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1 | INTRODUCTION

| Stephanie J. DeWitte-Orr®3 |

Diane E. Gregory'

Abstract

Background: Disorders of the intervertebral disc (IVD) are widely known to result in
low back pain; one of the most common debilitating conditions worldwide. As a mul-
tifaceted condition, both inflammatory environment and mechanical factors can play
a crucial role in IVD damage, and in particular, in the annulus fibrosus (AF), the highly
collagenous outer ring of the IVD. As a result, a better understanding of how cells
from the IVD, and specifically the AF, interact and respond to their environment is
imperative.

Goal: The goal of this study is to use collagen type | as an in vitro three-dimensional
extracellular matrix for AF cells of IVD and briefly examine both the cellular and
mechanical effect of exposure to an inflammatory stimulant.

Methods: We utilized type | collagen as a 3D in vitro model material for culturing AF
cells of Sprague Dawley rat tail IVDs.

Results: We showed that the cultured cells are viable and metabolically active; these
cells also induced a distinct and significant contraction on their collagen matrix. Fur-
thermore, to demonstrate potential versatility of our model our model and its versa-
tility, we used lipopolysaccharide (LPS), as a known inflammatory stimulant in IVDs,
to manipulate the cells and their interaction. LPS treatment resulted in detectable
changes to the contraction cells induced on the collagen matrix and affected the

mechanical properties of these constructs.

KEYWORDS
annulus fibrosus cells, inflammation, intervertebral disc degeneration, lipopolysaccharide (LPS),
type | collagen

intervertebral disc (IVD),® the soft load-bearing tissue located

between vertebrae within the spine.* The IVD contains a centrally

Low back pain is one of the top five main causes of disability world-
wide.! The total direct and indirect costs associated with it is esti-
mated to be between $100 and $200 billion per year in the
United States.? The etiology of low back pain is vast; however, a sig-
nificant proportion is a result of damage or disorders of the

located highly hydrated nucleus pulposus (NP) which acts to resist
compression, and is peripherally surrounded by the annulus fibrosus
(AF). The AF is composed of 15-25 concentric circles called
lamellae.>~” Each lamella contains parallel collagen fibers (types | and
1) at an oblique angle relative to the spinal column, and neighboring
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lamellae alternate the collagen fiber angles at approximately 60°.8?
With its unique and highly organized structure, the AF is mainly

responsible for resisting tensile loading®**

and is also a primary loca-
tion of damage and a potential source of low back pain. AF damage
tends to accompany various IVD disorders and is therefore the focus
of this paper.

IVDs are immune-privileged tissue and their degeneration is a
complex process involving multiple factors. In some cases, degenera-
tion is initiated following IVD herniation when NP material migrates
outside the boundaries of the damaged AF.}>*2 This disruption can

occur as a result of mechanical wear (due to aging or trauma,***>

6

or

even specific types of infection,*
15,17,18

and can induce changes in the
behavior of resident cells and their subsequent interaction with
their surrounding extracellular matrix. Given the unique structural
organization of the AF (highly collagenous concentric lamellae), the
interaction of the AF cells with their surrounding matrix could have a
significant impact on the overall function of the IVD.

AF cells are thin, elongated cells that resemble fibroblasts and can
attach to collagen fibers. Cells in the inner regions of the AF have

been described as fibrochondrocytes,c”’20

resulting in a morphological
transition zone between the AF and NP containing both type | and
type Il collagen.® Average density of AF cells is about 9 x 10° cel-
Is/cm?®, with higher number of cells in outer AF and lower density in
inner AF. 1018

