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High matrix strains in the intervertebral disc occur during physiological motions and are amplified
around structural defects in the annulus fibrosus (AF). It remains unknown if large matrix strains in
the human AF result in localized cell death. This study investigated strain amplitudes and substrate con-
ditions where AF cells were vulnerable to stretch-induced apoptosis. Human degenerated AF cells were
subjected to 1 Hz-cyclic tensile strains for 24 h on uniformly collagen coated substrates and on substrates
with 40 lm stripes of collagen that restricted cellular reorientation. AF cells were capable of responding
to stretch (stress fibers and focal adhesions aligned perpendicular to the direction of stretch), but were
vulnerable to stretch-induced apoptosis when cytoskeletal reorientation was restricted, as could occur
in degenerated states due to fibrosis and crosslink accumulation and at areas where high strains occur
(around structural defects, delaminations, and herniations).

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The loss of cellularity in human intervertebral disc (IVD) degen-
eration is generally associated with reduced glucose and accumu-
lation of lactic acid due to anaerobic metabolism and limited
waste removal in IVDs with calcified endplates [1,2]. However,
some cell death likely occurs due to structural changes in the ma-
trix [3,4] that affect the cell microenvironment. Matrix strains are
concentrated adjacent to large defects, such as clefts, fissures, and
herniations that occur with degeneration [5,6], near nucleotomy
sites [7], as well as near small defects such as needle puncture inju-
ries [8]. Notably cell death is also known to occur adjacent to injury
sites, as near needle puncture injuries in the IVDs [9]. In this study,
we explore the concept that some of the reduced cellularity in the
IVD with degeneration is associated with stretch-induced apopto-
sis caused by high strain environments that occur due to structural
changes and defects.

Under healthy conditions AF surface strains up to 6% were mea-
sured along the fiber direction [10] and AF fiber strains were calcu-
lated to be �15% with a structural model [11]. AF strains calculated
from MRI support the presence of large axial, radial and shear
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strains under physiological loading and further demonstrate strain
amplification during injury and degeneration [5,7]. High magni-
tudes of cyclic equibiaxial strain induced apoptosis at 15% stretch
in rabbit AF cells [12] and at 20% stretch in rat AF cells [13,14],
however equibiaxial strain suppresses reorientation effects ob-
served in pure uniaxial stretch of other cell types [15–17]. The
hypothesis of this study was that human degenerated AF cells ob-
tained from surgical samples reorient perpendicular to excessive
uniaxial strains (10%, 15%, and 20% stretch), as observed in other
cell types, but will undergo apoptosis when their adaptive reorien-
tation is restricted as might occur around defects or crosslinking
found with degeneration.
2. Materials and methods

2.1. Isolation and culture of human AF cells from surgical samples

AF tissue was obtained from patients undergoing anterior inter-
body fusions for low back pain secondary to degenerative disc
disease with institutional review board approval and graded by
the surgeon as either grade 4 (n = 2) or grade 5 (n = 2) on the
Thompson scale [18]. Cells were released from surgical tissue by
sequential enzymatic digestion (0.2% protease, 0.2% collagenase,
Sigma–Aldrich, St. Louis, MO). Isolated cells were filtered (70 lm
mesh, Thermo Fisher Scientific, Pittsburgh, PA), washed twice with
PBS, then expanded in culture in high glucose DMEM (Invitrogen
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Fig. 1. Fabrication of 40 lm collagen stripes to restrict cellular reorientation. A
silicon wafer was spin coated with a uniform layer of negative photoresist. UV
radiation and a photomask was used to selectively expose the photoresist. Areas
that were not exposed to the UV radiation become soluble in developer leaving only
the desired pattern. PDMS was then cast against the photoresist master to create a
relief of the 3D topography. The PDMS containing the microchannel features was
then brought in contact with the silicone elastic substrate. A fitc labeled collagen
type I solution submerged the PDMS overnight, confirming the collagen stripe
pattern (scale bar = 100 lm).
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Lifesciences–Gibco, Carlsbad, CA), containing 10% fetal bovine ser-
um (Atlanta Biologicals, Lawrenceville, GA), 1% penicillin/strepto-
mycin (Gibco), 0.5% fungizone (Gibco), and 50 lg/mL ascorbate
(Sigma–Aldrich). All experiments were performed on passage II
or III cells.

