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TRPV4 mediates cell damage induced by hyperphysiological
compression and regulates COX2/PGE2 in intervertebral discs
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1 | INTRODUCTION

Intervertebral disc (IVD) degeneration, leading to IVD structural fail-
ure, causes degenerative disc disease (DDD) when it is accompanied
and exacerbated by inflammation and nociception.> DDD is the main
cause of low back pain (LBP), which is the leading cause of disability
globally.>* Aberrant mechanical loading of the spine is a recognized
cause of IVD degeneration and LBP.>® However, at the molecular
level, the underlying mechanosensing and mechanotransduction path-
ways are poorly understood. As a result, current treatments of LBP,
such as anti-inflammatory drugs, do not specifically target mediators
of mechanotransduction pathways. A better understanding of the
molecular mechanisms leading from hyperphysiological mechanical
loading to IVD degeneration and inflammation would reveal novel,
and possibly more effective, therapeutic targets.

IVDs are continually subjected to mechanical stimulation via spi-
nal flexion, extension, torsion, and muscle activation during daily
activities.” The well-hydrated nucleus pulposus (NP) in the middle of
the IVD primarily sustains compressive loads, hydrostatic and osmotic
pressures, while the surrounding annulus fibrosus (AF) is mostly
exposed to tensile stress.” IVD homeostasis is dependent on a physio-
logical level of mechanical stimulation, which promotes solute trans-
port and cell metabolism.> However, hyperphysiological mechanical
stress induces harmful structural, cellular, and molecular changes in
the IVDs.>” Several studies have focused on the investigation of com-
pressive stimuli both in vivo and in vitro (reviewed in>”). It was shown
that hyperphysiological dynamic compression (at high magnitude, fre-
quency, or duration) causes cell death,®*° decreased expression of

11-13 35 well as increased

11,13-16

anabolic genes (collagens and proteoglycans),
expression of matrix-degrading enzymes (MMPs, ADAMTs)
and pro-inflammatory cytokines.” These effects might be mediated by
mitogen-activated protein kinase (MAPK: extracellular signal-
regulated kinases 1/2 (ERK 1/2), p38 and Jun-N-terminal kinase

(JNK)) signaling pathways,”+*8

while the initial mechanosensing mech-
anisms might involve integrins, purinergic signaling, and ion channels,
including transient receptor potential (TRP) channels.”'” Neverthe-
less, the exact mechanosensing and mechanotransductive mecha-
nisms in IVD cells are currently unknown.

TRP ion channels are non-selective calcium-permeable transmem-
brane channels. They are of particular interest in the context of IVD
research, as they sense variations in several factors that are altered
during IVD degeneration: pH, oxidative and mechanical stress.'? The
TRP super-family is composed of six sub-families in mammals: TRPC
(canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin),
TRPML (mucolipin), and TRPA (ankyrin).?” Several studies have
recently investigated the expression and function of TRP channels in

the IVD.2°?* The mechanosensitive member 4 of the vanilloid

subfamily (TRPV4) is especially intriguing for the study of load-
mediated IVD degeneration and LBP. TRPV4 was shown to transduce
physiological dynamic compression in porcine articular cho-
ndrocytes.> Moreover, cartilage-specific TRPV4 knockout in mice
reduced age-related osteoarthritis.?® In the IVD field, reduced osmo-
larity was shown to increase TRPV4 expression and pro-inflammatory
cytokines in bovine NP cells.2° Moreover, our group has recently
shown that TRPV4 transduces hyperphysiological mechanical loading
into increased COX2 gene expression and PGE2 release in human AF
cells cyclically stretched in two dimensions (2D).2*

Building on these results, we hypothesized that hyper-
physiological dynamic compression induces IVD degeneration, cell
damage and increased COX2/PGE2 expression, and that TRPV4 medi-
ates these effects in murine IVDs and bovine NP cells embedded in a
previously developed three-dimensional (3D) matrix.2” This agarose-
collagen composite hydrogel mimics the 3D aspect of the NP with its
non-fibrillar matrix (proteoglycans and glycosaminoglycans) and colla-
gen fibers, combines mechanical strength and biofunctionality, and is
thus suitable for mechanotransduction studies.?”

