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Abstract

The mechanical behaviour and cellular metabolism of intervertebral discs (IVDs) and articular 

cartilage are strongly influenced by their proteoglycan content and associated osmotic properties. 

This osmotic environment is a biophysical signal that changes with disease and may contribute to 

the elevated matrix breakdown and altered biologic response to loading observed in IVD 

degeneration and osteoarthritis. This study tested the hypothesis that changes in osmo-sensation by 

the transient receptor potential vallinoid-4 (TRPV4) ion channel occur with disease and contribute 

to the inflammatory environment found during degeneration. Immunohistochemistry on bovine 

IVDs from an inflammatory organ culture model were used to investigate if TRPV4 is expressed 

in the IVD and how expression changes with degeneration. Western blot, live-cell calcium 

imaging, and qRT-PCR were used to investigate whether osmolarity changes or tumour necrosis 

factor α (TNFα) regulate TRPV4 expression, and how altered TRPV4 expression influences 

calcium signalling and pro-inflammatory cytokine expression. TRPV4 expression correlated with 

TNFα expression, and was increased when cultured in reduced medium osmolarity and unaltered 

with TNFα-stimulation. Increased TRPV4 expression increased the calcium flux following 

TRPV4 activation and increased interleukin-1β (IL-1β) and IL-6 gene expression in IVD cells. 

TRPV4 expression was qualitatively elevated in regions of aggrecan depletion in degenerated 

human IVDs. Collectively, results suggest that reduced tissue osmolarity, likely following 

proteoglycan degradation, can increase TRPV4 signalling and enhance pro-inflammatory cytokine 

production, suggesting changes in TRPV4 mediated osmo-sensation may contribute to the 

progressive matrix breakdown in disease.
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Introduction

Mechanical loading plays a critical role in regulating matrix biosynthesis in multiple 

musculoskeletal tissues such as intervertebral disc (IVD) and articular cartilage (Chan et al., 
2011; MacLean et al., 2005; Sah et al., 1989; Walsh and Lotz, 2004). One mechanism by 

which chondrocytes, and presumably IVD cells, sense mechanical loading is through 

changes in the local osmotic environment that occurs in response to loading and the 

subsequent activation of the transient receptor potential vallinoid-4 (TRPV4) ion channel, a 

calcium permeable non-selective cation channel (O’Conor et al., 2014). The TRPV4 ion 

channel regulates many cellular functions in response to changes in osmolarity in other 

tissues (Guilak et al., 2010; Liedtke and Friedman, 2003) and was recently demonstrated to 

regulate the metabolic response to dynamic loading in chondrocytes (O’Conor et al., 2014). 

The healthy IVD has a high osmotic environment (~434 mOsm/kgH20) compared to other 

tissues (Johnson et al., 2014) and experiences diurnal fluctuations in osmolarity that occur as 

proteoglycans within the IVD become compacted and water is exuded under compression 

loading. These loading-induced osmotic fluctuations are thought to be important for 

regulating cellular metabolism, including aggrecan synthesis, in IVD cells and chondrocytes 

(Ishihara et al., 1997; Neidlinger-Wilke et al., 2012; Palmer et al., 2001). However, the 

mechanism through which IVD cells sense changes in their local osmotic environment 

remains unknown. Given the importance of tissue osmolarity in the IVD microenvironment 

and homeostasis, it is critical to understand how IVD cells sense changes in tissue 

osmolarity and whether TRPV4 is involved.

The biologic response to physiologic loading changes in multiple musculoskeletal diseases, 

and becomes more catabolic with the progression of osteoarthritis and IVD degeneration 

(Salter et al., 2002). In the IVD, physiologic loading induces an anabolic response in healthy 

IVD tissue and cells through increasing gene expression of matrix genes (aggrecan and 

collagen) and decreasing gene expression of catabolic enzymes (matrix metalloproteinases 

(MMPs) and ADAMTS family members) (Chan et al., 2011; Walsh and Lotz, 2004; Wuertz 

et al., 2009). However, this ‘healthy’ or remodelling response to physiologic loading is 

altered when the same loading conditions are applied to tissues or cells from degenerated 

IVDs with a tendency towards a catabolic response (Gilbert et al., 2011; Gilbert et al., 2010; 

Le Maitre et al., 2009; Sowa et al., 2012). Changes in mechanotransduction, i.e. how cells 

perceive and respond to their mechanical environment, and the consequential alterations in 

cellular sensitivity to mechanical loading may be a mechanism mediating this aberrant 

response. Especially, as changes in mechanotransduction are thought to play a role in the 

pathogenesis of several diseases, including muscular dystrophy, deafness, kidney disease and 

premature aging (Jaalouk and Lammerding, 2009). One of the earliest and most dramatic 

changes to the IVD with degeneration is the loss of proteoglycans within the nucleus 

pulposus (Roughley et al., 2002) and a concomitant loss of osmotic pressurisation (Urban 

and McMullin, 1988). This suggests that changes in osmotically regulated 

mechanotransduction may occur within the IVD as degeneration progresses. However, there 

is remarkably little information available on how IVD cell mechanotransduction is altered in 

disease.
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Osteoarthritis and IVD degeneration involve a pro-inflammatory component, which 

contributes to matrix breakdown and associated pain (Goldring and Otero, 2011; Risbud and 

