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Painful intervertebral disc (IVD) degeneration is an age-related process characterized by
reduced tissue osmolarity, increased catabolism of the extracellular matrix, and elevated
levels of pro-inflammatory molecules. With the aging population and constantly rising
treatment costs, it is of utmost importance to identify potential therapeutic targets and
new pharmacological treatment strategies for low back pain. Transient receptor potential
(TRP) channels are a family of Ca2+ permeable cell membrane receptors, which can be
activated by multitude of stimuli and have recently emerged as contributors to joint
disease, but were not investigated closer in the IVD. Based on the gene array screening,
TRPC1, TRPM7, and TRPV4 were overall the most highly expressed TRP channels in
bovine IVD cells. We demonstrated that TRPV4 gene expression was down-regulated in
hypo-osmotic condition, whereas its Ca2+ flux increased. No significant differences in
Ca2+ flux and gene expression were observed for TRPM7 between hypo- and iso-osmotic
groups. Upon hypo-osmotic stimulation, we overall identified via RNA sequencing over
3,000 up- or down-regulated targets, from which we selected aggrecan, ADAMTS9, and
IL-6 and investigated whether their altered gene expression is mediated through either the
TRPV4 or TRPM7 channel, using specific activators and inhibitors (GSK1016790A/
GSK2193874 for TRPV4 and Naltriben/NS8593 for TRPM7). GSK1016790A induced
the expression of IL-6 under iso-osmotic condition, alike to hypo-osmotic stimulation
alone, indicating that this effect might be TRPV4-mediated. However, using the TRPV4
blocker GSK2193874 failed to prevent the increase of IL-6 under hypo-osmotic condition.
A treatment with TRPM7-activator did not cause significant changes in the gene
expression of tested targets. In conclusion, while TRPV4 and TRPM7 are likely involved
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in osmosensing in the IVD, neither of them mediates hypo-osmotically-induced gene
expression changes of aggrecan, ADAMTS9, and IL-6.
Keywords: intervertebral disc (IVD), osmolarity, osmosensing, transient receptor potential (TRP) channels,
inflammation, degenerative disc disease (DDD), membrane receptor, low back pain
INTRODUCTION

The IVD is a mechanically loaded structure composed of two
main tissues – the centrally located and highly hydrated nucleus
pulposus (NP), which is surrounded by circular lamellar rings
known as annulus fibrosus (AF) (Cassinelli et al., 2001). In a
healthy state, the NP contains a small population of cells
embedded in a loose matrix of collagen (COL) type II and
proteoglycans (PGs), which enable the NP’s high water content
(60–99%) and subsequent osmotic pressure (Cassinelli et al.,
2001; Roughley et al., 2002). In contrast, the AF is mostly
composed of COL type I, which gives the tissue the ability to
retain tensile stresses and hydrostatic pressure generated from
NP (Cassinelli et al., 2001). Age- and/or degeneration-induced
changes in proteoglycan content lead to a drop in osmotic
concentration from ~400 mOsm/L in a healthy state to ~300
mOsm/L in a degenerated IVD (Wuertz et al., 2007). Other
common occurrences observed with IVD degeneration
include, among others, a shift in extracellular matrix (ECM)
metabolism towards catabolism and up-regulated expression of
matrix metalloproteinase (MMPs) or disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)
(Le Maitre et al., 2004). Correspondingly, biochemical and
structural changes to the IVD affect its mechanical function
and can promote inflammation. Inflammation in the IVD can be
characterized by an increased expression of pro-inflammatory
molecules such as interleukin (IL)-6, IL-1b, and tumor necrosis
factor alpha (TNF-a), and contributes to the development of
degenerative disc disease (DDD) and low back pain (LBP)
(Molinos et al., 2015). Discogenic LBP not only reduces the
patient’s quality of life, but also creates a high economic burden
on the individuals and the society (Wieser et al., 2011). Current
treatment strategies are mostly limited to oral pain medication,
physiotherapy, lumbar epidural steroid injections, and surgeries
(or a combination thereof), all of which are rather reactionary
than preventive measures and reported efficacy varies between
publications (Koc et al., 2009; Ulger et al., 2018). Hence, there is a
clear need to not only develop new treatment strategies, but also
to identify specific therapeutic targets, which mediate and/or
promote homeostatic or inflammatory processes in the IVD.

Transient Potential Receptor (TRP) channels are a superfamily
of multimodal cation membrane receptors and have recently
emerged as potential contributors to IVD and joint diseases as
well as to discogenic pain. They can be activated by multiple
stimuli, including mechanical and osmotic stress (e.g. TRP
canonical [C] and TRP vanilloid [V] subfamilies) and function
as cellular sensors (Krupkova et al., 2017). TRP channels have
previously been shown to be well expressed in the human IVD;
importantly the gene and protein expression of some TRP
channels has been reported to be degeneration-, pain intensity-
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and/or pain chronicity-dependent (Sadowska et al., 2019). A past
study on IVD degeneration reported increased TRPV4 gene
expression with a decrease in osmolarity (~400 mOsm/L vs.
~300 mOsm/L and below) and suggested that TRPV4 signaling
may mediate increased expression of IL-1b and IL-6 (Walter et al.,
2016). TRPM3 and TRPM7 channels, which so far were sparsely
investigated in the IVD, are implicated in sensing of osmotic
changes and mediation of osmolarity-induced cell volume changes
in human renal cells and salivary glands (Grimm et al., 2003;
Harteneck and Reiter, 2007). Furthermore, hypo-osmotic stretch
was also shown to mechanically activate TRPC5 and TRPC6
channels in the central and peripheral nervous system and in
renal cells (Gomis et al., 2008; Wilson and Dryer, 2014). Hence,
TRP channels constitute a promising target for the investigation of
IVD degeneration and accompanying reduced tissue osmolarity.
Thus far, it is unclear which TRP channels may function as
osmosensors in the IVD and whether they mediate catabolic
and inflammatory changes in the response to hypo-osmotic
stress. Therefore, the goal of this study was to

1. Identify the most prominently expressed TRP channels in
bovine caudal NP and AF cells by gene array screening.

2. Investigate how changes in osmolarity affect the expression
and activity of the identified TRP channels.

3. Identify pro-inflammatory and ECM targets with altered
gene expression, due to short- and long-term exposure to
reduced osmolarity, and to determine whether these changes
are TRP channel-mediated (= main objective).
MATERIALS AND METHODS

Bovine Nucleus Pulposus Cell Isolation
and Culture
Due to the limited accessibility of healthy human IVD tissue,
healthy bovine caudal discs were used in this study. Bovine
caudal discs are considered to be a suitable model for the study of
the human lumbar disc (especially that of a young adult), due to
their biological and biomechanical similarity to the human IVD
(Demers et al., 2004). All experiments were conducted on n = 3–
7 biological replicates, as indicated in each results section.

Bovine tails from 18- to 24-month-old male and female animals
were obtained from a local slaughterhouse. Bovine nucleus
pulposus (NP) and annulus fibrosus (AF) cells were isolated as
previously described (Wuertz et al., 2007). Within 1–2 h after the
slaughter, caudal IVDs were dissected under sterile conditions,
where NP, AF, and the transition zone (TZ) were separated from
each other using either a 8, 6, or 3 mm biopsy tool and a blade. For
each animal, the top eight IVD sections were used. Collected AF or
July 2020 | Volume 11 | Article 952
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NP tissue was pooled together from each animal, whereas
remaining TZ tissue was discarded. The tissue was cut into fine
pieces and digested overnight at 37°C, 5% CO2 in a solution
composed of 3 mg/ml Collagenase NB 4 (#S1745401, Nordmark
Biochemicals, Germany), 2 mg/ml Dispase II (#2845300, Roche
Diagnostics USA), and 3% antibiotic-antimycotic (A/A, #15240-
062, Gibco Life Technologies, Switzerland) dissolved in 100 ml of
sterile phosphate buffered saline (PBS, #09-8912-100, Medicago
Sweden). On the next day, the tissue digest was filtered using cell
strainers (70 mm, #542070, Greiner Bio-One, Switzerland) and
centrifuged at 1,000 rpm for 20min at the room temperature (RT),
with three washing steps (1× PBS, 2× cell culture media) in
between. Cells from different donors were not pooled together,
but used separately as biological replicates.

