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Summary 

Low back pain (LBP) has a high prevalence and is a major public health problem globally. 
Intervertebral disc degeneration (IVD), which is the central cause of LBP, is a natural 
process with an early onset. Due to the rapidly aging population in the western society, it 
is predicted that occurrences of LBP as well as its related costs will further increase, causing 
a high economic burden on the individual and the society. Biomechanical, biological and 
genetic factors have an impact on the development of painful IVD degeneration (also called 
degenerative disc disease). However, treatment options are limited. Therefore, there is a 
clear need for advancing our understanding of IVD degeneration and designing novel 
treatment strategies. Transient receptor potential (TRP) channels constitute a family of 
Ca2+ permeable cell membrane receptors and have recently emerged as potential 
contributors to tissue homeostasis, inflammation and pain. TRP channels were investigated 
as biomarkers and potential therapeutic targets in many other tissues, but so far, their role 
remains largely unknown in the IVD. This thesis attempts to address this knowledge gap. 
The objective of this thesis was to identify and characterize TRP channels and pro-
inflammatory factors in the IVD, with the goal to evaluate their therapeutic potential.  

In the first study, the occurrences of inflammatory processes and the expression of TRPC6 
and TRPV4 in human degenerated tissue from the lumbar and cervical IVDs were measured 
and compared. Aside from genes with known implication in degenerative disc disease (DDD) 
or disc herniation (DH), four previously not recorded genes from the interferon and TRP 
families (IFNα1, IFNα8, IFNβ1, TRPC6) could be detected in the human degenerated IVD 
tissue. A correlation between gene expression and age (IL-15) and IVD degeneration grade 
(IFNα1, IL-6, IL-15, TRPC6), but not Modic grade, was identified. Significant differences 
were found between cervical and lumbar IVDs (IL-15), nucleus and annulus (IL-6, TNF-α, 
TRPC6), single-level and multi-level surgery (IL-6, IL-8) as well as DDD and DH (IL-8), 
while sex had no effect. Multiple gene-gene pair correlations, either between different 
cytokines (e.g. IL-6 and IL-8) or between cytokines and TRP channels (e.g. TRPC6 and 
IL-15/IL-8/IL-6), exist in the disc. Presented findings support the importance of IL-6 and 
IL-8 during IVD degeneration, but additionally demonstrate a potential pro-inflammatory 
role of IL-15 and interferon type I as well as a mechanistic role of TRPC6 in the disease. 
This study concluded that despite existing tissue- or patient-specific differences, novel anti-
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inflammatory or TRP-modulatory strategies for the treatment of disc pathologies may be 
applicable independently of the spinal region.  

In the second study, the gene and protein expression pattern of currently known TRP 
channels in non-degenerated and degenerated human IVD tissue was analyzed. Patient- and 
tissue- specific characteristics, such as age, IVD degeneration grade, pain intensity and 
chronicity and others were included in the analysis. For the first time we could show that 
26 out of 28 currently known TRP channels are expressed in the IVD on the gene level, 
thereby revealing novel therapeutic candidates from the TRPC, TRPM and TRPML 
subfamilies. TRPC6, TRPM2 and TRPML1 displayed enhanced gene and protein 
expression in degenerated IVDs as compared with non-degenerated IVDs. Furthermore, the 
gene expression of TRPC6 and TRPML1 was influenced by the IVD degeneration grade. 
Pain intensity and/or chronicity affected the gene and/or protein expression of TRPC6, 
TRPM2 and TRML1, therefore suggesting their therapeutic potential. Interestingly, 
decreased gene expression of TRPM2 was observed in patients treated with steroids. This 
is the first study to present the link between TRP channels and pain in the IVD. Thus, 
these results represent the current benchmark for the TRP channel expression pattern in 
the IVD. Our findings support the importance of TRP channels in IVD homeostasis and 
pathology, and their possible application as pharmacological targets for the treatment of 
IVD degeneration and LBP.  

The objective of the third study was to investigate the effect of hypo-osmotic stress, which 
is one of the main hallmarks of IVD degeneration, on the gene expression pattern and 
calcium signaling of TRPV4 and TRPM7 channels in bovine IVD cells. As the first in the 
field, we presented a complete screening of currently known TRP channel in bovine IVD 
cells. In line with the results obtained in human IVD tissue, TRPC1, TRPM7 and TRPV4 
were overall the most highly expressed TRP channels in bovine IVD cells. We determined 
that TRPV4 gene expression was downregulated in hypo-osmotic condition, whereas its 
Ca2+ flux increased. RNA sequencing identified over 3000 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). Application of TRPV4 selective activator (GSK1016790A) induced 
the expression of IL-6 under iso-osmotic condition, proportionally to hypo-osmotic 
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stimulation alone, indicating that this effect might be TRPV4-mediated. However, the 
application of TRPV4 selective blocker (GSK2193874) failed to inhibit 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. We concluded that although TRPV4 and 
TRPM7 are likely involved in osmosensing in the IVD, neither of them mediates hypo-
osmotically-induced gene expression changes of aggrecan, ADAMTS9 and IL-6. 

This thesis has made several significant contributions to the field of spine research. Through 
a detailed identification and characterization of TRP channels in the IVD, it revealed their 
important role in IVD degeneration. It demonstrated that the expression levels of TRP 
channels and pro-inflammatory factors may depend on the specific characteristics of the 
IVD tissue (e.g. lumbar versus cervical, degeneration grade) or patients (e.g. pain 
intensity/chronicity). Importantly, results of these experiments highlighted novel 
therapeutic targets from the TRPC, TRPM and TRPML family, which are not only linked 
to low back pain intensity or chronicity, but also to the level of inflammation. These findings 
may contribute to the design of new biomarker-based tests and help develop novel 
pharmacological treatments for painful IVD degeneration and LBP. Moreover, RNA 
sequencing data presented in this thesis can serve spine scientist as a source for further 
research.  

In conclusion, IVD tissue- and/or patient-dependent expression pattern of TRP channels 
presented over the course of this study suggests that TRP channels have a potential to 
become novel therapeutic targets in painful IVD degeneration. Their pharmacological 
modulation may prove beneficial in treating pain and inflammation, could contribute to the 
regulation of the IVD tissue homeostasis and might ultimately change clinical practice 
related to discogenic back pain in the future. 
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Zusammenfassung 

Schmerzen im unteren Rückenbereich (Low Back Pain, LBP) haben eine hohe Prävalenz 
und stellen weltweit ein großes Problem für das Gesundheitswesen dar. Die Degeneration 
der Bandscheibe BS) ist ein natürlicher Prozess der bereits in jungen Jahren startet und 
eine zentrale Ursache von LBP darstellt. Aufgrund der rasch alternden Bevölkerung in der 
westlichen Gesellschaft wird prognostiziert, dass das Auftreten von LBP sowie die damit 
verbundenen Kosten weiter zunehmen werden, was zu einer hohen wirtschaftlichen 
Belastung für den Einzelnen und die Gesellschaft führen wird. Biomechanische, biologische 
und genetische Faktoren haben einen Einfluss auf die Entwicklung der schmerzhaften BS-
Degeneration (auch degenerative disc disease = DDD genannt). Die 
Behandlungsmöglichkeiten für DDD sind jedoch begrenzt. Es besteht daher ein klarer 
Bedarf, unser Verständnis der BS-Degeneration zu vertiefen und neue 
Behandlungsstrategien zu entwickeln. TRP-Kanäle (Transient Receptor Potential) bilden 
eine Familie von Ca2+-durchlässigen Zellmembranrezeptoren und haben in jüngster Zeit 
vermehrt Beachtung als potenzielle Mitverursacher von Gewebehomöostase, Entzündungen 
und Schmerzen gewonnen. TRP-Kanäle wurden als Biomarker und potenzielle 
therapeutische Zielstrukturen in vielen anderen Geweben untersucht, aber ihre Rolle in der 
BS ist bisher weitgehend unbekannt. Die vorliegende Arbeit versucht, diese Wissenslücke 
zu schließen. Ziel dieser Arbeit war die Identifizierung und Charakterisierung von TRP-
Kanälen und pro-inflammatorischen Faktoren in der BS mit dem Ziel, ihr therapeutisches 
Potenzial zu bewerten.  

In der ersten Studie wurde das Auftreten von Entzündungsprozessen und die Expression 
von TRPC6 und TRPV4 in degenerierten BS der Lenden- und Halswirbelsäule untersucht 
und verglichen. Neben Genen deren Relevanz in der DDD oder dem Bandscheibenvorfall 
(BSV) bekannt ist, konnten vier bisher nicht erkannte Gene aus den Interferon- und TRP-
Familien (IFNα1, IFNα8, IFNβ1, TRPC6) im menschlichen degenerierten BS-Gewebe 
nachgewiesen werden. Es wurde eine Korrelation zwischen der Genexpression und dem Alter 
(IL-15) und dem BS-Degenerationsgrad (IFNα1, IL-6, IL-15, TRPC6), aber nicht dem 
Modic-Grad, festgestellt. Signifikante Unterschiede wurden zwischen zervikalen und 
lumbalen Bandscheiben (IL-15), Nukleus und Annulus (IL-6, TNF-α, TRPC6), ein- und 
mehrstufiger Chirurgie (IL-6, IL-8) sowie DDD und BSV (IL-8) festgestellt, während das 
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Geschlecht keinen Einfluss hatte. Mehrere Gen-Genpaar-Korrelationen, entweder zwischen 
verschiedenen Zytokinen (z.B. IL-6 und IL-8) oder zwischen Zytokinen und TRP-Kanälen 
(z.B. (TRPC6 und IL-15/IL-8/IL-6), konnten in den untersuchten Bandscheiben 
nachgewiesen werden. Die vorgestellten Befunde unterstreichen die Bedeutung von IL-6 und 
IL-8 in der BS-Degeneration, zeigen aber zusätzlich eine mögliche pro-inflammatorische 
Rolle von IL-15 und Interferon Typ I sowie eine mechanistische Rolle von TRPC6 bei der 
Erkrankung. Diese Studie kam zu dem Schluss, dass trotz bestehender gewebe- oder 
patientenspezifischer Unterschiede neuartige anti-inflammatorische oder TRP-
modulatorische Strategien zur Behandlung von Bandscheibenpathologien unabhängig von 
der Wirbelsäulenregion anwendbar sein könnten.  

In der zweiten Studie wurde das Gen- und Proteinexpressionsmuster von TRP-Kanälen in 
nicht-degeneriertem und degeneriertem, menschlichen BS-Gewebe untersucht. Patienten- 
und gewebespezifische Merkmale wie Alter, BS-Degenerationsgrad, Schmerzintensität und 
Chronizität und andere wurden in die Analyse einbezogen. Wir konnten zum ersten Mal 
zeigen, dass 26 von 28 derzeit bekannten TRP-Kanälen in der BS auf Genebene exprimiert 
werden, wodurch neue therapeutische Kandidaten aus den Unterfamilien TRPC, TRPM 
und TRPML aufgedeckt wurden. TRPC6, TRPM2 und TRPML1 zeigten in degenerierten 
BS im Vergleich zu nicht-degenerierten BS eine erhöhte Gen- und Proteinexpression. 
Darüber hinaus wurde die Genexpression von TRPC6 und TRPML1 durch den BS-
Degenerationsgrad beeinflusst. Schmerzintensität und/oder Chronizität beeinflussten die 
Gen- und/oder Proteinexpression von TRPC6, TRPM2 und TRML1, was auf ihr 
therapeutisches Potenzial hindeutet. Interessanterweise wurde bei Patienten, die mit 
Steroiden behandelt wurden, eine verminderte Genexpression von TRPM2 beobachtet. Dies 
ist die erste Studie, die den Zusammenhang zwischen TRP-Kanälen und Schmerzen in 
derBS darstellt. Somit repräsentieren diese Ergebnisse den aktuellen Maßstab für das 
Expressionsmuster der TRP-Kanäle in der BS. Unsere Ergebnisse unterstützen die 
Bedeutung der TRP-Kanäle in der BS-Homöostase und -Pathologie und ihre mögliche 
Anwendung als pharmakologische Zielstrukturen für die Behandlung von BS-Degeneration 
und LBP.  

Das Ziel der dritten Studie war es, die Wirkung von hypo-osmotischem Stress, der eines der 
Hauptmerkmale der BS-Degeneration ist, auf das Genexpressionsmuster und die Kalzium-
Signalisierung der TRPV4- und TRPM7-Kanäle in bovinen BS-Zellen zu untersuchen. Es 
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handelt sich hierbei um das erste vollständige TRP-Kanal-Screening in bovinen BS-Zellen. 
In Übereinstimmung mit den Ergebnissen die immenschlichen BS-Gewebe erzielt wurde, 
waren TRPC1, TRPM7 und TRPV4 insgesamt die am höchsten exprimierten TRP-Kanäle 
in bovinen BS-Zellen. Wir stellten fest, dass die Expression des TRPV4-Gens im hypo-
osmotischen Zustand herunterreguliert war, während sein Ca2+-Fluss zunahm. Die RNA-
Sequenzierung identifizierte über 3000 hoch- oder herunterregulierte Ziele, aus denen wir 
Aggrecan, ADAMTS9 und IL-6 auswählten und untersuchten, ob ihre veränderte 
Genexpression entweder durch den TRPV4- oder den TRPM7-Kanal vermittelt wird. 
Hierzu wurden spezifische Aktivatoren und Inhibitoren (GSK1016790A/ GSK2193874 für 
TRPV4 und Naltriben/ NS8593 für TRPM7) verwendet. Die Anwendung von 
GSK1016790A (TRPV4-Aktivator) induzierte die Expression von IL-6 unter iso-
osmotischen Bedingungen, proportional zur alleinigen hypo-osmotischen Stimulation. Dies 
deutete darauf hin, dass dieser Effekt TRPV4-vermittelt sein könnte. Die Anwendung von 
GSK2193874 (TRPV4-Blocker) konnte jedoch den Anstieg von IL-6 unter hypo-osmotischen 
Bedingungen nicht hemmen. Wir kamen zu dem Schluss, dass TRPV4 und TRPM7 zwar 
wohl an der Osmoseregulierung in der IVD beteiligt sind, keiner von beiden TRP Kanälen 
jedoch die hypo-osmotisch induzierte Genexpressionsänderungen von Aggrecan, ADAMTS9 
und IL-6 vermittelt. 

Diese Arbeit hat mehrere bedeutende Beiträge auf dem Gebiet der Wirbelsäulenforschung 
geleistet. Durch eine detaillierte Identifizierung und Charakterisierung von TRP-Kanälen in 
der BS hat sie deren wichtige Rolle bei der BS-Degeneration aufgezeigt. Sie hat gezeigt, 
dass die Expression von TRP-Kanälen und pro-inflammatorischen Faktoren von gewebe-
relevanten Charakteristika (z.B. dem Ort oder dem Stadium der Degeneration) oder von 
patientenspezifischen Merkmalen (z.B. Schmerzintensität/Chronizität) abhängen kann. 
Wichtig ist, dass die Ergebnisse dieser Experimente neue therapeutische Zielstrukturen aus 
der TRPC-, TRPM- und TRPML-Familie hervorheben konnten, die nicht nur mit der 
Schmerzintensität oder Chronizität, sondern auch mit dem Grad der Entzündung in 
Zusammenhang stehen. Diese Erkenntnisse könnten zur Entwicklung neuer biomarker-
basierter Tests beitragen und die Entwicklung neuer pharmakologischer Behandlungen für 
schmerzhafte BS-Degeneration und LBP unterstützen. Darüber hinaus können die in dieser 
Arbeit vorgestellten Daten aus der RNA-Sequenzierung den Wirbelsäulenwissenschaftlern 
als Quelle für weitere Forschungen dienen.  
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Zusammenfassend lässt sich sagen, dass das in dieser Arbeit aufgedeckte gewebe- und/oder 
patientenabhängige Expressionsmuster von TRP-Kanälen darauf schließen lässt, dass sich 
TRP-Kanäle als neue therapeutische Zielstrukturen  bei schmerzhafter IVD-Degeneration 
eignen können. Ihre pharmakologische Modulation könnte sich bei der Behandlung von 
Schmerzen und Entzündungen als vorteilhaft erweisen, zur Regulierung der BS-
Gewebehomöostase beitragen und letztlich die klinische Praxis im Zusammenhang mit BS-
bedingten Rückenschmerzen in der Zukunft verändern. 
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1.1 Thesis motivation 

Low back pain: causes and impact on the society  

Low back pain (LBP) is a common cause of activity limitation, disability and lost 
productivity worldwide [1]. It is estimated that up to 80% of adults in the western society 
will develop LBP at least once during their lives [1, 2]. In 2013, LBP was determined to be 
the leading cause of the years lived with disability (YLDs) metric in 45 of 50 developed 
countries and 94 of 138 developing countries [3]. This affects not only patients’ life quality, 
but also results in a high economic burden on a society. The total costs depend on a 
multitude of factors and are generally divided into direct (related to healthcare e.g. in- and 
outpatient treatment, medication, use of utility devices etc.) and indirect costs (related to 
paid productivity losses e.g. absence from work). Several studies have been performed to 
estimate costs related to LBP in Europe. Although, total (direct and indirect) numbers 
differ between the studies, depending on the study design and methodology (e.g. ~€10 billion 
in Switzerland in 2005 [4] or ~€740 million in Sweden in in 2008–2011 [5]), the common 
factor is that costs and prevalence of LBP are predicted to rise due to the population growth 
and aging [3, 4, 6, 7]. 

Intervertebral disc (IVD) degeneration is considered the major underlying cause of the LBP 
[8]. Although IVD degeneration is a natural process observed with aging that will remain 
asymptomatic for a large percentage of individuals throughout their lifetime, it may progress 
into painful degenerative disc disease (DDD). In the symptomatic IVD degeneration, 
biomechanical, inflammatory and environmental factors contribute to the development of 
painful degenerative changes [9]. Despite immense therapeutic potential, the link between 
degeneration, inflammation, pain and mechanical signals is not well understood. 
Consequently, it is still unclear how IVD cells sense and convert mechanical signals into 
biochemical signals as well as whether that response depends on the IVD’s physiological 
condition. Due to the fact that answering the existing knowledge gap could create an 
opportunity for the development of new treatment strategies for DDD, these questions 
remain of high scientific and clinical relevance. The solution may lie in the identification of 
new therapeutic targets and biomarkers that may act as cellular sensors and transduce local 
environmental changes in the IVD cells. Biomarkers can be defined as biological molecules, 
which can be objectively measured and can be used to indicate health or disease [10]. 
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Identification of new LBP-specific biomarkers could not only help to improve the 
identification and characterization of the medical condition, but could also provide scientists 
with new targets for a pharmaceutical treatment, help optimize drug dosing or contribute 
to mechanistic understanding of the observed differences between individuals in clinical 
trials [10, 11]. In 2013, the World Health Organization (WHO) outlined search for 
biomarkers as one of the key future research directions necessary for improved care and 
prevention of LBP [12].  