IVDs are avascular tissues.’® With the initiation of the degenera-
tion cascades, an innate immune response starts which triggers the
resident cells to secrete pro-inflammatory and catabolic markers.?!
These factors, such as TNF-a and IL-1 and 2, can not only contribute
to the degenerative process,???% but also induce nerve growth and
contribute to discogenic pain.?*2° The balance between catabolic and
anabolic factors secreted from the cells is a major factor in determin-
ing the state of the degeneration process.?>2¢ With increased cata-
bolic factor expression during degeneration, the extracellular matrix of
the IVD, and particularly the AF, becomes degraded.?”?® The frag-
ments of the degraded AF can, in turn, act as danger associated
molecular patterns or alarmins.2’ Danger associated molecular pat-
terns subsequently activate toll-like receptors, a family of receptors
that function as sentinels for the innate immune response, and whose
downstream effector responses further contribute to the degenera-
tion process.?? Toll-like receptors also recognize foreign components
referred to as pathogen-associated molecular patterns. Activation of
toll-like receptors through pathogen-associated molecular patterns
also activate inflammatory cascades in IVDs.*° Specifically, Toll-like
receptors 2 and 4 have been previously shown to be triggered by both
danger associated molecular patterns and pathogen-associated molec-
ular patterns in IVD degeneration cascades.??3132 Toll-like receptor
2 has been previously shown to also induce nerve growth in IVD.33

The complex mechanical loading profile applied to the spine plays
an important role in the homeostasis of the IVD tissue.3*3¢ While
inflammatory cascades in IVD degeneration have been previously
studied for the IVD, there have not been many studies focused on the
effect of inflammation on the mechanical properties and integrity of

the IVD extracellular matrix in vitro and at the cellular level.®” The first

step for broadening this field is to find a substrate, preferably a three-
dimensional (3D) material, which can best resemble the native tissue.

The purpose of this study was therefore two-fold: (1) to examine
the use of type | collagen as a 3D matrix to culture AF cells of the
IVD. While collagen fibers in native AF tissue are more organized than
self-assembled in vitro collagen matrix, using a natural material that
cells are mostly exposed to in native tissue, especially as a 3D scaf-
fold, highly increases the relevancy of the model; and (2) to measure
the mechanical properties of the cells + collagen constructs following
exposure to an inflammatory stimulant.

Not only are type | collagen fibers what AF cells are mostly in
contact with in native tissue, but this type of collagen matrix also pro-
vides the benefits of a 3D substrate, which is more akin to the native
environment of cells, as opposed to traditional 2D cultures. Collagen
has been previously used for IVD cell culturing. Neidlinger-Wilke
et al.® has shown the effect of static and dynamic mechanical loading
on IVD cells using 3D collagen matrices and Bowles et al.>? used a col-
lagen matrices to demonstrate that AF cells can realign collagen fibers.
Other synthetic matrices have been previously used for culturing IVD
cells for mechanical studies such as alginate*°~#2 and PGA/PLLA.*®

For the second aim, lipopolysaccharides (LPS) was used as a
pathogen-associated molecular pattern to examine manipulation of
this model. LPS is an endotoxin abundantly found in the cell wall of
gram-negative bacteria that is known to activate Toll-like receptor
4 in IVDs as an inflammatory stimulant.3%3144-46 While previous stud-
ies have used pro-inflammatory cytokines (e.g., TNF-a*”*® and
IL—1[&23 to induce an inflammatory environment, we chose an
upstream inflammatory stimulant (specifically LPS) in order to create a
strong innate immune response which, in turn, activates the inflamma-
tory cascade and the production of a spectrum of pro-inflammatory
cytokines. We stimulated these cells + collagen constructs and stud-
ied how LPS affects the mechanical properties. This study provides a
proof-concept for utilizing type | collagen as a relatively simple and
versatile 3D model substrate for in vitro studies of IVD degeneration.
Studying IVD disruption using this model allows for controlled assess-
ment of different variables in this otherwise very complex condition.

2 | MATERIALS AND METHODS

2.1 | AF cellisolation and culture

AF tissues were collected aseptically from the IVDs of 4-month-old
female Sprague Dawley rat tails (Charles River) immediately following
euthanization. Animal utilization protocols were reviewed and
approved by the institutional Animal Care Committee in compliance
with the Canadian Council on Animal Welfare. In total, six rats were
used and cells from different animals were not pooled together.
Collected tissues were washed 3x in DPBS (HyClone) with 2%
penicillin-streptomycin (Thermo Fisher Scientific), cut into small
pieces and cultured in vented T75 cell culture flasks with DMEM
(HyClone) supplemented with 10% FBS (Sigma-Aldrich) and 1%
penicillin-streptomycin. Cells were allowed to grow out of the tissue
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and reach confluency (3-4 weeks). Cells were incubated at 37°C, 5%
CO,, and 95% humidity, and culture medium was changed every

2-3 days. Cells were used between Passages 1 and 4.