2.2. Experiments on a uniform collagen coated surface

Cells were seeded at a density of 100,000 cells/cm2 in pre-
coated silicone elastic membranes (4 cm2 molds from STREX,
www.b-bridge.com, coated with type I bovine collagen, Sigma–Al-
drich C4361, 40 lg/mL in PBS, overnight at 4 �C). The cells were
cultured in hypoxic conditions (5% O2) for 24 h to allow for attach-
ment. Cells were assigned to either an unstretched control group
(placed in the same incubator for 24 h), or stretched 10%, 15%, or
20% on a uniaxial cell stretch device (STREX) loaded at 1 Hz for
24 h in hypoxic conditions. Control and stretched cells were im-
aged following loading, the supernatant was saved, and the
remaining cells were either trypsinized (Gibco, no EDTA) for flow
cytometry to evaluate stretch-induced apoptosis, lysed (Qiagen,
Valencia, CA) for qRT-PCR, or fixed with 10% formalin (Fisher) for
immunohistochemistry to evaluate reorientation effects.

For flow cytometry, the supernatant was centrifuged to obtain
detached cells. Ethanol induced apoptotic positive controls cells
were always used to set up compensations and quadrants. De-
tached cells, attached cells, and apoptotic controls were washed
twice with cold PBS and were resuspended in 100 ll of 1� Binding
Buffer (BD Biosciences, San Diego, CA). They were stained with
10 ll of a 50 lg/ml stock of propidium iodine and 5 ll of FITC an-
nexin V (Annexin V-FITC apoptosis detection kit I, BD Bioscience),
and were added to TRU count tubes (BD Bioscience). The tubes
were gently vortexed and incubated for 15 min at 25 �C in the dark.
400 ll of 1� Binding Buffer was then added to each tube and
analyzed by flow cytometry within 1 h. Phosphatidylserine is
externalized in apoptosis [19], therefore, Annexin V staining of
phosphatidylserine on propidium iodide (PI) negative cells was
used to quantitate apoptosis. Dual staining of Annexin V and PI
identified late stage apoptotic or necrotic cells, as both dyes are
membrane impermeable and can only enter and stain cells with
compromised membrane integrity. PI staining in the absence of an-
nexin V staining identifies necrotic material. Absolute numbers of
cells were calculated for detached and attached conditions, and
results were expressed as percentage difference from control.

For qRT-PCR, RNA was isolated from the lysed cells, cDNA syn-
thesized, and nine genes were investigated: Caspase-3, Collagen
types I and II, Elastin, MMP1, Proliferating Cell Nuclear Antigen
(PCNA), Aggrecan, and SOX9 (Taqman, Applied Biosystems,
Bedford, MA). Relative gene expression was calculated using the
comparative Ct method normalized to cells in the control group
and 18S.

For immunohistochemistry, cells were stained with a primary
antibody against paxillin (BD Bioscience, Clone 349, 1/500) and
an Alexa 594-conjugated secondary antibody (Invitrogen, 1/500)
to indicate attachment to the ECM through focal adhesions. Cells
were counterstained with DAPI (Invitrogen, 1:1000) and Alexa
488-phalloidin (Invitrogen, 1/100) to visualize the nucleus and
F-actin, respectively.