2 | MATERIALS AND METHODS

21 | Compressed murine tails for histology

Sham and compressed mouse tails of 15-week-old female C57BL/6)J
mice (Charles River Laboratories, France) were provided by the Labo-
ratory for Bone Biomechanics at ETH Zurich, Switzerland, as a by-
product of another study.?® The sixth caudal vertebra (C6) and the
IVDs between C5 and Cé, and C6 and C7 were dynamically com-
pressed (8 N, 2 Hz, sine wave, 5 min, 3x per week over 4 weeks) via
two stainless steel pins inserted in C5 and C7, as described else-
where.?®2? We estimated the pressure by dividing the load of 8 N by
a mean mouse disc area. The mean mouse disc cross-sectional area
was computed from sample-specific discs?’ estimated from the micro-
CT images of eight mice from the compression group, resulting in a
mean area of 1.275 mm2 (SD = 0.059 mm?). The resulting estimated
pressure is therefore 6.274 MPa. Sham mice received pins and their
tails were fixed in the loading device but were not dynamically com-
pressed. Immediately after euthanasia, the tails were dissected, rinsed
in phosphate buffered saline (PBS), and fixed in 4% paraformaldehyde
solution for 24 h. The fixed tails were washed in PBS and decalcified
in 12.5% ethylene-diamine-tetra-acetic acid (EDTA) in PBS at 4°C for
10 days. The decalcified samples were washed in PBS and placed into
70% ethanol at 4°C until paraffin embedding. Paraffin blocks were
sectioned at 5 pm thickness. The experiments were carried out in

strict accordance with the recommendations and regulations in the



CAMBRIA ET AL.

JOR SPit1uec. MRkl

Animal Welfare Ordinance (TSchV 455.1) of the Swiss Federal Food
Safety and Veterinary Office (license number 262/2016).

2.2 | FAST histological staining

IVD degeneration was assessed via a multi-dye FAST (Fast Green,
Alcian Blue, Safranin-O, and Tartrazine) histological staining, as previ-
ously described.*° Briefly, paraffin sections were dewaxed in xylene
and then rehydrated successively in 70% ethanol, 30% ethanol, and
distilled water. The sections were first stained with 1% Alcian Blue
8GX (A3157, Sigma-Aldrich) at pH 1.0 for 2.5 min, followed by 0.1%
Safranin-O (58884, Sigma-Aldrich) for 3 min. Color differentiation was
performed in 25% ethanol for 15 s. The sections were then stained
with 0.08% Tartrazine (TO388, Sigma) in 0.25% acetic acid for 15 s
and finally counterstained with 0.01% Fast Green (F7258, Sigma)
solution for 5 min. Sections were air-dried, mounted in DePeX (BDH
Laboratory; Poole, UK), and examined under a Nikon Eclipse 80i
microscope (Tokyo, Japan). IVD degeneration was evaluated semi-

quantitatively according to the criteria of Tam et al.3!

2.3 | COX2immunohistochemistry

Histological sections were deparaffinized and a heat-mediated antigen
retrieval was conducted (PT-Link, 95°C, 20 min, in citrate buffer
pH 6.0). Subsequently, the sections were immunolabeled with a pri-
mary antibody recognizing COX2 protein expression (ab15191,
abcam, LOT #GR299479-4, dilution 1:500) for 1 h at 37°C. Secondary
anti-mouse/rabbit IgG (Dako EnVisionTM+ Dual Link System-HRP)
was applied (1:200 dilution) for 30 min at room temperature (RT),
followed by the amino-9-ethyl-carbazole (AEC) substrate kit (Dako) as

a chromogen. Finally, the sections were counter-stained with Gill's

TABLE 1  Allred scoring system

Score A Percentage of positive cells
0 0
1 <1
2 1to 10
3 11 to 33
4 34 to 66
5 267
Score B Signal intensity
0 None
1 Weak
2 Intermediate
3 Strong

Final score A + B
0-2
3-8

Interpretation
Negative

Positive

hematoxylin for 3 min and cover-slipped with an aqueous mounting
medium (Glicerine, Sigma-Aldrich). Positive controls were performed
by staining sections of mouse brain, which expresses COX2
(Supplementary Figure S1). For the “no primary antibody” negative
controls, only the diluent of the primary antibody (PBS) was used
instead of the primary antibody. This was followed by the application
of the secondary antibody and detection reagents as usual
(Supplementary Figure S1). Sections were evaluated semi-
quantitatively with the Allred score according to percentage of posi-
tively stained cells (score A) and immunohistochemical signal intensity
(score B) (Table 1).32 The two scores were added together for a final
score ranging from O to 8. Final scores of O to 2 were considered neg-
ative and scores of 3 to 8 were considered positive.