Shapiro, 2014). The inflammatory environment within these tissues influences the biologic 

response to mechanical loading (Sowa and Agarwal, 2008; Torzilli et al., 2010). However, 

the mechanisms underlying this interaction remain unknown. An improved understanding of 

the interaction between inflammation and mechanical loading may inform how 

inflammation arises within the tissue in early stages of disease. Adverse mechanical loading 

of IVD cells and tissue is known to induce the local expression of pro-inflammatory 

cytokines (Gawri et al., 2014; Walter et al., 2011). Nucleus pulposus (NP) tissue cultured 

under free swelling conditions increased prostaglandin and interleukin-6 (IL-6) expression 

(van Dijk et al., 2015), suggesting that changes in tissue osmolarity may influence pro-

inflammatory cytokine expression. However, the mechanism mediating this response 

remains unclear.

The overall hypothesis of this study was that changes in osmo-sensation by the TRPV4 ion 

channel occur with disease and contribute to the altered mechanobiology and inflammatory 

environment found during degeneration. The aims of this study were (1) to determine if the 

TRPV4 ion channel is present in the IVD and if expression of the TRPV4 ion channel 

changes in an IVD degeneration model, and (2) to determine how altered TRPV4 expression 

and activity influences TRPV4 calcium signalling and pro-inflammatory cytokine 

expression.

Materials and Methods

Cell and organ culture techniques, using bovine and human spinal tissues, were applied with 

western blot, immunohistochemistry, qRT-PCR and live cell calcium imaging investigations 

to assess the role of TRPV4 in the IVD and its relationship with IVD degeneration. 

Specifically, immunohistochemistry was used to confirm the presence of TRPV4 in the 

bovine and human IVD tissue. A bovine inflammatory IVD organ culture model was used to 

identify changes in TRPV4 expression in a simulated degeneration model and bovine cell 

culture investigated whether tumour necrosis factor α (TNFα) or osmolarity influenced 

TRPV4 protein expression. Calcium imaging was used with bovine cell culture experiments 

to verify if TRPV4 ion channel was functional and to determine if elevated TRPV4 

expression resulted in increased calcium signalling. Lastly, quantitative RT-PCR was used to 

investigate if TRPV4 signalling influenced pro-inflammatory cytokine gene expression.

Cell culture

Bovine nucleus pulposus (NP) and annulus fibrosus (AF) cells were isolated as previously 

described (Abbott et al., 2012). Briefly, three caudal IVDs (caudal levels c1–2 through c3-4) 

were extracted from each tail, the NP and AF tissues were separated, and the tissues from 

each tail pooled. The ‘n’ for all cell culture experiments represents the number of different 

animals. For TNFα experiments, bovine NP cells were cultured in basal medium (high 

glucose Dulbecco’s modified Eagle medium (DMEM), 10 % foetal bovine serum (FBS), 50 

μg/mL ascorbic acid, 1 % penicillin/streptomycin) or basal medium with one of three doses 

(0.1, 1 or 10 ng/mL) of bovine rTNFα (Cat.# RBOTNFAI, Thermo Scientific, Rockford, IL, 
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USA) for 24 h. For osmotic experiments, bovine NP cells were cultured in one of three 

osmotically active solutions (234, 334 or 434 mOsm/kgH2O) for either 24 or 72 h. 

Osmotically active solutions were measured using a freezing point depression osmometer 

(Advanced Wide-Range Osmometer 3W2, Advanced Instruments Inc., Needham Heights, 

MA, USA) and made by either adding 1 M sucrose or distilled water to basal medium as 

previously described (Chen et al., 2002; O’Conor et al., 2014) to within ±2 mOsm/kgH2O of 

the desired osmolality.

Organ culture

To investigate if expression of the TRPV4 ion channel is altered in an inflammatory 

environment, simulating disease, we used a previously developed organ culture model 

(Walter et al., 2015a). Bovine tails were collected from a local abattoir (Green Village 

Packing Company, Green Village, NJ, USA) and IVDs were exposed by bulk dissection of 

surrounding tissue. Eight bovine caudal IVDs were isolated with intact vertebral endplates 

retained. IVDs were assigned to one of two groups; Control (n = 4) and TNFα (n = 4). 

Control IVDs were cultured at 37° C and 5 % CO2 under dynamic loading (8 h: 0-0.8 MPa 

at 0.1 Hz; 16 h: 0.2 MPa) and the culture medium was changed every 3 to 4 d. Control 

medium consisted of high glucose DMEM, 10 % FBS, 50 μg/mL ascorbic acid, 1 % 

penicillin/streptomycin, 0.5 % fungizone (Fisher-Scientific, Waltham, MA, USA), and 1:500 

primocin (Invivogen, San Diego, CA, USA), and the TNFα group was cultured in control 

medium + 100 ng/mL human recombinant TNFα (Invitrogen, Carlsbad, CA, USA. 