For the TRP screening experiment, cells were collected either
directly after isolation or sub-cultured in Dulbecco’s Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, #11320033
Gibco, Switzerland; 300 mOsm, “hypo-osmotic”) supplemented
with 10% fetal calf serum (FCS, #F7524, Sigma-Aldrich,
Switzerland) and 1% A/A until passage (P) 2 and collected for
the analysis afterwards.

For the remaining sub-culturing, cells were seeded in DMEM/
F12 adjusted to ~400 mOsm (“iso-osmotic” media) using
sucrose (#57903, Sigma-Aldrich, Switzerland) and supplemented
with 0.1% Ampicillin (#A6352.0025, PanReac AppliChem
Switzerland) and 10% FCS. Osmolarity was measured using a
freezing-point osmometer (Osmomat 030, Gonotec, Germany).
Serum free hypo- and iso-osmotic media was used for cell
treatment experiments. Additionally, to ensure consistency
throughout treatments, the osmolarity of PBS used for cell
washing during cell splitting or in assays, was correspondingly
adjusted to match the treatment osmolarity.

Treatments
Bovine NP cells (P2) were seeded in 6-well plates (0.2 × 106 cells/
well; gene expression analysis/ELISA), 24-well plates (0.65 ×
105 cells/well, for MTT assay), or 96-well plates (0.1 × 105 cells/
well, for [Ca2+] imaging) and cultured for 24 h. On the following
day, cells were serum-starved for up to 3 h and treated (Table 1)
for assay-dependent durations in serum free, osmotically
adjusted media with channel specific agonist, antagonist, or
DMSO (negative control): gene expression analysis/ELISA =
Frontiers in Pharmacology | www.frontiersin.org 3
24 h; [Ca2+] imaging = 15–30 min; MTT assay = 15 min to
24 h. Afterwards, cells were directly used for MTT assay/qPCR.
For ELISA, cell culture media was collected before and after
the treatment.

RNA Sequencing and Data Analysis
Twelve RNA samples were submitted to the Functional
Genomics Center in Zurich (FGCZ) for RNA sequencing. The
quality of the RNA was determined with a Fragment Analyzer
standard sensitivity RNA measurement (SS RNA kit [15 nt],
Agilent, Waldbronn, Germany). The measured concentrations
(>75 ng/µl) and RIN (>9.9) values qualified for a Poly-A
enrichment strategy in order to generate the sequencing
libraries applying the TruSeq mRNA Stranded Library Prep Kit
(Illumina, Inc, California, USA). After Poly-A selection using
Oligo-dT beads the mRNA was reverse-transcribed into cDNA.
The cDNA was fragmented, end-repaired, and polyadenylated
before ligation of TruSeq UD Indices (IDT, Coralville, Iowa,
USA). The quality and quantity of the amplified sequencing
libraries were validated using a Fragment Analyzer SS NGS
Fragment Kit (1–6,000 bp) (Agilent, Waldbronn, Germany).
The equimolar pool of 12 samples was spiked into a
NovaSeq6000 run targeting 200M reads on a S1 FlowCell
(Novaseq S1 Reagent Kit, 100 cycles, Illumina, Inc, California,
USA). The Bcl files were demultiplexed using Illumina`s
bcltofastq software allowing for one mismatch in each barcode.

The RNA-seq data analysis consisted of the following steps: The
raw reads were first cleaned by removing adapter sequences,
trimming low quality ends, and filtering reads with low quality
(phred quality <20) using Trimmomatic (Version 0.36) (Bolger
et al., 2014). The read alignment was done with STAR (v2.7.0e)
(Dobin et al., 2013). As reference we used the Ensembl genome
build UMD_v3.1 with the gene annotations downloaded on 2018-
05-30 from Ensembl (release 92). The STAR alignment options
were “–outFilterType BySJout –outFilterMatchNmin 30 –
outFilterMismatchNmax 10 –outFilterMismatchNoverLmax 0.05
–alignSJDBoverhangMin 1 –alignSJoverhangMin 8 –
alignIntronMax 100000 –alignMatesGapMax 100000 –
outFilterMultimapNmax 50”. The quantification of transcript level
expression was carried out using Kallisto (Version 0.44) (Bray et al.,
2016). To detect differentially expressed genes we applied a count
based negative binomial model implemented in the software
TABLE 1 | Chemical compounds and concentrations.

Compound Catalog number,
Manufacturer

Function MTT concentration [µM] [Ca2+] imaging
concentration

[µM]

Cell treatment
concentration

[µM]

GSK1016790A #17289, Cayman Chemical
Company, CH

TRPV4 agonist 0.005, 0.02, 0.025, 0.04, 0.05 0.002, 0.02, 0.04 0.05

GSK2193874 # 1336960134, Sigma-Aldrich, CH TRPV4
antagonist

0.1, 0.5, 1, 10 0.25, 0.5 0.5

Naltriben methanesulfonate
hydrate

#N156,
Sigma-Aldrich, CH

TRPM7 agonist 5, 15, 20, 25, 50, 200, 300, 400,
500, 600

50, 100, 200 25

NS8593 hydrochloride #N2538, Sigma-Aldrich, CH TRPM7
antagonist

150, 200, 250, 300, 350, 400 80, 160 –
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package EdgeR (R version: 3.6.0, EdgeR version: 3.26.8) (Robinson
et al., 2010). The differential expression was assessed using an exact
test adapted for over-dispersed data. Genes showing altered
expression with adjusted (Benjamini and Hochberg method) p-
value <0.05 were considered differentially expressed.

Gene Expression Analysis
RNA was extracted using the RNeasy Mini Kit (#74106, Qiagen,
Switzerland) following the manufacturer’s protocol. One
microgram of RNA was used to synthesize cDNA in a total
volume of 30 µl, using a reverse transcription kit (#4374966,
Applied Biosystems, USA).

The expression of TRP channels in bovine NP and AF cells was
screened using custom TaqMan Array Fast Plates (#4413261,
Thermo Fisher, Switzerland) following the manufacturer’s
recommendations. In the first step, obtained cDNA was amplified
using TaqMan PreAmp Master Mix (2×) (#4391128, Thermo
Fisher, Switzerland) and Custom TaqMan PreAmp Pools
(Thermo Fisher, Switzerland). Then, amplified cDNA (mixed with
RNAse-free water) was combined 1:1 with the TaqMan Fast
Universal PCR Master Mix (2×) (#4352042, Thermo Fisher,
Switzerland) and added to target pre-coated (TRP channels, Table
2) 96-well plates (10 µl per well). The gene expression wasmeasured
using real-time qPCR (CFX96 Touch™ Detection System, Biorad).

For the remaining gene expression analysis, TaqMan primers
(Table 2, Thermo Fisher, Switzerland) were used according to the
manufacturer’s protocol. In short, 5 µl of TaqMan Fast Universal
PCR Master Mix (2×) was mixed with 0.5 µl of TaqMan primers
Frontiers in Pharmacology | www.frontiersin.org 4
and 10 ng cDNA (combined with RNAse-free water for 4.5 µl total
volume), and quantified using the real-time qPCR. Data were
analyzed either as 2−DCt values relative to the housekeeping gene
(YWHAZ) or as fold change 2−DDCt values normalized to YWHAZ
and to a control. YWHAZ was chosen as the housekeeping gene
based on its stability in preliminary testing.