2.4 | Bovine NP cell isolation and culture

Bovine NP cell isolation and culture were performed as described
previously.?” Briefly, tails from 18-24-month-old cows were pur-
chased from the local slaughterhouse and carefully dissected to sep-
arate the NP from the AF of the IVDs. NP biopsies were minced and
digested overnight at 37°C, 5% CO,, using 0.4% collagenase NB4
(17454.01, Serva) and 0.2% dispase |l (04942078001, Roche) dis-
solved in PBS 1x with 3% Antibiotic-Antimycotic (Anti-Anti;
15240-062, Gibco). The tissue digest was filtered, and NP cells were
pelleted, washed with culture medium (Dulbecco's modified Eagle
medium/F-12 Nutrient Mixture (DMEM/F12; 31330-038, Gibco),
10% fetal calf serum (FCS; F7524, Sigma-Aldrich) and 1% Anti-Anti),
centrifuged, resuspended in culture medium and seeded in
fibronectin-coated culture flasks. Cells were expanded to passage
1 to 2 at 37°C, 5% CO, and the medium was changed twice

per week.

2.5 | Agarose-collagen hydrogel fabrication and
culture

Bovine NP cells were embedded and cultured in agarose-collagen
hydrogels as described previously.?” Briefly, after trypsinization, pel-
leted NP cells were first resuspended in a 4 mg/mL collagen type |
solution (5010, Advanced BioMatrix) prepared on ice at a density of
8 x 10° cells/mL. The solution was then mixed 1:1 with a 4% wt/vol
agarose solution (5010, Lonza) kept at 60°C to obtain a final concen-
tration of 4 x 10° cells/mL in agarose 2% wt/vol and collagen
2 mg/mL. Hydrogels (160 pL) were molded in silicon rings (inner @:
8 mm, outer @: 12 mm, height: 3 mm) for radial containment and
placed between two microscope glass slides. Hydrogels were pre-
cultured in 12-well plates at 37°C, 5% CO, in DMEM/F12 phenol
red-free medium (11 039, Gibco), supplemented with 10% FCS, 0.1%
ampicillin (A0839, AppliChem) and 50 pg/mL L-ascorbic acid (A4544,
Sigma-Aldrich) for 7 days before mechanical loading. The medium was

changed every other day.
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Magnet on
elastic membrane

Shuttle

Hydrogel in
silicone ring

FIGURE 1 A, Bottom view of the MCTR device with its nine wells. B, Side view of one well containing one hydrogel in a silicone ring. When
pressure is applied (pressurized air), an elastic membrane deforms and pushes a shuttle down, which compresses the construct. A magnet placed
on top of the elastic membrane sticks to the shuttle. The magnetic field is used to determine the displacement of the constructs. Adapted from

CellScale

2.6 | Cell-laden hydrogel dynamic compression

Four hours before compression, medium was changed to phenol red-
free DMEM/F12 supplemented with 0.1% ampicillin, 50 pg/mL
ascorbic acid, and 10% charcoal-stripped FCS (A3382101, Gibco). For
dynamic compression, the hydrogels in silicon rings were transferred
to the wells of a commercial compression device (MCTR, CellScale) in
1 mL of the above medium (Figure 1A,B). Hydrogels were dynamically
compressed with a sine wave function at 0.5 Hz with a nominal force
of 73N and 13 N of pre-load for 1 h (unless otherwise stated) at
37°C, 5% CO,. As the silicone ring dominates the stiffness, a strain of
20% can be inferred. Non-compressed hydrogels were kept in identi-

cal conditions in a 24-well plate.

2.6.1 | Harvesting time-point
After compression, the hydrogels were transferred with their condi-
tioned medium to a 24-well plate and further cultured for 24 or 48 h

for analysis of the conditioned medium.

2.6.2 | TRPV4 inhibition

Cell-laden hydrogels were pre-treated for 15 min with 0, 50, 100, or
200 nM of the selective TRPV4 antagonist GSK2193874 (17715,
Cayman Chemical). The concentration of the vehicle (DMSO) was
equalized in all chambers (0.002%). Hydrogels were subjected to
dynamic compression for 1 h in the presence or absence of TRPV4
antagonist. After compression, the hydrogels were transferred with
their conditioned medium to a 24-well plate and further cultured for

48 h for analysis of the conditioned medium.

2.6.3 | MAPK phosphorylation

Hydrogels were pre-treated for 15 min with 0, 50, 100, or 200 nM of
GSK2193874 and compressed for 30 min in the presence or absence
of TRPV4 antagonist. The loading duration was changed to 30 min
because it was shown that the phosphorylation of MAPKs peaks

between 15 and 30 min of mechanical loading and then fades away in
IVD cells.®® Hydrogels were immediately processed for protein analy-
sis. The lysates of two hydrogels per donor and per condition were

pooled to reach sufficient protein amounts for Western blot.