PHC3016). TNFα was chosen as the pro-inflammatory cytokine to simulate the inflamed 

environment present in IVD degeneration because it is expressed following tissue injury 

(Ulrich et al., 2007), is associated with chronic painful conditions of the spine, and is 

considered an initiator of a larger pro-inflammatory and catabolic cascade in the IVD 

(Millward-Sadler et al., 2009). Human TNFα was used to differentiate exogenously 

transported TNFα from endogenously expressed bovine TNFα; however, the high homology 

between bovine and human TNFα prevented such differentiation. The high homology 

between bovine and human TNFα is evident in prior studies where treatment of bovine 

IVDs with human TNFα resulted in catabolic changes to the IVD, including upregulation of 

bovine pro-inflammatory cytokines (IL-6 and IL-8) and significant proteoglycan degradation 

which was substantial enough to alter IVD mechanics (Purmessur et al., 2013; Walter et al., 
2015a). Following culture, a central sagittal strip of tissue (~4 mm wide) was taken for 

histology.

Immunohistochemistry and immunofluorescence

Immunofluorescence specific for TNFα and immunohistochemistry for TRPV4 was 

performed on consecutive histologic sections from all cultured bovine caudal IVDs to 

quantify the degree of TNFα penetration and its relationship to changes in TRPV4 

expression. All samples (bovine and human) were processed, embedded in methyl 

methacrylate (MMA) and sagittally sectioned (5μm) as previously described (Laudier et al., 
2007). Prior to staining, all samples were deplasticised. For TRPV4 staining all samples 

were stained with a primary rabbit anti-TRPV4 ion-channel antibody (1:300, bs-6425R, 

Bioss Antibodies, Woburn, MA, USA) and a horse anti-rabbit horseradish peroxidase (HRP) 

secondary (ImmPRESS, Vector, Burlingame, CA, USA) and counter stained with Toluidine 
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blue. For TNFα staining, all bovine caudal IVDs were stained with a polyclonal rabbit-anti 

human TNFα antibody (1:100 ab66579, Abcam, Cambridge, MA, USA) with a goat anti-

rabbit Alexafluor 594 secondary antibody (1:700 ab150092) and counter stained with 4’,6-

diamidino-2-phenylindole (DAPI). For all samples, negative controls were treated with non-

immune rabbit serum in place of the primary antibody. The percentage of positively stained 

cells in the NP region was calculated from eight, 20× magnification, images using ImageJ.

Immunohistochemistry was also performed on human lumbar IVDs (n = 2) tissue to 

investigate the presence of TRPV4 in different regions of the IVD and to investigate if 

TRPV4 expression was differentially expressed in healthy and degenerated IVD tissue. For 

human staining, a degeneration score was assigned using a previously developed 

degeneration scoring system which ranges from 0 (healthy) to 10 (severe degeneration) 

(Walter et al., 2015b), modified from the Rutges scoring system (Rutges et al., 2013). 

Images from the NP and AF region of a healthy 44 year-old (degeneration score 2) IVD and 

a degenerated 93 year-old IVD (degeneration score 8) were taken at 20× using standard 

bright field microscopy and at 40 × under polarised light microscopy. All images were 

qualitatively assessed for the number of cells expressing TRPV4. Human IVD tissue was 

also stained with picrosirius red and alcian blue, as previously described (Walter et al., 
2015b), in order to qualitatively assess proteoglycan content.

Western blot

Western blots specific for TRPV4 were conducted on protein isolated from bovine NP cells 

cultured in monolayer and treated with (i) increasing doses of bovine recombinant TNFα (n 
= 3/group, 0, 0.1, 1 and 10 ng/mL) made in basal medium (334 mOsm/kgH2O) or (ii) 

varying osmotic media (234 mOsm/kgH20, 334 mOsm/kgH20, 434 mOsm/kgH20) for 24 h 

(n = 6/group) or 72 h (n = 3/group). Cells were enzymatically released, rinsed in pre-chilled 

phosphate-buffered saline (PBS) and lysed in 1 mL of RIPA buffer. A western blot specific 

for the TRPV4 ion channel (1:500; bs-6425R) and β-actin (1:7500; ab8227) was conducted 

using a wet tank blotting system (Bio-Rad Laboratories, Hercules, CA, USA). All lanes 

were loaded with equal amounts of protein (10 μg). Relative quantification was conducted 

by densitometry measurements using ImageJ software and results are presented as TRPV4 

normalised to β-actin.