2.2 | 3D cells + collagen constructs

High Concentration type | Collagen (from rat tail tendon; 8-11 mg/ml;
Corning) was chosen as the 3D extracellular matrix for this study. 3D
cells + collagen constructs were prepared by diluting high concentra-
tion collagen to a final concentration of 3 mg/ml with 1 N NaOH, 10x
DPBS, and sterile distilled water. This concentration was chosen

h®83? and dilutions were calcu-

based on previously published researc
lated according to manufacturer’s protocols. A number of 1.5 x 10°
cells were then mixed with the collagen solution, immediately placed
in custom built silicon molds and allowed to gel for 30 min at 37°C.
Collagen handling and sample preparation was performed on ice and
collagen solutions were used immediately following the dilution pro-
cedure. Complete cell culture medium was then added to the molds
and images of cells+collagen constructs were taken at 24-h intervals
and processed by ImageJ (NIH). Cells+collagen constructs were cul-
tured for a maximum of 6 days at 37°C, 5% CO,, and 95% humidity
inside the molds before being used in various testing platforms. Cul-
ture medium was changed every 2-3 days. Initial thickness is calcu-
lated based on the volume of the collagen solution in each mold.
Initial mold dimensions were 60.75 mm (length) x 16.70 mm (width)

x 3.94 mm (thickness) for 4 ml of collagen solution.

2.3 | Cell viability analysis

Cell viability was assessed using two fluorescent indicator dyes: ala-
marBlue viability assay (Invitrogen) and via 5-carboxyfluorescein dia-
cetate (5-CFDA-AM; Invitrogen).*°

Resazurin is the active component of the alamarBlue assay and
is a nontoxic compound reduced by live cells and is an effective
measure of cellular metabolism. Following incubation of the cells,
cells+collagen constructs were washed twice with DPBS, and a 5%
vol/vol alamarBlue solution in DPBS was added to the constructs.
Constructs were then incubated at 37°C for 1 and 2 h in the dark
and fluorescence was measured using a Synergy HT plate reader
(BioTek) by transferring 50 ul of the media into a new 96 well
culture plate.

To study cell membrane integrity of the AF cells encapsulated in
3D collagen, 5-CFDA-AM was diluted in DPBS and constructs were
incubated with the diluted solution for 30 minutes at 37°C. Images of
cells at different locations (including depth) within the constructs were
taken by an inverted confocal laser scanning microscope (Olympus
Fluoview 1000; Olympus Life Sciences).

Collagen fibers were imaged using the same microscope by con-
focal reflectance microscopy technique. Samples were illuminated by
an Argon laser (1 =488 nm) and the same wavelength was collected

to image the collagen fibers.

JOR SPin1€uec. MRk

24 | LPS treatment

To induce sterile inflammation on cells+collagen constructs, lipopoly-
saccharide (LPS; Sigma-Aldrich) was used as the pathogen-associated
molecular patterns agent at 10 Hg| concentration. Complete culture
medium containing LPS was added directly to the constructs right
after the gelation process was finished (30 min at 37°C) and cells in
collagen were exposed to LPS for the duration of the culture period
(up to 6days).

AlamarBlue assay was also used to assess the viability of the AF
cells cultured inside type | collagen treated with LPS. Three samples
were used for this test: acellular collagen, live cells in collagen with no
treatment, and live cells in collagen treated with LPS. The assay was
incubated with the samples for both 1 and 2 h at 37°C to allow the
assay to penetrate within the 3D matrix and fluorescence was mea-

sured using a Synergy HT plate reader.

2.5 | Actin filament staining

Cytoskeleton structures of AF cells were examined via fluorescent
staining of actin filaments. Cells embedded in 3D collagen matrix
were fixed with 4% formaldehyde (Thermo Fisher Scientific) solu-
tion in DPBS and were permeabilized with 0.1% Triton X-100
(MilliporeSigma) in DPBS. One percent solution of bovine serum
albumin (MilliporeSigma) in DPBS was used to reduce nonspecific
binding. Alexafluor-488 phalloidin (Invitrogen) was used to stain
actin filaments. In order to image cells that were inside the 3D colla-
gen matrix, images of cells were again taken using an inverted con-
focal laser scanning microscope (Olympus Fluoview 1000; Olympus
Life Sciences).