Transient receptor potential (TRP) channels and inflammation 

Transient receptor potential (TRP) channels represent a superfamily of cation selective 
transmembrane receptors with diverse structure, physiological function and activation 
mechanism [13]. TRP channels function as sensors for chemical and physical stimuli, such 
as mechanical stress, osmolarity, temperature, pH or oxidative stress [13, 14]. Hence, TRP 
channels are important for signal transduction, cell adaptation to local environmental 
changes as well as cell survival. The IVD is biomechanically an active tissue: its primary 
function is the transmission of loads arising from muscle activity and body weight as well 
as it experiences diurnal osmotic changes [14, 15]. Thus, as mechano- and osmosensors, TRP 
channels may constitute an interesting target for the investigation of spinal diseases. So far, 
TRP channels have been implicated in the development of pathologies in a multitude of 
other tissues such as liver, brain, endothelium, muscle or cartilage [16]. As a result, TRP 
channels have been highly researched as therapeutic targets in other tissues, with many 
completed and ongoing clinical trials [17]. Recent evidence suggests the involvement of TRP 
channels in joint diseases such as osteoarthritis and DDD, but their biological function and 
potential therapeutic applicability is still unclear [14, 15]. Thus, a scrutinized identification 
of the presence and function of TRP channels in the IVD is required in order to assess their 
suitability as a therapeutic targets for the treatment of DDD and LBP. 
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1.2 Thesis aims 

The overall objective of this thesis was to identify and characterize TRP channels in the 
IVD, investigate their role in inflammation and osmosensing in the IVD as well as assess 
their potential as therapeutic targets. The specific aims of this thesis and the challenges 
that they address are as follows: 

Aim 1: Investigate the occurrence of inflammatory processes and the expression 
of TRPC6 and TRPV4 channels in human tissue samples from degenerated 
lumbar and cervical IVDs. The first aim was to measure and compare the gene 
expression levels of selected known as well as novel pro-inflammatory molecules, and TRPC6 
and TRPV4 channels in IVD degeneration in both the lumbar and cervical IVDs. As the 
majority of research on IVD degeneration has been conducted on the lower back, only 
limited data exists on the mechanisms of painful cervical degeneration. In this study, the 
first goal was to seek whether the molecular differences in the inflammation between the 
degenerated lumbar and cervical IVDs exist. Secondly, the aim was to measure the 
expression levels of TRPC6 and TRPV4 channels and to test whether their expression levels 
correlate with the expression of selected pro-inflammatory targets. Differences in the tissue 
and patient characteristics such as spinal region (cervical versus lumbar), IVD zone (nucleus 
pulposus versus annulus fibrosus), IVD degeneration grade, Modic changes, pathology 
(DDD versus disc herniation), the extent of a surgery, age and sex were accounted in the 
analysis. We hypothesized that significant differences exist between expression levels of pro-
inflammatory targets based on specific patient and IVD characteristics, and that TRPV4 
and TRPC6 are expressed on the gene level in the degenerated human IVD tissue. 
Furthermore, the identification of differently expressed targets could support the 
development of more individualized and targeted treatments for IVD degeneration and 
discogenic back pain.   

Aim 2: Characterize the TRP channels expression pattern on the gene and 
protein level in human IVDs. Firstly, the second aim was to measure the gene 
expression levels of all known TRP channels in human degenerated and non-degenerated 
IVD tissue. Secondly, the goal was to test whether the TRP channels gene and protein 
expression levels are influenced by specific patient or tissue characteristics, such as age, the 
degree of degeneration, prior steroid treatment, body mass index (BMI), type of spinal 
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disease or zonal differences (nucleus pulposus or annulus fibrosus) as well as pain intensity 
and chronicity. The overall goal of this study was to determine members of the TRP channel 
family that could constitute potential therapeutic targets for the treatment of inflammation 
and pain in the human IVD. We hypothesized that apart from previously investigated 
TRPV4 and TRPC6, other members of TRP channel family are as well expressed in the 
degenerated human IVD tissue. Moreover, we hypothesized that the differences in the TRP 
channels gene expression levels may be influenced by specific tissue characteristics such as 
the IVD degeneration grade as well as pain intensity and chronicity. 

Aim 3: Determine whether IVD cells sense and transduce osmotic stress through 
selected TRP channels and identify molecular targets affected by hypo-osmotic 
stress. The third aim was to measure gene expression levels of all currently known TRP 
channel in bovine non-degenerated IVD cells in order to select the most prominently 
expressed TRP channels. Next, with the application of osmotic treatment, the goal was to 
identify the main TRP osmosensor(s) using gene expression analysis and calcium flux 
measurement. As a decreased tissue osmolarity is a major hallmark of IVD degeneration, 
this study focused on hypo-osmotic stress. In parallel, RNA sequencing was performed to 
identify molecular targets with differential expression patterns caused by hypo-osmotic 
treatment, which were subsequently validated by qPCR. The goal of this study was to 
advance the current understanding of the molecular changes observed during IVD 
degeneration and we hypothesized that TRP channels may sense osmotic-stress and mediate 
ECM molecules and pro-inflammatory cytokine gene expression under hypo-osmotic 
condition. 

1.3 Thesis outline 

The thesis has been organized into eight chapters. The first chapter presents the motivation, 
aims and outline of the thesis. The second chapter specify the necessary background 
information concerning the intervertebral disc, IVD degeneration and degenerative disc 
disease as well as current treatment strategies and TRP channels. The following chapters 
present the studies conducted to answer the above-described thesis aims. The final chapter 
concludes this thesis in a synthesis of the scientific findings in terms of the novelty and 
contribution to the scientific field. The content of each chapter is described in detail below: 
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Chapter 1 describes the clinical, societal and economical motivation of this thesis and 
presents the thesis aims and the thesis outline. 

Chapter 2 provides an overview of scientific publications on the intervertebral disc and 
TRP channels. The anatomy of the spine and intervertebral disc, the biology of 
intervertebral disc degeneration, background information on TRP channels as well as the 
current state-of-the-art in diagnostic and treatment strategies are discussed in this chapter.  

Chapter 3 presents a review paper on inflammation in the IVD, introduces a concept of 
inflammaging and may serve as an introduction to the first and second aims of this thesis. 
Factors related to the IVD degeneration such as aging, local and systemic inflammation and 
inducers of inflammation (senescence, mechanical loading, matrix degradation, bacterial 
infection and obesity) as well as a clinical perspective are discussed in detail in this chapter.  

Chapter 4 presents a study in which the first aim of this thesis was addressed and where 
the inflammation in the lumbar and cervical spine was investigated. In this study, we 
reported four novel targets (IFNα1, IFNα8, IFNβ1, TRPC6) in addition to genes with 
known implication in DDD and DH such as IL-6, IL-8 or TNF-α. TRPV4 and IL-8 were 
the two most highly expressed genes in the analyzed dataset. A correlation between gene 
expression and age (IL-15) and IVD degeneration grade (IFNα1, IL-6, IL-15, TRPC6) was 
identified. Significant differences were detected between cervical and lumbar IVDs (IL-15), 
nucleus and annulus (IL-6, TNF-α, TRPC6), single-level and multi-level surgery (IL-6, IL-
8) as well as DDD and DH (IL-8), while Modic changes and sex had no effect. Moreover, a 
positive correlation between the interleukins and the TRP channels (TRPC6 and IL-15/IL-
8/IL-6) was found and a negative correlation between the interferons and TRP channels 
(TRPC6/V4 and IFNα1/β1 or TRPC6 and IFNα8) was further determined.  

Chapter 5 addresses the second aim of this thesis and describes a study in which human 
non-degenerated and degenerated tissue obtained from 37 individuals was screened for TRP 
channels expression on the gene and/or protein level. We could show that 26 out of 28 
currently known TRP channels are expressed in the human IVD tissue on the mRNA level. 
We could demonstrate an increased gene and protein expression of TRPC6, TRPM2 and 
TRML1 in degenerated versus non-degenerated IVDs. Additionally, the gene and/or protein 
expression of these TRP channels was influenced by pain intensity and/or chronicity. 
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Interestingly, decreased TRPM2 gene expression was detected in patients treated with 
steroids. This study supports the relevance of TRP channels in the IVD degeneration and 
introduces novel therapeutic candidates from the TRPC, TRPM and TRPML subfamilies. 

Chapter 6 presents a literature review on osmosening, osomosignalling and inflammation 
in relation to the osmotic changes in the IVD, therefore providing the background 
information for the third aim. This review summarizes the current knowledge on how IVD 
cells sense osmotic changes in their local environment and how do they translate these 
signals into physiological or pathophysiological responses. Among others, presumed IVD cell 
membrane osmosensors and osmosignaling mediators as well as how this knowledge could 
be translated to clinics is discussed.  

Chapter 7 describes the final study, which addresses the third aim of this thesis, on TRP 
channels as osmosensors and hypo-osmolarity-induced genome-wide changes in IVD cells. 
We could demonstrate that TRPC1, TRPV4 and TRPM7 are the most highly expressed 
TRP channels in bovine nucleus pulposus and annulus fibrosus cells, and that the expression 
of TRPM7 and TRPV4 decreases with passaging. Moreover, we could show that TRPV4 
exhibits increased calcium flux under hypo-osmotic conditions. Additionally, we identified 
over 3000 differently up- or down-regulated targets by hypo-osmolarity. By the application 
of hypo-osmotic treatment and pharmacological modulation, we investigated whether the 
altered gene expression of aggrecan, ADAMTS9 and IL-6 is mediated through TRPV4 or 
TRPM7 channels. Out of the three targets, only IL-6 showed a similar response pattern 
between the hypo-osmotic treatment and the TRPV4 agonist treatment. However, a 
treatment with a TRPV4 antagonist did not reverse IL-6 increase. While treatment with 
TRPM7 agonist had no significant effect on the calcium response and the tested targets. 
These findings indicate that although TRPV4 and TRPM7 may sense hypo-osmotic stimuli, 
it is unlikely that either of them mediates IL-6 expression under hypo-osmotic loading.  

Chapter 8 concludes the thesis by underlining the main findings and contribution to the 
spine research field. This chapter also discusses the limitations related to methods and 
conclusions described in the earlier chapters, and provides the outlook on possible future of 
spine research aimed at targeting low back pain. 
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2.1 Spine and intervertebral disc 

Spine functional anatomy 

The vertebral column (also known as spine) consists of 33 bony vertebra, out of which 24 
are movable and nine are fused vertebrae - five of those fused form the sacrum and the 
remaining four form the coccyx (commonly term as tailbone) [1]. The vertebral column can 
be divided into five main regions: cervical (neck) numbered C1 to C7, thoracic (mid back) 
numbered T1 to T12, lumbar (lower back) numbered L1 to L5, sacrum and coccyx region 
(Figure 1) [1]. Each region has a distinctive function. The cervical spine for example 
supports the weight of the head and provides it with a range of motion; the thoracic spine 
has much less mobility than the cervical spine, but it protects the nearby organs such as 
the heart or lungs and supports arm movement and bending over motion; the lumbar spine 
bears the body weight. Concurrently, the spine has three main functions: 1) To provide the 
support for the upright posture, 2) to allow movement and mobility, 3) to protect the spinal 
cord and to absorb shock [1].  

 

Figure 1. Anatomy of a spine. Reprinted from [2] with permission from Springer. 
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Intervertebral disc (IVD) functional anatomy 

The intervertebral disc (IVD) is an avascular, cartilaginous joint-like structure located 
between adjacent vertebrae, starting from the second segment of the cervical spine (C2) 
until the sacrum. An IVD consists of two main parts: the outer annulus fibrosus (AF) and 
the inner nucleus pulposus (NP) and is separated from the adjacent vertebra by thin 
endplates (EP) consisting of hyaline cartilage and fibrocartilage (Figure 2) [3].  

 Annulus Fibrosus (AF): The AF is a tough tissue consisting of layers of highly 
organized lamellae of collagen type I fibers, which are aligned parallel to each other  
at approximately 30–42° to the vertical axis and run in opposite directions. The AF 
is populated by fibrochondrocyte-like cells of mesenchymal origin. The main 
functions of the AF include restraining the NP, providing stability against shear and 
torsion and providing the ability for angular movements (flexion-extension/lateral 
flexion) [3]. 

 Nucleus pulposus (NP): The NP is a well-hydrated, gel-like structure located in 
the center of the IVD (surrounded by the AF) and consists of proteoglycans (PG), 
predominantly aggrecan, that are entrapped in a collagen (COL) type II network. 
Due to the chemical characteristics of PGs and COL II, the NP possesses osmotic 
properties necessary to resist and transmit compressive loads and provides disc 
height. The NP is sparsely populated by a mix of chondrocyte-like mesenchymal cells 
and notochordal-derived cells, which become fibrochondrocyte-like with disc 
maturation and aging [3].  

 Vertebral Endplate (also known as cartilaginous endplate (EP or CEP)): 
The EP is a vascularized, porous and permeable barrier located at the interface 
between the AF and the vertebral bone. It consist of hyaline cartilage and 
fibrocartilage and possesses two main roles: 1) it allows nutrition and water exchange 
between the IVD and vertebrae and 2) it prevents the NP from bulging into a 
vertebra [3]. With ageing, EPs experience various types of lesions and calcification, 
which may play a pathological role in the development of the IVD degeneration due 
to e.g. decreased nutrient supply to the IVD [4, 5].  
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Figure 2. The sagittal and transverse sections of the lumbar disc. Reprinted from [6] with 
permission from Elsevier.  

2.2  Pathologies of intervertebral disc 

IVD degeneration and degenerative disc disease 

IVD degeneration is a natural age-related process beginning early in life and is characterized 
by exaggerated destruction of the extracellular matrix (ECM), decreased ECM production 
and increased cell death resulting in compromised tissue integrity, which consequently 
affects the IVD’s ability to fulfill its mechanical function [7-9]. Aging-induced IVD 
degeneration is however often asymptomatic, meaning that many individuals with 
degenerated IVDs will not experience common symptoms linked to the IVD degeneration, 
such as pain or disability. However, in certain individuals, IVD degeneration becomes 
painful. Symptomatic IVD degeneration (often referred to as degenerative disc disease 
(DDD) or painful IVD degeneration) is characterized by low-grade, chronic inflammation, 
neovascularization and neoinnervation in addition to factors such as an imbalance of 
anabolic (e.g. collagen type II (COL-2), proteoglycans (PG)) and catabolic (e.g. 
metalloproteinases (MMPs), interleukin (IL), fibronectin fragments) factors, reduced 
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hydration of the NP, clefts and tears in AF, which are also commonly observed in the 
asymptomatic IVD degeneration [7]. Symptomatic IVD degeneration is thought to be the 
leading cause of low back pain (LBP); however, the underlying mechanisms of IVD 
degeneration are still unclear [10]. Factors such as un-physiological loading, trauma, 
inflammation, genetics, life style and age are all believed to contribute to the development 
of painful IVD degeneration [11-14] and are further discussed in the chapter 3.  

Disc herniation 

Disc herniation (DH) describes a condition when a ruptured AF causes the NP to protrude 
and push either on the outer rings of AF or into the spinal canal (Figure 3) [15]. Moreover, 
injured IVD tissue releases and/or attracts cytokines (e.g. IL-6, IL-8, and CCL2), further 
contributing to pro-inflammatory environment and leading to pain sensation [16-18]. In 
addition to low back pain, irritated nerve roots may cause a feeling of weakness, sharp pain 
or numbness in the limbs – a condition referred to as sciatica and a common symptom of 
DH [19]. IVD degeneration, genetics and trauma are common causes for disc herniation [20]. 
Despite the fact that DH is treatable by e.g. lumbar microdiscectomy surgery, the post-
operative reoccurrence rate is estimated to be up to 15% and is usually caused by insufficient 
sealing of the injured IVD, leading to continued exposure of the protruding tissue [21] or 
insufficient removal of disc tissue [22]. Moreover, it was shown that factors such as smoking, 
heavy lifting, weight, height and gender (male) might contribute to the reoccurrence of DH 
[21, 23].  
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Figure 3. Left: Schematic representation of IVD pathologies. Adapted from [24] with a 
permission from Elsevier. Right: (A) Human IVD at various stages of degeneration from 
healthy (left) to severely degenerated (right) and (B) representative MRI images showing 
degenerated IVDs graded with the Pfirrmann degeneration grade. Reprinted from [25] with 
permission under the terms of the Creative Commons Attribution-Non-Commercial License 
from Taylor & Francis. 

Low back pain  

Discogenic pain can be classified into three subtypes: chronic (lasting longer than 3 months), 
subacute (lasting between 1 to 2 months) and acute (lasting up to 1 month) [26, 27]. Most 
people will experience low back pain at some point of their lifetime, whereas the prevalence 
of chronic back pain was estimated to be approximately 23 % [27]. It was reported that 
around one out of 10 patients experiencing acute low back pain might develop chronic back 
pain [27]. IVD degeneration and DH are one of the most common sources of LBP, but other 
conditions such as muscle/ligament strain, osteoporosis and arthritis are listed among other 
contributing factors [28, 29]. However, low back pain is very often non-specific and as such, 
by the definition, has no clear pathoanatomical cause [27]. As prevention strategies are 
limited to the avoidance of risk factors, non-specific LBP is often treated with 
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pharmacological (e.g. paracetamol, opioids) and manual (e.g. physiotherapy, massage, 
acupuncture, exercise) therapies [30].  

2.3  State-of-the-art in diagnosis and treatment 

Diagnosis 

An accurate diagnosis is a prerequisite for a successful treatment. Physical examination, 
patient self-assessment (e.g. via pain questionnaires), occupational and psychosocial factors 
as well as imaging are common tools used to determine the sources of the LBP [31]. Magnetic 
Resonance Imaging (MRI) is a sensitive imaging technique allowing to evaluate structural 
changes in the IVD such as tears, narrowing and loss of IVD height, reduction in IVD 
hydration and changes to endplates (called Modic changes (MC)) [32]. Using MRI, 
Pfirrmann et al. [33] classified the degree of IVD degenerative changes in a scale ranging 
from grade I (regular IVD height, a clear distinction between AF and NP and a white IVD 
appearance on the MRI, Figure 2) to grade V (collapsed IVD space with inhomogeneous 
structure and dark appearance on the MRI, Figure 3) [32]. Modic et al. [34] created a 
grading scale for the changes to the endplates including type 1 changes (bone marrow 
edema), type 2 (infiltration of fatty marrow) and type 3 (bone sclerosis) [32]. Clinical 
evidence suggests that Modic changes may be a source of pain and between 19 to 69 % of 
DDD patients were reported to have changes to endplates, whereas in asymptomatic IVD 
degeneration, Modic changes are rather uncommon [35, 36]. Despite the fact that MRI has 
been proved useful in identifying structural changes to IVD (such as disc herniation), the 
obtained findings has been so far not associated with low back pain severity, which hinders 
the diagnosis of the painful disc degeneration [37, 38]. In the recent years, advanced imaging 
techniques, focused on the correlation of imaging findings with molecular markers e.g. pH-
sensitive MRI signal [39], have been emerging in the research.  