Live cell calcium imaging

Fura-2 ratiometric calcium imaging was used to quantify how increased TRPV4 expression 

influenced TRPV4 mediated calcium signalling in response to a triggering event. Bovine NP 

cells were seeded in a circular live cell imaging dish (Cat.#04200417B, Fisher Scientific, 

Waltham, MA, USA) at a density of ~7,000 cells/cm2 and cultured in either 334 or 434 

mOsm/kgH20 culture medium for 24 h prior to imaging in order to induce changes in 

TRPV4 expression. On the day of the experiment, cells were loaded with the calcium 

sensitive fluorescent dye, Fura-2AM (Invitrogen #F-1201) by incubating cells with the dye 

loading solution consisting of 2 μM Fura-2AM dye, and an equal volume of Pluronic acid 

(Invitrogen Cat.# P6867) in Hanks’ Balanced Salt Solution (HBSS) for 45 min at 37 °C and 

then rinsed with HBSS. All calcium imaging experiment were conducted at 37 °C using 

heated glass culture dishes and images were acquired at 20× magnification using an 

Walter et al. Page 5

Eur Cell Mater. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Olympus-IX-70 microscope by means of subsequent fluorescent images captured at 340 nm 

and 380 nm. All NP cells were recorded for 1 min to obtain a baseline measurement and 

were then treated with a TRPV4 specific agonist, GSK1016790A (GSK101, Cat.# G0798, 5 

nM, Sigma-Aldrich, St. Louis, MO, USA) to trigger the opening of the TRPV4 channels or 

HBSS as a control. The ratiometric calcium measurements (340/380 ratios) were determined 

for every cell in the field of view using ImageJ (approximately 20–40 cells per group per 

experiment) and each experimental condition was repeated three times in differentcell 

preparations from the same bovine tail. The magnitude of the calcium response was assessed 

after the response had come to equilibrium between 150–250 s. The magnitude of the 

response for each cell in both control and GSK groups was normalised to the average of the 

osmotically matched control and the normalised values were analysed.

Quantitative real time-PCR

A repeated measure design was used to investigate if altered TRPV4 expression/activity 

influenced the expression of pro-inflammatory cytokines. Bovine NP cells (n = 3/group), 

representing cells from three separate animals, were pre-cultured in monolayer in either 334 

or 434 mOsm/kgH20 for 24 h. Following pre-culture, cells were treated either with or 

without a TRPV4 antagonist (GSK205, Cat.# 616522, EMD Millipore, Danvers, MA, USA) 

for 24 h after which RNA was isolated using the RNeasy Kit (Qiagen, Valencia, CA, USA) 

following the manufacturer’s instructions. RNA was quantified using a Nanodrop and equal 

amounts of RNA were synthesised into cDNA using the SuperScript® VILO kit (Inivtrogen, 

Carlsbad, CA, USA). Gene expression was quantifiedusing human TAQMAN primers 

specific for IL-1β and IL-6 and the housekeeping gene r18S. Results were analysed using 

the ΔΔCT method (Livak and Schmittgen, 2001).

Statistics

For the organ culture experiments a Pearson’s correlation coefficient was used to determine 

if there was a significant correlation between the percentages of cells expressing TNFα and 

TRPV4. For western blots, a repeated measures one-way ANOVA with a Tukey post-hoc test 

was used to compare the effects of TNFα concentration or medium osmolarity on TRPV4 

expression. For qRT-PCR experiments, a repeated measures one-way ANOVA with a Tukey 

post-hoc test was used to compare the pro-inflammatory gene expression between the 

baseline (434 mOsm/mOsm/kgH2O), reduced osmolarity (343 kgH2O) and reduced 

osmolarity with TRPV4 antagonist (343 mOsm/kgH2O + GSK205) groups. For the calcium 

imaging analysis, a non-parametric Mann-Whitney test was used to compare the normalised 

magnitude of the calcium wave between the 334 control and 334 GSK101 groups, 434 

control and 434 GSK101 groups, and the 334 GSK101 and 434 GSK101 groups. All 

statistical analyses were conducted using Prism GraphPad with p < 0.05 considered 

significant and p < 0.1 considered a trend, and results are presented as mean ± standard 

deviation.
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Results

Expression of TRPV4 in the intervertebral disc

Immunohistochemistry on bovine caudal IVDs demonstrated that the TRPV4 ion channel 

was expressed by cells in both the NP and AF regions (brown staining, Fig. 1a). Intracellular 

Ca2+ measurements were carried out to test functional expression of TRPV4 in primary 

bovine NP and AF cells exposed to the TRPV4 specific agonist GSK1016790A (GSK101, 5 

nM). Monitoring intra-cellular calcium concentrations in Fura-2-loaded NP and AF cells 

showed a significant increase in intra-cellular calcium in response to treatment with TRPV4 

agonist GSK101 (Fig. 1b). Results demonstrated that the osmo-sensitive TRPV4 ion channel 

is expressed in NP and AF cells throughout the IVD.

TRPV4 expression is correlated with TNFα expression in a whole IVD inflammatory organ 
culture model

A bovine whole IVD inflammatory organ culture model simulating IVD degeneration was 

used to investigate whether there were any changes in TRPV4 expression with degeneration. 