2.6 | Mechanical testing

Displacement controlled uniaxial tensile tests were performed using
the Biotester (CellScale) on cells+collagen constructs to investigate
the mechanical properties of the samples. Each test is performed with
at least n = 3, each sample was cut in half immediately before testing
and both pieces were tested to account for any potential variability
along the samples. Samples were mounted via custom 5-prong tung-
sten rakes with an inter-rake spacing of 2.2 mm. Tests were per-
formed at tensile strain rate of 10%/s and a 2.5-N load cell was used
to measure the force during the tests. Sample thickness necessary for
normalizing to stress and strain were determined using a laser dis-

placement sensor (IL-065; Keyence).

2.7 | Statistical analysis

Statistical analysis was performed using R Studio (Version 1.1.453,
RStudio, Inc.). Analysis of variance (ANOVA) followed by a single-step
multiple comparison Tukey’s honestly significant difference (HSD)
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test was used to perform multiple comparisons for the mechanical
testing results as well as cells+collagen contraction data (n = 3).
Fisher exact test was performed on mechanical failure contingency
table. The significance level was set at 0.05. Cohen’s d effect sizes

were calculated for AlamarBlue assay results.

3 | RESULTS
3.1 | AF cells were viable and metabolically active
inside collagen matrices

Viability of AF cells cultured in collagen was assessed using the fluo-
rescent indicator dye, alamarBlue. AlamarBlue was used to assess
metabolic activity of various cells. Here, Figure 1 shows the relative
fluorescent units (RFUs) received from the alamarBlue assay. Compar-
ing the fluorescence values, it can be seen that increasing incubation
time (Figure 1, 1 h vs. 2 h) as well as culture period (24 vs. 48 h)
increased these values. With fixed cells, acellular collagen, and empty
wells (blank) as our controls, the increase in the RFUs (Cohen’s
d effect size >2.15) could be considered to be an indication of AF cells
proliferating inside collagen matrices.

5-CFDA-AM, a measure of cell membrane integrity, was also used
to study the viability of cells inside collagen matrices after longer cul-
ture period of up to 6 days. Figure 2 shows cells cultured inside colla-
gen matrices at two different magnifications (A and B) as well as a 3D
reconstructed view (Figure 2C).

Collagen fibers were also imaged using confocal reflectance
microscopy technique. Figure 2 also shows an AF cell inside collagen
(Figure 2D), at 6 days postculture, as well as the collagen fibers
around that cell (Figure 2E) and the merged image of the cell and col-
lagen fibers (Figure 2F). Higher density of collagen fibers immediately
around the cell, compared to collagen density further away from the
cell, is visible here.

Culture Period: 24h
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| |

Fixed cells
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FIGURE 1

3.2 | AF cells induced a significant contraction on
collagen matrices

As the first indication of AF cells interacting with collagen, AF cells
induced a robust contraction on the collagen that was clear as early as
24 h postculture (Figure 3). To ensure the contraction was the result
of AF cells interacting with collagen, constructs with fixed cells (using
70% ethanol) were also made and contraction was measured. Live
cells induced contraction while constructs containing fixed cells did
not show any sign of contraction (Panel B in Figure 3).

Cells cultured inside constructs having higher thickness were not
able to effectively induce any significant contraction (Panel C in
Figure 3: Images I-Ill). Even increasing culture period to 48 hours for
samples with significantly higher thickness did not affect the amount
of contraction (Panel C in Figure 3: Images IV-VI). Based on these
results, we chose 3.94 cm (4 ml of collagen solution) with 3 mg/ml

concentration for collagen for all further experiments.

3.3 | Cells+collagen matrices had higher strength
compared to acellular collagen

Uniaxial tensile tests were performed to determine the effect of con-
traction on the mechanical properties of the collagen matrices as well
as cells+collagen constructs. As expected, and shown in force dis-
placement graphs (Figure 4), cells+collagen constructs had higher
strength compared to acellular collagen constructs.