Physical therapy 

Physical exercises and physiotherapy (with or without cognitive behavior therapy) are 
recognized treatment strategies for low back pain [40]. Physical treatments are typically 
prescribed in early pain management, especially for patients with non-specific low back pain 
[40]. Physical therapy generally focuses on strengthening the truck muscles, reducing 
stiffness and restoring mobility, and may involve among other things a general aerobic 
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training, Pilates-like exercises or strength training [41-43]. Recent randomized control 
studies have reported comparable improvements outcomes between patients undergoing 
spinal fusion and physical therapy [44]; however, the implications of these findings may be 
restricted due to study limitations, such loss of follow-up, lack of appropriate control groups, 
no blinding and disparities in used metrics [45, 46].  

Pharmacological treatment 

Pharmacological treatments for LBP may be administered in combination with other 
treatments or as a sole treatment (e.g. if the physical treatment is insufficient), and is 
recommended for short-term pain relief [31].  

Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed drugs for pain 
relief. NSAIDs target COX-1 and COX-2 - enzymes that produce pro-inflammatory 
prostaglandins, and therefore have an ability to e.g. reduce pain and decrease fever [47]. 
Some of the commonly known NSAIDs include aspirin and ibuprofen and were shown to 
provide temporary pain improvement for patients with acute and chronic LBP [47, 48].  

Since paracetamol is a weak inhibitor of COX-1 and COX-2 and has negligible anti-
inflammatory properties, it is generally not considered as NSAID [49]. Despite the fact of 
being commonly used for LBP, it has weak efficacy with questionable pain and disability 
reduction, and its effects are comparable to placebo [50].  

Opioids, such as morphine, fentanyl, codeine and others, are a powerful class of drugs 
targeting opioid receptors situated on neuronal cell membranes [51]. Opioids are known 
analgesics and supportive evidence exists for their effectiveness in temporal reduction of 
chronic LBP. However, it was suggested that their effectiveness may be comparable with 
NSAIDs [51, 52]. In addition, ~20 % risk of opioids misuse was reported, resulting in 8-12 
% addiction rate after long-term usage [53]. 

Treatments such as epidural steroid injections (Figure 4), although pharmacological 
treatments, could be also classified as invasive procedures due to their mode of application 
[31]. Epidural steroid injections allow for local application of an anesthetic to the lumbar 
epidural space [54] and are usually recommended for the treatment of inflammation of spinal 
nerve roots triggered by an IVD pathology, hence helping to relief the pain symptoms [55]. 
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Epidural steroid injections are considered generally safe if administered by experienced 
medical personnel and have only a minor incidence rate for typically mild side effect (e.g. 
local trauma due to needle placement), which ranges between 1.6 % to 20 % [56, 57]. 

 

Figure 4. Application of an epidural injection: (A) interlaminar, (B) transforaminal and 
(C) caudal approaches. Grey: vertebral body; yellow: spinal nerve; blue: IVD; red: injection 
area. Reprinted from [58] with a permission from Elsevier. 

Invasive treatments 

Spinal fusion surgery is a viable and well-recognized treatment option, and currently the 
gold standard for the surgical treatment of severely degenerated IVDs, especially in case of 
DH. The procedure, which has its beginnings in the late 19th and early 20th century, has 
over the years developed from using a wire and steel rods into the application of more 
sophisticated implants composed of biocompatible metals, plastics and ceramics [59]. Fusion 
surgery aims at stabilizing the spine by eliminating motion between two or more vertebrae, 
allowing them to fuse into one solid block and thereby reducing pain caused by degenerative 
changes [32]. Over time, various approaches to performing fusion surgery have been 
developed, including posterolateral fusion, anterior lumbar interbody fusion (ALIF), 
posterior lumbar interbody fusion (PLIF) and minimally invasive versions, such as lateral 
lumbar interbody fusion (LLIF) [32]. Still, reported success rate vary between publications 
(~16-95 %) and complications (such as a degeneration to the adjacent segments) are 
commonly described [60, 61]. 

Spinal surgery approaches focused on preserving disc motion by the use of dynamic implants 
have gained increasing interests as an alternative to spinal fusion. During disc arthroplasty 
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(also known as total disc replacement), degenerated tissue is removed and replaced by an 
artificial disc [62]. In line with spinal fusion, total disc replacement is designed for patients 
with severely damaged or herniated IVDs [62]. Besides the benefit of preserved motion, the 
key reported advantage of disc arthroplasty over spinal fusion is a presumably faster 
recovery time, which leads to a faster return to work [62, 63]. However, disc arthroplasty 
has several contraindications (e.g. osteoporosis, scoliosis), hence limiting its applicability 
[63, 64]. Additionally, only moderate evidence exists that arthroplasty in fact reduces the 
risk of adjacent disc disease [62, 65].  

Another surgical alternative, commonly used in the treatment of disc herniation, is the 
(micro-) discectomy – a procedure focused on the removal of the prolapsed IVD tissue. 
Discectomy was shown to be relatively successful at eliminating pain (including sciatica) 
and reducing disability, although with relatively high risks for reoccurrence [66].  

These and other spinal surgical procedures have an ability to manage low back pain and/or 
restore the patient’s mobility if IVD degeneration or herniation are at the source of the 
issue. However these surgical interventions are not recommended for non-specific low back 
pain, unless 2 years of other conservative treatments have failed [31].  

2.4 In search for new therapies 

Cell-based therapies 

Recently, there has been an increasing interest in cell-based therapies for the treatment of 
low back pain and IVD degeneration [67]. The rationale behind cell-based therapies is to 
accelerate self-repair and/or promote the regenerative potential of degenerated IVD tissue 
by increasing the population of healthy NP cells and minimizing cell death [67]. In theory, 
cell-based therapies should be less aggressive than a spinal surgery, hence reducing risks 
and possibly costs. The procedure consists of an injection of cells (e.g. notochordal cells or 
stem cells derived from bone marrow or adipose tissue) or cell-biomaterial suspensions, 
where a biomaterial (e.g. pNIPAM) is used as a delivery vehicle, to the site of the 
degeneration [32, 68]. Although promising, cell-based therapies are still in clinical trials (for 
an overview please refer to [69] or consult https://clinicaltrials.gov/) and present many 
unknowns. Examples include selection of therapy-appropriate patients (e.g. early versus 
later stages of the IVD degeneration), sourcing of cells (e.g. autologous or allogenic, selection 
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of the harvest site), delivery technique (e.g. avoidance of cell leakage or minimizing 
disruption of the AF during injection), demonstration of safety (e.g. determining adverse 
effects) and efficacy (e.g. improvements of symptoms) [67, 68, 70].   

Gene therapies 

Gene therapies for IVD pathologies focus on the idea of transduction of genes implicated in 
IVD degeneration or homeostasis such as TGF-β1, SOX9, ADAMTS5 or growth factors [32, 
71]. Currently, the research on IVD gene therapies is limited to in vitro studies [72] or in 
vivo animal models [73, 74]. CRISPR/Cas9 is a promising state-of-the-art technique, which 
has an ability to induce stable and permanent phenotype changes [75]. So far, CRISPR/Cas9 
was mainly used to induce single gene mutations and generate disease animal models [75]. 
However, if applied in the spine research, it can support the characterization of IVD 
degeneration, promote the identification of new therapeutic targets and therefore aid in 
drug discovery [75].  

2.5 Novel molecular biomarkers and therapeutic targets 

Biological markers (biomarkers) are defined as a “characteristic that is objectively measured 
and evaluated as an indicator of normal biological processes, pathogenic processes, or 
pharmacologic responses to a therapeutic intervention” [76]. Advanced screening tools such 
as genomics, proteomics, gene array or mass spectrometry allow for an extensive discovery 
of many targets from one biological sample [76]. Identification of novel molecular biomarkers 
for the detection of early signs of IVD degeneration or for broadening the scientific 
understanding of the etiology as well as epidemiology of symptomatic and asymptomatic 
low back pain may be crucial for the development of future treatments, especially those 
focused on personalized medicine [77], as well as for assessing treatment responses. A 
successful biomarker should be specific, sensitive and should correlate with patient- or 
condition-specific factors, as for example Pfirrmann or Modic grading systems, patient pain 
severity or intensity [77, 78]. However, in order to ensure a reliable outcome, the 
identification of new biomarkers for IVD degeneration and LBP should also go hand in hand 
with the technological improvements of imaging techniques and IVD degeneration grading 
systems. Moreover, study design and study execution aspects such as sample handling, 
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storage and preparation, patient selection (e.g. comorbidities) and analysis methods must 
be considered in order to reach a comprehensive conclusion [78]. 

Pro-inflammatory molecules 

Cytokines are a family of small, pro-inflammatory proteins, which include interleukins (IL), 
interferons (IFN), chemokines (CC) and tumor necrosis factors (TNF) and can be released 
by various tissues, including IVD [79-81], and have been implicated in the development of 
inflammation [82]. Cytokines are used as biomarkers in multitude of conditions and diseases 
including sepsis, infections or tuberculosis [82]. Analytical approaches such as enzyme-linked 
immunosorbent assays (ELISA) or immunosensing can be used to directly measure cytokine 
activity from a biological sample, whereas mRNA levels can help predict the potential for 
cytokine production [82, 83]. As proteins released from the injured and inflamed tissue may 
enter the bloodstream, the blood serum biomarkers have attracted a lot of attention due to 
the low invasiveness of blood collection and its accessibility [84]. Interestingly, past studies 
have reported that serum protein and/or mRNA levels of IL-6, IL-8, TNF-α and RANTES 
correlate with pain intensity and/or severity [84, 85] as well as the severity of the IVD 
degeneration (e.g. IL-6, CCL5, CXCL6) [86, 87]. These findings may be useful for guiding 
treatment selection (e.g. prescription of anti-inflammatory drugs) as already current anti-
inflammatory and anti-pain medication for the low back pain management target pro-
inflammatory proteins such as IL-6, TNF-α [88, 89]. However, these and other pro-
inflammatory targets are not specific to the intervertebral disc pathologies only and their 
detection may be affected by comorbidities [90].  

Non-coding RNA molecules 

Regulatory non-coding RNA molecules, which can be divided into two classes based on their 
length – small < 200 nucleotides  (microRNAs, miRNAs) [91] and long > 200 nucleotides 
(lncRNAs) [92], have lately gained attention as potential biomarkers for multiple diseases 
(e.g. cancer, autoimmune disease) and conditions including IVD pathologies.  

miRNAs have an ability to regulate gene expression and their alternations may contribute 
to normal physiological processes as well as to a development of a disease [91]. Hence, 
research on miRNAs can prove useful for unlocking the mechanism of painful IVD 
degeneration. It was demonstrated that miRNAs are present in the IVD with presumed 
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differences in expression between NP and AF tissue [93], and certain miRNAs (e.g. miR-17 
[94] and other [95]) may be associated with IVD degeneration and pain. It was reported 
that various miRNAs may interplay with signaling pathways in the IVD [91] leading to 
differential expression of ECM and pro-inflammatory molecules. Upregulation of miR-625-
5p for example may be TLR4/NF-κB signaling dependent and lead to the downregulation 
of COL1 [96]. A very recent study has identified miRNAs from serum of a mouse IVD 
degeneration model and showed that miR‐26a‐5p not only increases with IVD degeneration, 
but also promotes it by indirectly enhancing VEGF [97]. Similarly, miR-155-5p was reported 
to be downregulated during IVD degeneration in human NP cells, with serum expression 
levels correlating with the expression in tissue. Therefore, miR-155-5p may have a high 
potential to be used as a minimally invasive biomarker.  

Similar to miRNAs, lncRNAs play a role in gene transcription, translation of protein‐coding 
genes or epigenetic regulation [92]. lncRNAs were shown to be expressed in human IVDs, 
with altered expression during degeneration [92, 98, 99]. Another recent study has 
demonstrated a possible relationship between lncRNAs and miRNAs in the human IVD, 
where lncRNA-dependent up-regulation of taurine upregulated gene 1 (TUG1) was 
correlated with the down-regulation of miR-26a, hence contributing to IVD degeneration 
[100, 101].  

However, very little is known about the mechanism of action as well as the function of 
lncRNAs and miRNAs, and future studies will have to determine their potential as IVD 
degeneration and LBP biomarkers and therapeutic targets [92, 95].  

Transient receptor potential (TRP) channels  

In the last decade, Transient receptor potential (TRP) channels have emerged as important 
modulators of tissue homeostasis in a multitude of cell types. However, their altered 
expression and/or regulation may contribute to inflammation and pain [102]. Thus, they 
constitute potential biomarkers and therapeutic targets for the detection and treatment of 
various conditions including join diseases [103, 104]. In mammals, TRP channels represent 
a family of 28 cation selective transmembrane receptors, which can be categorized by their 
structure into six protein subfamilies 1) TRP ankyrin (A), 2) TRP canonical (C), 3) TRP 
vanilloid (V), 4) TRP melastatin (M), 5) TRP polycystic (P) and 6) TRP mucolipin (ML) 
[105]. All TRP channels consists of six putative transmembrane spans (6 TM), intracellular 
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amino (N), carboxy (C) termini and the cation-permeable pore presumably located between 
the fifth (TM5) and the sixth (TM6) putative transmembrane spans [106]. The functional 
domain and the length of intracellular termini varies between the TRP subfamilies [106]. 
TRP channels either act as individual units or may form multimeric complexes within (e.g. 
TRPC1/C5 [107]) or across (e.g. TRPC1/TRPP2 [108]) distinctive subfamilies. TRP 
channels mediate the flux of ions (mainly sodium (Na+) and calcium (Ca2+)) across the 
plasma membrane and to the cytoplasm, and respond to a wide range of processes and 
stimuli such as touch, taste, olfaction, temperature, osmolarity and mechanical stress. The 
activation modes for TRP channels can be divided into three subgroups 1) receptor 
activation via G protein–coupled receptors (GPCRs) and receptor tyrosine kinases that 
activate phospholipases C (PLCs), 2) ligand activation via binding of small organic (natural 
and synthetic) molecules or inorganic ions, and 3) direct activation – e.g. via mechanical 
force [105, 109].  

TRP channels have been previously shown to be expressed in chondrocytes – a cell type 
found in cartilage and phenotypically similar to the NP cells [110, 111]. The TRPV4 channel 
was shown to transduce mechanical and osmotic loading in cartilage to e.g. regulate 
cartilage ECM synthesis in response to dynamic loading [112-114]. Another study has 
reported that cartilage-specific TRPV4 deletion decreases aging-associated osteoarthritis 
(OA) progression [115]. TRPA1 was speculated to mediate the development of OA-related 
degenerative changes, inflammation and pain [116-118]. Therefore suggesting that novel 
TRP channels inhibitors (e.g. for TRPV4 or TRPA1) may have a potential to reduce pain 
and inflammation [119]. However, TRP channels have been so far closely not investigated 
in the IVD. The very first study on this subject was published in 2016, where authors 
reported osmosensitive properties of TRPV4 in NP cells and speculated on its role as a 
mediator of inflammation during IVD degeneration [120]. Nonetheless, the presence, 
function, mechanism of action and therapeutic value of TRP channels in the IVD remains 
to be explored.  
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Chapter 3 
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Abstract: 
Degeneration of the intervertebral disc – triggered by ageing, mechanical stress, traumatic 
injury, infection, inflammation and other factors – has a significant role in the development 
of low back pain. Back pain not only has a high prevalence, but also a major socio-economic 
impact. With the ageing population, its occurrence and costs are expected to grow even 
more in the future. Disc degeneration is characterized by matrix breakdown, loss in 
proteoglycans and thus water content, disc height loss and an increase in inflammatory 
molecules. The accumulation of cytokines, such as interleukin (IL)-1β, IL-8 or tumor 
necrosis factor (TNF)-α, together with age-related immune deficiency, leads to the so-called 
inflammaging – low-grade, chronic inflammation with a crucial role in pain development. 
Despite the relevance of these molecular processes, current therapies target symptoms, but 
not underlying causes. This review describes the biological and biomechanical changes that 
occur in a degenerated disc, discusses the connection between disc degeneration and 
inflammaging, highlights factors that enhance the inflammatory processes in disc 
pathologies and suggests future research avenues. 
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3.1 The concept of inflammaging 

During the course of life, humans are exposed to numerous internal and external damaging 
agents, including products of metabolic stress, UV light or pathogens. The body can 
counterbalance the detrimental effects that these stressors exert by various mechanisms 
(DNA repair, cell apoptosis/autophagy, etc.), at least to a certain degree [1]. Induction of 
immune and inflammatory processes are also a part of the body’s toolbox to shield itself 
from these types of dangers, but to ensure healthy aging, later neutralization of these 
inflammatory processes is required. However, there is cumulative data indicating a decrease 
in the counteraction capacity with increasing age [1]. Consequently, pathology-associated 
aging that is linked to an imbalance between inflammatory and anti-inflammatory networks 
occurs. This imbalance is further promoted by age-related immune deficiency termed 
immunosenescence, which entails a reduced capability of the body to effectively combat 
stressors [2].  

The resulting low-grade, chronic inflammation was termed inflammaging by Franceschi et 
al. in the year 2000 [3]. Since then, inflammaging (also known as inflamm-ageing [4]) was 
found to induce endocrine, metabolic, and nutritional changes that likewise promote pro-
inflammatory conditions [5]. Importantly, recent research highlighted that inflammaging is 
based on a complex relationship between pro- and anti-inflammatory markers, including the 
activation of counter-regulatory mechanism [6]. Inflammaging has been described as an 
important contributor to numerous age-related diseases, including osteoarthritis, 
Alzheimer's disease, atherosclerosis, heart disease or type II diabetes [4]. In the 
musculoskeletal system, age-related changes include loss of bone mass as well as degradation 
of cartilage and intervertebral disc (IVD) tissues [7]. As the term inflammaging has recently 
also emerged in the context of disc pathologies [8], the subsequent chapters will provide an 
overview of the current state of the art. 
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3.2 Aging and degeneration of the intervertebral disc  

Degeneration of the IVD is a major contributor to the low back pain (LBP) [9]. Due to the 
lifetime prevalence of 84% [10], LBP – and thus also disc degeneration – has a major socio-
economic impact. In fact, the financial burden related to LBP is approximately 2% of the 
national gross domestic product in various countries [11, 12].  

IVD degeneration is an age-related process, with an early onset [8, 13]. Aging IVDs are 
characterized by a shift from anabolism towards catabolism, with a consequent matrix 
breakdown, loss in hydration in the nucleus pulposus (NP) and reduction in disc height. 
These changes not only result in altered biomechanics, but also neovascularization and 
neoinnervation, at least in the annulus fibrosus (AF) [14]. With aging and the loss of tissue 
homeostasis, cells are exposed to damaging factors (such as damaged matrix products, 
toxins or oxidative stress), leading to increased cell death and senescence [15, 16].  

The prevalence of IVD degeneration is vast. A recent cross-sectional population study with 
1043 volunteers showed that 40% of subjects under 30 years had IVD degeneration, with 
an increase to over 90% in the 50 to 55-year-old group [17]. Due to ongoing aging of the 
population, the numbers of those with IVD degeneration – and thus the associated socio-
economic impact - will even further increase in the future. However, it has to be noted that 
only a subpopulation develops painful disc degeneration, whereas it is asymptomatic in 
approximately two thirds of the population [18, 19]. As described in more detail in the later 
chapters, inflammation and inflammaging contributes to disc-related LBP. 