Bovine caudal IVDs with intact vertebral endplates were cultured for 6 d with or without 

human recombinant TNFα (100 ng/mL) supplemented into the culture medium. IVDs were 

dynamically loaded to promote inward TNFα transport (Fig. 2a). After 6 d of culture there 

was positive staining for TNFα and TRPV4 in the NP of all samples (Fig. 2b and c). There 

was a significant correlation (R2 = 0.69 / p = 0.02) between the % TNFα positivity and the 

% TRPV4 positivity in the same IVDs (Fig. 2d), suggesting that TRPV4 expression may 

increase in IVD degeneration.

Osmotic regulation of TRPV4 expression

Cell culture experiments were performed to investigate if the altered TRPV4 expression 

observed in the organ culture model was a direct result of cellular exposure to TNFα or a 

secondary change resulting from reduced tissue osmolarity following TNFα-induced 

aggrecan degradation. This study was motivated since prior results demonstrated TNFα 
exposure increased the amount of aggrecan degradation in this organ culture model 

(Purmessur et al., 2013; Walter et al., 2015a), and TNFα has also been show to enhance the 

response of TRP channels in synoviocytes (Kochukov et al., 2009). Bovine NP cells were 

cultured in monolayer and treated with increasing doses of bovine recombinant TNFα (0, 

0.1, 1 and 10 ng/mL) in basal medium that was 334 mOsm/kgH2O for 24 h. Following 

culture, protein was isolated for western blot. TNFα exposure had no effect on the amount 

of TRPV4 expression at any dose (Fig. 3a); suggesting that the correlation observed in the 

organ culture model was not a causative relationship. Bovine NP cells were additionally 

cultured for 24 or 72 h in culture medium osmotically adjusted to represent either (i) a 

physiologic osmotic environment (~434 mOsm/kgH2O) (Johnson et al., 2014) or (ii) a 

degenerated IVD (334 or 234 mOsm/ kgH2O). Western blot demonstrated that cells cultured 

in a hypo-osmotic environment (334 and 234 mOsm/kgH2O) significantly increased the 

amount of TRPV4 expression after both 24 and 72 h relative to the physiologic osmotic 

environment within the IVD (Fig. 3b and c).
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Elevated TRPV4 expression increased calcium flux

Intracellular Ca2+ measurements were carried out to test if an increase in the protein 

expression of TRPV4 resulted in an increased calcium flux following exposure to the 

TRPV4 specific agonist GSK101 (5 nM). In order to alter TRPV4 expression, bovine NP 

cells were pre-cultured for 24 h in osmotically controlled culture medium representative of 

the tissue osmolarity of either a healthy (434 mOsm/kgH2O) or degenerated (334 

mOsm/kgH2O) IVD. Monitoring of the intra-cellular calcium concentrations demonstrated 

that treatment with GSK101 significantly increased the intra-cellular calcium in cells pre-

cultured in both 334 mOsm/ a) and 434 kgH2O (Fig. 4 mOsm/kgH2O (Fig. 4b) compared to 

their osmotically matched control. When comparing the magnitude of the calcium flux 

following TRPV4 activation in cells pre-cultured in different osmolarities, GSK101 

treatment resulted in a significantly greater calcium flux in cells pre-cultured in hypo-

osmotic conditions (334 mOsm/kgH2O) compared to cells pre-cultured in physiologic 

osmolarity conditions (434 mOsm/kgH2O) (Fig. 4c). There was no difference in amount of 

cells responding to GSK101 in either osmotic condition. Results suggest that increased 

TRPV4 expression resulting from reduced osmolarity lead to increased TRPV4 mediated 

calcium signalling.

TRPV4 inhibition reduces osmotically induced pro-inflammatory cytokine gene expression

To investigate the direct effects of TRPV4 signalling on pro-inflammatory gene expression, 

bovine NP cells were pre-cultured for 24 h in physiologic (434 mOsm/ kgH2O) and hypo-

osmotic (334 mOsm/kgH2O) conditions and treated either with or without the TRPV4 

specific antagonist GSK205 (10 μM) for 24 h. Gene expression for IL-1β (p < 0.05) and 

IL-6 (p < 0.05) was increased in cells cultured in hypo-osmotic conditions (334 mOsm/

kgH2O) compared to physiologic osmolarity (434 mOsm/kgH2O) (Fig. 5). Inhibition of 

TRPV4 significantly reduced/ prevented the increase in IL-1β gene expression (p < 0.05) 

and had a similar, although non-significant, inhibition of IL-6 gene expression (p < 0.1) in 

response to reduced osmolarity (Fig. 5) indicating that TRPV4 signalling contributed to pro-

inflammatory cytokine production by NP cells.

TRPV4 expression in human IVD tissue

To investigate the potential relevance of changes in TRPV4 expression with human IVD 

degeneration, immunohistochemistry was performed on one healthy and one degenerated 

human IVD. Qualitative results demonstrated that an increased expression of TRPV4 in the 

NP region of the degenerated IVD compared to the healthy NP region (Fig. 6a and b). 

