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Acidic pH promotes intervertebral 
disc degeneration: Acid-sensing 
ion channel -3 as a potential 
therapeutic target
Hamish T. J. Gilbert1,2, Nathan Hodson2, Pauline Baird2, Stephen M. Richardson2 & 
Judith A. Hoyland2,3

The aetiology of intervertebral disc (IVD) degeneration remains poorly understood. Painful IVD 
degeneration is associated with an acidic intradiscal pH but the response of NP cells to this aberrant 
microenvironmental factor remains to be fully characterised. The aim here was to address the 
hypothesis that acidic pH, similar to that found in degenerate IVDs, leads to the altered cell/functional 
phenotype observed during IVD degeneration, and to investigate the involvement of acid-sensing ion 
channel (ASIC) -3 in the response. Human NP cells were treated with a range of pH, from that of a non-
degenerate (pH 7.4 and 7.1) through to mildly degenerate (pH 6.8) and severely degenerate IVD (pH 
6.5 and 6.2). Increasing acidity of pH caused a decrease in cell proliferation and viability, a shift towards 
matrix catabolism and increased expression of proinflammatory cytokines and pain-related factors. 
Acidic pH resulted in an increase in ASIC-3 expression. Importantly, inhibition of ASIC-3 prevented the 
acidic pH induced proinflammatory and pain-related phenotype in NP cells. Acidic pH causes a catabolic 
and degenerate phenotype in NP cells which is inhibited by blocking ASIC-3 activity, suggesting that 
this may be a useful therapeutic target for treatment of IVD degeneration.

A leading cause of disability is low back pain, affecting around 632 million people globally1 and costing the UK 
economy an estimated £12 billion per annum2. The causes of back pain are multifactorial, including genetic pre-
disposition3,4, lifestyle5, as well as mechanical injury6, but a significant proportion is associated with degeneration 
of the intervertebral disc (IVD)3,7,8. The IVD is connected to the superior and inferior vertebral bodies via the 
cartilaginous endplates (CEP) which, in addition to anchoring the disc within the spine, functions to allow the 
flow of nutrients and metabolites into and out of the avascular disc, respectively.

The bidirectional flow of nutrients and metabolites is important for the maintenance of the IVD microenvi-
ronment, which can be considered as a relatively hostile cellular niche, with large nutrient and metabolite concen-
tration gradients existing across the disc (lower glucose and oxygen in the centre compared to the periphery of the 
disc) due to cells being as far as 8 mm from a direct blood supply9. Low levels of oxygen within the disc results in 
mainly anaerobic cellular respiration, leading to lactate production as a by-product of glycolysis, and acidification 
of the central NP region10. During ageing and/or degeneration of the disc this bidirectional flow of nutrients and 
metabolites reduces11–17, leading to an accumulation of lactic acid in the centre of the disc and a lowering of the 
pH9. The pH of IVDs has been shown to range from pH 7.1 in healthy discs18, down to values of 6.5 and even 
5.7 in severely degenerated discs19,20. Although the effect of acidic pH on the gene expression of human NP cells 
has not yet been reported, low pH similar to that found within a degenerate IVD, has been reported to have a 
significant impact on bovine disc cells, with a reduction in cell viability21, proteoglycan and collagen synthesis22, 
but no change in expression of active metalloproteinases (MMPs) in response to low pH23, suggesting a shift 
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towards matrix catabolism. Additionally, the expression of NP associated genes (aggrecan, types I and II collagens 
and matrix degrading enzymes) by mesenchymal progenitor cells derived from the bone marrow of rats24,25, rat 
and human adipose tissue26,27 and rat IVDs26 and exposed to differing pH conditions has been demonstrated. 
Interestingly, all studies reported a decrease in the expression of matrix-associated genes, with increases in gene 
expression of matrix degrading enzymes following exposure to acidic pH24–27.

During IVD degeneration there is an upregulation of proinflammatory cytokines, including IL -1β​28,29, IL -630,  
IL -1730 and TNFα​31,32, which drive the catabolic cascades associated with the disease. What causes the initial 
increase in proinflammatory cytokines remains an important aspect of IVD pathology that is not fully under-
stood. Neurotrophic factors, including nerve growth factor (NGF) and brain-derived neurotrophic factor 
(BDNF), are also increased in degenerate discs33–35. Evidence that nerve ingrowth occurs in painful degenerate 
discs36 and studies demonstrating that conditioned medium from degenerate IVD cells promotes increased neu-
rite outgrowth in nerve cells37, suggests a role for these factors in nociception associated with IVD degeneration. 
Acidic pH has been linked to back pain, with Nachemson et al. recording reduced intradiscal pH in patients 
suffering with painful IVD degeneration when compared to asymptomatic patients20 and lactic acid found to 
be a marker for painful degenerate discs38. However, whether acidic pH can directly cause the increase in the 
pro-inflammatory and pain-related factors observed during IVD degeneration still remains to be elucidated.