3.3 Inflammation and degenerative disc disease 

Inflammation has been described as the major pathological contributor to the development 
of painful disc degeneration, also termed degenerative disc disease (DDD; Figure 1). While 
local inflammation arising within the IVD tissue has been extensively studies over the past 
decade, first evidence also points to a role of systemic inflammation in DDD. Table 1 
summarizes the pro-inflammatory molecules that are involved in the developed of DDD. 
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Systemic Inflammation 

With technical advancements in the cost-effective analysis of proteins, clinicians and 
researchers have become increasingly interested in the identification of biomarkers in the 
biological fluids of patients, predominantly blood. Biomarkers can be of tremendous value 
in early detection of diseases and prognosis, but also management and monitoring.  

Studies investigating serum samples demonstrated an age-dependent increase in numerous 
inflammatory cytokines, including interleukin (IL)-6, and tumor necrosis factor-α (TNF-α), 
supporting the notion of age-associated chronic, low-grade inflammation and hence 
inflammaging [20, 21]. Interestingly, a meta-analysis of eight studies, including 263 subjects 
with IVD degeneration (bulging, protrusion, or sequestration) and 129 healthy controls, 
demonstrated an association between IL-6 serum levels and the occurrence of IVD 
degeneration, with higher levels in those affected [22]. Recent work by Weber et al. not only 
confirmed that serum IL-6 correlated with age, but also highlighted that levels were 
significantly higher in subjects with low back pain arising from disc herniation, DDD or 
spinal stenosis, compared with non-affected controls [23]. As participants were controlled 
for age during recruitment, these findings point towards a general presence of inflammaging, 
but with disease-specific alterations in the cytokine expression patterns. Furthermore, 
higher IL-6 serum levels were reported as an indicator of inferior recovery in patients with 
lumbar radicular pain due to lumbar disc herniation over the course of one year, as 
demonstrated by Oswestry Disability Index and visual analogue scale [24]. Aside from IL-
6, IL-8 has also been suggested as a potential biomarker in disc herniation (DH) and the 
level of associated pain, but possibly also in DDD without occurrence of IVD protrusion [25, 
26].  

In summary, these results indicate that systemic inflammation not only represents a link 
between aging and IVD pathology, but also disc-related LBP.  

Local Inflammation  

Past research has provided ample evidence for the expression of inflammatory mediators in 
the IVD, including IL-1, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-17, TNF-α, prostaglandin 
E2 (PGE2) and interferon-γ (IFN-γ) [27, 28], partially with an age- and degeneration-
dependent expression profile [29-31]. Importantly, not only invading cells of the immune 
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system, e.g. in case of herniation, can produce pro-inflammatory cytokines. IVD cells 
themselves are also a source of pro-inflammatory cytokines, with some differences between 
NP and AF cells, e.g. with regard to IL-1, IL-1β, IL-6, IL-17 and TNF-α [8, 31, 32].  

Several of these inflammatory mediators are major pathological markers, with higher levels 
in “diseased” IVDs. Higher levels of TNF-α and IL-8 were measured in DDD samples 
compared to DH samples and this likely contributes to more severe back pain commonly 
observed in DDD patients [33]. On the other hand, DH samples - which are characterized 
by enhanced macrophage infiltration and rare lymphocyte infiltration - possess higher levels 
of IL-4, IL-6, IL-12 and IFN-γ than DDD samples [32]. 

The presence of these inflammatory mediators not only aggravates IVD degeneration, e.g. 
by inducing the expression of matrix degrading enzymes, by enhancing cellular senescence, 
as well as by inhibiting extracellular matrix (ECM) synthesis [28, 30, 34, 35], but also plays 
a crucial role in pain development. In fact, there is clear evidence that a variety of pro-
inflammatory cytokines are upregulated in patients with higher pain sensation (such as IL-
1β, IL-6, IL-8, IL-10, TNF-α and IFN-γ [36-39]) – albeit with differences between studies 
likely associated with patient selection and consequent dissimilarities in pathology inclusion 
criteria.  

The mechanisms of cytokine-induced pain sensation are complex [27, 40, 41]. During DH, 
pain sensation can be due to mechano-chemical irritation of spinal nerves caused by 
inflammatory nature of the extruded NP material (radiculopathy) and/or nerve infiltration 
into the compromised disc (nociception). In cases of DDD, LBP develops through newly 
invading nociceptive nerve fibers, either via nociceptive or neuropathic mechanisms. Pro-
inflammatory cytokines and chemokines also induce immune cell infiltration into 
degenerated IVDs and these cells further aggravate the inflammatory status. Additionally, 
resident and infiltrating cells release neurogenic factors that not only facilitate nerve 
ingrowth into the IVD, but also induce the expression of pain associated cation channels in 
the dorsal root ganglion (e.g. ASIC3, TRPV1). 
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Figure 1. Concept of inflammaging in the IVD. 

 

Table 1. Pro-inflammatory cytokines involved in the DDD. For more information, please 
refer to the cited literature. 
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3.4 Aging-related inducers of inflammation in the IVD 

It is likely that several biological processes ranging from senescence, mechanical loading, 
matrix degradation, bacterial infection to obesity contribute to inflammaging in the IVD 
(Figure 1). Some examples of these processes are explained below. 

Senescence 

Senescence is the biological aging of cells that is associated with a cessation in cell division, 
yet continuous metabolic activity. Numerous methods and markers are used to identify 
senescent cells, ranging from senescence-associated β-galactosidase (SA-β-gal) staining over 
telomeres shortening to induction in the expression of cyclin-dependent kinase inhibitors 
p16INK4a or p21(Waf1/Cip1). Using these techniques, senescent cells were shown to 
accumulate during IVD aging and specifically in degenerated and herniated IVDs [42-45]. 
Two general forms of senescence exist, typically termed as (telomere-dependent) replicative 
senescence and stress-induced premature senescence and both can be present in the IVD 
cells [46, 47]. Both types of senescence share similar phenotypic features, including a shift 
toward an immunogenic phenotype. This phenotype is generally known as senescence-
associated secretory phenotype (SASP) and is characterized by a pro-inflammatory 
secretome (the collection of proteins secreted by a cell), with enhanced expression of IL-6, 

IL-8 and IFN-γ in IVD cells [48]. Furthermore, senescent cells are responsible for enhanced 

catabolism and ECM degradation through stimulation of matrix metalloproteinases MMP-
1, -2, -3, -9 and -13 [44, 48]. Therefore, senescence is likely an important contributor to 
premature disc aging and inflammaging (Figure 1) [44, 49]. 

Mechanical loading 

The IVD is a mechanically complex tissue, in which hydrostatic pressure/compression and 
osmotic stresses predominate in the NP and tensile and shear stresses preside in AF. IVD 
cells have been shown to respond to mechanical stresses in a dose-, frequency-, duration- 
and zone-specific manner [15, 50, 51]. Moderate physiological levels of stress produce 
anabolic responses, hyper-physiological stresses bias towards catabolism and reduced 
viability, but also induce inflammation [52-58]. 
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Importantly, aging and consequent degeneration alter the load distribution in IVDs and 
result in higher compressive axial and tensile radial strains [59]. Areas of peak stresses hence 
exist within degenerated IVDs. Cells located in these regions will experience 
disproportionally high loads during normal physiological activities, hence responding with 
catabolism and inflammation rather than anabolism (Figure 1). In fact, previous research 
has demonstrated that cellular responses to physical stress are graded by the degree of tissue 
degeneration[55]. Transient Receptor Potential (TRP) channels, a family of multimodal 
cation channels, may represent a molecular link between mechanical loading and 
inflammation in the IVD. TRP channels, which have been described to play a crucial role 
in mechanosensing, but also in transmission of inflammation and pain, have recently been 
detected in the IVD [8, 60, 61]. The mechanism of locally altered load distribution, together 
with potentially altered mechanotransduction mechanisms (e.g. vial altered TRP channel 
expression with aging and degeneration) [8], helps to rationalize why mechanical loading 
originating from normal daily activities may result in low-grade inflammation in aging IVDs. 

Matrix degradation 

Age-associated degeneration of the IVD is characterized by degradation of the ECM, leading 
not only to a decrease in total proteoglycan and collagen content, but also to altered 
expression and synthesis of other matrix components [62, 63]. Specific enzymes, e.g. reactive 
oxygen species, can induce fragmentation of these ECM proteins. A number of these 
fragments have been described to be biologically active and some possess inflammatory 
properties (Figure 1). In fact, fragments of hyaluronic acid were already shown to induce 
catabolic and inflammatory responses in IVD cells [64]. 

Aside from hyaluronic acid fragments, additional matrix cleavage products occurring during 
aging and degeneration of the IVD may contribute to IVD inflammaging, albeit likely in a 
size-specific manner. Fragmentation of the small, leucine-rich proteoglycan biglycan takes 
place in pathological human IVDs [65] and these fragments were shown to induce pro-
inflammatory processes in e.g. macrophages [66, 67]. Our own unpublished data indicate 
that fibronectin fragments - which are present in degenerating IVDs [68, 69] - also induce 
inflammation in IVD cells, similar to numerous other cell types [70]. Other possible 
fragmentation products that may play a role in mediating IVD inflammaging include those 
of versican, decorin, elastin or laminin [67, 71, 72]. 
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Bacterial Infection 

Propionibacterium acnes (P. acnes) infection is one of the hypothesized causes of the 
development of chronic low-grade IVD infection and Modic changes [73]. Due to IVD aging 
and altered IVD biomechanics, clefts and tears occurring in the outer layer of the AF 
promote neovascularization and allow for easier bacterial invasion. Importantly, this new 
microenvironment can enhance the growth of anaerobic bacteria [74].  

Previously, bacterial infection with, for example, P. acnes was believed to arise from epidural 
injections and contaminations during surgeries or tissue collection [75]. However, recent 
studies were able to demonstrate that an infection with P. acnes is likely independent of 
these factors [76-79].  

Although P. acnes infection is associated with chronic inflammation in IVDs (Figure 1), 
with stimulation of various pro-inflammatory cytokines (e.g. IL-8, macrophage 
inflammatory protein (MIP)-1α, TNF-α) [80], the exact mechanism of inflammation 
induction remains unknown. However, recent evidences point towards activation of Toll-
like receptors (TLR) 2 and 4 and subsequent induction of the NF-kB pathway [80, 81]. 

Obesity 

Obesity is linked not only to a large number of comorbidities, including a significant 
association with the incidence of type II diabetes, various types of cancer, cardiovascular 
diseases, asthma or osteoarthritis [82, 83], but also with the development of disc 
degeneration and chronic back pain [84, 85]. A recent meta-analysis calculated that the risk 
of LBP increased by approximately two fold in obese patients, but with a relatively weak 
statistical association (OR 1.8) [86]. Interestingly, when patient selection criteria were 
tightened, focusing solely on morbidly obese people (body mass index (BMI) > 40), the 
prevalence of LBP was significantly higher in the obese group compared to a control group 
with normal weight[87], demonstrating that relevant weight thresholds may exist. The 
underlying pathophysiological mechanism leading to disc degeneration, DDD and LBP in 
obese patients is believed to be three-fold: 

Firstly, increased mechanical loading originating from the excessive body weight in obese 
patients is thought to contribute to reduced disc height (i.e. disc space narrowing), increased 
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severity of disc degeneration and a higher number of degenerated levels in the lumbar spine 
[88-90]. As described above, alterations in the loading patterns, especially in case of 
coexisting degeneration of the IVD, can lead to inflammatory responses and may play a 
part in the observed interrelationship between obesity, disc height, and recent pain [88]. 

Secondly, overweight or obese patients may have a higher prevalence of LBP due to 
enhanced systemic expression of fat-derived inflammatory mediators. Adipocytes can 
produce cytokines, especially with aging when they undergo a phenotypic shift towards a 
SASP, resulting in enhanced expression of pro-inflammatory cytokines and adipokines, 
including leptin [91-93]. Leptin is a noteworthy adipokine as its expression levels are not 
only associated with body fat content [94], but also with pain levels or pain sensitivity [95], 
such as osteoarthritic pain or neuropathic pain [96-98]. Systemic leptin is hence discussed 
as a biomarker for pain prediction in various pathologies [95, 99, 100] and a first study 
published recently highlighted its potential application in predicting the duration of LBP 
[101]. 

Thirdly, atherosclerosis or high serum lipid levels may have a negative impact on IVD 
nutrition by impairing the diffusion of nutrients through the adjacent vertebrae into the 
IVD [102]. Interestingly, high cholesterol not only leads to an accumulation of fat in 
endplates and vertebral bodies as recently described by Sasani et al., but also results in a 
higher prevalence of disc degeneration [103] - likely due to nutritional deficits [104].  

In summary, the biomechanical and biological consequences of obesity seem to contribute 
to IVD inflammaging (Figure 1). When taking into account that the prevalence of obesity 
has almost doubled over the past thirty years, this mechanism is likely to gain increasing 
importance in the years and decades to come [105]. 

3.5 A clinician’s perspective 

Until today, clinicians are predominantly guided by the patient history, as well as by signs 
and symptoms in combination with neuroradiological imaging, especially magnetic 
resonance imaging (MRI). Neurosurgeons and orthopedic spine surgeons are trained with a 
mechanistic understanding of the prevalent pathologies. Therefore, mechanical approaches 
are usually offered to patients suffering from disc pathologies. This may include selective 
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microsurgical removal of space occupying disc material, decompression of the spinal canal 
or in some cases fusion of the degenerated segment. 

This review article shall help to increase the awareness that - aside from mechanical factors 
- local inflammation and specifically inflammaging play a crucial role in disc pathologies, 
including DDD. The pathological mechanisms may differ depending on the pro-
inflammatory profile, likely reflected in the degree of pain experienced by patients [106]. 
This has indeed a strong potential to change clinical practice from diagnosis to treatment: 
Current efforts aim at combining technological developments with advancements in biology 
(including inflammation), thereby building the foundation for improved diagnosis. This will 
not only be limited to improved MRI analysis [107], but may also entail tracing [108] and 
assessment of biomarkers [109, 110]. Furthermore, precise diagnosis will allow for more 
personalized treatments, e.g. through neutralization of specific cytokines [111]. In the future, 
combination therapies that not only modulate inflammation, but also restore the ECM can 
be envisioned possibly by combining pharmaceuticals with, for example, stem cell 
application [112]. Stem cells may not only counteract the degeneration-associated loss in 
ECM due to their anabolic function, but may furthermore contribute to modulating 
inflammation via their anti-inflammatory and immune-modulatory capacity [113]. Gene 
therapy or genome editing (such as CRIPRS/Cas) could be used to mobilize the host cells 
and potentially provide long-lasting results [114, 115].   

This review clearly demonstrates that the mechanism of inflammaging are highly complex. 
Despite the recent speculations on the role of P. acnes infection in inflammation and pain 
development in the IVD, biology-driven treatments cannot solely rely on use of antibiotics 
to combat low-grade infection with P. acnes bacterium. Future research will be needed to 
better understand the interaction, crosstalk and association between the numerous cytokines 
involved in inflammaging and their role in the development of DDD and other disc 
pathologies. Increased knowledge will be crucial for the development of effective – and 
potentially personalized - molecular treatments targeting inflammaging.  
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Abstract: 
Purpose To investigate and compare the occurrence of inflammatory processes in the sites 
of disc degeneration in the lumbar and cervical spine by a gene array and subsequent qPCR 
and to investigate the mechanistic involvement of transient receptor potential channels 
TRPC6 and TRPV4. 

Methods The gene expression of inflammatory cytokines and TRP channels was measured 
in human disc samples obtained from patients undergoing discectomy at the cervical (n = 
24) or lumbar (n = 27) spine for degenerative disc disease (DDD) and disc herniation (DH) 
and analyzed for differences with regard to spinal level, IVD degeneration grade, Modic 
grade, age, sex, disc region and surgical extent. 
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Results Aside from genes with known implication in DDD and DH, four previously 
unreported genes from the interferon and TRP families (IFNA1, IFNA8, IFNB1, TRPC6) 
could be detected. A correlation between gene expression and age (IL-15) and IVD 
degeneration grade (IFNA1, IL-6, IL-15, TRPC6), but not Modic grade, was identified. 
Significant differences were detected between cervical and lumbar discs (IL-15), nucleus and 
annulus (IL-6, TNF-α, TRPC6), single-level and multi-level surgery (IL-6, IL-8) as well as 
DDD and DH (IL-8), while sex had no effect. Multiple gene-gene pair correlations, either 
between different cytokines or between cytokines and TRP channels, exist in the disc. 

Conclusion This study supports the relevance of IL-6 and IL-8 in disc diseases, but 
furthermore points toward a possible pathological role of IL-15 and type I interferons, as 
well as a mechanistic role of TRPC6. With limited differences in the inflammatory profile 
of cervical and lumbar discs, novel anti-inflammatory or TRP-modulatory strategies for the 
treatment of disc pathologies may be applicable independent of the spinal region. 

Keywords: Cervical and lumbar discs, Degenerative disc disease (DDD), disc herniation 
(DH), Inflammaging, Inflammation, Intervertebral disc, Transient receptor potential (TRP) 
channel 

4.1 Introduction 

The intervertebral disc (IVD) is a unique structure that lies between adjacent vertebrae in 
the vertebral column. It consists of an outer fibrous ring the annulus fibrosus (AF) rich in 
collagen type I, a gel like nucleus, the nucleus pulposus (NP) rich in collagen type II and 
cartilaginous end-plates [1]. 

Disc degeneration (DDD) is an age-related process that occurs early in life and is associated 
with dehydration and fibrosis of the NP, as well as formation of tears and clefts in the AF. 
Factors known to be associated with DDD include mechanical loading, genetics, and 
nutritional deprivation [2]. Certain individuals experience age-related chronic inflammation 
of the IVD, termed “inflammaging”, which is characterized by up-regulation of 
proinflammatory cytokines such as Interleukin-6 (IL-6) [3]. Furthermore, osteophytes and 
spondylosis can develop, and the posterior longitudinal ligament and the ligamentum flavum 
may bulge into the spinal canal [1, 4]. On the molecular level, degenerative processes in the 
disc are characterized by a shift in the collagen synthesis profile and increased expression 
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of catabolic enzymes, such as matrix metalloproteinases (MMP), with a subsequent loss of 
proteoglycans [1]. The proteolytic disintegration of aggrecan, which is promoted by 
cytokine-regulated aggrecanases (ADAMTS-4 and -5) [4, 5], reduces the disc’s barrier 
function to nerve ingrowth [6, 7]. Microvessels can also invade the degenerating disc, 
increasing the production of the neurotrophin nerve growth factor (NGF) and thus the 
incidence of neural structures within the tissue [7]. 