[Ca2+] Imaging
To investigate the activity of a TRP channel in hypo- and iso-
osmotic environments, Fura-2 QBT™ Calcium Kit (#R8197,
Molecular Devices, UK) was used following the manufacturer’s
protocol to detect intracellular calcium changes. In short, bovine NP
cells (n = 3, P2, 0.1 × 105 cells/well) were seeded in a 96-well plate in
iso-osmotic media supplemented with 10% FCS and 0.1%
Ampicillin. On the next day, media was changed to osmotically
adjusted (300 or 400 mOsm) phenol-red free media (DMEM/F-12,
#11039021, Gibco, Switzerland) supplemented with 0.1%
Ampicillin. After around 2–3 h, an equal volume of Fura-2
Loading Buffer was added to each well, followed by an incubation
for 1 h at 37°C, 5% CO2. Next, cells were treated with either TRPV4
antagonist, TRPM7 antagonist, or DMSO (negative control, 0.01 or
1%) for 15 min at the RT (Table 1). Each compound was dissolved
in DMSO at 10 mM stock concentration and stored in aliquots at
−20°C and was freshly diluted into various working concentrations
right before the use (Table 1). Calcium response was measured
using a microplate reader (Tecan, Infinite M200 PRO). First, a
baseline over seven cycles was recorded at an excitation wavelength
of 340 nm for the bound calcium and 380 nm for the unbound
TABLE 2 | TaqMan primers list.

Gene symbol Gene name TaqMan Primer
Assay ID

ACAN Aggrecan Bt03212186_m1
ADAMTs4 Adam Metallopeptidase With Thrombospondin Type 1 Motif 4 Bt03224697_m1
ADAMTs9 Adam Metallopeptidase With Thrombospondin Type 1 Motif 9 Bt04295942_m1
COL2 Collagen Type II Alpha 1 Chain Bt03251861_m1
CHOP (a.k.a. DDIT3) Dna Damage Inducible Transcript 3 Bt03251320_g1
HAS2 Hyaluronic Acid Synthase 2 Bt03212695_g1
HAS3 Hyaluronic Acid Synthase 3 Bt04298491_m1
GRP78 (a.k.a HSPA5) Heat Shock Protein Family A (Hsp70) Member 5 Bt03244880_m1
COX2 (a.k.a. PTGS2) Prostaglandin-Endoperoxide Synthase Bt03214492_m1
IL-6 Interleukin 6 Bt03211904_m1
MMP3 Matrix Metallopeptidase 3 Bt04259497_m1
TNFRSF21 Tumor Necrosis Factor Receptor Superfamily Member 21 Bt03250597_m1
TRPC1 Transient Receptor Potential Cation Channel, Subfamily C, Member 1 Bt03214647_m1
TRPC2 Transient Receptor Potential Cation Channel, Subfamily C, Member 2 Bt03817472_m1
TRPC3 Transient Receptor Potential Cation Channel, Subfamily C, Member 3 Bt03258742_m1
TRPC4 Transient Receptor Potential Cation Channel, Subfamily C, Member 4 Bt03214662_m1
TRPC5 Transient Receptor Potential Cation Channel, Subfamily C, Member 5 Bt04301428_m1
TRPC6 Transient Receptor Potential Cation Channel, Subfamily C, Member 6 Bt04301412_m1
TRPC7 Transient Receptor Potential Cation Channel, Subfamily C, Member 7 Bt04297646_m1
TRPM3 Transient Receptor Potential Cation Channel, Subfamily M, Member 3 Bt03243121_m1
TRPM7 Transient Receptor Potential Cation Channel, Subfamily M, Member 7 Bt04290223_m1
TRPM8 Transient Receptor Potential Cation Channel, Subfamily M, Member 8 Bt04288753_m1
TRPV2 Transient Receptor Potential Cation Channel, Subfamily V, Member 2 Bt03210789_m1
TRPV3 Transient Receptor Potential Cation Channel, Subfamily V, Member 3 Bt03262740_m1
TRPV4 Transient Receptor Potential Cation Channel, Subfamily V, Member 4 Bt03649002_m1
TRPV6 Transient Receptor Potential Cation Channel, Subfamily V, Member 6 Bt04290617_m1
YWHAZ Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein, Zeta Polypeptide Bt01122444_g1
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calcium. At the eighth cycle, cells were treated with different
concentrations of agonists (Table 1), and the measurement was
continued until the 30th cycle, which corresponds to approximately
20 min of the total measurement time. Calcium response was
analyzed as a ratio of the bound calcium to the unbound calcium
(340 nm/380 nm), normalized to the baseline.

MTT Assay
In order to test whether applied treatments influenced cell
metabolic activity, MTT assay (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide, #M5655, Sigma-Aldrich,
Switzerland) was used. Cells were cultured and treated as
described beforehand (Treatments and Table 1). As a negative
control, cells were treated with 70% methanol (#M5655, Sigma-
Aldrich, Switzerland) for 30 min at 37°C, 5% CO2. Following
treatments, the supernatants were aspirated, cells were washed
with PBS and incubated with freshly prepared MTT solution (0.5
mg/ml, dissolved in media) for 1 h at 37°C, 5% CO2. Thereupon,
MTT was discarded and 200 µl DMSO was added to each well
and incubated on a shaker for 5 min at RT. Subsequently, the
lysates were transferred to 96-well plates in duplicates and the
absorbance of formazan was measured at 565 nm using a
microplate reader (Tecan, Infinite M200 PRO). Metabolic
activity was calculated relative to the untreated control (set at
100% cell viability).

Immunocytochemistry (ICC)
Bovine NP cells in P2 were seeded into the chambered cover
glass (Nunc Lab-Tek, #155380 or #154461, Thermo Fisher,
Switzerland). Media was replaced to hypo- or iso-osmotic, FCS
free media and cells were incubated for 24 h. Afterwards, cells were
briefly washed 3× with PBS, fixed with ice cold 100% methanol
(10 min at −20°C, #34885, Sigma-Aldrich, Switzerland), and
blocked with 5% normal goat serum (#005-000-121, Jackson
ImmunoResearch, PA, USA) in PBS for 1 h at the RT. Next,
cells were incubated with the primary antibody (anti-TRPM7,
#ACC-047 or anti-TRPV4, #ACC-034, Alomone, Israel, 1:500 in
1% goat serum in PBS) in the dark at 4°C overnight. On the next
day, cells were first washed with PBS (3 × 10 min on a rocker) and
then incubated with the secondary antibody (Cy2 anti-rabbit IgG,
#111225144, Jackson ImmunoResearch, PA, USA; 1:200 in 1%
normal goat serum) for 1 h at the RT. Next, cells were again
washed with PBS (3 × 10 min on a rocker) and 1–2 drops of the
Antifade Mounting Medium with DAPI (VECTASHIELD, #H-
1200, Switzerland) were added shortly before imaging. Cells were
imaged with a fluorescence microscope (20×, Olympus IX51 or
100×, Delta Vision System). For each primary antibody, the same
imaging parameters (exposure time and magnification) were
used. As a negative control, cells were incubated without
primary antibody.

Enzyme-Linked Immunosorbent
Assay (ELISA)
To quantify the release of IL-6 from treated IVD cells, the cell
culture media was collected before and after treatment, and
analyzed with IL-6 ELISA kit following the manufacturer’s
protocol (IL-6, #ESS0029, Thermo Fisher, Switzerland). Briefly,
Frontiers in Pharmacology | www.frontiersin.org 5
96-well plates were coated with coating antibody (1:100)
overnight. On the next day, wells were blocked (ELISA
Blocking Buffer, #N502, Thermo Fisher, Switzerland) for 1 h at
RT and afterwards loaded with samples or protein standard, and
incubated for 1 h at RT. Next, wells were washed (ELISA Wash
Buffer 1×, #N503, Thermo Fisher, Switzerland), incubated with
the detection antibody (1:100) for 1 h at RT, followed by washing
and 1 h incubation with streptavidin-horseradish peroxidase
(HRP) at RT. Next, wells were washed again and substrate
solution was added to each well. After 20 min of incubation in
the dark, stop solution was added to each well, the absorbance
was directly measured (Tecan, Infinite M200 PRO) at 450 nm
(with subtracted 550 nm absorbance), and IL-6 concentrations
were calculated based on the standard curve.