Acid sensing ion channels (ASICs) are expressed by disc cells and their expression (ASIC -1, -2, -3 and -4) 
increases with degeneration, suggesting a role for these receptors in pH sensing within the IVD39. Furthermore, 
ASIC proteins have been suggested to promote NP cell survival when cells are cultured in an acidic and hyperos-
motic medium, making ASIC proteins strong candidates for NP cell pH sensing40.

We hypothesised that low pH, (caused in vivo by lactic acid accumulation as a result of glycolysis and dimin-
ished diffusion coefficients), causes many of the cellular and molecular changes observed during IVD degenera-
tion, including elevated proinflammatory cytokines and neurotrophins, reduced expression of matrix-associated 
molecules, increased expression of matrix degrading enzymes and increased cell death. Our aim was to assess the 
role of pH in the pro-inflammatory, catabolic and neurogenic response of NP cells and to investigate the involve-
ment of ASIC -3, including its potential as a therapeutic target, in this response.

Results
Low pH inhibits cell proliferation and reduces viability.  NP cells cultured for 7 days in DMEM at pH 
7.4, 7.1 or 6.8 retained high cell viability (indicated by green stained cells without the presence of red nuclei), with 
no apparent cell death (Fig. 1a). The NP cells cultured at pH 7.4 and 7.1 proliferated when compared to day 0 
baseline control, while cells at pH 6.8 appeared quiescent (no difference in amount of DNA harvested at day 7 or 
baseline) (Fig. 1b). NP cells cultured for 7 days at pH 6.5 or 6.2 had reduced cell viability, as shown by increased 
numbers of red stained cells (specifying non-viable cells) and reduced amounts of DNA compared to the control 
baseline samples (Fig. 1a,b). pH 6.5 was used as the lowest pH treatment in all further experiments as the amount 
of cell death was too great when using medium at pH 6.2.

Low pH drives expression of inflammatory cytokines and pain-related factors.  Seven days of cul-
ture at pH 7.1 did not alter the gene expression of IL -1β​, IL -6, NGF or BDNF compared with control. However, 
at pH 6.8 there was a significant increase in the gene expression of IL -1β​ (4.0 -fold), NGF (2.5 -fold) and BDNF 
(5.2 -fold) compared with control. At pH 6.5 the gene expression of IL -1β​ (81 -fold), IL -6 (7.8 -fold), NGF  
(3.0 -fold) and BDNF (4.6 -fold) increased compared to control (Fig. 2a).

The protein expression of IL -1β​, IL -6, and NGF was significantly increased (3.9 -fold, 5.1 -fold and 8.0 -fold 
respectively) at pH 6.5 compared to pH 7.4 and 7.1. BDNF protein was significantly increased (3.2 -fold) at pH 
6.5 compared to pH 7.1 (Fig. 2b).

NP cells did not alter their gene expression of TNFα​ following 7 days of culture in media at any of the pH 
tested (pH 7.1, 6.8 and 6.5) compared to control pH 7.4 (Supplementary Figure 1).

Low pH induces a catabolic response in NP cells.  Culture at pH 6.5 for 7 days resulted in a significant 
decrease in the relative gene expression of AGC (2.7 -fold) (Fig. 3a). This decrease in AGC also occurred at the 
protein level, with a 4.5 -fold decrease in AGC protein compared to levels at pH 7.4 (Fig. 3b). Immunofluorescence 
showed AGC to be localised to the cytoplasm of NP cells and the level of immunofluorescent staining was 
reduced at pH 6.5 compared to pH 7.4 and 7.1 (Fig. 3c). There was no significant change in VCAN, COL1 or 
COL2 gene expression following treatment at different pH values (Fig. 4a). Acidic pH (pH 6.5) resulted in a sig-
nificant increase in MMP -3 (28.7 -fold) and ADAMTS -4 (5.7 -fold) gene expression compared to pH 7.4. There 
was no significant change in ADAMTS -5 gene expression with altered pH. TIMP -1 gene expression decreased 
significantly at pH 7.1 (2 -fold) compared to pH 7.4, showed no change at pH 6.8 and increased significantly at 
pH 6.5 (2.8 -fold) (Fig. 4c). The expression of TIMP -2 remained similar to control levels at pH 7.1 and 6.8, but 
decreased significantly at pH 6.5 (3.3 -fold) (Fig. 4c). TIMP -3 showed no change in expression at any of the pH 
tested (Fig. 4c).