2.7 | Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in most
cell types. The LDH assay is a cytotoxicity assay that quantifies the
leakage of LDH into the extracellular medium upon plasma membrane
damage and cell death. As such, it is an indirect measure of cell viabil-
ity. A low absorbance at 490 nm can be interpreted as high viability,
while a high absorbance at 490 nm means low viability. Extracellular
LDH was quantified using the colorimetric Pierce LDH Cytotoxicity
Assay Kit (88954, Thermo Fisher Scientific) according to the manufac-
turer instructions. Samples (conditioned medium), blanks (medium
used for compression), and the positive control of the kit were added
in duplicates into a 96-well flat-bottom plate (50 uL/well). The reac-
tion mixture was added (50 pL/well), and the plate was incubated at
RT for 30 min protected from light. Stop solution was added (50 pL/
well) and gently mixed. The absorbance was immediately measured at
490 nm with a reference at 680 nm using a plate reader (Infinite
M200 PRO, TECAN). The average absorbance of the blanks was sub-

tracted from the average absorbance of the samples.

2.8 | PGE2 enzyme-linked immunosorbent assay

A competitive inhibition PGE2 ELISA kit (RD-PGE2-Ge, Reddot Bio-
tech) was used to quantify the levels of PGE2 in the conditioned
medium according to the manufacturer instructions. Samples were
used undiluted in duplicates. PGE2 concentrations are expressed rela-
tive to the concentration of the non-compressed control.

2.9 | Protein extraction and Western blot

Hydrogels were processed as described previously.?” Briefly, hydro-

gels were cut into four pieces, washed with PBS 1x, snap-frozen in
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liquid nitrogen, and lyophilized overnight. RIPA buffer supplemented
with protease and phosphatase inhibitor cocktails (78430; 78428,
Thermo Fisher Scientific) was used to lyse the hydrogels on ice
(100 pL/gel) for 1 h. The lysates and the soaked hydrogels were cen-
trifuged in NucleoSpin filter columns (740606, Macherey-Nagel) for
1 h at 4°C at 12’000 rpm. For all samples, 22.5 pL of lysate were
mixed with 4x Laemmli buffer (1610747, Bio-Rad), heated at 95°C,
and loaded onto a 4% to 20% gradient gel (4568093, Bio-Rad). Pro-
teins were separated by electrophoresis in a Mini-PROTEAN Tetra
Cell (Bio-Rad) and transferred to PVDF membranes (1704156, Bio-
Rad). The membranes were washed with Tris Buffered Saline with
0.05% TWEEN 20 (TBS-T) and blocked for 2 h at RT with 5% skim
milk in TBS-T. Primary antibodies (ERK1/2 (ERK): 9102; p-ERK: 9101,
p38: 9212; p-p38: 9211; JNK: 9252; p-JNK: 9251; a-tubulin: 2144;
Cell Signaling Technology) were applied 1:1000 in 5% BSA in TBS-T
overnight at 4°C on a rocker. The membranes were washed with
TBS-T and incubated for 1 h at RT on a rocker with the secondary
antibody (anti-rabbit IgG HRP: 7074, Cell Signaling Technology)
diluted 1:2000 in 5% skim milk in TBS-T. After washing with TBS-T,
proteins were detected with a chemiluminescence substrate (34076,
Thermo Fisher Scientific) on a ChemiDocTouch Imaging System (Bio-
Rad). The density of the bands was semi-quantified on the ImagelLab
software (Bio-Rad). For each blot, the density of each band was nor-
malized by the one of the non-compressed control. The ratio phos-
phorylated MAPKs/total MAPKs was calculated.

210 | Trpv4 knockout murine tails for histology

Tails from unloaded wild-type (WT) and trpv4 knockout
(KO) C57BL/6J mice were kindly provided by the Laboratory of lon
Channel Research at KU Leuven, Belgium. The trpv4 KO strain

4tm1-1Ldt34 a5 backcrossed at least ten times into the

Trpv
C57BL/6J background, and C57BL/6J mice were used as WT con-
trols. Mice of all genotypes were housed under identical conditions,
with a maximum of four animals per cage on a 12-hour light-dark
cycle and with food and water ad libitum. Fifteen-week-old male
mice were euthanized and the tails were dissected, fixed, and
washed as described above, and decalcified in Morse's solution at
4°C for 3 days. The decalcified samples were processed and sec-
tioned as described above. The experiments were approved by the
KULeuven Ethical Committee under the project “in vitro”, license
number LA1210202.

211 | Statistical analysis

Data were checked for consistency and normality using skewness,
kurtosis, and omnibus tests. Due to the small sample sizes, depen-
dent bootstrap t-tests based on 10000 Monte Carlo samples were
used. Repeated parametric ANOVAs and nonparametric ANOVA
(Friedman aligned test) were used to test effects globally. In addition,
for pairwise testing, classical dependent t-tests and nonparametric
tests (Wilcoxon Signed test) and Quantile Sign test were used. All

reported tests were two-sided, and P values <.05 were considered
statistically significant. All statistical analyses were performed by
using NCSS (NCSS 10, NCSS, LLC. Kaysville, UT), PASW 24 (IBM
SPSS Statistics for Windows, Version 21.0., Armonk, NY) and
StatXact (2013, Version 10.0.0, Cytel software cooperation, Cam-
bridge, MA, USA).