The 2D discrete Fourier transform (DFT) was used to calculate
orientation distributions of control and stretched cells [20] using
a custom Matlab script. An autocorrelation function was used to
determine if there was non-randomness in the resulting Fourier
transform. It was determined that all three stretch conditions dis-
played a Gaussian distribution, while the control cells were ran-
dom. A Gaussian distribution was then fit to the stretch data
using a least square routine to characterize symmetric distribu-
tions [21]. The mean of the distribution was used to characterize
the maximum angle of alignment within an image, while the stan-
dard deviation was used as an index to characterize the overall var-
iance within an image.
2.3. Experiments with micropatterned collagen to restrict reorientation
adaptation

A technique akin to micromolding in capillaries [22] was used
to coat stripes of collagen type I to restrict the adaptive reorienta-
tion mechanism of the cells in response to high strains (Fig. 1). A
master mold was created using standard soft lithography tech-
niques [22]. Briefly, a photomask was created with AutoCad (width
of features = 40 lm, length = 20 mm, Autodesk, San Rafael, CA) and
printed (Advance Reproductions Corporation, North Andover, MA).
A silicon wafer was spin coated with a uniform, 50–80 lm thick
layer of SU-8 2035 negative photoresist (MicroChem, Newton,
MA). The photoresist was exposed to ultraviolet light through the
photomask to create a positive relief of the pattern using the fol-
lowing protocol: soft bake at 75 �C for 2 min and 105 �C for
7 min, expose for 15 s 100% power (IntelliRay 400, UviTron) and
post exposure bake at 75 �C for 1 min and 105 �C for 5 min.



Fig. 2. Cytoskeletal remodeling in response to stretch involved reorientation perpendicular to the direction of stretch (90�) through the redistribution of actin and focal
adhesions. The discrete fourier transform (DFT) was used to quantitate angular distribution of cells. Representative images of unstretched (A) and 20% stretched (B) cells with
the corresponding DFT (C and D, respectively), where the location of peaks in the amplitude corresponds to preferential orientation of cells in that direction. Autocorrelation
demonstrated that control images were random (E) while the stretch groups displayed a Gaussian pattern (F). Gaussian curves were fit to the DFT of stretched cells with the
mean indicating angle of alignment, and standard deviation the amount of variance within an image. Cellular orientation was clear on imaging of control (G) and stretched (H)
cells stained with DAPI (blue), Phalloidin (green), and anti-paxillin (red). Scale bar = 100 lm in all images, the stretch direction (B and H) was horizontal, represented by the
black arrow, and white arrows (G and H) indicate focal adhesion sites randomly around the control cells and redistributed to the poles of stretched cells perpendicular to
stretch. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Non-exposed photoresist was removed with SU8 developer
(MicroChem). PDMS stamps (Sylgard 184 elastomer base with
the curing agent 10:1, Dow–Corning, Midland, MI) were cured
against the master and then removed, trimmed to size, and com-
pressed against the STREX silicone elastic membranes. A corona
was used to ionize the air to create a plasma around the electrode
increasing the wettability of the substrate and PDMS, allowing a
collagen type I fitc-conjugated solution (at a higher concentration
100 lg/mL overnight at 4 �C) solution to coat the surface through
the microfabricated channels. Regions in contact with the PDMS
did not have collagen type I and therefore did not promote cell
attachment. The collagen was removed and the surface was rinsed
and incubated with 3% BSA (in PBS) at 37 �C for 30 min. Cells were
seeded on the membrane as described earlier, with the modifica-
tion that after 30 min the cells remaining in the supernatant were
removed and the surface was washed twice to ensure that only
cells with good adhesion to the collagen remained. After 24 h the
cells were stretched at 1 Hz, 20% strain for 24 h.

The small number of cells on the micropatterned membranes
required apoptotic cells to be quantified using immunohistochem-
istry for cleaved caspase-3, a marker of apoptosis [23]. Cells were
incubated with 10% neutral buffered formalin (30 min) and a 10%
normal goat block (Vector Laboratories, Burlingame, CA, in 1%
BSA/PBS, 30 min) and incubated overnight with a cleaved cas-
pase-3 primary antibody (AB3623, Millipore, Temecula, CA, 1:250
in 1% BSA/PBS). The cells were stained with a goat anti-rabbit Alexa
546-conjugated secondary antibody (Invitrogen, 1/800), DAPI
(1:1000), and Alexa 488-phalloidin (1/100). At least 20 cells were
imaged for each chamber condition and percent apoptotic cells
was calculated [positive caspase-3 staining/total cells � 100].
2.4. Statistics