Low pH induces changes in expression of acid-sensing ion channel -3 (ASIC-3).  The gene expres-
sion of ASIC -1 and -2 remained unchanged at pH 7.1, 6.8 and 6.5 compared to control (Fig. 5a). ASIC -3 gene 
expression was unchanged at pH 7.1 and 6.8, but showed a significant increase at pH 6.5 (7.8 –fold (Fig. 5a)). 
Immunofluorescence showed ASIC -3 staining of NP cells to be cytoplasmic with increased immunofluorescence 
at pH 6.5 compared to pH 7.1 and 7.4 (Fig. 5b). Western blot analysis of ASIC -3 showed an increase at pH 6.5 
compared to pH 7.4 (p =​ 0.06) (Fig. 5c).

pH-dependent regulation of IL -1β IL -6, NGF and BDNF protein expression is mediated 
through the involvement of acid-sensing ion channel (ASIC) -3.  Treatment of NP cells with 
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100 nM APETx2 did not influence the amount of proliferation or cell death observed at different pH values 
(Supplementary Figure 2). NP cells responded to differences in the pH of the culture medium as reported ear-
lier (Fig. 1). NP cells cultured at pH 6.5 increased their protein expression of IL -1 β​ (2.6 -fold, p =​ 0.08), IL -6  
(4.2 -fold, p =​ 0.09), NGF (8.4 -fold, p ≤​ 0.05) and BDNF (2.7 -fold, p =​ 0.3), although significance was reached 
with NGF only (Fig. 6a). Importantly, treatment of NP cells with 100 nM APETx2 (ASIC -3 specific inhibitor) 
prevented the increase in IL -1β​ (significance was reached for protein recorded at pH 6.5 between PBS and inhib-
itor) and IL -6, NGF and BDNF proteins following culture for 7 days at pH 6.5 (Fig. 6a). AGC protein decreased 
significantly (4.5 -fold) at pH 6.5 compared to pH 7.4. Treatment of NP cells with 100 nM APETx2 did not pre-
vent the acidic pH –induced decrease in AGC protein expression (3 –fold significant decrease at pH 6.5 with the 
inhibitor) (Fig. 6b).

Discussion
The pH within the IVD is lower than that in most tissues within the body and this acidic pH decreases further 
during the onset of ageing and degeneration19. Acidic pH has been linked to painful discs41 and shown to promote 
matrix catabolism21–23, suggesting low pH may contribute to the cellular and molecular processes observed in 

Figure 1.  Acidic pH reduces NP cell proliferation and increases cell death . NP cells (n =​ 3) were cultured 
in DMEM medium with a pH of 7.4, 7.1, 6.8, 6.5 and 6.2, for 0 days (baseline control) or 7 days and (a) Stained 
with LIVE/DEAD viability stain. Viable and non-viable cells stained green and red, respectively. (b) To assess 
proliferation and/or cell death, a Pico Green assay was used to quantify the total amount of DNA from cells 
cultured at different pH and normalised to baseline control (0 day of culture at pH 7.4). *Indicates p ≤​ 0.05. 
Scale bar represents 100 μ​m.
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Figure 2.  Acidic pH induces increases in proinflammatory and pain-related markers in NP cells. (a) Gene 
expression of IL -1β​, IL -6, NGF and BDNF relative to MRPL19 by NP cells (n =​ 3) cultured at pH 7.1, 6.8 and 6.5 
for 7 days and normalised to gene expression at pH 7.4. (b) Protein expression (determined by ELISA) of IL -1β​, 
IL -6, NGF and BDNF by NP cells (n =​ 3) cultured for 7 days at pH 7.1 and 6.5, normalised to expression levels at 
pH 7.4. *Indicate p ≤​ 0.05.
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IVD degeneration. Whether low pH is the cause of the other phenotypic changes observed during disc degenera-
tion (increased cell death and increased proinflammatory cytokines and neurotrophins) has, until now, remained 
unknown. This is the first study to show that acidic pH, similar to that reported within degenerate IVDs, results in 
a proinflammatory, neurotrophic, and catabolic response in human NP cells, features which have been observed 
during human IVD degeneration.

Human NP cells proliferated in medium at pH 7.4, and 7.1, did not divide at pH 6.8, and showed cell death at 
pH 6.5 and 6.2. Bovine NP cells have been shown to have reduced viability at pH 6.2; however, this decrease was 
only slight (about 5% less viable cells than pH 7.4) unless combined with the removal of glucose from the media, 
at which point cell viability decreased by up to 20%21. The longer culture time used in this study (7 days compared 
with only 1 day) may suggest reasons for the more severe effects on cell viability presented here. Our data does, 
however, suggest that acidic pH similar to that found in degenerate discs may cause cell death and contribute to 
the reduced cell numbers observed during IVD degeneration.

Culture of NP cells in acidic pH led to an increase in the proinflammatory cytokines IL -1β​ and IL -6, but 
no change in TNFα​ expression. Proinflammatory cytokine expression, including TNFα​, IL -6 and in particular  
IL -1β​ expression, has been shown to be upregulated in degenerate IVDs28–30, but the initiator for this increase 
has remained unknown. Our data suggests that the low pH found within degenerate IVDs may be an initiating 
factor, resulting in increased cytokine production by disc cells. IL -1β​ has been suggested previously to be the 
major proinflammatory cytokine involved in the degenerative processes observed during IVD degeneration, with  
IL -1β​ treatment of intact disc tissue having a more potent catabolic response (increased expression of active 
MMPs) than treatment with TNFα​29. Furthermore, IL -1β​, and not TNFα​, may act as a master regulator by con-
trolling the expression of other cytokines and downstream catabolic factors, as recently reported by Phillips et 
al.42. We found that culture of NP cells at acidic pH did not alter the expression of TNFα​, suggesting that TNFα​ 
may have less of a role as an initiator in the process of IVD degeneration.