While disc degeneration is asymptomatic in the majority of cases [8], it is associated with 
low back and neck pain in a subpopulation. In fact, 84% of the population suffers from low 
back pain at some point in their lifetime [9] and vertebral endplate changes, so-called Modic 
changes, are thought to contribute to pain development [10]. The occurrence of Modic 
changes is not only related to traumatic injury, low-grade bacterial infection and genetics, 
but possibly also to localized inflammation, with a recently identified pro-inflammatory 
crosstalk between bone marrow and IVDs [10-12]. The importance of IVD inflammation is 
further supported by research describing the nociceptive role of abnormal levels of pro-
inflammatory molecules secreted by NP and AF cells as well macrophages, T cells and 
neutrophils [13]. Pro-inflammatory cytokines not only irritate invading nerve endings 
directly, but can also promote the expression of NGF from IVD cells, thus potentially 
explaining the higher neurotrophin levels in symptomatic disc degeneration[14]. NGF is 
known to stimulate the expression of acid-sensing ion channel 3 in dorsal root ganglion 
(DRG), thus further promoting ischemic and inflammatory pain [15, 16]. Additionally, 
secreted cytokines can worsen disc pathology through initiation of autophagy, senescence, 
apoptosis and induction of catabolic processes [13, 15].  

Based on these findings, it has recently been hypothesized that inflammatory cytokines have 
a potential impact on DDD and the subsequent symptomatology [17-19]. Interestingly, a 
superfamily of cation selective transmembrane receptors, the so-called Transient Receptor 
Potential (TRP) channels, have emerged as potential contributors to DDD and discogenic 
pain. TRP channels, which we have previously shown to be expressed in the IVD, are 
multimodal ion channels regulated by a diverse range of stimuli. Dysregulation of several 
TRP channels, including TRPV4 and TRPC6, was shown to affect inflammatory, 
mechanical and osmotic sensitivity in different cell types, with a pathological and 
nociceptive role in numerous tissues and organs [20, 21].  Although little information exists 
to date on TRP channels in the IVD, changes in their expression or activity may promote 
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degeneration, inflammation and pain and hence be of mechanistic relevance in disc 
inflammaging. 

As the majority of research on disc pathology and molecular treatment options has been 
conducted on lower back pain and lumbar disc tissue, very limited data exist on the 
molecular mechanisms of symptomatic cervical DDD. Furthermore, the mechanisms leading 
to IVD inflammaging are in general not well understood. However, to promote the 
development of novel, molecular therapies for lumbar and/or cervical disc disease, a better 
insight into both aspects is crucial. Therefore, the purpose of this study was to analyze and 
compare the occurrence of inflammatory processes and the possible involvement of TRP 
channels in the sites of disc degeneration in the lumbar and cervical spine. 

4.2 Materials and methods 

Sample Collection  

A total of 51 disc samples were obtained from 45 patients (18 men, 27 women, mean age = 
52 [age range 16-79 years]) undergoing elective spinal surgery in the cervical (n = 24) or 
lumbar (n =2 1) region. Cervical samples were collected as entire discs due to the tissue 
size. Lumbar discs were intraoperatively excised as NP (n = 15) and/or AF (n = 12) samples, 
followed by macroscopic tissue evaluation. 22 patients suffered from disc herniation and 23 
from degenerative disc disease. 26 individuals underwent one level discectomy and 19 
individuals multi level discectomy. Assessment of the disease state was performed using 
Pfirrmann grading (IVD degeneration) and Modic grading (endplate changes). Informed 
consent for sample collection was obtained from each patient and the study was approved 
through the local ethics committee (Ethics Committee of the Canton Lucerne/Switzerland, 
#1007). Detailed patient information is given in Table 1.         
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Table 1. Patient information. 

Nr. Level Age Sex Pathology 
Pfirrmann 

Grade 
Modic 
Grade 

Extent Experiment 

1 C6/7 33 m DH 3 0 SL qPCR 
2 C5/6 50 m DH 4 0 SL qPCR 
3 C5-7 40 f DDD 4 1 ML Array 
4 C4-7 78 f DDD 5 2 ML Array 
5 C5-7 64 m DH 4 0 ML qPCR 
6 C4/5 74 m DDD 4 1 SL qPCR 
7 C4/5 68 m DDD 4 0 SL qPCR 
8 C5-7 75 f DDD 5 1 ML qPCR 
9 C7/Th1 45 m DDD 2 0 SL qPCR 
10 C4-7 71 f DH 3 2 ML Array 
11 C4-7 54 f DDD 4 1 ML qPCR 
12 C5-7 52 f DDD 4 1 ML qPCR 
13 C3/4, C6/7 65 f DDD 4 1 ML qPCR 
14 C6/7 60 f DDD 4 0 SL qPCR 
15 C5-7 46 m DDD 3 0 ML qPCR 
16 C6/7 49 f DH 2 0 SL qPCR 
17 C5-7 66 m DH 5 1 ML qPCR 
18 C5-7 57 f DH 4 0 ML qPCR 
19 C4-6 58 f DH 4 0 ML qPCR 
20 C4/5 47 f DDD 3 0 SL qPCR 
21 C4-6 52 f DDD 4 1 ML qPCR 
22 C5-7 77 f DDD 4 0 ML qPCR 
23 C4-7 61 f DDD 5 0 ML qPCR 
24 C3-7 79 m DH 4 2 ML qPCR 
25* L4/5 30 m DDD 2 0 SL qPCR 
26* L5/S1 46 f DH 3 1 SL Array 
27* L5/S1 34 m DH 3 1 SL qPCR 
28* L5/S1 46 f DH 5 3 ML qPCR 
29* L4/5 46 f DH 3 0 SL Array 
30* L5/S1 59 f DDD 5 0 SL Array 
31 L5/S1 62 f DDD 5 0 SL qPCR 
32 L4/5 66 f DH 2 2 SL qPCR 
33 L5/S1 53 m DH 2 1 SL qPCR 
34 L4/L5 59 m DH 2 1 SL qPCR 
35 L4/L5 52 m DDD 3 1 SL qPCR 
36 L4/L5 64 f DDD 4 2 ML qPCR 
37 L4/L5 76 f DH 3 2 SL qPCR 
38 L4/L5 16 f DH 3 1 SL qPCR 
39 L4/5, L5/S1 31 m DDD 4 2 ML qPCR 
40 L5/S1 54 f DH 2 1 SL qPCR 
41 L5/S1 33 m DH 2 1 SL qPCR 
42 L4/5 70 f DDD 4 2 SL qPCR 
43 L5/S1 39 m DH 3 1 SL qPCR 
44 L5/S1 28 m DH 2 1 SL qPCR 
45 L4/5 21 f DDD 3 2 SL qPCR 

C = cervical, L = lumbar, f = female, m = male, DDD = degenerative disc disease, DH = disc 
herniation, SL = single level surgery, ML = multi-level surgery, *= two samples (NP and AF) 
collected from the patient. The grade of disc degeneration is indicated as Pfirrmann Grade. 
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RNA Isolation  

RNA was extracted by TRIzol/chloroform method, followed by affinity-based purification. 
Briefly, samples were shock frozen in liquid nitrogen and pulverized using custom-made 
grinders. The tissue powder was transferred into TRIzol (1 ml per 200 mg tissue, 15596018, 
Thermo Scientific) and the sample was further homogenized with a Polytron three times 
for 20 s (POLYTRON® PT 10/35 GT), with cooling in between. After 5 min of incubation, 
homogenized samples were vortexed, centrifuged (4 °C, 12’000g, 10 min) to remove tissue 
debris and the supernatants were supplemented with chloroform (1 part chloroform to 5 
parts sample). After vortexing, phase separation was allowed (RT, 5 min), samples were 
centrifuged (4 °C, 12’000g, 15 min), the aqueous phase was transferred, mixed with 70% 
ethanol (1:1 ratio) and RNA was subsequently purified by the RNeasy Mini Kit (74104, 
Qiagen) following the manufacturer’s recommendation. RNA was eluted in 30 µl of RNAse-
free water. The quality and quantity of RNA was quantified using a Nanodrop (Thermo 
Fisher), specifically controlling the 260/280 and 260/230 ratio. 

Gene Expression Analysis 

Two micrograms of RNA was used to synthesize cDNA in a total volume of 60 µl, using the 
reverse transcription kit (4374966, Applied Biosystems). For samples with lower yields, the 
reverse transcription was conducted at reduced concentrations.  

To identify the most relevant cytokines, three cervical samples and three lumbar samples 
(2 x AF, 1 x NP) were used for the gene expression screening with the TaqMan Array 
Human Cytokine Network (4418769, Applied Biosystems) according to the protocol 
provided by the manufacturer. Briefly, 5 µl of TaqMan Fast Universal PCR Master Mix 
(4352042, Applied Biosystems) and 5 µl of cDNA (10 ng, diluted in RNAse free water) were 
added to 96 well plates, precoated with the respective TaqMan primers/probes and gene 
expression was measured by the real-time qPCR (CFX96 Touch™ Detection System, 
Biorad). Each array constituted of 28 cytokines: IFNA1, IFNA16, IFNA17, IFNA2, IFNA6, 
IFNA7, IFNA8, IFNB1, IFNG, IL-1A, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-10, 
IL-12a, IL-12b, IL-13, IL-15, IL-16, IL-17A, IL-18, LTA, and TNF-α, and four housekeeping 
genes: 18S, GAPDH, HPRT1, and GUSB. 
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Based on the array gene expression results, IFNA1, IFNA8, IFNB1, IL-1B, IL-6, IL-8, IL-
15, TNF-α as well as the housekeeping gene GAPDH were selected for further gene 
expression analysis on the large set of samples. Additionally, two candidates of the TRP 
family, TRPC6 and TRPV4, were also included due to a potential mechanistic role in disc 
disease that has emerged recently. Gene expression was quantified using human TaqMan 
primers on all remaining 45 samples. Briefly, 5.5 µl of TaqMan Fast Universal PCR Master 
Mix and TaqMan primers (Table 2) were mixed with 4.5 µl of cDNA and quantified using 
qPCR as previously described [16]. Importantly, to ensure comparability to initially 
measured samples identical primers were used as in the gene array. The qPCR and the 
array data were pooled and the obtained Ct values were analyzed by comparative method 
(gene of interest relative to GAPDH) and displayed as 2-∆Ct values.  

Table 2. TaqMan primers used for qPCR analysis. 

Gene Gene Class Primer Number 
GAPDH Internal Control Hs02758991_g1 
IFNA1 Interferon Hs00855471_g1  
IFNA8 Interferon Hs00266883_s1 
IFNB1 Interferon Hs01077958_s1 
IL-1B Interleukin Hs00174097_m1 
IL-6 Interleukin Hs00174360_m1 
IL-8 Interleukin Hs00358796_g1 
IL-15 Interleukin Hs01003716_m1 
TNF-α Tumor necrosis factor Hs01045114_g1 
TPRC6 Transient receptor potential channel subfamily C, member 6 Hs00989190_m1 
TRPV4 Transient receptor potential channel subfamily V, member 4 Hs01099348_m1 

Statistical Analysis 

Data consistency was checked and data were screened for outliers by using quantile plots 
and normality using Kolmogorov–Smirnov test. Due to the given distributions, generalized 
linear models were not applicable and, hence, Wilcoxon-matched pairs test, Mann–Whitney 
U test and Spearman correlation were used to analyze continuously distributed data. Cross 
tabulation tables with Fisher’s exact test, Pearson’s Chi square test, marginal homogeneity 
test and McNemar’s test were used to analyze cross tabulation tables. One-factorial ANOVA 
with unpaired and two-sided Student’s t tests as post hoc tests were used to test means 
among different groups. Whisker plots with medians and 25% and 75% quantiles as well as 
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scatter plots were used to illustrate the results. All reported tests were two sided, and p 
values < 0.05 were considered to be statistically significant.  

For the comparison of lumbar and cervical gene expression patterns, the entire data set as 
well as a patient matched data set was analyzed. Matching was conducted with regard to 
IVD degeneration grade, age, surgical extent and pathology, with the highest focus on IVD 
degeneration grade and subsequently decreasing importance. 

All statistical analyses in this report were performed using STATISTICA 13 (Hill, T. & 
Lewicki, P. Statistics: Methods and Applications. StatSoft, Tulsa, OK) and PASW 22 (IBM 
SPSS Statistics for Windows, Version 21.0., Armonk, NY) and StatXact 10 (Cytel Software 
2013, Cambridge MA, USA). 

4.3 Results 

Expression Levels: Overview 

In the initial experiment, six IVD samples were analyzed for 28 cytokines by gene array. 
Based on the results, 12 out of 28 cytokines (IL-3, IL-4, IL-5, IL-9, IL-13, IL-17A, IL-1A, 
IL-12B, LTA, IFNA16, IFNA17, INFA2) were excluded from further analysis due to low or 
undetectable gene expression in the majority of samples. Table 3 shows the measured dCt 
values for the remaining 16 cytokines in the six tested samples normalized to the GAPDH. 
The cytokines IFNA1, IFNA8, IFNB1, IL-1β, IL-6, IL-8, IL-15 and TNF-α, and the calcium 
channels TRPC6 and TRPV4 were selected for qPCR on all remaining samples. The 
selection was made based on indicative differences in the IFNA8 and IFNB1 gene expression 
between the cervical and lumbar samples, the novelty of the candidates IFNA1, IFNA8, 
IFNB1, IL-15, TRPC6 and TRPV4, as well as the relevance of IL-1β, IL-6, IL-8 and TNF- 
α in the scientific literature. 

When combining data from all 51 samples (Figure 1), IL-8 and TRPV4 were found to have 
the highest expression, followed by IFNA8. The three previously unreported interferons 
IFNA1, IFNA8 and IFNB1, and the mechanosensitive channel TRPC6 were detected at 
levels similar to IL-6 and IL-1B (p > 0.05), and were higher than that of TNF-α (p < 0.001). 
Additionally, significant differences were found between the interferons themselves. 
Interestingly, all investigated genes except IL-15 (p = 0.71) were expressed at significantly 
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higher levels than TNF-α (p<0.001), which has been extensively investigated in the 
published literature and is often used for cell stimulation experiments. Although a high 
variability was observed in the mRNA levels of IL-15, possibly due to expression differences 
between the cervical and the lumbar spine (see Figure 4), its expression was significantly 
different from numerous other genes, including TRPV4 (p>0.001). Supplementary Table 
1 summarizes these statistical results.  

Table 3. Results of the gene array study (dCt values) of the 16 well expressed cytokines 
and indication of those genes selected for subsequent qPCR analysis. 

Gene 
Patient 3 
Cervical 

Patient 4 
Cervical 

Patient 10 
Cervical 

Patient 25  
Lumbar AF 

Patient 28 
Lumbar AF 

Patient 26 
Lumbar NP 

Final 
Choice 

IFNA1 9.07 9.10 7.98 9.81 10.96 9.47 x 
IFNA6 7.79 8.10 7.72 13.66 11.95 14.14  
INFA7 6.58  6.93 7.25 13.02 11.79 13.11  
IFNA8 8.12 8.45 8.28 11.32  11.81 12.31 x 
IFNB1 8.60 8.71 8.07 13.19 11.75 14.56 x 
IFNG 10.64 10.55 11.53 11.26 16.17 14.52  
IL-1B 6.02 6.00 6.59 6.33 10.04 8.28 x 
IL-2 12.19 10.96 12.26 15.31 13.62 16.15  
IL-6 5.59 6.77 8.16 5.64 7.27 10.67 x 
IL-8 1.43 4.54 8.05 4.61 9.88 6.35 x 
IL-10 6.06 7.04  9.11 5.08 8.46 9.97  
IL-12 9.28 8.89 9.40 9.83  11.15 11.28  
IL-15 11.85 7.37  8.51 6.90  7.44 11.43 x 
IL-16 3.93 3.73 3.27 5.06 4.41 5.98  
IL-18 6.80 5.23 6.24 6.86 8.19 10.51  
TNF-α 8.42 8.39 9.62 9.67 10.10 11.57 x 
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Figure 1. Gene expression of the selected cytokines and TRP channels in all specimens 
(n=51, 24x cervical, 15x lumbar AF, 12x lumbar NP), calculated as 2-∆Ct values (relative to 
GAPDH). 

Expression Levels: Correlation with Age, Degeneration Grade and Modic Grade 

In a subsequent step, we tested for correlations between gene expression and age, 
degeneration grade and Modic grade on the entire set of samples. IL-15 mRNA levels were 
shown to positively correlate with age (n = 51, r = 0.49, p = 0.0003, not shown) and the 
tissue’s degeneration grade (n = 51, r = 0.29, p = 0.038, Figure 2a). Additionally, a 
significant correlation was found between the degeneration grade and the gene expression 
of IL-6 (n = 51, r = 0.36, p= 0.009, Figure 2b), IFNA1 (n = 50, r = -0.28, p = 0.0493, 
Figure 2c) and TRPC6 (n = 46, r = 0.30, p = 0.045, Figure 2d). None of the investigated 
genes correlated with Modic Grade (not shown). Furthermore, age and IVD degeneration 
grade were correlated (n = 51, r = 0.49, p = 0.0003, Supplementary Figure 1). 
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Figure 2. Correlations between gene expression of IL-15 (a), IL-6 (b), IFNA1 (c), and 
TRPC6 (d) and the degeneration grade. Results were calculated as 2-∆Ct values (relative to 
GAPDH). Note: gene expression is plotted on a logarithmic scale. 

Expression Levels: Differences with Extent of Surgery, Pathology and Gender 

The extent of the surgery (single level versus multi level) was found to affect the expression 
of the cytokines IL-6 (p = 0.006) and IL-8 (p = 0.041), with both being expressed to a 
higher level in the samples obtained from multi level surgeries (Figure 3). Furthermore, 
IL-8 expression was influenced by the underlying pathology (DDD versus DH), with higher 
levels in the DDD samples (p = 0.016, not shown). However, analyzing gene expression in 
relation to pathology is hampered by the fact that it is difficult to clearly distinguish 
between DDD and DH in the included patients. None of the investigated genes differed 
between males and females (data not shown).  

a b 

c d 
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Figure 3. Statistically significant differences in the gene expression of IL-6 and IL-8 
between patients undergoing single-level (n=31) and multi-level (n=20) discectomy. Results 
were calculated as 2-∆Ct values (relative to GAPDH). 

Expression Levels: Differences with Spinal Region (Cervical/Lumbar) 

When comparing the gene expression in cervical and lumbar samples over the entire sample 
population (n = 51), significant differences were found for the cytokines IFNA1 (cervical < 
lumbar, p = 0.038), IL-6 (cervical > lumbar, p = 0.0375), IL-15 (p = 0.0001, cervical > 
lumbar) and the ion channel TRPC6 (p = 0.045, cervical > lumbar) (Figure 4a).  

As these genes were also found to be regulated by the IVD degeneration grade (IL-15, IL-
6, IFNA1, TRPC6), age (IL-15) and surgical extent (IL-6), we aimed to further elucidate 
whether differences were truly related to spinal region or confounded by dissimilarities in 
age and IVD degeneration grade in the cervical and lumbar group, using a sample matching 
approach. When analyzing 28 well-matched samples (14 x cervical and 14 x lumbar), we 
were able to confirm the difference in IL-15 expression in the cervical and lumbar IVDs 
(p=0.013, Figure 4b), whereas the difference in IFNA1 expression did not reach 
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a 

significance in this grouping (p=0.056, data not shown), possibly due to lower statistical 
power arising from the reduced sample size. IL-6 and TRPC6 showed no differences after 
matching was conducted.   