Statistical Analysis
All data were checked for consistency and screened for outliers.
For the gene array, dependent bootstrap t-test based on 7000
Monte Carlo samples was used due to the small sample sizes. In
addition, classical dependent t-tests and nonparametric tests
(Wilcoxon Signed test) and Quantile Sign test was used. For
the calcium assay, continuous variables were also tested for
normality. Generalized estimation equation models based on
Gamma distributions were used to analyze data. The robust
estimator for the covariance matrix was used and a full factorial
model was set up. Finally, LSD tests were used to compare means
pairwise. For the MTT and gene data, One-way ANOVA
followed by Tukey’s or Dunnett’s multiple comparisons test
was used to test means among different groups. All reported
tests were two-sided, p-values ≤0.05 were considered statistically
significant and all error bars present SEM. All statistical analyses
in this report were performed by use of NCSS (NCSS 10, NCSS,
LLC. Kaysville, UT) and PASW 24 (IBM SPSS Statistics for
Windows, Version 21.0., Armonk, NY) or GraphPad Prism
version 8.2.0 for Windows (GraphPad Software, La Jolla
California USA, www.graphpad.com).
RESULTS

TRP Channels mRNA Expression in Bovine
NP and AF Cells
The mRNA expression of 14 TRP channels (TRPC1-C7, TRPM3,
TRPM7, TRPM8, TRPV2-V2, and TRPV6) was tested in bovine
NP and AF cells obtained directly from tissue digest or passaged
cells collected at P2. In the initial test, a set of three donors was
used with Taqman Array Plates. Table 3 presents the detectability
of all tested TRP channels. Five out of 14 TRP targets, namely
TRPC1, TRPC3, TRPC4, TRPM7, and TRPV4, were selected for
further gene analysis on additional two donors. This decision was
made based on either highest overall expression (e.g. TRPC1,
TRPM7, and TRPV4), novelty (TRPC1, TRPC3, TRPC4), or
research relevance in the IVD or other tissue types. The
detectability of expression and relative mRNA expression levels
from all five donors are presented in Table 4 and Figure 1,
respectively. The gene expression tended to be generally higher in
July 2020 | Volume 11 | Article 952
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non-passaged cells as compared to passaged cells (Figures 1A, B).
This difference was statistically significant (p < 0.05) for TRPV4
channel in NP cells (Figure 1A) as well as TRPC3, TRPM7, and
TRPV4 channels in AF cells (Figure 1B). For the reason of overall
high expression and the availability of channel specific agonists
and antagonists, TRPM7 and TRPV4 were chosen out of the five
pre-selected TRP channels for the subsequent experiments on the
Frontiers in Pharmacology | www.frontiersin.org 6
NP cells. Due to their relevance to osmotic changes in the IVD,
only NP cells were included in the further experiments.

Effects of Hypo-Osmotic Stimulation on
TRPV4 and TRPM7 mRNA and Protein
Expression
In the next step, TRPV4 and TRPM7 expression on the gene and
protein level in both hypo- and iso-osmotic conditions was tested
in bovine NP cells. For gene expression, cells were collected after
either 24 h or 5 days of osmotic treatment. TRPV4 was slightly,
but significantly, down-regulated in hypo-osmotic condition as
compared to the iso-osmotic group at both collection points
versus iso-osmotic groups (fold change 24 h: mean 0.79, min.
0.56, max. 1.07, p = 0.03 and fold change day 5: mean 0.79, min.
0.56, max. 1, p = 0.04, Figure 2A left). The expression of TRPM7
was unchanged at both collection points (fold change 24 h: mean
0.9, min. 0.69, max. 1.14, p = 0.45 and fold change day 5: mean
0.85, min. 0.49, max. 1.1. p = 0.21, Figure 2A right).
Correspondingly, on the protein level, the two channels were
abundantly and steadily expressed in both osmotic conditions
(Figure 2B: TRPV4 [left top and bottom] and TRPM7 [right top
and bottom]) after 24 h of culture. While both channels were
present in the cell membrane, TRPM7 additionally showed a
clear localization around the nuclear envelope.

Osmotic Regulation of TRPV4 and TRPM7
Channels Activity
Channel-specific activators and blockers of TRPV4 and TRPM7
(Table 1) were employed to test whether their activity differs
between iso- and hypo-osmotic conditions. To ensure non-toxicity
of channel activators and blockers, their dose-dependent effect on
the metabolic activity of bovine NP cells was tested using MTT
assay (Figure 3). Next, the activity of a channel was measured
using a calcium flux assay (n = 3). Based on the MTT results, three
highest, non-toxic doses of an activator were applied to untreated
bovine NP cells to establish the effective concentration of an
TABLE 4 | Secondary screening: number of donors (min. n = 0; max. n = 5), in
which the mRNA expression of all selected TRP channels was detectable using
TaqMan gene array and qPCR.

Target NP digest NP cells P2 AF digest AF cells P2

TRPC1 5/5 5/5 5/5 5/5
TRPC3 5/5 5/5 4/5 3/5
TRPC4 3/5 5/5 3/5 5/5
TRPM7 5/5 5/5 5/5 5/5
TRPV4 5/5 5/5 5/5 5/5
A B

FIGURE 1 | The mRNA expression of TRP channels in (A) bovine nucleus pulposus (bNP) and (B) annulus fibrosus (bAF) cells obtained directly after cell isolation
(non-passaged) or cells passaged until passage 2 (P2). Graphs show 2−DCt values relative to YWHAZ (mean ± SEM, n = 5). Asterisks indicate statistical significance
(*p < 0.05, **p < 0.01) between non-passaged and passaged cells.
TABLE 3 | Primary screening: number of donors (min. n = 0; max. n = 3), in
which the mRNA expression of all available TRP channel was detectable using
TaqMan gene array.

Target NP digest NP cells P2 AF digest AF cells P2

TRPC1 3/3 3/3 3/3 3/3
TRPC2 1/3 1/3 2/3 –

TRPC3 3/3 3/3 2/3 3/3
TRPC4 1/3 3/3 1/3 3/3
TRPC5 2/3 – 1/3 –

TRPC6 1/3 – 3/3 1/3
TRPC7 – 1/3 – 2/3
TRPM3 3/3 3/3 2/3 3/3
TRPM7 3/3 3/3 3/3 3/3
TRPM8 1/3 3/3 – 3/3
TRPV2 3/3 3/3 3/3 3/3
TRPV3 1/3 – 1/3 1/3
TRPV4 3/3 3/3 3/3 3/3
TRPV6 3/3 3/3 3/3 3/3
“-”: not expressed in any of the tested samples.
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agonist necessary to activate TRPV4 or TRPM7 channel in bovine
NP cells (Supplementary Figures 1 and 2). In the final step, a
selected concentration of an activator was applied to cells cultured
in either iso- or hypo-osmotic media and the response was
measured for up to 15 min from the activator injection time
(Figures 4A, C). To ensure the specificity of an activator,
respective channel blockers were applied 15 min before the
Frontiers in Pharmacology | www.frontiersin.org 7
measurement (Figures 4B, D). TRPV4 mediated calcium flux
was higher in cells cultured in hypo-osmotic media as compared to
iso-osmotic media (Figure 4A, p = 0.1), and the effect became
significantly different (p = 0.002) with the increased dose of the
GSK1016790A (40 nM, Supplementary Figure 3). There was no
statistical difference in the response to TRPM7 activator between
iso- or hypo-osmotic treated cells, and the calcium flux was
similarly high in both conditions (Figure 4C, p > 0.05).