Culture of NP cells at acidic pH also led to increased expression of the neurotrophic factors NGF and BDNF. 
Degenerate IVDs have previously been shown to have greater expression of NGF35,43 and BDNF33 and expression 
of both of these neurotrophins is thought to be driven by IL -1β​, IL -6 and TNFα​43–46. However, to our knowledge, 
this is the first time that low pH has been shown to upregulate NGF and BDNF expression in IVD cells. Neurite 
ingrowth has been shown to occur in painful and degenerated IVDs36. Increased production of neurotrophins 
may be responsible for the in-growth of nerve fibres into the degenerate disc and our data suggests that acidic pH 
may be a contributing factor in this process.

Figure 3.  Low pH leads to a decrease in the anabolic protein aggrecan. (a) Gene expression of AGC relative 
to MRPL19 following culture of NP cells (n =​ 3) at pH 7.4, 7.1, 6.8 and 6.5 for 7 days and normalised to gene 
expression at pH 7.4. (b) Western blot for aggrecan protein expression following culture of NP cells (n =​ 3) at 
pH 7.4, 7.1 and 6.5 for 7 days and normalised to GAPDH. *Indicate p ≤​ 0.05. (c) Immunofluorescence for AGC 
protein (green) and cell nuclei (DAPI; blue) of NP cells cultured at pH 7.4, 7.1 and 6.5.
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NP cells cultured in acidic pH decreased their expression of aggrecan, suggesting that acidic pH may be 
involved in the loss of aggrecan observed during IVD degeneration. In addition to a decrease in aggrecan (one of 
the major extracellular matrix proteins of the disc), the expression of matrix degrading enzymes was increased, 
suggesting a shift in cell phenotype towards that of matrix catabolism. TIMP expression showed differential 
responses to acidic pH dependent on the TIMP type, with TIMP -1 increasing, TIMP -2 decreasing and TIMP -3 
remaining unaffected by acidic pH. Although the targets of the different TIMPs investigated are relatively broad, 
some TIMPs have heightened specificity for particular enzymes. TIMP -1, which showed an increase with acidic 
pH has an affinity for MMP -3, which also increased in response to low pH, suggesting a cellular compensation 
mechanism to prevent over activity of MMP -347. TIMP -2, which decreased in response to acidic pH, has been 
shown to bind to MMP -948, suggesting an imbalance could occur during acidic pH conditions leading to increased 
MMP -9. TIMP -3 has the broadest specificity and has been shown to bind to and inhibit targets as diverse as the 
ADAMTSs, including ADAMTS -4, again suggesting the possibility for imbalance at low pH between ADAMTS 
-4 (increased at acidic pH) and TIMP -3 (no change in expression levels) expression49. This pattern of decreased 
anabolic and increased catabolic factors has been demonstrated in cells derived from degenerate tissue, and in 
cells treated with proinflammatory cytokines, including IL -1β​, IL -6 and TNFα​28,50–52. Our study suggests that the 
low pH associated with IVD degeneration may initiate the shift in matrix homeostasis towards that of increased 
catabolism, perhaps directly or through the involvement of cytokines (e.g. IL -1β​ or IL -6).

In order for NP cells to respond to changes in extracellular pH they must express the appropriate molecu-
lar machinery in order to sense proton concentrations. NP cells have been shown to express ASICs -1, -2, -3 
and -4 and their expression is increased with degeneration39, while ASIC receptor inhibition leads to enhanced 
apoptosis and NP cell death (41). Our study shows for the first time differential regulation of ASICs in NP cells 
treated with low pH. We identified that ASIC -1 and -2 gene expression remained unchanged, whereas ASIC -3 
gene and protein levels increased upon culture of NP cells at acidic pH, suggesting an important role for ASIC -3  
in pH-dependent response of NP cells. Interestingly, when a specific inhibitor was used against ASIC -3 (cho-
sen as a target due to its induction following acidic pH), acidic pH-induced increases in IL -1β​ IL -6, NGF and 
BDNF protein expression were prevented, suggesting a role for ASIC -3 in the pro-inflammatory and neurogenic 
response of NP cells to low pH. ASIC -3 has been previously shown to be involved in the pain response of rats 