3.4 | LPS, as an inflammatory treatment, affected
cells+collagen constructs properties

To further show the capability of our model to be easily manipulated,

we treated the constructs with LPS as an inflammatory stimulant that

Culture Period: 48h
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AF cell viability inside collagen matrices using the fluorescent indicator dye, alamarBlue. Besides live cells+-collagen constructs, fixed cells

cultured in collagen, acellular collagen, and empty wells (blank) were also used to illustrate the proliferation of cells in collagen matrix. The y axis shows the
relative fluorescence units (RFUs). Distinct increased fluorescence expression is seen as culture period and incubation time increased. This indicates AF
cells are viable and potentially proliferating inside collagen matrices. Cohen’s d effect size for live versus fixed cells >2.15. Error bars indicate standard error
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FIGURE 2 Representative
images of AF cells cultured inside
type | collagen for 6 days, and
then stained with 5-CFDA-AM at
(A) x10 and (B) x20
magnification, and (C) a 3D view,
as well as (D) a single AF cell
inside collagen, (E) collagen fibers
around the cell, and (F) overlayed
image of the cell and the collagen
fibers (blue). Images were
acquired by an inverted confocal
laser scanning microscope
(Olympus Fluoview 1000;
Olympus Life Sciences)
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FIGURE 3 (A) Induced contraction on collagen matrices by AF cells over 6 days postculture. Initial calculated thickness = 3.94 cm, collagen
concentration = 3 mg/ml. Length was measured by imaging the samples and measuring the length using ImageJ. n = 3 for each of Day 1-6
measurements. One measurement was made for the acellular collagen sample at Day 6 and one measurement for the sample with fixed cells at
Day 6. Bars with different letters are significantly different (p < 0.05; Cohen’s d > 9.5 for all comparisons). Error bars indicate standard error.

(B) Representative images of cells+collagen constructs for both live and fixed cells. Images are taken 48 h postculture. Constructs with cultured
fixed cells show no contraction whereas live cells in collagen show significant contraction. (C) Representative images of cells+collagen constructs
with varying thickness: (1) acellular collagen; (Il) 3.94 cm (4 ml collagen solution); (1Il) 4.92 cm (5 ml collagen solution) - culture period = 24 h;

(IV) acellular collagen; (V) 5.91 cm (6 ml collagen solution); (VI) 7.88 cm (8 ml collagen solution) culture period = 48 h. Increasing thickness of the
collagen matrix decreases the amount of contraction induced by AF cells

has been shown to trigger Toll-like receptor 4 in IVDs.303144-4¢ | ps 35 | LPS negatively affected the strength of the
significantly affected the contraction cells induced on collagen matri- constructs

ces (Figure 5). At 6 days postculture, constructs treated with LPS

show less contraction when compared to untreated constructs LPS treatment affected the mechanical properties of cells+collagen

(Figure 5). constructs. Elastic modulus was not statistically affected (no LPS
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vs. LPS: p = 0.28, Figure 6A); however, strength was significantly
decreased after LPS treatment (no LPS, p = 0.005; Figure 6B). The
variations between strength and elastic modulus of different samples
can also be seen in their representative stress strain curves
(Figure 6C).

3.6 | LPS treatment decreased the ductility of the
cells+4-collagen constructs

Investigating stress-strain curves of the constructs with and without
LPS treatment revealed that ductility, or elongation to failure, seemed
to have decreased after constructs were exposed to inflammatory

stimulant (Figure 6C). Since not all samples fully failed, samples were

160
140

- cells+collagen
120 - acellular collagen

100

80

Force (mN)

60

40

20

Displacement (mm)

FIGURE 4 Representative force-displacement curves for cells
+collagen constructs as well as acellular collagen for simple tensile
test. As expected, cells+collagen constructs show higher mechanical
properties compared to acellular collagen

categorized based on whether failure had occurred by 150% strain
(150% was chosen based on the spread of data). Categorized samples
were then statistically tested using a Fisher exact test on the gener-
ated contingency table (Table 1); a significant effect of condition
(no inflammation vs. LPS) was found (p = 0.0019) such that more sam-
ples treated with LPS failed by 150% strain compared to untreated

samples.

