 Surgical

23 L IV F 59 Surgical

23 L IV F 59 Surgical

24 L IV F 46 Surgical

a Twenty-six discs were studied from 24 subjects.

L, lumbar; C, cervical; M, male; F, female; PE, pulmonary embolism.
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10% neutral buffered formalin. Care was taken to remove
all granulation tissue and to sample only disc tissue. Two
normal donor specimens were also used in this study,
obtained via the National Cancer Institute Cooperative
Human Tissue Network; it was shipped overnight to the
laboratory in sterile tissue culture medium and placed in
10% neutral buffered formalin.

Histologic specimen preparation

Specimens were fixed in 10% neutral buffered formalin
(Allegiance, McGaw Park, IL) overnight and then trans-
ferred to 70% ethyl alcohol (AAPER, Shelbyville, KY)
and held for paraffin processing using a Shandon Pathcentre
Automated Tissue Processor (ThermoShandon, Pittsburgh,
PA). Specimens were embedded in Paraplast Plus (Ther-
moShandon) paraffin and 4 mm serial sections were cut
with a Leica (Nussloch, Germany) RM2025 microtome.
Sections (serial or adjacent) were mounted on Superfrost-
Plus microscope slides (Allegiance) for immunohistochem-
istry as described below.

Immunocytochemical localization
of senescence-associated ß-galactosidase

Slides were deparaffinized in xylene and hydrated
through graded alcohols to distilled water. The remainder
of the procedure was performed using the Dako Autostai-
nerPlus (Dakocytomation, Carpenteria, CA). Endogenous
peroxidase was blocked using 3%H202 (Sigma, St Louis,
MO) in methanol (Allegiance, McGaw Park, IL). Slides
were incubated for 1 hour with the anti-b-galactosidase an-
tibody (Promega Corporation, Madison, WI) at a 1:25 dilu-
tion. The secondary antibody used was LSAB2 Link
Antibody (DakoCytomation) for 10 minutes followed by
peroxidase-conjugated streptavidin (Dakocytomation) for
10 minutes and DAB (diaminobenzidine) for 5 minutes.
Slides were removed from the stainer, rinsed in water,
counterstained with light green, dehydrated, cleared, and
mounted with resinous mounting media. Negative control
slides were processed as described above but with the
absence of the primary antibody.

Immunocytochemical localization of proliferating cells

Localization of proliferating cells using anti-Ki67 anti-
body was carried out as described above using the Ki67
antibody (DakoCytomation) at a dilution of 1:50; negative
controls used anti-mouse IgG (DakoCytomation) at 1:50.

Cell counts

The percentage of cells positive for localization of
ß-galactosidase or Ki67 was determined using the
OsteoMeasure software of OsteoMetrics, Inc. (Decatur,
GA) at a magnification of 200�. The overall mean number
of cells scored to obtain the percentage of senescent cells
was 410þ180 (26) (meanþSD (n)), and for the percentage
of proliferating cells was 229þ99(26). The proliferation
counts scored a lower total number of cells because only
nuclei showed positive immunolocalization.

Statistical analyses

Statistical analysis used standard methods using Graph-
Pad InStat, version 3.06 (San Diego, CA). A p value of .05
was considered statistically significant. Analyses performed
included t tests and regression analysis.
Results

Twenty-six discs from 24 subjects were evaluated in this
study. Table 1 summarizes the demographic data for the
study population. Mean subject age was 42.3 yearsþ14.3
(meanþSD) with a range from 16 to 68 years. The Thomp-
son grading system was used to score disc degeneration
over the spectrum of stages from Thompson Grade I (a
healthy disc) to discs with advanced degeneration (Thomp-
son Grade V) [16]. The study group included 1 Thompson
Grade I disc, 4 Grade II discs, 9 Grade III discs, and 12
Grade IV discs.



Fig. 3. The proportion of senescent cells was significantly greater in more

degenerate Thompson Grade III/IV discs (lighter bar, left) compared with

that present in healthier Grade I/II discs (dark bar, right), *p5.01. Bars

show meansþSD; n values are shown within the respective bars.
Fig. 1. Immunocytochemical localization of (top) proliferating disc cells

using Ki67 and of (bottom) senescent disc cells using senescence-associ-

ated-ß-galactosidase. Dark localization product marks positive cells; note

the presence of negative cells that lie nearby (arrows). (SA-ß-gal,

senescence-associated-beta-galactosidase.)
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Cell proliferation findings

Fig. 1 (top) presents a representative image of immuno-
localization of the Ki67 antibody in a cell of the human an-
nulus in vivo. Note the presence of a nearby cell, which is
not dividing and thus shows no localization product. The
percentage of proliferating cells was low in the study pop-
ulation: 4.09%þ1.76 (26) with a range from 1.81% to
9.33%. The three normal donor discs also showed a low
proportion of dividing cells (3.8%, 3.7%, and 1.8%). No
correlation was present between the percentage of prolifer-
ating cells and subject age (p5.48). There was no signifi-
cant difference in the percentage of dividing cells in
Fig. 2. The proportion of proliferating cells in healthier Thompson Grade

I/II discs (dark bar, left) did not significantly differ from that present in more

degenerated Grade III/IV discs (lighter bar, right). Bars show meansþSD;

n values are shown within the respective bars.
healthier Grade I/II discs compared with Grade III/IV discs
(Fig. 2).
Cell senescence findings

The study population contained specimens from 12 her-
niated discs and 16 nonherniated specimens. Statistical
analysis showed that there was no significant difference
in the percentage of senescent cells in the herniated versus
nonherniated groups (herniated: 35.16%þ12.5 (meanþSD)
versus nonherniated: 38.87þ20.66).