Figure 4.  Acidic pH induces a more catabolic phenotype in NP cells. Gene expression of (a) matrix proteins, 
including VCAN, COL1 and COL2A1, (b) matrix degrading enzymes, including MMP-3, ADAMTS-4 and 
-5, and TIMPs-1, -2 and -3, by NP cells (n =​ 3) cultured at pH 7.1, 6.8 and 6.5 for 7 days and normalised to 
MRPL19 and gene expression at pH 7.4. *Indicate p ≤​ 0.05.
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following experimentally induced osteoarthritis of their knee joints. Repeated injections of APETx2 reduced the 
amount of osteoarthritic changes observed and reduced the pain response, with the authors proposing APETx2 
as a potential therapeutic agent against osteoarthritis53. ASIC -3 may therefore be a suitable therapeutic target 
for prevention of acidity-driven induction of pro-inflammatory and pain-related factors by NP cells during IVD 
degeneration, with APETx2 a potential therapeutic agent for treatment of painful IVD degeneration. However, 
at the concentrations used here APETx2 was unable to prevent the decrease in aggrecan following treatment of 
NP cells with acidic pH. Similar observations have been reported in a rat osteoarthritis model, where treatment 
of osteoarthritic knees using APETx2 reduced pain, but was unable to prevent the loss of proteoglycans53. Thus 
the inability of APETx2 to prevent the acidity driven decrease in aggrecan expression suggests that an additional 
biological factor may be required in parallel with APETx2 treatment, in order to restore IVD composition and 
function. One approach to restore aggrecan content may be to combine APETx2 treatment with a cell-based 
therapy, such as GDF6-differentiated adipose stem cells, which we have previously shown results in enhanced 
aggrecan synthesis and production of an NP-like matrix54.

A potential limitation of the use of APETx2, and many other biologically active molecules, is its relatively 
short half-life (about 2.8 hours when exposed to trypsin, although this half-life may be greater when injected into 
a degenerate IVD)55. It may, however, be possible to modify the half-life of APETx2, which could improve its ther-
apeutic potential. For example, Jensen et al. found that the half-life of APETx2 could be increased by about 20–30 
times when amino acid residues were added to the C- and N- terminals55. The authors found however, that the 
stabilisation of APETx2 resulted in diminished ASIC-3 inhibition, suggesting that other peptide modifications 
may be necessary in order to retain peptide activity while increasing stability55.

Figure 5.  Low pH regulates acid-sensing ion channels (ASICs) in NP cells. (a) Gene expression of ASICs-1, 
-2 and -3 by NP cells (n =​ 3) cultured at pH 7.1, 6.8 and 6.5 for 7 days and normalised to MRPL19 and gene 
expression at pH 7.4. (b) Immunofluorescence for ASIC -3 (green) and cell nuclei (DAPI; blue) in NP cells 
cultures at pH 7.4, 7.1 and 6.5 for 7 days. (c) Western blot for ASIC-3 protein expression in NP cells (n =​ 3) 
cultured at pH 7.1 and 6.5 for 7 days relative to GAPDH and protein expression to pH 7.4. *Indicate p ≤​ 0.05.
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We believe the findings presented here are important to the field of IVD degeneration and could aid in its 
treatment. However, it is important to acknowledge that as this study was conducted in vitro, NP cells may 
respond differently in vivo. Disc cells are not solely exposed to a low pH environment, but are challenged by many 
other microenvironmental conditions, including changes in osmolarity, hypoxia and glucose concentrations. 
Considering the effect of acidic pH in isolation on NP cell phenotype is useful in order to remove complicating 
factors from the experimental setup. Future studies will also need to evaluate the entire plethora of microenviron-
mental factors present within the degenerate IVD. Furthermore, it will also be important to assess the activity of 
matrix degrading enzymes, in addition to changes in expression level, and to gain a fuller understanding of the 
temporal and molecular cascades which result in aberrant cell function. Together such studies would provide a 
more detailed understanding of the NP cell behaviour in response to the degenerate IVD niche.

To our knowledge this is the first study to show that low pH (similar to that found within degenerate IVDs) 
promotes the aberrant cellular phenotype observed during IVD degeneration, including increased cell death, 
increased pro-inflammatory cytokine and neurotrophin expression, reduced matrix protein expression and 
increased matrix degrading enzyme expression. Proinflammatory cytokines have been known to play a major 
role in the catabolic cascades observed during IVD degeneration, but the reason for their high levels of expression 
have remained largely unknown. We provide evidence that acidic pH, likely a result of lactate accumulation due 
to diminished diffusion coefficients, can directly cause cell death and induction of proinflammatory cytokines 
and neurogenic factors, leading to matrix catabolism. Our study suggests a role for ASIC -3 in acidity sensing and 
downstream cellular responses in NP cells. Further work is needed in order to fully understand the mechanisms 
involved but ASIC -3 may represent a useful target for the treatment of acidity-induced disc degeneration.