Effects of Hypo-Osmotic Stimulation on
Genome-Wide Expression Changes in NP
Cells
Bovine NP cells were cultured in osmotically adjusted media for
either 24 h or 5 days and were thereafter collected for the RNA
sequencing or qPCR analysis. Overall, there were 38 differently
up- or down-regulated targets after 24 h of hypo- versus iso-
A

B

FIGURE 2 | The mRNA expression of (A) TRPV4 (left) and TRPM7 (right)
channels in bovine nucleus pulposus (NP) cells. Graphs show 2−DDCt values
normalized to the iso-osmotic control (mean ± SEM, n = 6-7). Asterisks
indicates statistical significance (*p < 0.05) between iso- and hypo-osmotic
conditions, bars compare the difference between 24 h and 5-day long
treatments (ns, no statistical difference defined as p > 0.05). (B) Protein
expression of TRPV4 (left top and middle) and TRPM7 (right top and bottom)
after 24 h of culture in either iso- (top) or hypo-osmotic media (middle). For
the negative control (bottom left and right) cells were incubated without
primary antibody. TRPV4/M7 are stained green, nuclei were counterstained
with DAPI (blue). Scale bar is 10 µm, n = 3.
A B

C

E

D

FIGURE 3 | MTT results of bovine NP cells after different incubation periods
with (A) GSK1016790A (TRPV4 activator), (B) GSK2193874 (TRPV4 blocker),
(C, D) Naltriben methanesulfonate hydrate (TRPM7 activator), and (E)
NS8593 hydrochloride (TRPM7 blocker). Graphs show percentage of viable
cells (mean ± SEM, bNP P2, n = 3–4). Asterisks indicates statistical
significance compared to the untreated control (*p < 0.05, *p < 0.01, ***p <
0.001, ****p < 0.0001, ns, no statistical difference defined at p > 0.05).
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osmotic stimulation, and 3,062 differently up- or down-regulated
targets after 5 days of hypo- versus iso-osmotic culture, which
met the criterion of false discover rate (FDR) <0.05 and p-value
<0.05. Out of those regulated at the 24 h time point, 12 targets
were up-regulated at least 2 fold and 22 targets were down-
regulated by at least 0.5 fold. In the 5 days group, 188 out of 3,062
targets were up-regulated by at least 2 fold and 419 targets were
down-regulated by at least 0.5 fold. Supplementary Tables 1 and
2 present the results of gene set enrichment analysis (GSEA)
organized by a function of up- or down-regulated genes for 24 h
and 5 days of osmotic culture, respectively. Tables 5 and 6
present selected significantly up- and down-regulated targets for
24 h and 5 days long hypo- versus iso-osmotic culture,
respectively (organized by fold change). Based on these results,
12 targets (ACAN, ADAMTS9, IL-6, ADAMTS4, COL2, COX2,
MMP3, TNFRSF21, CHOP10, HAS2, HAS3, and GRP78) were
selected for qPCR testing due to differential gene regulation,
novelty, or relevance to inflammation and IVD degeneration or
discogenic pain.

Aggrecan was significantly and steadily down-regulated in
both 24 h and 5 days hypo-osmotic groups (24 h fold change:
mean 0.53, min. 0.24, max. 1.00, p = 0.002; 5 day fold change:
mean 0.53, min. 0.29, max. 1.00, p = 0.002; Figure 5A) as
compared to iso-osmotic groups. ADAMTS9 was slightly up-
regulated after 24 h of culture (24 h fold change: mean 1.72, min.
A B

C D

FIGURE 4 | Ca2+ flux in NP cells following the application of (A) 20 nM GSK1016790A (TRPV4 activator) alone, (B) 250 or 500 nM GSK2193874 (TRPV4 blocker)
and/or 20 nM GSK1016790A (TRPV4 activator), (C) 200 µM Naltriben (TRPM7 activator), and (D) 80 or 160 µM NS8593 hydrochloride (TRPM7 blocker) and/or 200
µM Naltriben (TRPM7 activator). Graphs present the ratio of the bound calcium to the unbound calcium (340 nm/380 nm) normalized to the baseline over the
measurement time (mean ± SEM, bNP P2, n = 3). After the baseline measurement, empty (control) or compound-supplemented (treatment) media was added
(indicated by an arrow on a graph) and the measurement was continued for up to around 15 min more. Asterisks indicate statistical significance (**p < 0.01, ***p <
0.001, ns, no statistical difference defined as p > 0.05) as measured on the last measurement cycle.
Frontiers in Pharmacology | www.frontiersin.org 8
TABLE 5 | RNA sequencing: top up- and down-regulated genes in bovine NP
cells with FDR < 0.05 and p-value < 0.05 for 24 h of hypo-osmotic versus iso-
osmotic treatment.

Top up-regulated targets Top down-regulated targets

Gene name Fold change Gene name Fold change

BNIP3 4.30 NOV 0.47
CCL5 3.72 SLC44A1 0.47
SLC2A3 3.03 ERICH5 0.46
IL6 2.83 NUPR1 0.44
PTGS2 2.68 ARHGAP24 0.43
DDIT4 2.63 SESN3 0.42
SLC16A3 2.47 NYAP1 0.42
NDUFA4L2 2.31 MPIG6B 0.39
ECI1 2.28 GLP2R 0.39
IL11 2.23 CPM 0.38
PFKL 2.13 MTUS1 0.38
TGFBI 2.04 KCNK5 0.38
GAPDH 1.98 HMGCS1 0.37
TPI1 1.91 DDAH2 0.36

PALM3 0.35
TNFRSF11B 0.34
GPR183 0.34
LRRN1 0.31
PIGZ 0.28
EREG 0.27

SLC6A12 0.12
SLC4A11 0.07
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0.94, max. 2.24; Figure 5B left) and although the effect was
statistically insignificant after 24 h (p = 0.15), its upregulation
strongly increased over time and became significant (5 day fold
change: mean 2.6, min. 1.45, max. 4.13, p = 0.001; Figure 5B
right). Hypo-osmotic treatment consistently up-regulated IL-6
mRNA expression after 24 h (24 h fold change: mean 2.69, min.
1.89, max. 3.94, p = 0.002; Figure 5C left) and 5 days of culture (5
day fold change: mean 2.69, min. 0.90, max. 4.44, p = 0.002;
Frontiers in Pharmacology | www.frontiersin.org 9
Figure 5C right). However, due to the limited range of the ELISA
kit, IL-6 protein release in the media could not be detected (data
not showed). Figure 5D presents the gene expression of the
remaining targets: ADAMTS4, COL2, COX2, MMP3,
TNFRSF21, CHOP10, HAS2, HAS3, and GRP78. Although
identified as potentially interesting targets on the small gene
array data set, a more comprehensive analysis showed that hypo-
osmotic treatment had little to no effect on the gene expression of
ADAMTS4, COL2, TNFRSF21, CHOP10, HAS3, and GRP78.
Interestingly, the gene expression of MMP3 decreased over time
back to the iso-osmotic levels and the expression of COX2 and
HAS2 was increased, especially at the later time point.

Finally, aggrecan, ADAMTS9 and IL-6 were chosen for
further testing to check whether TRPV4 or TRPM7 channels
may mediate their altered expression.

Effects of TRPV4 and TRPM7 Activators
on the Gene Expression of ACAN,
ADAMTS9, IL-6, TRPV4, and TRPM7
In the following step, the effect of TRPV4 and TRPM7
compounds on the gene expression of aggrecan (ACAN),
ADAMTS9, IL-6, TRPM7, and TRPV4 was tested. Bovine NP
cells were cultured in the iso-osmotic, hypo-osmotic, or iso-
osmotic media supplemented with a channel specific activator
(TRPV4: 5 nMGSK1016790A or TRPM7: 25 µMNaltriben) over
24 h. The iso-osmotic activator-supplemented group was used to
investigate 1) the influence of an activator on the gene expression
of the tested channel, and 2) whether a TRP channel in question
mediates up- or down-regulation of tested biomarker as observed
during hypo-osmotic treatment alone.

Addition of 5 nM TRPV4 activator to the iso-osmotic group
up-regulated the expression of TRPV4 by around 2 fold (fold
TABLE 6 | RNA sequencing: selected up- and down-regulated genes in bovine
NP cells with FDR < 0.05 and p-value < 0.05 for 5 days of hypo-osmotic versus
iso-osmotic treatment.