3 | RESULTS
3.1 | Dynamic compression of murine IVDs causes
mild degeneration in vivo

Dynamic compression was previously shown to induce IVD degen-
eration in vivo.®811121416 However the expression of COX2 has
not been investigated. In a first step, we verified that dynamic
compression causes structural and degenerative changes in mouse
IVDs via a FAST histological staining. Sham IVDs showed a distinct
and intact structure (Figure 2A) with a single NP cell mass sur-
rounded by matrix (Figure 2A,B), a well-defined NP/AF boundary
(Figure 2A,C), and concentric lamellae in the AF (Figure 2A,C).
However, in dynamically compressed IVDs, the NP cell mass was
mildly segregated, with the intercellular space taken up by matrix
(Figure 2D,E). The NP/AF boundary was less clear (Figure 2D,F)
with inner AF lamellae that were more spaced apart compared to
sham (Figure 2F). Rounder chondrocyte-like cells were present in
the AF and small clefts were present in the outer AF region
(Figure 2F). Dynamic compression at 8 N, 2 Hz, 5 min 3x per
week over 4 weeks, thus induces features of mild degeneration in

mouse [VDs.

3.2 | Dynamic compression of murine IVDs does
not affect COX2 expression in vivo

We previously showed that cyclic hyperphysiological stretching
increases COX2 gene expression and the release of its product PGE2
in human AF cells.2% In order to investigate the link between dynamic
compression and inflammation, we performed immunohistochemistry
(IHC) to detect COX2 expression in sham and compressed mouse
IVDs in vivo. COX2 was constitutively expressed in the NP of sham
IVDs (Figure 3A,B) and dynamic compression did not clearly affect
COX2 expression (Figure 3C,D) (Table 2). COX2 was not expressed in
the AF (Figure 3A,C). In Figure 3A, the AF was partially lost due to the

harsh antigen retrieval protocol.

3.3 | Hyperphysiological dynamic compression
increases LDH and PGE2 release in vitro

In the second part of the study, we aimed to verify in vitro the

effects of hyperphysiological dynamic compression observed
in vivo, and to investigate the potential role of TRPV4. Bovine NP

cells were isolated and cultured in 3D agarose-collagen hydrogels.
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FIGURE 2  FAST staining of
IVDs of sham, A-C, and
dynamically compressed (DC;
D-F) mouse tails. The nucleus
pulposus (NP; B, E), inner and
outer annulus fibrosus (IAF and
OAF; C, F) are shown with a
higher magnification. Scale bars:
500 pm in (A, D); 50 pm in B, E,
and C, F. n = 2 in the sham
group, n = 5 in the DC group

FIGURE 3 COX2 immunohistochemistry of IVDs of sham, A, B, and dynamically compressed (DC; C, D) mouse tails. Scale bars: 200 um in A,

C, and 50 pm in B, D. n = 2 in the sham group, n = 3 in the DC group
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Cell-laden hydrogels were dynamically compressed for 1 h at
0.5 Hz at a hyperphysiological regime of 73 N (corresponding to
20% strain). In order to test the effect of hyperphysiological
dynamic compression on cell damage and inflammation, the release
of LDH and PGE2 (a product of COX2) was measured 24 and
48 h after the end of mechanical loading. No significant changes
were observed after 24 h (Figure 4A,B). However, LDH release

considerably increased 48 h after compression compared to non-
compressed cell-laden constructs (Figure 4A). Furthermore, a slight
but statistically significant 1.14-fold augmentation in PGE2 release
was observed in compressed hydrogels compared to controls after
48 h (Figure 4B). These data show that 1 h of hyperphysiological
dynamic compression already induces NP cell damage and slight
inflammation in vitro.