Figure 6.  Inhibition of ASIC-3 prevents the pro-inflammatory/pain-related neurogenic response in NP 
cells exposed to an acidic environment. Expression of proteins assessed using (a) ELISA for pro-inflammatory 
cytokines IL -1β​ and IL -6, as well as the pain-related neurogenic factors NGF and BDNF, and assessed using 
(b) western blot for aggrecan protein expression by NP cells (n ≥​ 3) treated with carrier alone (PBS) or APETx2 
(inhibitor of ASIC-3) at 100 nM cultured at pH 7.4 and 6.5 for 7 days and normalised to protein expression 
levels at pH 7.4. *Indicate p ≤​ 0.05.
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Materials and Methods
IVD Tissue.  Human IVD tissue was collected from patients undergoing lumbar spinal surgery for degenera-
tive disc disease (DDD) (one male and two female with a mean age of 50.3 years, SD of 4.16 years) or from cadav-
ers (within 18 hours of death) with patient or relatives written informed consent and Research Ethics Committees 
approval (National Research Ethics Service Committee North West), with all methodology performed in accord-
ance with the Committee’s guidelines (three males of mean age 45.3 years, SD of 25.3 years). Tissue was processed 
for cell extraction and representative samples of all tissues containing intact AF and NP regions were forma-
lin-fixed, paraffin-embedded and sections histologically graded as previously reported56. All surgical samples 
were histologically graded as level 8 (classed as degenerate tissue), while cadaveric tissue was histologically graded 
as 0–3 (non-degenerate) and were obtained from individuals with no documented history of back pain.

Isolation and culture of NP cells.  NP tissue (excluding outer and inner AF) was separated from the 
IVD within 24 hours of death or surgical removal and finely minced prior to enzymatic digestion as previously 
reported56. NP cells were cultured in standard medium [Dulbecco’s modified Eagle’s medium (DMEM) with 
glucose 4.5 g/L, L-alanyl-glutamine (Sigma) containing 100 mM sodium pyruvate, 10 μ​M ascorbate-2-phosphate, 
250 ng/mL amphotericin, 100 U/mL penicillin, 100 μ​g/mL streptomycin (Invitrogen) and 10% foetal calf serum 
(Life Technologies)] and expanded in monolayer with medium changed every 2–3 days. Sub-confluent NP cells 
with passage numbers of ≤​4 were trypsinised (Life Technologies) and seeded into 6-well tissue culture plates at 
a density of 5 ×​ 104 cells/mL in 2 mL of standard medium and allowed to adhere for 24 hours. Media was then 
changed to pH-modified DMEM medium (pH 7.4, 7.1, 6.8, 6.5 and 6.2) and cells cultured for 7 days with and 
without an inhibitor against ASIC-3 (100 nM APETx2 (R&D Systems)57). APETx2, a peptide first purified from 
the sea anemone Anthopleura elegantissima, is a potent and selective inhibitor of ASIC-3. The concentration of 
APETx2 was chosen based on published IC50 values, which were found to lead to specific ASIC-3 inhibition 
(concentrations of APETx2 above 100 nM were found to also inhibit heteromeric ASIC-2b +​ 3)57, and the ability 
of APETx2 (tested at 1, 10, and 100 nM concentrations) to prevent the acidic pH –induced increase in IL -6 gene 
expression (Supplementary Figure 3).

Preparation of pH modified medium.  Basal media was prepared from DMEM/F-12 powdered 
medium without sodium bicarbonate (Fisher Scientific) and the following supplements added: 50 μ​g/mL 
ascorbic acid, 250 ng/mL amphotericin, 100 U/mL penicillin, 100 μ​g/mL streptomycin (Invitrogen) and 10% 
foetal calf serum (Life Technologies). The amount of sodium bicarbonate required was calculated using the 
Henderson-Hasselbalch equation, which for the purpose of sodium bicarbonate buffered culture medium, can 
be expressed as pH =​ 6.1 +​ log (52(mg/ml NaHC03/%CO2)-1)58. HCl and NaOH were used to pH the medium 
to the desired values (pH 7.4, 7.1, 6.8, 6.5 and 6.2) and the medium allowed to equilibrate overnight in a 5% CO2 
incubator at 37 °C. The pH of the medium was confirmed a second time and the medium sterilised using a 0.04 μ​m  
filter and stored at 4 °C until needed (medium not stored for longer than 1 week).

Viability assay.  NP cells in 6-well culture plates were stained with LIVE/DEAD®​ viability stain (Life 
Technologies L3224) as per the manufacturer’s instructions and imaged using a Leica SP5 upright confocal micro-
scope with dipping lens. Green staining identified viable cells, while non-viable cells were red, or had red nuclei 
with green cytoplasm.

Proliferation assay.  NP cells cultured for 0 days (baseline control at pH 7.4) and 7 days in pH modified 
medium were washed in PBS and lysed using 3 x freeze/thaw cycles in PBS. The amount of DNA from each well 
was quantified using a Pico Green assay kit, as per manufacturer’s instructions. A standard curve was gener-
ated using lambda control DNA and fluorescence detected using a fluorescent microplate reader and compared 
between samples cultured at different pH.