 

 
Figure 4. Differences in gene expression between cervical (n = 24) and lumbar (n = 27) 
samples (entire sample population), with statistically significant results for IFNA1, IL-6, 
IL-15 and TRPC6 (a) and confirmation of statistical difference in gene expression of IL-15 
between well-matched cervical (n = 14) and lumbar (n = 14) samples (b). Results were 
calculated as 2-∆Ct values (relative to GAPDH). 

b 
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Expression Levels: Differences with Disc Region (NP/AF) 

In lumbar samples, a comparison between AF and NP tissue revealed significantly higher 
expression of IL-6 (p = 0.0236, Figure 5a), TNF-α (p = 0.047, Figure 5b) and TRPC6 
(p = 0.014, Figure 5c) in the AF. Due to the small size of cervical tissue, NP and AF 
could not be separately analyzed. 

  

 

 

Figure 5. Statistically significant differences in gene expression of IL-6 (a), TNF-α (b) and 
TRPC6 (c) between AF (n = 12) and NP (n = 15) samples in lumbar discs. Results were 
calculated as 2-∆Ct values (relative to GAPDH). 

Expression Levels: Correlation between Genes 

To test whether the expression of target genes is intra-correlated, a Spearman correlation 
test was conducted on the entire data set. Numerous genes were found to be correlated (for 
all results see Table 4), with the strongest correlation for the gene pairs IFNA8 and IFNB1 
(n = 51, r = 0.93, p < 0.0001, Figure 6a), IL-6 and IL-8 (n = 51, r = 0.81, p < 0.0001, 

a b 

c 
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Figure 6b), IFNA1 and IFNB1 (n = 50, r = 0.78, p < 0.0001, Figure 6c), IL-1β and 
TNF-α (n = 51, r = 0.78, p < 0.0001, Figure 6d), IFNA1 and IFNA8 (n = 50, r = 0.74, 
p < 0.0001, Figure 6e), IL-15 and TRPC6 (n = 46, r = 0.64, p < 0.0001, Figure 6f), IL6 
and TRPC6 (n = 46, r = 0.59, p < 0.0001, Figure 6g), IFNA8 and TRPC6 (n = 46, r = 
-0.57, p < 0.0001, Figure 6h), and IL-1β and IL-8 (n = 51, r = 0.56, p < 0.0001, Figure 
6i). 

Table 4. Significant intra-correlations between candidate genes, calculated by Spearman 
correlation test. 

Gene pairs Sample number Spearman's r p-value 
IFNA1 and IFNA8 50 0.78 < 0.00001  
IFNA1 and IFNB1 50 0.74 < 0.00001 
IFNA1 and TRPC6 45 -0.46 0.002 
IFNA1 and TRPV4 35 -0.46 0.005 
IFNA8 and IFNB1 51 0.93 < 0.00001 
IFNA8 and TNF-α 51 -0.30 0.03 
IFNA8 and TRPC6 46 -0.57 < 0.00001 
IFNB1 and IFNA1 50 0.74 < 0.00001 
IFNB1 and TRPC6 46 -0.44 0.002 
IFNB1 and TRPV4 36 -0.34 0.04 
TNF-α and IL-1β 51 0.78 < 0.00001 
TNF-α and IL-6 51 0.53 0.00007 
TNF-α and IL-8 51 0.48 0.0004 
TNF-α and IL-15 51 0.49 0.0002 
TNF-α and TRPC6 46 0.44 0.002 
IL-1β and IL-6 51 0.44 0.001 
IL-1β and IL-8 51 0.56 0.00002 
IL-1β and TRPC6 46 0.39 0.008 
IL-6 and IL-8 51 0.81 < 0.00001 
IL-6 and IL-15 51 0.38 0.006 
IL-6 and TRPC6 46 0.59 0.00002 
IL-8 and TRPC6 46 0.44 0.002 
IL-15 and TRPC6 46 0.64 < 0.00001 
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Figure 6. Statistically significant correlations between the expression of IFNA8 and IFNB1 
(a), IL-6 and IL-8 (b), IFNA1 and IFNB1 (c), IL-1B and TNF-α (d), IFNA1 and IFNA8 
(e), IL-15 and TRPC6 (f), IL-6 and TRPC6 (g), IFNA8 and TRPC6 (h) as well as IL-1β 
and IL-8 (i). Results were calculated as 2-∆Ct values (relative to GAPDH). 

4.4 Discussion 

Although a major effort has been made over the past decade to better understand 
degenerative disc disease, the underlying pathogenesis is still poorly understood. Recent 
findings point toward a possible role of inflammation in the development of discogenic back 
pain [19, 22]. However, this is - to our knowledge - the first study to compare the 
inflammatory process and mechanisms in the cervical and lumbar spine. Importantly, a 
large number of cytokines, partially with thus far unidentified markers, was employed not 
only to provide novel insights for cervical, but also lumbar disc pathology.  
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According to our results, the most highly expressed genes in the pathogenic lumbar and 
cervical samples were the cytokine IL-8 and the TRPV4 channel, whereas the cytokines IL-
1β and specifically TNF-α, which are commonly investigated in disc pathologies, were 
expressed at significantly lower mRNA levels. The TRPV4 channel is one of the six member 
of the TRP Vanillin (TRPV) family. In IVD cells and chondrocytes, TRPV4 administers 
transduction of osmotic and mechanical signals and may play a role in inflammatory joint 
swelling [23]. Furthermore, it was recently shown that degeneration of the IVD, with an 
associated drop in proteoglycan content and hence tissue osmolarity, not only enhances the 
expression of the cytokines IL-1B and IL-6, but also of the TRPV4 channel [24]. The other 
highly expressed gene in our dataset, IL-8, is a chemokine that belongs to the CXC 
subfamily and is secreted by multiple cell types in response to inflammatory stimuli 
especially during acute phases [25]. IL-8 is known to induce hyperalgesia by evoking the 
local production of sympathetic amines that sensitize nociceptors [26]. In the disc, 
oxidative/nitrosative stress and lesions due to mechanical loading result in higher levels of 
IL-8 [11, 27]. Interestingly, not only local IL-8 expression, but also serum and cerebrospinal 
fluid concentrations are affected by spinal pathologies [28, 29]. In detail, patients with higher 
lumbar radicular pain and or more pronounced disc herniation possess higher IL-8 levels in 
cerebrospinal fluid [28] and serum [29], respectively.  

Although a diagnostic differentiation between DDD and DH can be difficult, we found a 
significantly higher expression of IL-8 in DDD biopsies compared to DH biopsies, a result 
that is in line with previous studies [30]. Patients undergoing multi-level surgeries also 
demonstrated enhanced IL-8 levels compared to single-level surgery patients. Both findings 
underline the pathophysiological relevance of this chemokine in IVD diseases.  

Aside from IL-8, IL-6 was also expressed to a higher level in multi-level surgery patients in 
the herein presented study. IL-6 is an inflammatory cytokine with multiple biological effects 
[25]. After tissue injury, it promotes monocyte differentiation into macrophages and 
activates maturation of B- and T-lineage lymphocytes [31], thereby stimulating the 
production of immunoglobulin via B-lymphocytes [32]. By binding to the non-signaling 
membrane-bound IL-6 receptor (mIL-6R) and subsequently interacting with membrane 
protein gp130, it activates a variety of intracellular signaling pathways, including the Janus-
activated kinase/signal transducer activator of transcription (JAK/STAT), the mitogen-
activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and the 
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phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) [33]. Importantly, IL-6 is 
believed to play a major role in the pathogenesis of spinal neuropathic pain, specifically in 
symptomatic radiculopathy (by inducing PGE2- mediated allodynia in experimental rat 
models) and peripheral nerve injury [25, 31, 34, 35]. This notion is supported by studies 
demonstrating that lumbar radicular pain induced by disc herniation is associated with 
elevated IL-6 serum levels [29, 36]. The functional role of IL-6 in spinal pain is further 
supported through therapeutic studies. A recent study demonstrated that epidural injection 
of an anti-IL-6R monoclonal antibody, tocilizumab, onto the spinal nerve alleviated 
radicular leg pain, numbness, and low back pain without causing adverse events in 60 
patients with lumbar spinal stenosis-induced sciatica [37]. Interestingly, we could 
demonstrate that the expression of IL-6 was dependent on the disc degeneration grade, the 
zonal region of the IVD (AF versus NP) and the spinal level (cervical versus lumbar). 
However, the latter effect was no longer present in matched samples, indicating that non-
uniform distribution of the degeneration grade may have been the underlying cause of the 
difference seen in the entire (non-matched) dataset. 

A significant correlation to the grade of degeneration was furthermore observed for TRPC6, 
an emerging target in the studies of pain and inflammation. In lumbar DRG neurons from 
rats, TRPC6 (as well as TRPV4) seems to contribute to mechanical hyperalgesia, whereas 
in cartilage and the IVD, this channel is hypothesized to regulate the in vitro phenotypic 
stability and cellular ageing of resident cells [38, 39]. To our knowledge, this is the first 
study to describe expression of TRPC6 in IVD tissue and its relevance in disc inflammaging. 
Aside from demonstrating that TRPC6 expression is degeneration-dependent (with 
degeneration being an age-related process), we could also demonstrate that TRPC6 
expression differs between the NP and AF. This zonal difference in TRPC6 expression, with 
higher levels in the more fibrotic AF, is supported by the finding that TRPC6 may be 
involved in the expression of fibrosis-associated molecules and was hence shown to be 
expressed at a higher level in fibrotic stenosis areas in the intestine than in non-fibrotic gut 
areas of Crohn’s disease patients [40]. Furthermore, we found TRPC6 to be more highly 
expressed in the cervical spine, but only in the entire dataset. Once matching was conducted, 
no significant difference was observed. Overall, TRPC6 has a similar expression pattern as 
IL-6, with which it moderately correlates. While no studies exist to date that investigate 
the interaction of TRPC6 with IL-6 in the IVD, a decreased expression of IL-6 was found 
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in TRPC6-null mice in a study of lung inflammation [41]. Aside from IL-6, we could also 
demonstrate mild to moderate correlations between TRPC6 and other cytokines, such as 
TNF-α. 

TNF-α is a type II transmembrane protein secreted by macrophages and also other cell 
types (including disc cells [42]), which binds its receptors TNFRSF1A/TNFR1 and 
TNFRSF1B/TNFBR. In the disc, TNF-α is thought to participate in the initiation of the 
inflammatory cascade [43], as it is associated with an increase in the levels of other cytokines, 
such as IL-1B and IL-6 [44]. These reports are in agreement with our results that show a 
positive correlation between the expression of TNF-α and the cytokines IL-1β, IL-6, IL-8 
and IL-15. In our study, relatively low levels of TNF-α were measured, possibly due to the 
advanced stage of degeneration of many samples [45]. Our results indicate a higher 
expression of TNF-α in the AF than the NP. In fact, previous reports have provided 
contradictory findings on the zonal expression of TNF-α, describing it to be either higher 
or lower in the AF compared to the NP [46-48]. As TNF- is implicated in neurogenic, 
radicular and low back pain [49], correlating the duration of symptoms with TNF-α 
expression would have been of interest, but this information was not available in the patient 
history. Importantly, recent evidence suggests therapeutic effectiveness of TNF-α inhibitors 
for disc herniation-associated radicular pain through inhibition [50]. Hence, although the 
role of TNF-α in disc herniation is established, its implication in disc degeneration is still 
somewhat unclear [48].   

Similar to TNF-α, IL-1β is secreted by immune cells and also IVD cells, but at higher levels 
as shown by us and others [48]. IL-1β, together with IL-1A, is the most studied member of 
the IL-1 family. Both cytokines are first synthesized as a precursor protein before being 
processed to shorter active peptides [48, 51, 52]. While IL-1 is expressed in balance with its 
antagonist IL-1Ra in the healthy disc, catabolic disruption of this balance occurs during 
degeneration. Importantly, IL-1β furthermore contributes to matrix degradation and 
reduced matrix synthesis [48, 51]. Consequently, therapeutic targeting of IL-1β has been 
conducted, with positive results [53, 54].  We were able to demonstrate weak to moderate 
correlations between IL-1β and several other proinflammatory cytokines, such as TNF-α, 
IL-6 and IL-8, suggesting a possible interplay between these molecules. While existing 
knowledge clearly points toward involvement of IL-1β in disc disease, we could not observe 
any significant differences for any of the investigated parameters.    
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Aside from the well-investigated cytokines discussed above, inflammatory candidate genes 
that can be considered as novel in disc research, namely IL-15, IFNA1, IFNA8 and IFNB1, 
were also analyzed. 

IL-15 is fundamental in the immune response as it modulates the activation and 
proliferation of natural killer- T- and B cells [55-57]. While little evidence exists on is 
relevance in disc disease, it is essential in cancer pathology, with promotion of malignancies 
like multiple myeloma, cutaneous T-cell lymphoma and large granular lymphocytes 
leukemia [58, 59]. Moreover, IL-15 is found in skeletal muscles where studies have suggested 
its involvement in autoimmune myositis progression [60]. IL-15 also plays a crucial role in 
autoimmune diseases by promoting the effect of cytotoxic CD8+ T cells, including 
rheumatoid arthritis, inflammatory bowel disease, and multiple sclerosis, and is hence 
suggested as a therapeutic target [61, 62]. We found IL-15 to be expressed in a degeneration- 
and age-dependent manner, but with relatively high variability over the entire dataset. 
However, rather than being coincidental, the observed variability is likely related to the fact 
that IL-15 expression is significantly lower in lumbar disc samples compared to cervical 
samples. Importantly, even after matching samples with regard to the IVD degeneration 
grade and age - to exclude these factors as confounders - the significant difference in IL-15 
expression between the cervical and lumbar disc was maintained, indicating that IL-15 is 
indeed degeneration, age and region dependent. Interestingly, it was hypothesized that 
mechanical stress (related to obesity and resistance training) may regulate IL-15 expression 
and activity in skeletal muscle fibers [63, 64]. Therefore, the different stress magnitudes in 
lumbar and cervical discs may have affected the expression of IL-15 – a mechanism that 
could be further explored in in vitro loading experiments. Similarly, IL-15 was recently 
shown to have a significant role in the pathogenesis of osteoarthritis, with expression levels 
being dependent on the disease stage (albeit with different pattern than in the IVD) [65, 
66]. While our study only provides descriptive evidence for the potential relevance of IL-15 
in degenerative disc disease, mechanistic investigations are required to demonstrate its 
pathological relevance.  

Interferons are a multigene family of inducible cytokines that are divided into two groups, 
type I IFN (IFN-α, IFN-β, and IFN-ω) and type II (IFN-γ). Although interferons are 
generally considered to be important modulators of the immune system, no data currently 
exist with regard to DDD, apart from IFN-γ [13, 67]. We present first data on the occurrence 
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of members of the IFN-α (IFNA1, IFNA8) and IFN-β (IFNB1) subfamily in diseased discs. 
Interestingly, IFNB1 (similar to IL-1β and TNF-) has been suggested to promote 
autophagy for certain cell types [68] and elevated autophagy has recently been described in 
degenerated AFs [69]. Our results demonstrate that IFNA1, IFNA8 and IFNB1 are intra-
correlated and are expressed at significantly higher levels than TNF-α, yet at levels similar 
to IL-6 and IL-8. Moreover, we were able to show a negative correlation of IFNA1 with the 
degree of disc degeneration as well as enhanced expression in lumbar samples compared 
with cervical samples. However, when cervical and lumbar samples were matched with 
regard to the IVD degeneration grade and age, no significant difference in IFNA1 expression 
(with p = 0.056) was found. This may be due to the reduction in sample size and hence 
lowered statistical power. On the other hand, it could also indicate that IFNA1 expression 
is influenced primarily by degeneration and age, and only secondarily by spinal region and 
its associated factors, such as altered biomechanical loading situations and differences in 
diffusion distances and hence cellular nutrition. Although our study has provided first 
indications of a significant role of investigated members of the interferon type I family in 
disc diseases, further studies are warranted to determine their therapeutic potential [70]. 

In summary, this study demonstrated clear differences in mRNA expression for several of 
the analyzed parameters and genes. Future studies could focus on either confirming results 
on the protein level or on analyzing (on a larger set of NP and AF samples) whether the 
investigated genes are affected by increasing age, degeneration and/or Modic grade when 
using a zone-specific evaluation approach. Furthermore, investigating the pro-inflammatory 
crosstalk between endplates, vertebral bone marrow and the IVD could provide further 
insight into the role of Modic changes in disc inflammaging and the development of low 
back pain. Clear technical limitations that weaken the implications of this study are the 
lack of (1) healthy (non-degenerated) disc tissue, of (2) patient-specific pain scores as well 
as of (3) collection of data on additional environmental factors, such as smoking or body 
weight, which were previously shown to be of importance in the degenerative processes of 
the disc.    
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4.5 Conclusion 

Our study unveiled a potentially crucial role of Ca2+ permeable cation channels, specifically 
of TRPC6, in the disc inflammaging. Furthermore, we confirmed the presence of the 
proinflammatory cytokines IL-1β, TNF-, IL-6 and IL-8 in DDD and highlighted the 
expression and relevance of cytokines that have previously gained little or no attention in 
disc research (INFA1, IFNA8, INFB1, IL-15). Importantly, we were able to demonstrate 
that the expression of IL-15, INFA1, IL-6, IL-8 and TRPC6 was affected by relevant 
patient/tissue characteristics, such as the IVD degeneration grade, age, spinal level and/or 
pathology. These molecules may hence constitute targets to modulate the process of disc 
degeneration and pain development. However, larger scale and more mechanistic studies are 
required to confirm these results, to investigate the specific function of these cytokines and 
to evaluate their therapeutic potential. 
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Supplementary Material 

Supplementary Figure 1. Correlation between the age and IVD degeneration grade 
(n=51, r=0.49, p=0.0003). 
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Supplementary Table 1. Differences in gene expression between selected pairs of genes. 

Genes p-value* Genes p-value* 
IFNA8 - IFNA1 < 0.00001 IL6 - IL1B .125 
IFNB1 - IFNA1 .006 IL8 - IL1B .00001 
IL1B - IFNA1 .253 IL15 - IL1B .002 
IL6 - IFNA1 .862 TNF-α - IL1B < 0.00001 
IL8 - IFNA1 .015 TRPC6 - IL1B .247 
IL15 - IFNA1 .001 TRPV4 - IL1B < 0.00001 
TNF-α - IFNA1 .00001 IL8 - IL6 .0001 
TRPC6 - IFNA1 .900 IL15 - IL6 .0001 
TRPV4 - IFNA1 .003 TNF-α - IL6 < 0.00001 
IFNB1 - IFNA8 .011 TRPC6 - IL6 .965 
IL1B - IFNA8 .013 TRPV4 - IL6 .001 
IL6 - IFNA8 .294 IL15 - IL8 < 0.00001 
IL8 - IFNA8 .197 TNF-α - IL8 < 0.00001 
IL15 - IFNA8 < 0.00001 TRPC6 - IL8 .003 

TNF-α - IFNA8 < 0.00001 TRPV4 - IL8 .110 
TRPC6 - IFNA8 .120 TNF-α - IL15 .071 
TRPV4 - IFNA8 .028 TRPC6 - IL15 < 0.00001 
IL1B - IFNB1 .129 TRPV4 - IL15 < 0.00001 
IL6 - IFNB1 .892 TRPC6 - TNF-α < 0.00001 
IL8 - IFNB1 .078 TRPV4 - TNF-α < 0.00001 
IL15 - IFNB1 .00005 TRPV4 - TRPC6 < 0.00001 
TNF-α - IFNB1 < 0.00001   
TRPC6 - IFNB1 .516   
TRPV4 - IFNB1 .016   

*Results significant at p<0.05 
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Appendix I 

This section contains earlier unpublished data generated during the work presented in 
chapter 4, which contains the manuscript entitled “Inflammaging in cervical and lumbar 
degenerated intervertebral discs: analysis of proinflammatory cytokine and TRP channel 
expression”.  