3.7 | AF cells in collagen treated with LPS show
lower viability

To further understand the effect of LPS on the AF cells in this model,
alamarBlue viability assay was performed on the constructs. Three
samples were chosen to study this effect: acellular collagen, live cells
in collagen with no treatment and live cells in collagen treated with
LPS for 6 days. Figure 7 shows florescence readings for incubation on
matrices with Alamar blue for both 1 and 2 h.

3.8 | AF cells cultured inside collagen and treated
with LPS showed shorter and fewer protrusions

In order to understand how AF cells are inducing this contraction,
the actin filaments of AF cells were stained using Alexa Fluor
conjugated phalloidin, both for cells cultured in glass bottom cul-
ture dishes (Figure 8) as well as cells cultured inside collagen
matrices (Figure 9). For cells cultured in glass bottom dishes, actin
filaments appeared unaffected by LPS treatment (Figure 8B
compared to A).

On the other hand, for cells cultured inside collagen matrices,
while actin filaments were formed and were visible, we observed that
cell processes/protrusions might have been affected by LPS
(Figure 9). Protrusions are cell membrane extensions containing actin

filaments involved in cell adhesion and migration.*’ For cells in

(A)
80 20
70 _f_ FIGURE 5 The effect of LPS on
o a .5 the cells+collagen construct model.
c Panel (A): (1) length and () width are
‘g 50 € T - - reported for n = 3. Initial, initial
= 4 ?_:' 10 b dimensions; LPS, LPS treated; No
g b E Treat, no treatment. Bars with
= 30 B different letters are significantly
20 5 different (p < 0.05; Cohen’sd > 3.1
10 for all comparisons). Cells+collagen
constructs treated with LPS show
o 0 . .
Initial No Treat LPS Initial No Treat LPS nOtlceably less contraction. Error
bars indicate standard error. Panel B
shows representative images of cells
| 1- No Treat +collagen. Differences in

|
|
P
I

contraction induced by AF cells can
also be seen in the images of the
constructs
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FIGURE 6 Mechanical properties of cells+collagen constructs, (A) the effect of LPS treatment on elastic modulus of cells+-collagen
constructs at 6 days postculture. Graph shows the scatter plot with all measurements; horizontal line shows the average for each group. LPS
slightly decreased the elastic modulus, however the changes are not statistically significant; (B) the effect of LPS treatment on strength of cells
+collagen constructs at 6 days postculture. Graph shows the scatter plot with all measurements; horizontal line shows the average for each
group. LPS significantly decreased the strength. Minimum n = 3 (at least two measurements per replicate). Bars with different letters are
significantly different (p < 0.05; Cohen’s d = 1.52). (C) Representative stress strain curves for cells+collagen constructs, not treated with any
inflammatory stimulants as well as treated with LPS. These graphs also demonstrate similar elastic moduli between samples and higher strength
for no inflammation versus LPS-treated constructs. LPS, LPS treated; No Treat, no treatment

TABLE 1 Contingency table for the number of samples
(frequency) that failed at 150% strain under simple tensile test
Yes? No® Total
No treatment 5 11 16
LPS treated 8 0 8
Total 13 11 24

®The number of samples for each group that failed at 150% strain.
The number of samples for each group that did not fail at 150% strain.
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FIGURE 7 AF cells viability inside collagen matrices was studied
using a fluorescent indicator dye, alamarBlue assay. Acellular collagen,
live cells in collagen no treatment, and live cells in collagen treated
with LPS are studied after 6 days in culture. Also, a representative
image of the samples and contraction of the samples shown for
reference. The y-axis is RFUs. n = 3. Bars with different letters are
significantly different (p < 0.05; Cohen’s d > 1.1 for all comparisons);
specifically RFUs were compared across condition (acellular versus no
treatment versus treatment with LPS) as well as between incubation
times (1 h vs. 2 h). Error bars indicate standard error

constructs that were not exposed to LPS, cells had more visible pro-

cesses than cells in constructs exposed to LPS.