Cytoplasmic localization of antisenescence-associated-
ß-galactosidase antibody is shown in Fig. 1 (bottom).
Note the presence of nearby healthy (non-senescent) cells,
which show no localization product. The overall percentage
of senescent cells in the study population was
39.55%þ21.1% (26) with a range from 0.002% to 76.4%.
As shown in Fig. 3, there were significantly more senescent
Fig. 4. A significant negative correlation was present between the percent

senescent cells and the percent proliferating cells (r5�.476, p5.013).
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cells in the Thompson Grade III/IV discs compared with
the healthier Grade I/II discs (p5.01). No relationship
was present between the percentage of senescent cells
and subject age (p5.28).

A significant negative relationship was present be-
tween the percentage of senescent ells and the percentage
of proliferating cells as shown in Fig. 4 (r25�0.227;
p5.013).
Discussion

In the present work, we examined tissue from the annulus
fibrosus. Ultimately, it is the extracellular matrix of the annu-
lus fibrosus, which fails in disc degeneration; dehydration
and matrix fraying culminate in the formation of tears within
the annulus during biomechanical loading and torsion. This
is believed by many to be the major source of incapacitating
low back pain conditions. Additionally, nucleus and annulus
disc material may rupture through these tears, causing radic-
ular pain. Long-standing disc degeneration and mechanical
insufficiency may result in adaptive hypertrophic changes
in the adjacent osseous and soft-tissue structures, resulting
in spinal stenosis syndromes in later life.

It has long been appreciated that the healthy human
intervertebral disc contains a small cell population; with
aging and degeneration, this population decreases even fur-
ther [17]. This puts the remaining cell population at high
risk for any further decrease in cell function or cell num-
bers. Cell senescence has recently been shown to be present
in the aging/degenerating human disc [9,10,18]. Senescent
cell are viable, metabolically active, persist and accumulate
over time, but cannot divide. Little is known about the re-
lationship between renewal of the disc cell population via
cell proliferation and disc cell senescence.

The work presented here showed a low percentage of pro-
liferating cells in vivo in the annulus. The antibody used to
localize proliferating cells was Ki67, a reliable, commonly-
used marker, which is detected only in proliferating cells;
we chose this marker over proliferating cell nuclear antigen
because proliferating cell nuclear antigen may also local-
ize in cells which have recently undergone arrest [19]. It
should also be noted that there were two cervical specimens
in the study population with percent senescence levels of
41.08% and 71.2%, and percent proliferation values of
3.3% and 3.0%.

Previous work by other investigators has also found
a low proliferation rate in the disc. Paajanen et al. studied
lumbar prolapsed disc tissue with immunolocalization of
Ki67 and reported a percent proliferation ranging from
0.2% to 2.6% [20]. Ford et al. also used immunolocaliza-
tion of Ki67 in a study of five prolapsed discs, and reported
that few cells showed localization but did not quantify the
fraction of proliferating cells [21].

Peng et al. reported that 6.24% of the cells in a study of
16 discs showed proliferation, and a 9.18% level in
nongranulation tissue in discs from patients with low back
pain [22]. These investigators also reported a higher prolif-
eration rate present in the disc granulation zone of their
study subjects who reported pain (40.85%); the authors
suggested that this higher level may possibly be in response
to growth factors present in these regions.

One other report quantified the proportion of proliferat-
ing cells in the human disc. Johnson et al. have shown pro-
liferation in disc cells present in clusters [19]. Cells that
were not found in clusters showed a low proportion in-
volved in proliferation (1–7%). This study reported that
proliferation in the inner annulus of degenerating discs
was higher than the outer annulus. In addition, the propor-
tion of proliferating cells in the inner annulus and in the nu-
cleus correlated with the stages of disc degeneration of the
specimens.

Our present work appears to be the first to investigate the
relationship between cell proliferation and cell senescence
in the same disc specimens. Our work showed that there
was a significant, negative correlation between cell senes-
cence and cell proliferation (Fig. 4, p5.013) such that discs
with greater proportions of senescent cells contained lower
proportions of proliferating cells. This correlation model
showed that 22% of the change in proliferation could be ex-
plained by the presence of cell senescence. Correlations,
however, do not establish a cause and effect relationship.
Thus, further research is essential to further identify factors
influencing the low cell proliferation rate in the disc, and to
determine if, in fact, senescent cells can actually reduce or
prevent normal disc cells from proliferating, and to deter-
mine the actual effect of the accumulations of senescent
cells over time.

Is there any molecular evidence of why such generally
low proliferation rates are present in the degenerating disc?
A previous study from our lab used laser capture microdis-
section to harvest cells from disc tissue and then examine
gene expression patterns of these cells with microarray
analysis [12]. GAS, which inhibits DNA synthesis, inhibits
cell cycle progression in vitro, and is expressed in senescent
fibroblasts [13,14,23], was found to be significantly up reg-
ulated in more degenerated discs compared with healthier
discs. In the developing mouse embryo, GAS was seen
by Lee et al. to only be expressed by chondrocytes after
cartilage started to differentiate [24]. It is interesting that
GAS1 expression has been found to positively correlate
with inhibition of endothelial cell apoptosis in endothelial
cells [25]; this potential role of GAS1 in disc cells is unex-
plored to date.

Clearly, the cell factors and microenvironmental factors,
which control disc cell proliferation, an important compo-
nent of the disc’s reparative response, are poorly under-
stood. Current research is underway in our laboratory to
investigate whether GAS is expressed by both senescent
and nonsenescent cells, and to determine if senescent disc
cells may have secretory products, which reduce prolifera-
tion rates in nearby cells.
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