Reduced alcian blue staining in the NP region of the degenerated IVD suggests a loss of 

proteoglycan content compared to the healthy IVD (Fig. 6c and d). Results confirmed that 

the TRPV4 ion channel was also expressed in human IVDs and suggested that the reduce 

proteoglycan content may have increased the TRPV4 expression in degenerated IVDs.

Discussion

This study investigated if changes in osmo-sensation via the TRPV4 ion channel occur 

within an IVD degeneration model, which factors regulate TRPV4 expression, and the 

consequence of altered TRPV4 activity on pro-inflammatory cytokine gene expression. The 
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osmotically sensitive TRPV4 ion channel was shown to be expressed in both human and 

bovine IVD tissue in NP and AF regions and TRPV4 expression positively correlated with 

TNFα expression in a bovine IVD degeneration model. In cell culture, TRPV4 expression 

was increased by reductions in medium osmolarity and were unaffected by exposure to 

TNFα. Elevated TRPV4 expression increased TRPV4 mediated calcium signalling and 

partially mediated the expression of pro-inflammatory cytokines. Increased TRPV4 staining 

intensity and reduced proteoglycan staining in representative degenerated human IVD tissue 

suggest that the results from the simulated bovine IVD degeneration model may be relevant 

to human IVD degeneration. Overall, results support the hypothesis that the TRPV4 ion 

channel is involved in IVD cell osmoregulation and highlights that the TRPV4 ion channel is 

likely a key mediator in the interaction between inflammation, matrix breakdown and tissue 

osmolarity.

Changes in tissue osmolarity are known to regulate many cellular functions in IVD cells, 

such as aggrecan synthesis (Ishihara et al., 1997; Johnson et al., 2014), aquaporin-2 

expression (Gajghate et al., 2009) and changes in cellular volume (Maidhof et al., 2014; 

Pritchard et al., 2002). Interestingly, the TRPV4 ion channel has also been shown to regulate 

many of these same cellular functions in chondrocytes and other cell types (Becker et al., 
2005; O’Conor et al., 2014; Phan et al., 2009) and the presence of TRPV4 within the IVD 

suggests that it plays an important role in mediating the biologic response to tissue 

osmolarity. Many of the cellular functions altered by osmolarity are regulated via the 

TonEBP pathway (Johnson et al., 2014). However, the specific osmo-sensor that increases 

TonEBP signalling is unknown. This work motivates future investigations to examine 

whether TRPV4 activation induces TonEBP signalling as an upstream mediator and may 

help to establish a more complete picture of the signalling response in the IVD following 

changes in tissue osmolarity.

Tissue osmolarity is known to directly correlate with the fixed charge density of the 

proteoglycans within the IVD (Urban and McMullin, 1988). As such, the osmotic pressure is 

reduced as aggrecan and other GAGs are degraded with advancing degeneration (Sivan et 
al., 2014). Culturing bovine NP cells in a reduced osmotic environment, representative of 

this advanced disease (334 mOsm/kgH2O), significantly increased the protein expression of 

TRPV4 compared to the physiologic osmotic environment (434 mOsm/kgH2O). The 

osmotic regulation of TRPV4 is consistent with a previous study in chondrocytes that 

observed elevated TRPV4 expression when cultured in a hypo-osmotic environment (Hdud 

et al., 2014). However, in contrast, our results suggested that there was a threshold effect 

where further reductions in osmolarity did not continue to increase TRPV4 expression.

Calcium imaging was used to investigate whether increased TRPV4 protein expression was 

associated with increased TRPV4 mediated calcium signalling. Results demonstrated that 

when TRPV4 protein expression was increased, the magnitude of the TRPV4-mediated 

calcium response also increased. The relationship between TRPV4 expression and activity is 

to be expected, and these results indicate that IVD cells can dynamically modify calcium 

flux by modulating the number of TRPV4 ion channels. Increased TRPV4 expression may 

therefore modify the cellular control system with an amplified cellular response to changes 
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in osmolarity or other stimuli that trigger TRPV4 activation, such as diurnal changes in 

tissue osmolarity or fluid shear (Wu et al., 2007).

In this study, inhibition of the TRPV4 ion-channel reduced gene expression of multiple pro-

inflammatory cytokines (IL-1β and IL-6) induced by hypo-osmolarity. These results 

implicate TRPV4 signalling in contributing to the inflammatory response of IVD cells and 

highlight a potential role for TRPV4 in the progression of IVD degeneration. Although 

additional characterisation is required to fully understand how osmolarity and TRPV4 

activity influencethe protein expression of these and other pro-inflammatory cytokines, these 

results are consistent with prior studies, which demonstrated that TRPV4 plays a role in 

mediating the inflammatory response in other tissues. For example, in lung and adipose 

tissue, either gene silencing or direct inhibition of TRPV4 significantly reduced the amount 

of gene and protein expression of multiple pro-inflammatory mediators (Balakrishna et al., 
2014; Ye et al., 2012). Additionally, TRPV4 was found to be essential for the inflammation 

evoked pain in the temporomandibular joint (Chen et al., 2013). These results support the 

hypothesis that increases in TRPV4 expression following a reduction in tissue osmolarity (a 

hallmark of IVD disease) may contribute to the increased presence of pro-inflammatory 

cytokines observed in IVD degeneration. This concept is also consistent with studies 

demonstrating that tissue osmolarity decreases (Urban and McMullin, 1988) and the 

presence of pro-inflammatory mediators increases (Le Maitre et al., 2007) with advancing 

degeneration. A similar relationship between reduced osmolarity and elevated pro-

inflammatory cytokine expression has been observed in IVD cells and epithelial cells, where 

exposure to a hypo-osmotic environment increased IL-6 expression (Hubert et al., 2004; van 

Dijk et al., 2015).