All data was assessed for normality using the Ryan–Joiner test. A
one-way ANOVA was done for flow cytometry, orientation results,
and cleaved caspase-3 counts with a Fisher’s post hoc test. A one
sample t-test was done on the DDCT values to assess if there were
any differences from control for each strain amplitude (DDCT = 0).
All statistics were done with Minitab software (Version 16, State
College, PA) and significance was always defined as p < 0.05.
3. Results

Cell stretch on uniform collagen substrates resulted in a small
trend of increased early stage apoptosis (Annexin V positive cells)
in the detached cell population (affecting <1% of the cells) that was
not significant (Supplementary 1A and B). No differences were ob-
served for late stage apoptosis/necrosis (dual Annexin V and PI po-
sitive cells). CTS had variable effects on mRNA expression, with no
significant changes (Supplementary 1C). The largest effect of
stretching on uniformly coated collagen substrates was cellular
reorientation (Fig. 2). Unstretched cells exhibited a random pattern
of cellular orientations as quantified with DFT and autocorrelation
(cross-correlation of a signal with itself), while all of the stretched
cells had a preferential orientation that exhibited a Gaussian pat-
tern. The mean of the Gaussian curve fit quantified maximum an-
gle of alignment (where angles ranged from 0 to 180 degrees from
the direction of stretch) and standard deviation indicated relative
variance within the image. No significant differences in orientation
were detected between stretch groups for both the mean
(10%:86.4 ± 5.8�, 15%:102.0 ± 12.4�, 20%:86.0 ± 15.9�, p = 0.274)
and standard deviation of the Gaussian curve fit (10%:67.6 ±
19.4�, 15%:47.2 ± 19.0�, 20%:128.4 ± 129.3�, one way ANOVA, p =
0.273). Cellular reorientation in response to stretch was associated
with a clear redistribution of actin stress fibers (Phalloidin), and
focal adhesion sites (Paxillin) perpendicular to the direction of
stretch and some nuclear (DAPI) reorientation. Therefore, when
cells were allowed to reorient little apoptosis and changes in gene
expression occurred.

Cleaved caspase-3 staining on uniformly coated chambers was
minimal for control and stretched cells (<8%, Fig. 3), supporting
the flow cytometry results. There was also little observed cleaved
caspase-3 staining (<5%) when the cells were grown without
stretch on stripes of collagen that prevented reorientation. Stretch-
ing the cells on the striped substrate, however, resulted in a signif-
icant increase in percentage of cells positive for cleaved caspase-3



Fig. 3. Restricting the adaptive reorientation mechanism, and applying 20% cyclic stretch results in positive staining of cleaved caspase-3, indicating the initiation of an
apoptotic pathway. Images of control and stretched cells on either a uniformly collagen coated substrate or restricted to 40 lm collagen stripes stained with DAPI (blue),
cleaved caspase-3 (red), and Phalloidin (green) (A). The stretch direction was horizontal and is represented by a white arrow on the images. Scale bars are 50 lm. There was
significantly more cleaved caspase-3 staining in the restricted orientation group subjected to 20% cyclic stretch (B, one way ANOVA, p < 0.001, Fisher’s post hoc test) (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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(at least 20 cells for each group, one way ANOVA, p < 0.001, aver-
age of 90%). The restricted stretched cells also had an observed
rounded, or ‘blebbed’ morphology.
4. Discussion

AF cells from surgical samples underwent cyclic uniaxial stretch
to test the hypothesis that AF cells are capable of reorienting in re-
sponse to high stretch magnitudes but undergo apoptosis when
their adaptive reorientation is restricted. Results indicated that
AF cells responded to 24 h of cyclic stretch on uniformly coated
collagen surfaces by redistribution of actin and focal adhesions
perpendicular to the stretch direction without notable apoptosis
or matrix gene expression. However, AF cells were highly suscep-
tible to stretch-induced apoptosis when adaptive reorientation
was inhibited by restricting cell adhesion surfaces to 40 lm stripes
parallel to the direction of stretch. Results support the concept that
cells must maintain their ability to reorient in order to adapt to
high strain environments. Specifically, degenerated AF cells have
the capacity to reorient, but stretch-induced apoptosis may be a
contributor to cell death during degeneration due to high strains
concentrated around delaminations, herniations and other struc-
tural defects, since cells would have a reduced capacity to adapt
in the more highly crosslinked, fibrotic, and compacted degener-
ated AF tissue.