Quantitative real time PCR (QRT-PCR).  Total RNA was extracted using TriReagent (Ambion) 
according to the manufacturer’s instructions and samples treated with DNase I (Ambion) as previously 
reported56. RNA quality and quantity were determined using the Nanodrop ND-1000 Spectrophotometer 
(Nanodrop Technologies) and 1 μ​g of RNA reverse transcribed using the High Capacity Reverse 
Transcription Kit (Applied Biosystems). QRT-PCR was performed in triplicate using LuminoCt qPCR 
ReadyMix (Sigma) with primers and probes (Sigma, unless otherwise stated) for mitochondrial ribo-
somal protein L19 (MRPL19) forward primer (F)-CCACATTCCAGAGTTCTA, reverse primer 
(R)-CCGAGGATTATAAAGTTCAAA, probe (P)-CAAATCTCGACACCTTGTCCTTCG; acid sens-
ing ion channels ((ASICs)-1 F-CTGTCCATGGTCAAGATC, R-GGATGTTCTCCCCTATGTA, 
P-AGCCTCAGCCAAGTACCTGG; ASIC-2 F-GGTGATATTGGTGGTCAG, R-GTCACAAGTACTCACATTC, 
P- T T G T T C AT T G G T G C TA G TAT C C T TA C A ;  A S I C - 3  F - G A G G G A C A AT G A G G A G A C , 
R-CCAGCTGATCGATGATGG, P-CTCCTCCTGGCTGTGGATCTG; tumour necrosis factor (TNF) –α​ 
F-AGGCAGTCAGATCATCTTC, R-CTGGTTATCTCTCAGCTCC, P-CCGAGTGACAAGCCTGTAGC; inter-
leukin (IL) -1β​ (Taq Man assay HS01555410_m1 (Applied Biosystems)) and -6 F-CTGGATTCAATGAGGAGAC 
R-ACTGGATCAGGACTTTTG P-CTGGCTTGTTCCTCACT; nerve growth factor (NGF) (Taq Man assay 
HS00171458_m1 (Applied Biosystems)), brain-derived neurotrophic factor (BDNF) (Taq Man HS00542425_s1 
(Applied Biosystems)), aggrecan (AGC) F-GGCTTCCACCAGTGTGAC, R-GTGTCTCGGATGCCATACG, 
P-TGACCAGACTGTCAGATACCCCATCCA; versican (VCAN) F-TCCCTCACTGTGGTCAAG, 
R-GTGTGTACCTGCTGGTTG, P-AAACACAACCCCATCCACAGTCAGT; type I and II collagens (COL1A1) 
F-TCAGCTTTGTGGATACGC, R-CTGGGCCTTTCTTACAG, P-CAGTAACCTTATGCCTAGCAACATGC; 
and (COL2A1) (Taq Man assay HS00264051_m1 (Applied Biosystems)); matrix metalloproteinase (MMP)-3 
F-GTGGAGTTCCTGATGTTG, R-GCATCTTTTGGCAAATCTG, P-AATTCACAATCCTGTATGTAAGGT; 
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a disintegrin and metal loproteinase with a  thrombospondin type 1 motif  (ADAMTS)-4 
F-TCAGGAAATTCAGGTACG, R-CGTGTATTCACCATTGAG, P-CATAGGAGCCATCTGGC; 
A D A M T S - 5  F - C G C T TA AT G T C T T C C AT C C T TA ,  R - G G AT C T G C T T T C G T G G TA G , 
P-CAGCAAACAGTTACCATGGCCATCATC; and tissue inhibitor of metalloproteinases (TIMPs)-1 
F-GACACCAGAGAACCCA, R-GACGAGGTCGGAATTG, P-CTGGCTTCTGGCATCCT; TIMP-2 
F-TGCAGATGTAGTGATCAG, R-TGCCATAAATGTCGTTTC, P-ACTTCCTTCTCACTGAC; TIMP-3 
F-GGTTGTAACTGCAAGATCAA, R-CAGAGACACTCGTTCTTG, P-CCTGCTACTACCTGCC. Data was 
analysed using the 2−∆∆Ct method56,59 and normalised to the endogenous control gene MRPL19 and pH 7.4 
control.

Enzyme-linked immunosorbent assay (ELISA).  The expression of soluble factors from NP cells cul-
tured at different pH was assessed using ELISA as described by the manufacturer. Briefly, samples were cleared of 
cell debris and added in triplicate to ELISA plates, each with specific antibodies against NGF (Abcam ab99986), 
BDNF (Abcam ab99978), IL -1β​ (Abcam ab100562) and IL -6 (Qiagen). TNFα​ protein expression was not 
assessed as no significant change was observed at the gene level with differing pH values. Plates were kept at 
4 °C overnight and then washed 3 x in PBS before biotinylated detector antibodies were added. After incubation 
at room temp for 1 hour, 96-well plates were washed again 3 x PBS and HRP-streptavidin solution added for 
45 mins. TMB substrate reagent was then added and incubated for 30 mins in the dark followed by the addition 
of stopping solution. The absorbance was assessed using a microplate reader with filter for 450 nm. The amount 
of protein present within each sample (pH 7.1 and pH 6.5) was compared back to the control (pH 7.4) and fold 
change in protein reported.