The correlation between TNFα and TRPV4 observed in the inflammatory organ culture 

model suggests that TRPV4 expression may change with degeneration. This correlation 

together with the observation that TNFα treatment did not change TRPV4 expression in cell 

culture suggests that the TNFα did not directly increase TRPV4 in organ culture. TNFα is 

known to promote matrix breakdown in the IVD (Purmessur et al., 2013; Seguin et al., 2008; 

Seguin et al., 2005), and TNFα treatment induced a sufficient amount of matrix breakdown 

after 6 d to alter IVD mechanics in a similar inflammatory organ culture model (Walter et 
al., 2015a). Aggrecan is the predominate proteoglycan within the IVD and is therefore the 

key proteoglycan which dictates the osmotic pressure within the IVD (Urban and McMullin, 

1985; Urban and McMullin, 1988). This suggests that TNFα induced aggrecan breakdown 

would reduce the tissue osmolarity within the IVD. This concept of TNFα-induced matrix 

breakdown reducing the tissue osmolarity together with the observed increase in TRPV4 

expression when IVD cells were cultured in a reduced medium osmolarity suggests that 

TNFα may have indirectly altered TRPV4 expression through increasing proteoglycan 

degradation, which reduced tissue osmolarity and drove an increase in TRPV4 expression.

A potential relationship between proteoglycan content, tissue osmolarity, and TRPV4 

expression is also supported by the qualitative TRPV4 staining on human IVD tissues; 

which demonstrated a reduced amount of proteoglycan content (alcian blue staining 

intensity) and an increased TRPV4 expression in the NP region of the degenerated IVD 

compared to the healthy tissue. The small sample size of human tissues motivates additional 
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experiments to fully characterise how TRPV4 expression changes with IVD degeneration 

and aging and makes it difficult to draw a conclusion; however, the results are consistent 

with the elevated TRPV4 staining seen in the bovine degeneration model and with the 

osmotic regulation of TRPV4 expression. Overall, the results, together with the literature, 

suggest that changes in TRPV4 expression may be relevant to the broader process of 

degeneration. We propose a new hypothesis that pro-inflammatorycytokine exposure may 

indirectly alter the expression of the osmo-sensitive TRPV4 ion channel by inducing 

degradation which drives an increase in TRPV4 expression and pro-inflammatory cytokine 

production (Fig. 7).

The results of this study should be interpreted within the context of the studies limitations. 

One limitation of this study is related to the use of bovine tissue. Bovine cells and IVDs 

were used for experiments because they are readily available and their size, composition and 

metabolism are similar to the healthy human IVDs (Demers et al., 2004; Oshima et al., 
1993). This species difference may likely influence the absolute values of tissue osmolarity 

that the cells experience in-vivo; however, the fundamental cellular mechanism through 

which cells sense osmolarity are expected to be similar. Also, although no change in TRPV4 

expression was observed following TNFα treatment in the investigated osmotic environment 

(334 mOsm/kgH2O), we cannot rule out the possibility that TNFα treatment may influence 

TRPV4 expression in other osmotic conditions. Additional characterisation of a greater 

array of pro-inflammatory cytokines at both the protein and gene levels is needed to fully 

understand how osmolarity and TRPV4 activity influencespro-inflammatory cytokine 

expression. Further assessment of TRPV4 expression in a greater number of human IVDs 

that include multiple degrees of degeneration is warranted given the small sample size in this 

study. Despite these limitations, this study demonstrated that the TRPV4 ion channel is 

present within the IVD and is involved in osmo-sensation which can influence pro-

inflammatory cytokine expression.

In conclusion, this work demonstrated that reduced osmolarity, possibly resulting from 

proteoglycan degradation, can increase TRPV4 signalling and enhance pro-inflammatory 

cytokine production. These results further demonstrate the TRPV4 ion channel plays a role 

in mediating the interaction between tissue osmolarity and pro-inflammatory cytokine 

expression within the IVD and suggests that alterations in TRPV4 expression could play a 

functional role in disease and are relevant to broader process of degeneration. TRPV4 has 

been proposed as a therapeutic target in other joint diseases (McNulty et al., 2015) and given 

the relationship between TRPV4, osmolarity and inflammation demonstrated in this study 

suggests that TRPV4 may be of therapeutic value for IVD degeneration.
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Fig. 1. 
TRPV4 is expressed and functional in the IVD. (a) Immunohistochemistry for TRPV4 in the 

nucleus pulposus (NP) and annulus fibrosus (AF) regions of bovine caudal IVDs. Positive 

immunostaining appears brown. (b) Calcium traces of bovine NP and AF cells in response 

to the TRPV4 specific agonist GSK101 confirming the presence and functionality of the 

TRPV4 ion channels. Scale bar = 100 μm.