TABLE 2  Allred scoring of COX2 immunohistochemistry of IVDs of sham and dynamically compressed (DC) mouse tails
Score A Score B (IHC Final score
Sample (% pos. cells) signal intensity) (A +B) Comments
Sham 1 0 0 0 Evaluation inconclusive, little IVD material left
Sham 2 5 8 8 Positive
DC1 0 0 0 Evaluation inconclusive, little IVD material left
DC 2 5 3 8 Positive
DC3 5 3 8 Positive
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3.4 | TRPV4 inhibition decreases compression-
induced LDH and PGE2 release in vitro

To test whether compression-induced cell damage and inflammation
were mediated by TRPV4, we blocked the ion channel with the selec-
tive antagonist GSK2193874 at different concentrations (50 to

(A)

C

30 min DC +
GSK2193874 (nM)

0 50 100 200 NoDC

LN N =)

p-ERK (42, 44 kDa) o s

— - 8 -

ERK (42, 44 kDa)

Relative protein phosphorylation

— N — — e

a-tub. (52 kDa)

-

200 nM) during dynamic compression and measured LDH and PGE2
release 48 h after mechanical loading. Once again, LDH release was
significantly increased in compressed samples compared to controls
(Figure 5A). Interestingly, the compression-induced LDH release was
partially but significantly reduced by TRPV4 inhibition at all
GSK2193874 concentrations (Figure 5A). In this data set, the small

p-ERK/ ERK
FIGURE 6 Representative

Western blot, A, and
densitometry analysis B, of
phosphorylated and total ERK
1/2 immediately after no (white
bar) or 30 min (gray bars) of
dynamic compression (DC) at
73 N (corresponding to 20%
strain) and 0.5 Hz in the absence
or presence (hatched bars) of
50 to 200 nM of the TRPV4
antagonist GSK2193874.
a-tubulin bands are shown as a
loading controlin A.n = 3;
mean * SD; *P < .05
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FIGURE 7 FAST staining of
IVDs of wild-type (WT; A-C) and
trpv4 knockout (KO; D-F) mouse
tails. The nucleus pulposus (NP; B,
E), inner and outer annulus
fibrosus (IAF and OAF; C, F) are
shown with a higher
magnification. Scale bars: 500 pm
in A, D; 50 umin B, E, and C,
F.n=5
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FIGURE 8 COX2 immunohistochemistry of IVDs of wild-type (WT; A, B) and trpv4 knockout (KO; C, D) mouse tails. Scale bars: 200 pm in A,

C,and 50 yminB,D.n=3

TABLE 3 Allred scoring of COX2 immunohistochemistry of IVDs
of wild-type (WT) and trpv4 knockout (KO) mouse tails

Score A Score B

(% pos. (IHC signal Final score
Sample cells) intensity) (A + B) Comments
WT 1 4 2 6 Positive
WT 2 4 2 6 Positive
WT 3 4 2 6 Positive
trpv4 KO 1 1 1 2 Negative
trpv4 KO 1 1 1 2 Negative
trpv4 KO 3 1 1 2 Negative

augmentation in PGE2 release induced by dynamic compression did
not reach statistical significance (P = .059; Figure 5B). Nevertheless,
the TRPV4 inhibitor significantly decreased PGE2 release at 50 and
200 nM compared to the compressed condition without antagonist
(Figure 5B). The TRPV4 channel thus partially mediates compression-
induced cell damage and inflammation, as measured by LDH and
PGE2 release.

3.5 | TRPV4 inhibition during dynamic
compression activates the ERK MAPK pathway

MAPKs are known to play a role in apoptosis, survival, and inflamma-
tion in IVDs.2® In order to test whether dynamic compression activates
MAPKs and whether TRPV4 is involved in MAPK regulation, we mea-
sured the expression of total and phosphorylated MAPKs after 30 min
of compression in the absence or presence of TRPV4 antagonist.

Western blot bands for (p)-p38 and (p)-JNK were very faint or even
absent and did not allow for densitometry analysis. However, (p)-ERK
bands could be detected in all three tested cows. The expression of
total ERK relative to the a-tubulin loading control remained similar
across conditions (Figure 6A). Samples dynamically compressed for
30 min without TRPV4 inhibitor displayed denser bands for p-ERK
compared to non-compressed controls in all animals (Figure 6A,B).
However, upon densitometry analysis, the 1.88-fold increase in the p-
ERK/ERK ratio compared to controls was not statistically significant
(Figure 6B). Interestingly, blocking TRPV4 with 100 nM GSK2193874
during compression significantly increased ERK phosphorylation by
3.13-fold compared to non-compressed samples (Figure 6B). Moreover,
ERK phosphorylation with 100 nM TRPV4 antagonist was significantly
higher than with 50 nM (Figure 6B). These data show that TRPV4 inhi-
bition during compression activates the ERK MAPK pathway.

3.6 | Trpv4 KO murine IVDs show mild
degeneration compared to WT IVDs

In the last part of the study, and as a proof-of-concept, we verified
the observed roles of the TRPV4 ion channel in IVD homeostasis and
COX2 regulation in murine IVDs that were not loaded. We first sta-
ined IVDs from WT and trpv4 KO mice with the FAST technique. The
structure of WT IVDs was unaltered (Figure 7A), with an intact NP
(Figure 7B) surrounded by concentric AF lamellae (Figure 7 C). Never-
theless, IVDs of trpv4 KO mice showed a mildly degenerated pheno-
type (Figure 7D), characterized by a discontinued NP/AF boundary
(Figure 7D,E), partial reversals of the AF lamellae into the NP
(Figure 7D,E), and the presence of round chondrocyte-like cells at the
transition between the NP and the inner AF (Figure 7E,F). These
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images show that trpv4 KO promotes a mild degeneration in mouse

IVDs, thus suggesting that TRPV4 plays a role in IVD homeostasis.