Expression levels: pain intensity and chronicity  

For the background information as well as the materials and methods sections, please 
consult chapter 4. 

Definitions 

Pain intensity – the severity of pain sensation as evaluated by the patients. 

Duration of symptoms:  
 Acute is defined as pain and/or other symptoms lasting less than two months. 
 Sub-acute is defined as pain and/or other symptoms lasting between two to 12 

months. 
 Chronic is defined as pain and/or other symptoms lasting over one year. 

Results 

The mRNA expression of IL-15 (Figure A1 A), IL-1B (Figure A1 B), IL-8 (Figure A1 
D), TNF-α (Figure A1 E) and TRPC6 (Figure A1 F) tended to decrease with pain 
intensity. The mRNA expression of IFNA1 was the highest in the intense group, relatively 
low in the moderate group and almost at the baseline levels in the disabling group (Figure 
A1 C). Similarly to it, the mRNA expression of IL-1β (Figure A1 B) and IL-8 (Figure 
A1 D) was as well at baseline levels in the disabling group. In contrast, the mRNA 
expression of TRPV4 tended to increase with the pain intensity and was the highest in the 
disabling group. (Figure A1 G). Out of all tested targets, only the mRNA expression of 
IL-15 showed statistically significant differences between the duration of symptoms 
(between sub-acute and chronic group) and was lowest in the sub-acute group (Figure A1 
H).  
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Figure A1. mRNA expression of IL-15 (A, n=35/51), IL-1β (B, n=40/51), IFNA1 (C, 
n=49/51), IL-8 (D, n=47/51), TNF-α (E, n=43/51), TRPC6 (F, n=42/51) and TRPV4 
(G, n=33/51) versus the pain intensity, as well as, IL-15 (H, n=35/51) versus the duration 
of symptoms. The corresponding n-number present the number of samples in which the 
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target was detected over the total number of tested samples (n=51). Results were calculated 
as 2-∆Ct values (relative to GAPDH). Error bars present mean with 95% confidence intervals. 
Discussion 

IL-15 plays a central role in the development of chronic diseases mediated by the immune 
system [1]. Our data presented in chapter 4 [2], together with the hereby presented gene 
expression data, indicate that IL-15 may be a key cytokine in discogenic pain as well as a 
promising therapeutic target. Elevated protein levels of IL-15 were detected in the serum of 
patients suffering from long-term (over two years) rheumatoid arthritis [3]. However, in 
another study, serum levels of IL-15 did not depend on the pain severity in knee 
osteoarthritis (OA) patients, although IL-15 was significantly increased in OA patients (n 
= 226) as compared to healthy controls (n = 106) [4]. IL-1β, IFNA1, IL-8 and TNF-α are 
pro-inflammatory molecules involved in the development of painful disc degeneration and 
were discussed in chapter 4. Elevated levels of IL-1β were detected in the NP tissue of 
painful disc herniation patients (DH), but no correlation was found between IL-1β levels 
and pain intensity before or post-surgery [5]. In contrast, our data suggest that IL-1β is 
expressed at higher levels in lower pain intensity groups. Increased levels of IL-8 measured 
in cerebrospinal fluid (CSF) were shown to be associated with the increasing pain intensity 
in patients suffering from disc herniation (DH) [6]. In contrary, here we presented that IL-
8 gene expression was the highest in the patients who described their pain as moderate and 
therefore presenting a reverse trend to the one from the earlier study [6]. Differences between 
the reports may originate from the use of different samples (degenerated IVD tissue vs. 
CSF);furthermore, hereby presented data were not controlled for the pathophysiology 
(degenerative disc disease patients and DH patients were combined together). TNF-α is 
believed to be the key pain mediator in discogenic pain and the inhibition of TNF-α was 
demonstrated to aid pain sensation in low back pain patients [7, 8]. Increased serum levels 
of TNF-α were associated with chronic low back pain [9]. Our data suggest that TNF-α 
gene expression increases with pain intensity. Interestingly, a positive correlation between 
pain intensity and protein expression of the TNF receptor - TNFR1 was found in the NP 
tissue of DH patients at 12 months post-surgery [10]. Furthermore, in the same study the 
protein expression of TNFR2 was negatively correlated with the pain score in the AF tissue 
[10], hence possibly indicating zonal differences. TRPC6 showed a similar expression trend 
to our later data [11] (presented in the chapter 5). However, in the later study, we could 
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also demonstrate that the TRPC6 expression was increasing with the duration of symptoms 
[11] – a finding that could not be replicated here. Moreover, here we could present that the 
mRNA expression of TRPV4 steadily increases with the pain intensity and this finding 
could not be confirmed in our later study, which showed a generally stable expression of 
TRPV4, and which additionally did not depend on any other patient/tissue specific factor 
[11]. Such differences may be due to the donor variations and different sample sizes (total 
and within the assembled groups). To conclude, these data support the hypothesis that IL-
15 and TRPC6 are promising therapeutic targets, however future studies will need to 
determine the role of TRPV4 in disc degeneration. Donor to donor variation, a lack of 
healthy controld and unequally balanced sample numbers in each group were a clear 
limitation in this study. 
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Chapter 5 
 Differential regulation of TRP channel gene and 

protein expression by intervertebral disc 
degeneration and back pain 
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Abstract: 
Intervertebral disc (IVD) degeneration and consequent low back pain (LBP) are common 
and costly pathological processes that require improved treatment strategies. Transient 
Receptor Potential (TRP) channels constitute a family of multimodal ion channels that 
have recently emerged as contributors to disc pathologies and were thus proposed as 
potential therapeutic targets, although limited data on their presence and function in the 
IVD exist. The purpose of this study was to determine the mRNA and protein expression 
of TRP channels in non-degenerated and degenerated human IVD tissue (with different 
pain intensity and chronicity) using gene array, conventional qPCR and 
immunohistochemistry. We could demonstrate that 26 out of 28 currently known TRP 
channels are expressed in the IVD on the mRNA level, thereby revealing novel therapeutic 
candidates from the TRPC, TRPM and TRPML subfamilies. TRPC6, TRPM2 and 
TRPML1 displayed enhanced gene and protein expression in degenerated IVDs as compared 
to non-degenerated IVDs. Additionally, the gene expression of TRPC6 and TRPML1 was 
influenced by the IVD degeneration grade. Pain intensity and/or chronicity influenced the 
gene and/or protein expression of TRPC6, TRPM2 and TRML1. Interestingly, decreased 
gene expression of TRPM2 was observed in patients treated with steroids. This study 
supports the importance of TRP channels in IVD homeostasis and pathology and their 
possible application as pharmacological targets for the treatment of IVD degeneration and 
LBP. However, the exact function and activation of the highlighted TRP channels will have 
to be determined in future studies. 

5.1 Introduction 

The intervertebral disc (IVD) is a mechanosensitive tissue that lies between adjacent 
vertebrae in the spinal column. The mechanical properties of the IVD are greatly defined 
by its biochemical composition, with the highly hydrated nucleus pulposus (NP) in the 
center, surrounded by the annulus fibrous (AF) [1]. The primary function of the IVD is to 
transmit loads arising from muscle activity and body weight, with hydrostatic 
pressure/compression and osmotic stresses predominating in the NP and tensile/shear 
stresses in the AF [1]. With its low cellularity (5000 cells/mm3 in the NP [2]), avascular 
structure (with a consequent lack of nutrients and oxygen), high daily mechanical loads and 
an inability to repair itself, the IVD is prone to early degeneration. Degeneration is 
associated with a loss in extracellular matrix (ECM) components, specifically proteoglycans, 
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a consequent loss of tissue hydration as well as tissue weakening, including clefts and tears 
[3]. These changes not only influence the mechanical properties of the IVD, but also lead to 
high stress zones and hence altered IVD mechanobiology.  

In a subgroup of those affected by IVD degeneration, inflammatory processes take place 
within the IVD tissue. Inflammation has been described as a major contributor to the 
development of painful disc degeneration (also known as degenerative disc disease (DDD)), 
hence presumably distinguishing symptomatic from asymptomatic IVD degeneration [4]. 
On the molecular level, DDD can be characterized by an up-regulation of pro-inflammatory 
cytokines such as interleukin (IL)-6, IL-1B and tumor necrosis factor (TNF)-α [3]. Moreover, 
mechanical loading can also induce inflammation, depending on its type, applied magnitude, 
duration and frequency [3, 5, 6]. Similarly, altered IVDs osmolarity can contribute to the 
tissue inflammation by modulating pro-inflammatory mediators and pathways (e.g. 
mitogen-activated protein (MAP) kinases, T-cells 5/tonicity response element-binding 
protein (NFAT5/TonEBP)) [7, 8] and molecules (e.g. IL-6, IL-1B) [9].  

Although inflammation, as well as, mechanical and osmotic stress have been identified as 
important factors in the development of painful disc degeneration and hence back pain, the 
exact pathobiological mechanism remain to this day unknown. However, a superfamily of 
multimodal ion channels, the so-called transient receptor potential (TRP) channels, have 
recently emerged as potential contributors to disc pathologies [10]. TRP channels are of 
utmost interest in IVD research as they are regulated by a diverse range of stimuli, including 
mechanical and osmotic stress, and furthermore modulate inflammatory responses and 
mediate a variety of sensations, including pain. Stimulation of a TRP channel will cause its 
activation (i.e. opens channels pore), leading to ion movement and resulting in elevated 
cytosolic intracellular calcium. Applied stimuli (e.g. shear stress) can change a channel’s 
molecular distribution, hence altering its membrane trafficking and spatial/temporal 
distribution, which in turn can influence its activity threshold levels [11, 12]. Very recent 
studies highlighted TRPC6 and TRPV4 as possible contributors to IVD health and disease 
[9, 13-15], but numerous other members of the various TRP families (ankyrin TRPA, 
canonical TRPC, vanilloid TRPV, melastatin TRPM, mucolipin TRPML and polycystic 
TRPP) have not yet been investigated.  
To gain a better insight into the role of TRP channels in the IVD and low back pain, the 
purpose of this study was to identify the presence of all currently known TRP channels in 
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non-degenerated and degenerated human IVDs with varying pain intensity and chronicity, 
and to highlight their possible involvement in IVD pathologies.   

5.2 Results 

TRP channel mRNA expression: Gene array 

In the initial step, a wide screening of all 28 TRP channels was investigated in 8 IVD 
samples (4 degenerated: 2x NP and 2x AF, assessed with Pfirrmann classification [16]; and 
4 non-degenerated: 2x NP and 2x AF, assessed with Thompson classification [17]) using a 
gene array. Out of 28 tested TRP channels, two targets (TRPC5 and TRPM5), were not 
detectable in any of the samples included in the gene array. For patient information, see 
Tables 1 and 2. 

In the non-degenerated IVDs, TRPC1, TRPC2, TRPM7, TRPML1-3, PKD1, TRPP1 
(PKD2), TRPV1, TRPV3 and TRPV4 were detected in both, NP and AF samples, whereas 
other TRP channels were only detectable in either region: TRPC6 (AF), TRPM4 (NP), 
TRPM6 (NP), and TRPV5 (NP). Furthermore, TRPA1, TRPC3, TRPC4, TRPC7, 
TRPM1-M3, TRPM8, TRPP2 (PKD2L1), TRPP3 (PKD2L2), TRPV2 and TRPV6 were 
undetectable in the selected non-degenerated IVD samples.  

In the degenerated IVDs, the highest gene expression, detected in both NP and AF, was 
measured for TRPC1, TRPM7, PKD1, TRPP1 (PKD2) and TRPV4. TRPC7 was detected 
only in the AF (2 out of 2 degenerated AF samples) and TRPM1 only in the NP (2 out of 
2 degenerated NP samples). TRPP3 (PKD2L2) could be detected only in one out of two 
AF sample. 

Fig. 1 presents overall (combined NP and AF) gene expression as measured on the gene 
array normalized to YWHAZ (measured Ct values for all tested TRP targets in the gene 
array screening are presented in the Supplementary Material Table S1). 
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Fig. 1 The overall TRP channels gene expression as detected during the array screening in 
the non-degenerated (n=4, black bars) and degenerated (n=4, grey bars) human IVD tissue. 
Data are presented on a logarithmic scale as 2-ΔCt values (relative to YWHAZ). 

TRP channel expression (mRNA): Disease state and degeneration grade 

Based on the gene array results, 12 targets (TRPC1, TRPC3, TRPC4, TRPC6, TRPM2, 
TRPM7, TRPML1, TRPML2, PKD1, TRPP1 (PKD2), TRPV1, TRPV4) were chosen for 
further analysis on the additional 26 IVD samples (8 non-degenerated IVDs: 4x NP and 4x 
AF; 18 degenerated: 8x AF, 8x NP, 2x mix tissue) using conventional qPCR (see Table 3). 
When combining data from all 34 samples, TRPV4 was the most highly expressed target 
in both non-degenerated and degenerated IVDs, followed by TRPC1, TRPP2, PKD1, and 
TRPM7 (Fig. 2). None of the investigated targets differed between the NP and AF zones 
(p>0.05, data not shown). 

When comparing the expression of the TRP channels in the non-degenerated and 
degenerated IVDs, statistically significant differences were found in the mRNA expression 
levels of TRPC6 (Fig. 3a, p=0.001), TRPM2 (Fig. 3b, p=0.0002) and TRPML1 (Fig. 3c, 
p=0.03). In all three targets, mRNA levels were higher in the degenerated IVD samples 
than in the non-degenerated samples.  

Within the degenerated IVDs (n=22), the expression of several TRP channels was 
significantly affected by the degeneration grade: TRPC4 (Fig. 4a, grade 3 > 4, p=0.03), 
TRPC6 (Fig. 4b, 5 >2 p=0.03, 5 > 3, p = 0.03, 5 > 4 p=0.01), TRPM7 (Fig. 4c, 5 > 3, 
p=0.04) and TRPML1 (Fig. 4d, 2 > 4, p=0.01).  
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Fig. 2 The overall gene expression of the selected TRP channels in the non-degenerated 
(n=12, black bars) and degenerated (n=22, grey bars) IVD tissue. Data presented on a 
logarithmic scale as 2-ΔCt values (relative to YWHAZ). 

 
Fig. 3 The mRNA expression of a) TRPC6, b) TRPM2 and c) TRPML1 differed 
significantly between non-degenerated and degenerated human IVDs. Data presented as 2-

ΔCt values (relative to YWHAZ). Asterisks indicates a statistically significant difference 
between the groups indicated (*p < 0.05). 
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Fig. 4 The mRNA expression of a) TRPC4, b) TRPC6, c) TRPM7 and d) TRPML1 
differed significantly between different degeneration grades. Data presented as 2-ΔCt values 
(relative to YWHAZ). Asterisks indicates a statistically significant difference between the 
groups indicated (*p < 0.05). 

TRP channel expression (mRNA): Modic changes  

Modic changes represent a classification of pathological changes to the endplates, where 0 
indicates no pathological changes, I is characterized by a vertebral bone edema, and II by 
fatty replacement of the bone marrow[18]. Modic changes may be associated with the pain 
development[19]. We hence tested whether the presence of Modic changes affects TRP 
channel expression and found a significant effect for TRPC4 (Fig. 5a, I > II, p=0.01) and 
TRPC6 (Fig. 5b, 0 > I p=0.02, 0> II p=0.007).  
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Fig. 5 The mRNA expression levels of a) TRPC4 (I > II, p=0.01) and b) TRPC6 (0 > I 
p=0.02, and > II p=0.007) were found to be affected by Modic changes (0 n=3, I n=10 and 
II n=7). Data presented as 2-ΔCt values (relative to YWHAZ). Asterisks indicates a 
statistically significant difference between the groups indicated (*p < 0.05). 

TRP channel expression (mRNA): Pain intensity, pain duration and steroid use 

Degenerated IVD samples obtained from patients who assessed their pain as moderate were 
characterized by significantly higher TRPC6 expression levels compared to those obtained 
from patients with intense pain (p=0.007, Fig. 6a) or disabling pain (p=0.03, Fig. 6a). 
Interestingly, TRPC6 expression tended to increase with the duration of pain symptoms, 
but no statistical significance was found between the groups (p=0.058, Fig. 6d). Expression 
of TRPM2 and TRPML1 was found to be the highest in the IVDs obtained from patients 
who defined their pain as intense and was found to be statistically different from the IVDs 
obtained from patients with disabling (TRPM2 p=0.04 Fig. 6b, TRPML1 p=0.04 Fig. 
6c). In addition, TRPM2 mRNA expression was significantly decreased in IVD samples 
obtained from patients who received steroid treatment (p=0.04, Fig. 7).  
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Fig. 6 The mRNA expression of a) TRPC6 was significantly higher in the moderate pain 
group compared to the intense (p=0.007) and disabling (p=0.03) pain groups, whereas the 
mRNA expression of b) TRPM2 and c) TRPML1 was statistically different between the 
intense and disabling pain groups (p=0.04). Although no statistical differences were found 
between the duration of symptoms (acute: >2 months, sub-acute: 2-12 months, and chronic: 
> 1 year), d) the TRPC6 mRNA expression tended to increase with the duration of pain 
symptoms. Data presented as 2-ΔCt values (relative to YWHAZ). Asterisks indicates a 
statistically significant difference between the groups indicated (*p < 0.05). 
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Fig. 7 The mRNA expression of TRPM2 was significantly lower (p = 0.04) in patients who 
received a steroid treatment. Data presented as 2-ΔCt values (relative to YWHAZ). Asterisks 
indicates a statistically significant difference between the groups indicated (*p < 0.05). 

TRP channels protein expression: Immunohistochemistry 

In the next step, TRPC6, TRPM2 and TRPML1 expression changes observed during 
degeneration progression on the mRNA level (Fig. 2, 3a-c, 4b, 4d, 5b, 6a-d and 7) were 
investigated on the protein level by immunohistochemistry. A total of seven surgical 
symptomatic degenerated IVD tissue samples, two non-degenerated young IVD samples and 
one aged asymptomatic (non-painful) IVD sample with mild multifocal degenerative 
changes were examined per target. Details regarding patient information and a complete 
evaluation, as well as the applied scoring system can be found in Tables 4, 5, 6 and 7, 
respectively.  