4 | DISCUSSION

In this study, we used type | collagen as a 3D substrate material in
which AF cells could grow, in vitro. We showed that this model can
be manipulated and utilized to advance our understanding of the fun-
damental cellular processes that can occur in the extracellular matrix
of the IVD. The most notable observation was a distinct and signifi-
cant contraction that AF cells induced on the collagen. Further, we
used LPS, as a known inflammatory stimulant in IVD, as a treatment
within our model. Interestingly, we observed that AF cells were viable
within our collagen constructs and that LPS negatively altered the
mechanical properties of these constructs.

To study the viability of our AF cells cultured inside collagen, ala-
marBlue and 5-CFDA-AM paired with confocal microscopy was uti-
lized. While cells were metabolically active and viable, an interesting
observation was a higher density of fibers around the cell compared
to more distance locations which may indicate a mechanical effect by
the cells on the surrounding fibers compared to more distant loca-
tions. Similarly, Bowles et al.*? previously showed that AF cells can
realign collagen fibers around them. We also observed a distinct and
significant contraction that cells induced on the collagen. In fact, the
first sign of AF cells interacting with collagen was a robust contraction
induced by the cells on their matrix. Cells decreased the length of the
construct by almost 50% within the first 24 h and retained this con-
traction over the following 6 days in culture. Similar collagen contrac-

50-52 \which was

tion has been previously reported for fibroblasts
hypothesized to be linked to cell attachment to the matrix and trac-
tion forces being applied by cells.>®>* AF cells are in direct contact
with type | collagen fibers in native tissue, therefore, once cultured in

collagen, they can form focal adhesions and attach to this matrix and
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subsequently apply traction forces that cause this distinct contrac-

tion. Since we found that fixed cells did not cause the contraction,
we conclude that it is due to the cells directly interacting with this
matrix. We also showed that cells inside collagen substrates with
higher thickness were not capable of effectively inducing the con-
traction; it is hypothesized that cells within these thicker constructs
were not able to access nutrients and rid their waste which
appeared to negatively affect their ability to mechanically interact

with the surrounding collagen. Another possibility could also be that

FIGURE 8 Representative
images of AF cells cultured in glass
bottom confocal dishes for 6 days.
(A) Cells with no treatment; (B) cells
treated with LPS. Images were
acquired by an inverted confocal
laser scanning microscope (Olympus
Fluoview 1000; Olympus Life
Sciences). Actin filaments formation
and organization appeared
unaffected by LPS

FIGURE 9 Representative images of
cells+collagen constructs 6 days
postculture; (A and B) Constructs without
LPS treatment at different magnifications
(x20 and x40); (C and D) constructs
treated with LPS. Images were acquired
by an inverted confocal laser scanning
microscope (Olympus Fluoview 1000;
Olympus Life Sciences). Arrows indicate
the cellular protrusions. Actin filaments
formation and organization were not
affected; however, cell processes/
protrusions appeared to be shorter and
less visible for constructs treated

with LPS

cells were not able to physically contract higher amount of collagen
fibers effectively.

While alginate is a very common material for in vitro studies of
AF cells,*4%55 collagen has not been widely used for AF cells before.
Collagen is a natural biomaterial and mimics the native tissue better
than alginate. Bowles et al.®? and Takai et al.>* have previously shown
that AF cells can induce contraction on collagen matrices and that can
be used to manipulate the alignment of collagen fibers. As an applica-