3.7 | Trpv4 KO murine IVDs show less COX2
expression in the NP compared to WT IVDs

We finally confirmed the link between TRPV4 and COX2 by per-
forming IHC on WT and trpv4 KO mouse IVDs. COX2 was expressed
in the NP of WT IVDs (Figure 8AB), similarly to sham IVDs
(Figure 3A,B) (Table 3). Interestingly, COX2 was not detected in trpv4
KO IVDs (Figure 8C,D) (Table 3). TRPV4 thus regulates COX2 expres-

sion in murine IVDs in vivo.

4 | DISCUSSION

Aberrant mechanical loading is a contributor to IVD degeneration,
which can cause DDD and LBP. However, the underlying
mechanosensing and mechanotransduction mechanisms are poorly
understood. This lack of understanding prevents the development of
drugs that specifically target the molecular players that are involved in
these pathways.

In this study, we investigated whether the mechanosensitive
TRPV4 ion channel mediates the transduction of hyperphysiological
dynamic compression in murine IVDs in vivo and bovine NP cells
in vitro. We report novel evidence that compression-induced NP cell
damage and inflammation are reduced by TRPV4 pharmacological
inhibition, which might promote cell survival via the activation of the
ERK MAPK pathway.

Our data show that hyperphysiological dynamic compression has
degenerative effects both in vivo and in vitro. Short repetitive
dynamic compression at 8 N, 2 Hz over 4 weeks provoked mild
degeneration in murine caudal IVDs in vivo, as shown by FAST histo-
logical staining. These results agree with previous studies that showed
that hyperphysiological dynamic compression (at high magnitude, fre-
quency, or duration) causes IVD degeneration in rodent in vivo
models 811121416 |nterestingly, dynamic compression did not affect
COX2 expression in vivo. We speculate that this lack of change might
be due to the short hyperphysiological loading of 5 min per day. The
study should be repeated with a longer loading duration per day, and
COX2 activity should be evaluated to determine the link between
hyperphysiological dynamic compression and COX2 expression/activ-
ity. Our in vitro model, which is constituted of bovine NP cells embed-
ded in a matrix-mimicking agarose-collagen hydrogel, recapitulated
the detrimental changes induced by dynamic compression in vivo.
Hyperphysiological dynamic compression of the cell-laden scaffolds
caused a considerable increase in the release of LDH, an indicator of
cell damage, and a slight augmentation in the release of PGE2, a prod-
uct of COX2. We speculate that repetitive mechanical stimulation
(instead of a single continuous loading of 1 h) might increase the small
increase in PGE2 release. The effects of compression were time-

dependent, as they were detected 48 h after the end of mechanical

loading but not after 24 h. Previous studies have similarly shown cell
death and increase in inflammatory mediators as a result of hyper-
physiological dynamic compression.81©

findings that TRPV4 inhibition
compression-induced LDH and PGE2 release in vitro, and that TRPV4

KO induces IVD degeneration and reduced COX2 expression in vivo,

The novel attenuates

suggest a dual role of TRPV4 in the IVD. On one hand, our data show
that TRPV4 pharmacological inhibition significantly reduces cell dam-
age and inflammation induced by hyperphysiological dynamic com-
pression. While these findings are new in NP cells, they find an echo
in other studies showing that induced cell death is mitigated by
TRPV4 inhibition or knockdown in other organs and tissues such as
pancreas, brain and heart.3>3® Moreover, TRPV4 inhibition was
shown to prevent increases in PGE2 release induced by hypo-osmotic
stimulation in porcine articular chondrocytes.®? We also previously
showed that stretch-induced inflammation (including increased COX2
mRNA expression and PGE2 release) was partially TRPV4-dependent
in AF cells.?* The reduction in PGE2 release caused by TRPV4 inhibi-
tion in vitro is in further agreement with our in vivo data showing a
decreased COX2 expression in the NP of trpv4-deficient mice. On the
other hand, TRPV4 expression is necessary and plays a role in IVD
homeostasis. Trpv4 KO murine IVDs displayed mild degeneration
compared to WT IVDs. These results align with previous reports of
trpv4-deficient mice exhibiting mildly detrimental phenotypes, includ-
ing a larger bladder capacity due to impaired mechanosensing, thicker
bones due to impaired osteoclast differentiation, reduced water intake
due to altered osmosensing, and compromised pressure and pain
sensing.*® While the constitutive expression of TRPV4 seems to be
essential throughout the body, its temporary inhibition or conditional
IVD might
mechanosensing and pain induced by aberrant mechanical stress dur-

downregulation in the counteract exacerbated
ing DDD and LBP. Nevertheless, experiments with mechanical loading
of trpv4 KO and WT mouse tails should be performed to confirm
these results.