Top up-regulated targets Top down-regulated targets

Gene name Fold change Gene name Fold change

TRIB3 6.01 IL4R 0.50
IL11 5.18 TLR4 0.47
TNFSF15 4.53 MMP2 0.46
TNFRSF21 4.30 SLC4A3 0.44
NGF 4.02 CD14 0.41
SLC7A11 3.94 SLC44A1 0.41
HAS2 3.79 SLC6A6 0.39
SLC7A5 3.74 MAP4K3 0.38
IL6 3.61 SLC37A2 0.37
ADAMTS9 3.55 ACAN 0.36
DDIT4 3.13 CD24 0.35
PTGS2 3.00 SLC13A4 0.34
COL1A1 2.92 SLC24A3 0.29
HSPA5 2.91 SLC46A3 0.27
SLC1A4 2.76 AQP1 0.26
COL1A2 2.74 ADAMTS12 0.22
VEGFC 2.66 CXCL5 0.21
SLC1A5 2.56 TNFRSF11B 0.21
SLC3A2 2.49 SLC39A8 0.20
VGF 2.15 SLC4A11 0.02
A B

C D

FIGURE 5 | The mRNA expression of ECM and pro-inflammatory targets selected based on the RNA sequencing, novelty or relevance to the IVD degeneration in
bovine NP cells: (A) aggrecan (ACAN), (B) ADAMTS9, (C) IL-6, and (D) ADAMTS4, COX2, HAS2, MMP3, COL2, TNFRSF21, CHOP10, HAS3, and GRP78. Graphs
show 2−DDCt values normalized to the iso-osmotic control (mean ± SEM, bNP P2, n = 4–7). Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001) between hypo-osmotic and iso-osmotic groups, bars compare the difference between 24 h and 5-day long groups (ns, no statistical
difference defined at p > 0.05).
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change: mean 2.06, min. 1.44, max. 2.89) in a statistically significant
manner (p = 0.012) as compared to hypo-osmotic treatment alone
(fold change: mean 0.91, min. 0.68, max. 1.1) and iso-osmotic
control (p = 0.02) (Figure 6A). Iso-osmotic treatment with 25 µM
TRPM7 activator slightly up-regulated TRPM7 expression (fold
change: mean 1.15, min. 1.06, max. 1.24), with a statistical
difference (p = 0.01) to the hypo-osmotic group (fold change:
mean 0.86, min. 0.78, max. 1.08), but without a significant
difference to the iso-osmotic group (p = 0.15) (Figure 6B).

While aggrecan was down-regulated and ADAMTS9 up-
regulated under hypo-osmotic treatment (see also Figure 5),
addition of GSK1016790A (TRPV4 activator) or Naltriben
(TRPM7 activator) to iso-osmotic media did not yield a similar
gene expression profile. GSK1016790A significantly up-regulated
aggrecan expression (fold change: mean 2.18, min. 1.42, max.
3.16, p = 0.02; Figure 7A right), in contrast to hypo-osmotic
treatment, which caused a significant down-regulation of
aggrecan (fold change: mean 0.40, min. 0.33, max. 0.47, p =
0.0004; Figure 7A left), whereas Naltriben had no effect on
aggrecan expression (fold change: mean 1.1, min. 0.84, max. 1.34,
p = 0.8; Figure 7C right). Similarly, neither GSK1016790A nor
Naltriben had an effect on ADAMTS9 expression (GSK101
group fold change: mean 0.94, min. 0.52, max. 1.12, p = 0.91,
Figure 7B right and Naltriben group fold change: mean 1.60,
min. 1.10, max. 2.22, p = 0.17; Figure 7D right) in contrary to the
significant up-regulation observed in the hypo-osmotic group
(fold change: mean 3.71, min. 3.70, max. 3.80, p = 0.0002;
Figures 7B, D left). Hypo-osmotic treatment up-regulated IL-6
expression (fold change: mean 1.8, min. 1.60, max. 2.1, p = 0.01;
Figure 7E left). While, TRPM7 activator gently down-regulated
IL-6 expression (fold change: 0.56, min. 0.20, max. 1.00; Figure
7E right) as compared to the iso-osmotic group, but the effect
was statistically insignificant (p = 0.1).

Interestingly, iso-osmotic GSK1016790A-supplementation
seemed to up-regulate the expression of IL-6 (fold change: mean
1.62, min. 1.20, max. 2.30, p 0.11; Figure 8A right) in a manner
similar to its expression measured in hypo-osmotic group (fold
change: mean 1.8, min. 1.60, max. 2.1, p = 0.01; Figure 8B left). To
Frontiers in Pharmacology | www.frontiersin.org 10
further test if this phenomenon was mediated by TRPV4, TRPV4
blocker (500 nM GSK2193874) was added to hypo-osmotic media
and cells were collected 24 h later. However, GSK2193874 did not
prevent the upregulation of IL-6 in hypo-osmotic treatment (fold
change: mean 1.61, min. 0.94, max. 2.1, p = 1; Figure 8B right),
indicating that the hypo-osmotic induction of IL-6 is not (or only
partially) mediated by TRPV4.
DISCUSSION

Discogenic back pain has a high prevalence in the western world
and there is an increasing need for improved diagnostic and
treatment strategies (Wieser et al., 2011; Geurts et al., 2018). TRP
channels, which constitute a superfamily of ion channels and
have been shown to be involved in tissue homeostasis and disease
in many organs, might be a promising target for the treatment of
low back pain (Krupkova et al., 2017; Sadowska et al., 2017;
Sadowska et al., 2019). To our knowledge, this is the first study
that presents a complete gene screening of TRP channels in
bovine IVD cells, demonstrates the effects of osmotic stress on
bovine NP cells over short (24 h) and long (5 days) culture times
using RNA sequencing, as well as shows that TRPV4 or TRPM7
channels do not seem to mediate hypo-osmolarity induced
changes in aggrecan, ADAMTS9, or IL-6 expression.

According to our results and similarly to the findings reported
earlier on human IVD tissue (Sadowska et al., 2019), the three
most highly expressed TRP channels were TRPC1, TRPV4, and
TRPM7. TRPC1 belongs to the canonical (C) subfamily and is
broadly expressed in mammalian tissues. TRPC1 is hypothesized
to have a mechanosensitive function, can be stretch activated and
it can interact with other TRP channel members, such as TRPV
or TRPP (Du et al., 2014). Decreased TRPC1 protein expression
was linked to a greater increase in liver cells volume (Chen and
Barritt, 2003), indicating that TRPC1 may be a potential
candidate for the investigation of osmosensing and volume
regulation. We could demonstrate that TRPC1 was consistently
well expressed in bovine NP and AF cells, and its expression was
A B

FIGURE 6 | The mRNA expression of (A) TRPV4 in NP cells treated with 5 nM GSK1016790A, and (B) TRPM7 in NP cells treated with 25 µM Naltriben after 24 h.
Graphs show 2−DDCt normalized to the iso-osmotic control (mean ± SEM, bNP P2, n = 4). Asterisks indicate statistical significance (*p < 0.05, no statistical difference
defined at p > 0.05) between hypo-osmotic group, iso-osmotic group or iso-osmotic activator-supplemented group.
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unaffected by passaging, which is consistent with earlier results
on human non-degenerated NP and AF tissue (Sadowska et al.,
2019) as well as on human articular chondrocytes (Gavenis et al.,
2009). However, due to the lack of TRPC1 channel specific
activators and blockers, this channel was excluded from further
research in the present study.