Western blot analysis.  Total protein was extracted using radioimmunoprecipitation assay (RIPA) lysis 
buffer (50 mM Tris-HCL, 1% Triton-X (Sigma), 0.25% Sodium deoxycholate (Sigma), 150 mM NaCl (Sigma), 
Halt™​ Protease/Phosphatase inhibitor Single-Use cocktail (Thermo Scientific)) at 4 °C with frequent agitation for 
20 minutes, as previously described60. Cell lysates were cleared of insoluble debris by centrifugation at 12,000×​ g 
for 10 minutes at 4 °C and protein quantified using the Pierce® BCA Protein Assay according to the manufacturer’s 
instructions. Whole cell lysates were reduced by incubation with 5X Laemmli reducing buffer (250 mM Tris-HCl 
(pH 6.8), 25% Glycerol (Sigma), 10% sodium dodecyl sulphate (SDS), 500 mM Dithiothreitol (DTT) (Sigma), 
0.05% Bromophenol blue dye (Sigma)) at 95 °C for 10 minutes. Equal amounts of cell lysates (5 μ​g/well) were 
separated using 10% SDS – polyacrylamide gel electrophoresis (SDS – PAGE) and protein transferred to polyvi-
nylidene fluoride (PVDF) membranes (GE Healthcare). PVDF membranes were blocked with 5% (w/v) non-fat 
milk (Alcafe) in Tris-buffered saline (50 mM Tris, 139 mM NaCl, pH 7.6) containing 0.1% Tween 20 (Sigma) 
(TBS-T) overnight at 4 °C with constant agitation. Membranes were then washed with TBS-T and incubated with 
5% (w/v) non-fat milk in TBS-T with anti- aggrecan (1:250) (AbD Serotec MCA1454G) or anti- ASIC -3 antibody 
(1:300) (Abcam ab49333) for 2 hours at room temperature with constant agitation. Membranes were washed 3 
times with TBS-T and incubated with 5% (w/v) non-fat milk in TBS-T with horseradish peroxidise-conjugated 
secondary antibody (goat anti- rabbit (R&D Systems; HAF008) or donkey anti-mouse (R&D Systems; HAF018), 
respectively, for 1 hour at room temperature. Membranes were washed 3 times with TBS-T, developed using 
ECL chemiluminescent reagent (PerkinElmer) according to the manufacturer’s protocol and exposed to photo-
graphic film (Blue XB, Kodak). Following 3 washes with TBS-T, the membranes were incubated with 5% (w/v) 
non-fat milk in TBS-T with anti- glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:10,000) 
(Calbiochem CB1001) for 1 hour at room temperature with constant agitation. Membranes were washed 3 times 
with TBS-T and incubated with 2% (w/v) non-fat milk in TBS-T with horseradish peroxidise-conjugated second-
ary antibody donkey anti- mouse (R&D Systems; HAF018) for 1 hour at room temperature and protein visualised 
as described above. The density of each protein band was quantified using a Syngene imaging system, and the 
ratio of the density of aggrecan or ASIC -3 protein bands to the density of GAPDH protein bands calculated. The 
relative protein expression calculated at pH 7.1 and 6.5 was then normalised to that at pH 7.4.

Immunofluorescence.  Following 7 days culture in pH-modified DMEM medium cells adhered to 6-well 
culture plates were washed in PBS and fixed with 4% PFA at room temperature for 10 mins. PFA was removed 
and cells washed once in PBS before being stored at 4 °C in PBS. Cells were permeabalised in 0.25% Triton-X in 
PBS (PBS-T) for 5 mins, washed once in PBS and blocked using 1% BSA in PBS-T (blocking buffer) for 30 mins. 
Blocking buffer was removed, primary antibody for aggrecan (AbD Serotec MCA1454G) or ASIC-3 (Abcam 
ab49333) added at 1:1000 dilution in blocking buffer and stored at 4 °C overnight. Sample wells were washed  
3 x PBS and incubated with secondary antibody 1:2000 in blocking buffer, donkey anti-mouse, or anti-rabbit 488 
AlexaFluor (ThermoScientific) for 1 hour at room temperature in the dark. Samples were washed 3 x in PBS and 
then incubated in blocking buffer with 1:1000 DAPI (ThermoScientific) for 20 mins at room temp in the dark. 
Samples were washed 3 x in PBS and stored in the dark at 4 °C until imaged using a Leica SP5 upright confocal 
microscope.

Statistics.  All data were compared using the nonparametric Mann-Whitney U test with p ≤​ 0.05 reported as 
significant.
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