Finally, our finding that TRPV4 inhibition during dynamic compres-
sion activates the ERK MAPK pathway supports a role of TRPV4 in cell
death. In fact, the ERK pathway is known to regulate survival and apo-
ptosis in IVD cells and tissues. #4142 Moreover, ERK activation was
previously shown to counteract compression-induced apoptosis in the
endplate and transitional zone of the AF in mouse IVDs.*®*' Our
results are in further agreement with previous studies that demonstrate
a link between TRPV4 and ERK. Hdud and colleagues showed that
hypo-osmotic stress increased the expression of TRPV4 in equine artic-
ular chondrocytes.*® Inhibition of ERK prevented the increase of
TRPV4 expression in hypo-osmotic conditions and reduced TRPV4
expression in iso-osmotic conditions compared to controls.*> More-
over, TRPV4 inhibition was previously shown to reduce myocardial
ischemia/reperfusion injury in mice by attenuating apoptosis and
increasing ERK phosphorylation.®® Our results suggest that TRPV4
mediates compression-induced cell damage/death, as TRPV4 inhibition
reduces LDH signal during compression (ie, reduces cytotoxicity).
Moreover, TRPV4 inhibition also phosphorylates ERK, which we inter-
pret as a pro-survival signal in this context.
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The conclusions of this study are limited by several aspects. First,
two different animal models were used. While the mouse is an excel-
lent model to investigate mechanical loading, the small size of murine
IVDs prevents harvesting a sufficient amount of IVD cells for in vitro
experiments. High amounts of NP cells were required for embedding
in agarose-collagen hydrogels, and this quantity could also not be
achieved by expansion of human NP cells, due to their low availability
and proliferation rate. Moreover, while female mice were used in
compression experiments, male WT and trpv4 KO mice were used
later, thus preventing a direct comparison between the two data sets.
Next, although the in vivo and in vitro loading regimes both have a
hyperphysiological loading magnitude, a physiological frequency, and
the same overall duration, they differ in the fact that the in vivo load-
ing is repetitive and the in vitro loading is continuous. This difference
can explain different observations between the two experimental set-
tings. Finally, the agarose-collagen in vitro model is composed of colla-
gen | instead of collagen Il, which would mimic better the composition
of the healthy NP extracellular matrix. The reason for this is that colla-
gen Il is about 40 times more expensive than collagen | and is pro-
vided at a very diluted concentration of 0.5 mg/mL (https://
advancedbiomatrix.com/). Collagen Il is normally recognized by dis-
coidin domain receptor 2 (DDR2), which also recognizes collagen |
with high affinity.** We speculate that the DDR2 pathway might
therefore still be recapitulated in our hydrogels through collagen |
binding. Additionally, collagen | might activate other pathways (eg,
integrin-mediated ones). However, this might not be a major draw-
back, as the NP also contains collagen I, although at a smaller propor-
tion compared to collagen 1.4

In summary, we show that TRPV4 regulates COX2/PGE2 in bovine
NP cells in vitro and in mouse IVDs in vivo, and that TRPV4 inhibition
significantly reduces cell damage and PGE2 release induced by hyper-
physiological compression in vitro, possibly via ERK activation. These
novel findings thus identify TRPV4 as a promising therapeutic target to
treat IVD degeneration, DDD, and LBP. Preclinical and clinical trials
examining TRPV4 inhibition in the context of DDD and LBP are cur-
rently lacking. However, the administration of the TRPV4 antagonist
GSK2798745 to healthy volunteers and heart failure patients was
recently shown to be safe*® Targeting the mechanosensitive TRPV4
channel may benefit patients with IVD pathologies caused by aberrant
mechanical loading. Nevertheless, it should be noted that TRPV4 is poly-
modal, ubiquitous, and its constitutive expression seems to be neces-
sary. Therefore, a therapy targeting TRPV4 needs to be carefully
elaborated in order to maintain its beneficial and necessary roles in
homeostasis. A localized and/or temporary inhibition or knockdown (eg,
via the CRISPR-based technology47) of TRPV4 in the IVD, via injection
of a specific antagonist or inducible gene editing in case of excessive

mechanical load, might be desirable therapeutic strategies in the future.
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