Osmosensing properties of the TRPV4 channel were
investigated in numerous studies including tissues such as
kidney, DRG neurons, epithelium, cartilage as well as IVD
(Alessandri-Haber et al., 2003; Liedtke and Friedman, 2003;
Mizuno et al., 2003; Arniges et al., 2004; Andrade et al., 2005;
Cohen, 2005; Liedtke, 2005; Plant and Strotmann, 2007; Walter
et al., 2016). Although limited data on TRPV4 in the IVD exists, it
is believed to be the key mechano- and osmosensor protein in
cartilage (Phan et al., 2009; Clark et al., 2010; Jablonski et al., 2014;
O’Conor et al., 2014; Servin-Vences et al., 2017). It was previously
demonstrated that in chondrocytes TRPV4 may interact with
integrin a1b1 in response to hypo-osmotic stress (wildtype and
integrin a1-null mice) (Jablonski et al., 2014), participate in cell
volume regulation (porcine articular chondrocytes) (Phan et al.,
2009), enhance ECM accumulation (porcine articular
chondrocytes) (O’Conor et al., 2014) and its expression may be
mediated by ERK1/2 signaling (equine articular chondrocytes)
(Hdud et al., 2014). However, NP cells, despite being
morphologically similar to articular chondrocytes, have
distinctively different ECM composition and biomechanical
properties, which should be considered when comparing both
cell types (Aota et al., 2006; Lee et al., 2007; Cui et al., 2010). In our
study, TRPV4 was overall the most highly expressed TRP
Frontiers in Pharmacology | www.frontiersin.org 11
channel in freshly isolated NP and AF cells, but its expression
significantly decreased with passaging. A previous study reported
comparable TRPV4 gene expression levels between degenerated
and non-degenerated human IVD tissue, independent of tissue or
patient specific characteristics, suggesting that TRPV4 could play a
fundamental role in the IVD homeostasis (Sadowska et al., 2019).
A previous study reported increased TRPV4 protein expression in
bovine NP cells after hypo-osmotic stimulation (Walter et al.,
2016), however we were not able to reproduce these results.
Another study demonstrated that TRPV4 gene expression
seemed to be down-regulated, but without reaching statistical
significance, under hypo-osmotic (130mOsm/l) burst (1.5 h/day)
and cyclic (10 min on and off for 1.5 h/day) conditions as
compared to static loading (24 h/day) in mice NP organ culture
model (Palacio-Mancheno et al., 2017). In line with the latter
(Palacio-Mancheno et al., 2017), but in contrary to the earlier study
(Walter et al., 2016), we showed that TRPV4 gene expression did
not significantly differ between 24 h and 5 days of hypo-osmotic
treatment and was significantly down-regulated as compared to
iso-osmotic treatment. However, we have also noticed donor-to-
donor variations in TRPV4 (and TRPM7) gene expression. The
contradictory findings between this and the past study (Walter
et al., 2016) may be partially due to different detection techniques
used, namely western blot versus RNA sequencing, qPCR, and ICC
(our study). In fact, we also intended to test TRPV4 protein
expression using western blot to enhance comparability between
studies, but found that antibodies available at the time of the
analysis were, in our hands, non-specific for bovine cells as
discerned in preliminary tests (data not shown).
A B

C D E

FIGURE 7 | The mRNA expression of (A) aggrecan (ACAN) and (B) ADAMTS9 in NP cells after 24 h of treatment with TRPV4 activator (5 nM GSK1016790A); (C)
aggrecan (ACAN), (D) ADAMTS9, and (E) IL-6 in NP cells after 24 h of treatment with TRPM7 activator (25 µM Naltriben). Graphs show 2−DDCt values normalized to
the iso-osmotic control (mean ± SEM, bNP P2, n = 3–4). Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, no
statistical difference defined at p > 0.05) between hypo-osmotic group, iso-osmotic group or iso-osmotic activator-supplemented group.
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Although TRPV4 expression is certainly of interest, changes in
channel activity are ultimately of higher relevance in the context of
sensing environmental changes and calcium signaling. Therefore,
in thenext stepwe employedGSK1016790A (Thorneloe et al., 2008;
Jin et al., 2011) and GSK2193874 (Thorneloe et al., 2012; Cheung
et al., 2017), which are currently amongst themost selective TRPV4
channel activators and blockers, respectively. GSK1016790A was
shown to induce Ca2+ influx through TRPV4 channel with
estimated EC50 values of 2.1 nM (HEK293-hTRPV4 cells), 11 nM
(guinea-pig urothelial cells), and 18 nM (HEK293- mTRPV4 cells)
(Thorneloe et al., 2008; Xu et al., 2009), while GSK2193874 inhibits
Ca2+ influx mediated by TRPV4 channels with IC50 values of 40–
50nM(HEK293-hTRPV4cells) and2nM(HEK293-rTRPV4cells)
(Thorneloe et al., 2012; Cheung et al., 2017). In recent publications,
it was demonstrated that stimulation with GSK1016790A causes a
down-regulation of TRPV4 channels from the plasma membrane
Frontiers in Pharmacology | www.frontiersin.org 12
within 20–30 min post-treatment (10 nM in HeLa-TRPV4 cells
(Jin et al., 2011) and 100nMinHUVECs (Baratchi et al., 2019)) and
translocation of the TRPV4 channel to the recycling endosomes
(Baratchi et al., 2019). We first tested whether there are any
differences in TRPV4 channel activity properties between hypo-
and iso-osmotic conditions and secondly whether the TRPV4
channel mediates gene expression changes of targets differently
regulated by hypo-osmotic stress. When GSK1016790A was
applied to both hypo- and iso-osmotic treated cells, a higher
calcium flux was measured in the hypo-osmotic group, indicating
that TRPV4 activity in bovine NP cells may be higher at reduced
osmolarity. The mechanism of TRPV4 activation is still being
discussed and several modes of action have been proposed.
TRPV4 can be spontaneously activated at physiological
osmolarity levels and can respond to changes in the local
environment (increase its activity at reduced osmolarity and vice
versa). In this context, TRPV4 activation can be triggered by cell
volume changes, but presumably not directly due to stretch, but
rather due to the activation of phospholipase A2 (PLA2) (Plant and
Strotmann, 2007; Pedersen and Nilius, 2007; Servin-Vences et al.,
2017).However, it isworthmentioning that differentiating between
mechano- andosmo-function canbe challenging, sinceosmotic cell
swelling is inherently associated with membrane stretch.
Interestingly, it was shown that in salivary glands, the activity of
TRPV4 may be dependent on AQP5 (Liu et al., 2006), which
therefore points towards a possibly complex osmosensing network.

The second most abundantly expressed TRP channel in bovine
NP cells was TRPM7. TRPM7 belongs to the TRP melastatin (M)
subfamily that is most recognized for its role in thermo-sensation,
but also seems to be implicated in cell survival/death, cytokine
release, and response to oxidative stress (McNulty and Fonfria,
2005; Massullo et al., 2006). In certain tissue types that are known to
experience daily osmotic changes, such as kidney, TRPM7 was
identified as a mechano- and osmosensor that is involved in the
regulation of cell volume changes (Numata et al., 2007; Kim et al.,
2017). TRPM7 was so far only sparsely investigated in the IVD:
TRPM7 was previously detected in non-degenerated and
degenerated IVD tissue, where its expression tended to increase
with the IVD degeneration grade (Sadowska et al., 2019). In this
study, we could demonstrate that TRPM7 was well expressed in
both, bovine NP and AF cells, showed less variation than TRPV4 in
its expression between passaging and its expression was unaffected
by the hypo-osmotic treatment. This is partially in line with an
earlier study on human articular chondrocytes, where TRPM7 was
highly expressed in non-passaged cells, but contrary to our study, its
expression greatly diminished with passaging (Gavenis et al., 2009).
Naltriben, with an EC50 20 µM (HEK 293-mTRPM7 (Hofmann
et al., 2014)), 24 µM (rat ventricular myocytes (Tashiro et al.,
2019)), and 45 µM (ameloblast cell line LS8 cells (Souza Bomfim
et al., 2020)), and NS8593, with an IC50 1.6 µM (HEK 293 cells
(Chubanov et al., 2012)) and 2 µM (rat ventricular myocytes
(Tashiro et al., 2014)), are compounds that respectively activate
and block TRPM7 channel. Naltriben was initially characterized as
an antagonist of d-opioid receptors (June et al., 1999) and may
compete with the inhibitory effect of NS8598, but does not stimulate
A