tion of our model, we treated the cells+collagen constructs with LPS,
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as a known inflammatory stimulant. This treatment negatively, and
significantly, affected collagen contraction. Studying the viability of
AF cells cultured in collagen and treated with LPS 6 days postculture
revealed that after incubation with the assay for 1 h, cells show signif-
icantly lower viability), which could potentially be a reason for lower
contraction in these samples. However, after 2 h of incubation with
alamarBlue, cells viability for samples with no treatment and treated
with LPS were not significantly different. This could be either because
the assay had enough time to fully penetrate in collagen or it could
simply be because the readings are reaching the saturation values.
The cytoskeleton structure of cells inside collagen may provide
insight into these observed changes. Although imaging used in the
current study was limited, LPS-treated cells inside collagen appeared
to show fewer cell protrusions and the protrusions and extensions
present appeared to be shorter compared to untreated samples. Colla-
gen contraction, specifically by fibroblasts, has been previously linked
to cell extension formation.>* It is possible that a similar mechanism
exists here. The fact that these subtle changes were not observed
when cells were cultured in glass bottom confocal dishes may reveal
more details about these cells. When cultured on glass, AF cells are
adhering to a much stiffer substrate compared to collagen. As a result,
subtle changes in cell protrusions were likely obscured by the interac-
tion of the cells and stiff substrate, which could, on its own, be an
indication of the AF cells sensitivity to the stiffness of their surround-
ings. It is unclear whether the reduced viability in the LPS-treated
samples affected the changes observed in the cellular protrusions,
although likely so. While Figure 8 shows that cells cultured in mono-
layer treated with LPS have very similar viability, morphology, and
cytoskeleton structure compared to untreated cells, when inside a 3D
matrix, cellular viability, and protrusions could have been affected. It
is difficult to say if decreased viability is the cause of lower contrac-
tion or whether LPS is affecting cell attachment. More comprehensive
image analysis is needed to confirm this notion. Either way, these
experiments demonstrate versatility of this model. While cells,*%>”
including IVD cells,®®3? have been previously cultured in collagen in
various forms, our model explains a relatively easy and versatile matrix
that can be used for not only mechanical testing but also the interplay
between inflammation and mechanics for AF cells, which then pro-
vides insight into the functional impact of structural changes. Another
hypothesis could be that adding LPS to cells+collagen constructs has
caused an increase in matrix metalloproteinases (MMPs) secretion
which in turn has affected matrix molecules. MMPs have been previ-
ously shown to affect collagen contraction by lung fibroblasts.>®
Studying the mechanical properties of the cells+collagen con-
structs showed that contracted collagen matrices have higher strength
and deform more than acellular collagen. Constructs treated with LPS
had the lowest elastic modulus, though not statistically significant,
from untreated constructs. However, strength was found to be signifi-
cantly affected by LPS with the lowest strength in samples treated
with LPS. Furthermore, the LPS-treated constructs failed at a lower
deformation indicating reduced ductility. All these changes are
expected based on lower cell viability and reduced contraction as well

as potentially fewer cellular protrusions. Also, increased MMP
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secretion could also play a role in mechanical changes of the con-
structs. While our substrate does not have the organized structure of
the native AF extracellular matrix, we can speculate that in IVD tissue,
the presence of strong inflammatory agents could likely also affect
the mechanical properties of the IVD through directly affecting cell-
substrate adhesion. This can then affect the mechanical performance

of the IVD under inflammation.

5 | LIMITATIONS AND FUTURE RESEARCH
In this research, we utilized type | collagen as a 3D model material and
cultured AF cells of the IVD. We then studied the effect of an inflam-
matory stimulus, specifically LPS, on the mechanical properties of the
final cells and collagen constructs. While this study has generated
insight into the interaction between annulus cells and surrounding
matrix, there are a number of limitations that need to be addressed as
well as future directions.

e The collagen used was made by self-assembly of the collagen fibers
and lacks the organization of collagen fibers in the native AF tissue.
This may affect cell-matrix interactions.

e We reported here that cells exposed to LPS may show fewer and
smaller protrusions on their surface. To further study this observa-
tion and confirm the hypothesis that LPS negatively impacts cell
interactions with the ECM, staining for focal adhesion and contrac-
tile proteins as well as mechanobiological factors associated with
cellular tension (e.g., YAP/TAZ or MRTFa) should be considered.

o Future experiments should consider the effect of time on both via-
bility and mechanical properties of the constructs to help deter-
mine the time-dependent behavior of AF cells and their interaction
with collagen.

e Studying the cellular catabolic and anabolic markers (such as vari-
ous MMPs) should also be considered to further provide insight

into the interaction of these cells and collagen.

6 | CONCLUSIONS

Our findings demonstrate that type | collagen can be a useful model
material for in vitro studies of IVD disruption, and in particular AF
damage. Using this model, we report that AF cells induce a significant
contraction on collagen substrates, which can then be used as an indi-
cator for the health of these cells in the matrix. We also showed that
this model can be easily manipulated for further detailed in vitro test-
ing. For example, LPS, as a known inflammatory stimulant in IVDs,
altered the mechanical properties of our constructs; an observation
that may be a result of an altered capability of cells to produce cell
extensions and protrusions.
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