Walter et al. Page 15

Eur Cell Mater. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
TRPV4 is correlated with TNFα expression in an IVD organ culture model of inflammatory 

degeneration.( a) Schematic of the experimental set-up of the bovine whole IVD organ 

culture model of degeneration involving TNFα stimulation. (b) Schematic of the transverse 

cross-section of the IVD demonstrating the location of tissue used for 

immunohistochemistry and immunofluorescence. c) Immunohistochemical and 

immunofluorescence staining for TNFα and TRPV4, respectively, in the nucleus pulposus 

region of the control and TNFα groups. The images in each row are from the same tissue but 

a different area within each region; scale bar = 50 μm. Staining showed greater TNFα and 

TRPV4 expression in the TNFα-treated group.( correlation between d)There was a 

significant corrleation between TNFα and TRPV4 positive cells demonstrating a 

relationship between TNFα and TRPV4 expression in the IVD. Rabbit control IgG antibody 

used as a negative control.
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Fig. 3. 
Hypo-osmotic environment but not TNFα increased TRPV4 expression in NP cells. (a) 

Western blot for TRPV4 in bovine NP cell culture experiments demonstrated no change in 

TRPV4 expression after 24 h of exposure to varying doses of TNFα. TRPV4 protein 

expression was increased when cultured for (b) 24 h and (c) 72 h in a reduced media 

osmolarity compared to the physiologic osmotic environment within the IVD (~434 

mOsm/kgH2O). Together, results suggest that increased TRPV4 expression observed in the 

organ culture model was due to reduced tissue osmolarity associated with TNFα-induced 

aggrecan degradation and not a direct result of TNFα stimulation. Bar = p < 0.05.
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Fig. 4. 
Elevated TRPV4 expression increased TRPV4 signalling in NP cells. Representative traces 

and quantification of the calcium response of bovine NP cells treated with or without the 

TRPV4 agonist (GSK101) after 24 h of pre-culture in (a) hypo-osmolar (334 mOsm/kgH2O) 

culture medium or (b) physiologic (434 mOsm/kgH2O) culture medium. (c) Comparison of 

the calcium responses under different osmolarities for both GSK treated groups. Hypo-

osmolarity conditions increased the magnitude of calcium flux in cells cultured in a lower 

osmolarity medium (334 mOsm/kgH2O). (d) Conceptual model depicting a mechanism for 

greater TRPV4-mediated calcium flux in hypo-osmotic conditions. Bar = p < 0.05.
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Fig. 5. 
TRPV4 signalling mediates IVD cell expression of pro-inflammatory cytokines. Gene 

expression for the pro-inflammatory cytokines ( a) interleukin-1β and (b) interleukin-6 were 

increased after 24 h under hypo-osmotic conditions (334 mOsm/kgH2O). TRPV4 inhibition 

using the TRPV4 antagonist (GSK205) decreased the pro- inflammatory gene expression 

indicating that TRPV4 signalling was an important regulator of pro-inflammatory gene 

expression in the IVD. Bar = p < 0.05 and ǂ = p < 0.1.
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Fig. 6. 
TRPV4 expression in human IVD tissue. Immunohistochemistry for TRPV4 in nucleus 

pulposus and annulus fibrosus regions of (a) a healthy IVD from a 44 year old male and (b) 

a degenerated IVD from a 93 year old male; scale bars = 50μm . The images in the top row 

were taken at low magnification and the bottom row was taken at high magnification under 

polarised light. Picrosirius red and alcian blue staining of the same (c) healthy 44 year old 

male IVD and (d) degenerated 93 year old male demonstrating reduced alcian blue staining 

intensity, indicative of proteoglycan loss, in the degenerated IVD; scale bars = 5 mm. Whole 

IVD images are modified from (Walter et al., 2014). Results suggest that the changes in 

TRPV4 expression seen in organ culture and osmolarity experiments are likely to be relevant 

to the changes that occur in human IVD degeneration.
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Fig. 7. 
Proposed hypothetical mechanism for inflammation-induced aggrecan degradation leading 

to TRPV4-mediated pro-inflammatory cytokine production. Schematic demonstrating the 

potential feedback loop where (a) a healthy nucleus pulposus tissue is exposed to pro-

inflammatory cytokines that induce ( b) glycosaminoglycan (GAG) degradation and loss 

which reduces the tissue osmolarity within the NP. (c) Reduced osmolarity stimulates 

increased TRPV4 expression that (d) mediated expression of additional pro-inflammatory 

cytokines thereby leading to a potential feedback loop.
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