Uniaxial cyclic stretching of 2D cell cultures causes the actin
cytoskeleton and focal adhesions of many cell types to align per-
pendicular to the direction of stretch [15–17]. Different cell types
orient at different rates, for instance, fibroblasts orient within 3 h
[24] and vascular endothelial cells orient within 6 h [25], while
some cell types, including neutrophils, do not reorient [26]. Reori-
entation perpendicular to direction of stretch is a mechanism for
both remodeling and intracellular signaling by a structural and
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biochemical adaption to mechanical stretch [27] related to Rho
activity and the extent of cell stretching [17] that can be predicted
by minimizing the potential energy of the stress fiber-focal adhe-
sion complex [28]. All three strain amplitudes (10%, 15%, and
20%) in this study had similar effects on human AF cells and re-
sulted in the same reorientation patterns. It is likely that minimiz-
ing the potential energy by cytoskeletal remodeling is an
important adaptation that allows cells to adapt to high strains ob-
served when collagen fibers undergo tension as occurs in bending
and torsion in the IVD [29]. However, age and degeneration related
changes in the collagen network, including increases in crosslink
density [30,31], AF matrix remodeling [3], tissue compaction
[32], and compromised lamellar structure [33] may limit the
capacity for cells to reorient in response to high strains.

When cells were restricted from reorienting cleaved caspase-3
staining and a rounded cell morphology, often called ‘‘blebs’’ was
observed. Cleavage of the effector protein, caspase-3 is critical for
dismantling of the cell and the development of apoptotic bodies
[23], while the ‘‘bleb’’ morphology is a result of the cell detaching
from the underlying substrate as it undergoes apoptosis [34]. There-
fore the restricted orientation model is consistent with the stretch-
induced apoptosis observed in other studies on AF cells [12–14]. We
highlight that differences in applied mechanical stimuli (uniaxial vs.
biaxial) strongly influence cellular adaptive mechanisms. Excessive
biaxial stretch leads to apoptosis [12–14] and in this study excessive
uniaxial stretch leads to reorientation. However, when cells are un-
able to reorient to minimize strain energy (i.e., equibiaxial strain
and/or uniaxial strain with restricted adhesion area) they are sus-
ceptible to apoptosis at high stretch magnitudes.

This in vitro model has the advantage of precise boundary con-
ditions, to analyze the effect of stretch without confounding factors
present in the more complex in situ environment, however, direct
interpolation to the native environment is speculative. For exam-
ple, pure tensile uniaxial strain will not always occur in situ [35].
Under healthy conditions AF surface strains up to 6% were mea-
sured along the fiber direction [10], therefore the strains chosen
are high and are likely to only be present in degenerated states
near structural defects, and injury sites. While these differences ex-
ist, we believe the inferences remain that cells with restricted
motility are at greater risk of apoptosis. Finally, the cells used were
obtained from degenerated human IVDs, which have an altered
gene expression pattern compared to cells obtained from healthy
IVDs [36]. However, it is likely that healthy AF cells are able to
reorient in response to stretch since degenerated cells did.

In conclusions, high uniaxial strains on a uniformly coated col-
lagen surface promoted cytoskeletal reorientation without apopto-
sis and with minimal alterations in gene expression. However, AF
cells were vulnerable to stretch-induced apoptosis when cellular
reorientation was restricted. Results indicate that degenerated AF
cells have the capacity to adapt to stretch but that high strains
and inhibited cellular reorientation, as might occur during degen-
eration, puts cells at risk of stretch-induced apoptosis. These AF
cells exemplify, on a cellular-level, the famous quote of John Stark
‘‘Live free or die!’’
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