B

FIGURE 8 | The mRNA expression of IL-6 in NP cells after 24 h of treatment
with (A) TRPV4 activator (5 nM GSK1016790A) or (B) TRPV4 blocker (500
nM GSK2193874). Graphs show 2−DDCt values normalized to the iso-osmotic
control (mean ± SEM, bNP P2, n = 3–4). Asterisks indicate statistical
significance (*p < 0.05, ns, no statistical difference defined at p > 0.05)
between hypo-osmotic group, iso-osmotic group, or iso-osmotic activator-
supplemented group.
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other TRP channels including TRPM2, TRPM3, TRPM8, and
TRPV1 (Hofmann et al., 2014). NS8593 is a potent TRPM7
inhibitor that exhibits complete and reversible block of TRPM7
currents, but may also target small conductance potassium channels,
whicharenot related toTRPM7channel (Jenkins et al., 2011;Chubanov
et al., 2012). Inhibitory actionofNS8593onnativeTRPM7-like currents
was demonstrated among others in HEK 293 cells, freshly isolated
smooth muscle cells, ventricular myocytes, as well as in primary
podocytes (Chubanov et al., 2012). It was shown that 50 µMNaltriben
can effectively activate TRPM7 channel (without measurable off-target
responses)andthis responsecanbeblockedwith20µMNS8593inHEK
293 cells overexpressing TRPM7 (Hofmann et al., 2014). Moreover,
100 µM Naltriben activated and 100 µM NS8593 blocked Ca2+

fluctuations in mice chondrocytes from femoral cartilage plate (Qian
et al., 2019). In contrast, in the presented study we have used Naltriben
concentrations ranging from25 to200µMdependingonthedurationof
the treatment and assay type. We have furthermore observed that an
application of 50 µM Naltriben was not able to induce Ca2+ flux in
primary bovine NP cells, while 100 µM had only minor effect as
compared to the baseline (Supplementary Figure 2). Furthermore, we
have not observed differences in Ca2+ flux between the hypo- and iso-
osmotic conditions, but the scientific evidence for TRPM7 sensitivity to
osmotic gradient is inconclusive and suggests that observed differences
may depend on the cell type. For example, it was shown that TRPM7 is
involved inregulatoryvolumedecrease (RVD)afterosmoticcell swelling
and TRPM7 silencing reduced the rate of RVD in human HeLa and
human embryonic kidney HEK293T cells (Numata et al., 2007), hence
indicatingTRPM7’s sensitivity to osmotic changes.Yet, TRPM7current
was unaffected by hypotonic solution or cell swelling in rat brain
microglia (Jiang et al., 2003). Overall, our data indicate that TRPM7
gene/proteinexpressionas well as activity is independent from hypo-
osmotic stress in bovine NP cells.

Under hypo-osmotic stimulation, NP cells exhibited a
significant increase in mRNA levels of pro-inflammatory and
catabolic factors, such as IL-6 and IL-11, Small-Inducible
Cytokine A5 (CCL5), nerve growth factor (NGF), ADAMTS4
and ADAMTS9, and factors inducing cell apoptosis via nuclear
factor kappa-B (NF-kB), e.g. Tumor Necrosis Factor Receptor
Superfamily Member 21 (TNFRSF21) or Neuronal Cell Death
Inducible Putative Kinase (TRIB3). In contrast, a down-
regulation was observed for several membrane proteins
involved in transporting soluble molecules (e.g. members of
solute carrier family [SCL]) and water channels (e.g. aquaporin
[AQP] especially AQP1), as well as, aggrecan (ACAN). IL-6,
ADAMTS9, and aggrecan were selected to test whether their
altered gene expression observed under hypo-osmotic
stimulation may be mediated by the TRPV4 or TRPM7
channel. IL-6 is a widely investigated cytokine in the field of
painful disc degeneration. Increased IL-6 expression was
observed in herniated and degenerated IVDs (Lee et al., 2009).
Moreover, IL-6 can be secreted by IVD cells and induce TNF-a
expression, which is associated with neuropathic pain (Risbud
and Shapiro, 2014; Weber et al., 2016). Hence, targeting IL-6 may
have beneficial effects for pain treatment. Aggrecan is the
primary proteoglycan of NP cells, is important for the normal
osmotic function of the IVD as it provides the ability to bind
Frontiers in Pharmacology | www.frontiersin.org 13
water, and is therefore contributing to the tissue’s hydration,
integrity, and its biomechanical function (e.g. ability to withstand
load). In contrast, ADAMTS9 is an aggrecanase, which together
with other members of the ADAMTS family, mediates aggrecan
turnover and degradation in the IVD. It was established that
ADAMTS9 is expressed in non-degenerated and degenerated
IVD tissue, with an increased protein expression in the latter
(Pockert et al., 2009). Moreover, ADAMTS9 was shown to be
induced by IL-1b and TNF-a in human chondrocytes (Demircan
et al., 2005). We have demonstrated that hypo-osmotic treatment
alone increases the expression of IL-6 and ADAMTS9 and
decreases the expression of aggrecan in healthy bovine NP cells.

A past study has demonstrated that activation of TRPV4 with
GSK1016790A may induce ECM and immune system regulatory
gene expression changes (e.g. down-regulation of ADAMTS5 and
NOS2) similarly to dynamic loading alone and increases ECM
accumulation akin to a long-term (≥2 weeks) osmotic loading in
porcine articular chondrocytes (O’Conor et al., 2014). However, in
the same study TRPV4 inhibition with GSK205 alone (that is
without the dynamic loading) had no effect on the gene expression
of tested targets (O’Conor et al., 2014). Yet in another study,
TRPV4 inhibition with GSK2193874 reduced cytokine production
(TNFa, IL-1a, and IL-6) in septic mice (Dalsgaard et al., 2016).
Here we have shown that activation of TRPV4 with GSK1016790A
in the iso-osmotic condition up-regulated aggrecan (but inversely
to the hypo-osmotic treatment), had no effect on ADAMTS9
expression and induced IL-6 in a manner similar to hypo-
osmotic treatment alone. However, inhibition of TRPV4 activity
in bovine NP cells was not able to reverse the hypo-osmotically-
induced IL-6 expression, although past studies on bovine NP cells
hypothesized that IL-6 is a downstream target of TRPV4 (Walter
et al., 2016). Therefore, we speculate that the hypo-osmotically-
induced gene changes of IL-6, aggrecan, and ADAMTS9 are not
mediated by TRPV4 in the IVD. Future studies should examine the
interplay between inflammation and TRPV4 and TRPM7
sensitization and activity in the IVD. The observed IL-6
upregulation may be augmented in part by prostanoid PGE2
activation of PAR-2 signaling (Poole et al., 2013), which was
shown to cause TRPV4 sensitization in mice (Alessandri-Haber
et al., 2005) and rats (Alessandri-Haber et al., 2004) in studies on
inflammatory and neuropathic pain as well as mechanical
hyperalgesia (Grant et al., 2007). Moreover, our data suggests
that TRPM7 activation does not influence aggrecan, ADAMTS9
or IL-6 expression alike to hypo-osmotic treatment. Interestingly, it
was shown that IL-6 might inhibit TRPM7 currents via JAK2-
STAT3 signaling pathways in rat cortical neurons (Liu et al., 2016).
Furthermore, it was indicated that TRPM7 inhibition (with a non-
specific channel inhibitor 2-APB) decreased IL-6 release in
allergen‐sensitized rat BMMC (Huang et al., 2014). Thus, there is
a possible relationship between IL-6 and TRPM7, whereas it might
not be associated with osmotic loading alone and may be tissue/cell
type dependent. Future studies will aim to establish whether the
interplay of TRP channels with other membrane proteins may
contribute to the altered expression of these and other targets
under hypo-osmotic stimulation. A limitation of the current
experimental design was the use of bovine IVD tissue instead of
July 2020 | Volume 11 | Article 952

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Sadowska et al. TRPV4/TRPM7 as IVD Osmosensors
healthy human IVD tissue, which may in the future be beneficial
for translating current findings. Moreover, in contrary to bovine
tails, human spine experiences day-to-day mechanical loading
from body weight and daily activities, which not only can act as
a stimuli for IVD cells and TRP channels, but also lead to daily
osmotic shifts (e.g. increased osmotic pressure during daily life
activities and reduced osmotic pressure during rest periods)
(Schmidt et al., 2010; Chan et al., 2011; Sadowska et al., 2018).
Hence, dynamic mechanical loading as well as diurnal osmotic
loading could be incorporated in the future studies. Additionally, a
lack of channel specific activators and blockers (e.g. for TRPC1)
and possible off-target effects for Naltriben and NS8593 limited the
scope of this project.
CONCLUSION

In summary, we demonstrated that several TRP channels are
expressed in bovine IVD cells. Hypo-osmotic treatment led to a
higher calcium flux through TRPV4. We have presented
genome-wide expression changes caused by reduced osmolarity
in bovine NP cells and have shown through pharmacological
activation and/or inhibition of TRPV4 and TRPM7 that these
channels likely do not mediate hypo-osmotically-induced gene
expression changes of aggrecan, ADAMTS9, and IL-6 in bovine
NP cells.
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