TRPM2 protein signal intensity was weak or absent in young non-degenerated IVD samples 
(Fig. 8a) and it was increased in asymptomatic (Fig. 8b) and symptomatic (Fig. 8c-d) 
degenerated IVD samples, where it reached the highest average combined score (6.71 ±1.11) 
out of the three investigated targets. Overall, in the symptomatic degenerated IVD samples, 
more positively stained cells were detected as compared to the asymptomatic aged and 
young IVD samples (4.71 ±0.49 vs. 2.0 ±1.73). Taken together, these findings reflect 
degeneration-driven expression pattern observed earlier on the gene level (Fig. 2 and Fig. 
3b). 
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Fig. 8 Immunohistochemical staining against TRPM2 in a) non-degenerated IVD section 
obtained from a young donor (n.49) and b) asymptomatic (non-painful) IVD section with 
mild multifocal degenerative changes (n.48) showing weak staining positivity as compared 
to c-d) symptomatic degenerated IVD sections obtained from patients undergoing a low 
back surgery (c, n.37, Pfirrmann degeneration grade=3) and (d, n.46, degeneration grade 
=4). Scale bar is 100 µm. 

TRPC6 protein expression levels were overall comparable to TRPM2, thus reflecting our 
gene expression data (Fig. 2). While no expression was observed in non-degenerated young 
samples (Fig. 9a), the observed staining intensity was similarly high in symptomatic 
degenerated IVD samples , showing a moderate signal positivity in up to 20% of the cells, 
and the asymptomatic aged sample (Fig. 9b-d), presenting moderate to strong positivity 
in most of the cells. In the examined symptomatic degenerated IVD tissue samples, TRPC6 
was highly expressed in 6 out of 7 samples (6.00 ±2.38), with an expression pattern 
comparable to the TRPC6 gene expression results on degeneration grade and Modic score 
(Fig. 3a and Fig. 5b). One sample was considered to be negative for the TRCP6 protein 
expression with the overall score value 2, which was a result of lower samples quality with 
insufficient amount of preserved tissue structure. 
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Fig. 9 Immunohistochemical staining against TRPC6 in a) non-degenerated IVD section 
obtained from a young donor (n.49) presenting a TRPC6 protein expression. IVD sections 
illustrating increased expression with age and degeneration: b) asymptomatic (non-painful) 
IVD section with mild multifocal degenerative changes (n.48), c-d) symptomatic 
degenerated IVD sections obtained from patients undergoing low back surgery (c, n.40, 
Pfirrmann degeneration grade (DG) = 3, Modic changes (MC) = 1) and (d, n.45, Pfirrmann 
degeneration grade (DG) = 4, Modic changes (MC) = 2). Cadaveric samples were assessed 
with Thompson classification and degenerated biopsies with Pfirrmann classification. Scale 
bar is 100 µm. 

TRPML1 protein expression was weak to absent in asymptomatic and non-degenerated IVD 
samples (Fig. 10e-f). In symptomatic degenerated IVD samples TRPML1 protein 
expression was observed in 6 out of 7 cases (Fig. 10a-d), with an average final score of 
4.57 ±1.72, and was characterized by weak to moderate signal positivity and mostly in 
areas, where clusters of cells were present. One sample was negative for TRPML1 presenting 
only single cells with a faint signal (score 2). In general, the TRPML1 signal intensity was 
weaker compared to TRPC6 and TRPM2, and the positivity was limited to a lower number 
of cells. In contrast, on the gene level TRPML1 expression was slightly higher than TRPC6 
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and TRPM2 expression (Fig. 2). Within the symptomatic degenerated IVD samples, 
TRPML1 tended to be expressed overall higher in samples collected from patients 
experiencing intense pain (Fig. 10a-b) in comparison to disabling pain (Fig. 10c-d), and 
asymptomatic and non-degenerated samples (Fig. 10e-f), hence illustrating a similar 
pattern as observed on the gene level (Fig. 6c). 

 
Fig. 10 Immunohistochemical staining against TRPML1 in symptomatic degenerated IVD 
sections with high TRPML1 staining intensity in a-b) obtained from patients suffering from 
intense low back pain (n.37 and n.39 respectively) as compared to sections with moderate 
staining intensity c-d) obtained from patients suffering from disabling low back pain (n.36 
and n.38 respectively); and sections negative for TRPML1: e) asymptomatic (non-painful) 
IVD section with mild multifocal degenerative changes (n.48) and f) non-degenerated IVD 
(n.49). Scale bar is 100 µm. 
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5.3 Discussion 

Degeneration of the intervertebral disc is one of the leading causes of low back pain, which 
not only lessens the patients’ quality of life, but also constitutes a high financial burden on 
the society. With the aging population, the occurrence, as well as costs of IVD degeneration 
and LBP are predicted to grow. Hence, it is crucial to gain a better insight into the molecular 
processes of IVD degeneration along with a potential to develop new and targeted treatment 
strategies. Recently, transient resistant potential (TRP) channels, which constitute a family 
of ion channels that were shown to play an important role in various diseases [20], have 
emerged as potential targets [10], but their exact function in the IVD remains unknown. 
This study is the first one to report a complete screening of TRP channels in non-
degenerated and degenerated IVDs. Our results confirm the important role of the TRPC 
subfamily in the IVD, but also highlight previously unexplored targets stemming from e.g. 
the TRPM or TRPML subfamily. 

According to our results and in line with previously reported findings [13], the highest 
observed expressed TRP channel overall in the IVD is TRPV4. However, no significant 
differences were found for any of the analyzed patient/tissue factors for TRPV4. Similarly, 
TRPV1 was well expressed in both non-degenerated and degenerated IVD tissue, but no 
significant differences were found when evaluated against patient- or tissue-related factors. 
TRPV1 is responsive to pro-inflammatory agents (e.g. TNF-α), which are known to be 
higher expressed in painful IVD tissue. Therefore, the inflammatory environment associated 
with DDD likely increases the probability for channel opening [21]. Other members of the 
TRPV channel family, but TRPV1, where not detected or were expressed at the detection 
limit during the initial screening and were hence excluded from the further analysis in this 
study. The TRP vanilloid (V) subfamily constitutes of six members (V1-6) in humans, with 
a main role in thermo-sensation. Additionally, TRPV4 was shown to also play a role in 
mechano- and osmo-sensation in the IVD and cartilage [22] and TRPV1 may be gated by 
low pH (≤ 5.9) [20]. Upon channel activation (via e.g. mechanical or osmotic stress), TRPV4 
causes transient increases of intracellular calcium, which acts as a secondary messenger that 
activates NFAT5/TonEBP, MAP kinases and nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) pathways [23], which are involved in cell hemostasis as well as 
inflammation [24]. It was demonstrated that TRPV4 expression increases with decreasing 
IVD osmolarity as observed during IVD degeneration [9] and may correlate with pro-
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inflammatory molecules such as TNF-α [9] and interferons (IFN) A1 and B1[13] in the 
degenerated IVD. Interestingly, TRPV1 was shown to function as an osmosensor in the 
brain [25, 26], although no supporting data exists on its function in the IVD. Taken together, 
since TRPV1 and TRPV4 are expressed in both non-degenerated and degenerated IVD 
tissue, it may indicate that both channels are important for the IVD cells fundamental 
functions. However, future studies should confirm their exact function and further analyze 
the previously reported involvement of TRPV4 in IVD degeneration [9].  

In contrast to TRPV4 and TRPV1, the expression of TRPC6 was broadly affected by 
patient-related characteristics. TRPC6 belongs to the TRP canonical (C) subfamily, 
together with five other channels (C1-6). The TRPC subfamily may be involved in 
mechanosensing [14, 22], as well as in pain and inflammation in joint tissues [10]. We were 
able to show that the mRNA expression of TRPC6 was significantly higher in degenerated 
IVDs than in non-degenerated IVDs and that its expression tended to increase with the 
IVD degeneration grade as previously reported [13]. In line with it, on the protein level, 
TRPC6 expression was consistent in the asymptomatic and symptomatic degenerated IVD 
samples and it was absent in non-degenerated IVD samples. Moreover, we showed that 
higher TRPC6 gene expression was associated with specific Modic types, moderate pain and 
tended to increase with the duration of disease symptoms. Due to limited sample size, we 
were not able to confirm these findings on the protein level. Interestingly, no zonal (AF, 
NP) differences were found (data not shown) in contrary to a previous publication [13]. 
However, this may be due to the fact that a clear separation of the zones within IVD tissue 
(especially in higher stages of degeneration) is difficult, as well as due to a smaller sample 
size. TRPC6 was previously shown to correlate with inflammatory markers such as TNF-α, 
IL-6, IL-8 and IL-15 in the IVD [13] and potentially plays a significant role in modulating 
immune response, as well as mediate inflammatory processes in other tissue types such as 
lung, kidney and neurons [27]. These data indicate that TRPC6 could be an interesting 
pharmaceutical target for pain treatment of patients with high degree of disc degeneration. 
Besides TRPC6, three other members of the canonical subfamily, TRPC1, TRPC3 and 
TRPC4, were screened in this study. TRPC1 and TRPC3 were detected at similar levels in 
non-degenerated and degenerated IVDs and they showed no statistically significant relation 
to any of investigated factors. Both channels were previously detected on the mRNA, but 
not on the protein level in human chondrocytes, where elevated TRPC3 mRNA expression 
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levels, but not TRPC1 were observed with higher passaging [25]. TRPC1 and TRPC3 are 
also hypothesized to have mechanosensitive function, but their exact role in the IVD 
remains thus far unknown[10]. For the last investigated canonical member, TRPC4, we 
could show differences in its expression with the degree of IVD degeneration and the type 
of Modic change. Although previously unexplored in the IVD, TRPC4 is known to be 
expressed in human chondrocytes [25] as well as in the central nervous system (CNS), 
smooth muscle cells, kidney and endothelium [22]. In the CNS, it contributes to the axonal 
regeneration after the dorsal root ganglion injury [28] and hence may be involved in the 
regulation of IVD innervation.  

The TRPM2 and TRPM7 channels belong to the TRP melastatin (M) subfamily that 
consists of eight members (M1-8) in humans and is most known for its function in thermo-
sensation [22]. Importantly, TRPM7 was also detected in human chondrocytes, where it 
showed the overall strongest mRNA expression out of all tested target [25]. Similarly as in 
the human chondrocytes [25], TRPM7 was overall consistently expressed in non-degenerated 
and degenerated human IVDs, albeit with higher expression in IVDs with higher 
degeneration grades. Although no other data on TRPM7 in the IVD exist, it was shown 
that TRPM7 may act as a mechano-sensor and mediate osmolarity-induced cell volume 
changes in the kidney and salivary glands [29, 30]. A non-degenerated IVD tissue is 
characterized by diurnal osmolarity changes (~400-500 mOsm) while reduced tissue 
osmolarity (~300 mOsm) is a hallmark of IVD degeneration [31]. Since an osmotic balance 
is necessary for an IVD to maintain its function, it could be hypothesized that TRPM7 may 
be involved in osmo-sensing and osmo-adaptation in the IVD.  

TRPM2 is hypothesized to play an important role in pain development by acting as an 
oxidative stress and reactive oxygen species (ROS) sensor in immune cells [32] and regulator 
of pro-inflammatory cytokine release in the CNS [33]. In this study, TRPM2 was expressed 
at higher mRNA levels in degenerated IVDs compared to non-degenerated IVDs. 
Additionally, in the non-degenerated IVD samples, TRPM2 was detected only in the AF 
tissue, whereas in the degenerated IVDs, TRPM2 was detected both in the AF and NP 
tissue. These data imply that TRPM2 exists in a native human AF tissue, however its 
elevated levels, as well as its occurrence in both AF and NP tissue may be due to the nerve 
and blood vessels ingrowth, which are commonly observed during IVD degeneration [34], as 
well as to a possible contamination during tissue separation. On the protein level, TRPM2 
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was consistently well expressed in symptomatic and asymptomatic degenerated IVD 
samples and to the lesser extend or not at all in the non-degenerated samples, hence pointing 
towards degeneration-driven TRPM2 expression. Interestingly, we could show that TRPM2 
mRNA expression was strongly linked to pain. We could also demonstrate that the TRPM2 
mRNA expression was significantly decreased in patients, who underwent steroid treatment 
and was higher in patients, who described their pain as intense. However, it should be noted 
that the majority of patients who described their pain as disabling were also the ones who 
received steroid treatment. These data indicate a pivotal role of TRPM2 in pain mediation 
in the IVD and suggest that its modulation may create new opportunities for therapeutic 
strategies of the low back pain treatment.  

The TRP mucolipin (ML) subfamily consists of three, thus far poorly characterized, 
members (ML1-3) in humans. Recent evidence suggest that TRPML channels may be 
involved in the lysosomal function and regulation of autophagy [22, 35], which can be also 
present in the IVD. Increased TRPML1 activity was observed during stress conditions and 
can be triggered by catabolic signaling [36]. Shen et al. [37] showed serum deprivation and 
inflammation induced autophagy of rat AF cells. In contrast, compression and ROS induced 
generation of autophagy in rat NP cells [38]  reduced the catabolic effects of IL-1B and 
TNF-α [39]. However, whether and how TRPML channels are involved in autophagy in 
the IVD is unknown. Here, we could show for the first time that the TRPML subfamily is 
present in the IVD, with TRPML1 being significantly higher expressed on the gene level in 
the degenerated IVDs, in an inverse, grade-depended manner. On the protein level, 
TRPML1 was detected in symptomatic degenerated IVDs, but not in non-degenerated and 
asymptomatic (non-painful) IVD samples. Additionally, we could show that the expression 
of TRPML1 on gene and protein level was higher in patients who described their pain as 
intense.  

The TRP polycystin (P) subfamily compromises three channel members (TRPP1 known as 
PKD2 (previously TRPP2), TRPP2 known as PKD2L1 (previously TRPP3) and TRPP3 
known as PKD2L2 (previously TRPP5) [40]. Additional information on the TRPP channel 
subfamily nomenclature is provided in the Supplementary Material. Importantly, TRPP1 
(PKD2) does not produce cation currents until assembled with PKD1 [41]. Although we 
were able to detect PKD1 and TRPP1 (PKD2) in non-degenerated and degenerated 
specimens at relatively high levels (yet unaffected by patient- or tissue-related 



 

114 
  

characteristics), the lack of general information on their function hinders interpretation of 
their relevance in the IVD. It was proposed that TRPP1 (PKD2) might either be a 
mechanosensitive channel or regulate mechanosensitive channels by interacting with the 
TRPV4 in the cilium [40, 42] and rat endothelial cells [43].  

Although TRP channels constitute potential pharmaceutical targets for the treatment of 
disc-related back pain and IVD degeneration, their modulation has to be approached with 
caution as several TRP channels are also present in non-degenerated IVDs and therefore 
are likely to be of relevance not only in tissue pathophysiology, but also homeostasis. 
Therefore, the channel activity in non-degenerated and degenerated IVDs should also be 
considered and determined in order to design adequate treatment strategies such as 
pharmacological inhibition of TRP channels. In recent years, several potent and selective 
TRP channels agonists and antagonists have been identified (e.g. GSK1016790A activates 
and GSK2193874 blocks TRPV4, Waixenicin A inhibits TRPM7 etc.), however many 
compounds commonly used in TRP channel research also activate/inhibit a broad range of 
other channels (e.g. SKF96365 can inhibit TRPC subfamily, as well as TRPV4) [44-46]. 
Future developments of specific modulators of those TRP channels potentially involved in 
back pain may constitute a viable alternative to intradiscal steroid injections (with high 
side effects) or spinal surgery (with high complication rates). Furthermore, future studies 
should determine whether enhanced mRNA and protein expression in degenerated samples 
(e.g. for TRPC6, TRPM2 and TRPML1) is a protective mechanism or de facto contributes 
to the progression of IVD degeneration. Clear technical limitations of this study include a 
small sample size, especially of non-degenerated samples that are rare to obtain. Likewise, 
a bigger sample size could allow for a more comprehensive screening of selected targets on 
the protein level. 

This study is the first to present a complete screening of all currently known TRP channels 
in non-degenerated and degenerated IVD tissue. In summary, our results indicate that TRP 
channels may play an important role in IVD degeneration, as well as in low back pain. We 
were able to confirm the presence and relevance of previously described TRP channels (e.g. 
TPC6) in degenerated IVDs, but also reveal novel TRP candidates originating e.g. from the 
TRPM, TRPML and TRPP subfamilies. These findings may be of importance in designing 
future anti-pain treatment strategies, as well as for the better understanding of the 
molecular mechanisms underlying disc degeneration and degenerative disc disease. 
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5.4 Materials and methods 

Sample Collection 

A total of 34 IVD samples were obtained from 27 individuals (mean age = 49.7 [age range 
17-80 years]):  

 Twenty individuals underwent elective spinal surgery due to IVD 
degeneration/herniation (= 22 degenerated IVD samples). Informed consent for sample 
collection was obtained from each patient and the study was approved through the local 
ethics committee (Ethics Committee of the Canton Lucerne/Switzerland, #1007). 

 Seven individuals were organ donors without any signs of IVD degeneration and no 
history of back pain (= 12 non-degenerated IVD samples). Informed consent for sample 
collection was obtained from family members and the study was approved through the 
local ethics committee (A04-M53-08B). Spines were harvested within 3h of the aortic 
clamping. 

Following macroscopic tissue evaluation, each sample was characterized as NP (degenerated 
n=10, non-degeneratedd n=7) and/or AF (degenerated n=10, non-degeneratedd n=5) 
whenever possible. Samples in which no distinction was possible were termed mix 
(degenerated n=2). Assessment of the disease state was performed using Pfirrmann grading 
(IVD degeneration) and Modic grading (endplate changes) for the degenerated samples, as 
well as Thompson grading for the organ donor samples.  Detailed patient information is 
given in Table 1 and 2. All methods were performed in accordance with institutional 
guidelines and regulations.        
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Table 1. Patient information. 

Sample  
No. 

Condition Spine Level Region Age Sex Pathology# Degeneration 
grade* 

Modic 
type 

1 0 Lumbar L1/L2 NP 51 m  2 n/a 

2 0 Lumbar L1/L2 AF 51 m  2 n/a 

3 0 Lumbar L2/L3 AF 53 f  2 n/a 

4 0 Lumbar L2/L4 NP 53 f  2 n/a 

5 0 Lumbar L3/L4 NP 27 m  2 n/a 

6 0 Lumbar L3/L4 AF 27 m  2 n/a 

7 0 
Thoracic 

and lumbar 
L1/2-L2/3-

L3/4 
NP 34 m  2 n/a 

8 0 
Thoracic 

and lumbar 
L1/2-L2/3-

L3/4 
AF 34 m  2 n/a 

9 0 Lumbar L1/2 NP 55 f  2 n/a 

10 0 Lumbar L1/2 AF 55 f  2 n/a 

11 0 Lumbar 
L1-L5, all 

four 
NP 52 m  2 n/a 

12 0 
Thoracic 

and lumbar 
T12-S1, 
all six 

NP 17 m  2 n/a 

13 1 Lumbar L5/S1 NP 70 m DH 4 1 

14 1 Lumbar L3/4 AF 80 m DDD 4 2 

15 1 Lumbar L5/S1 AF 62 f DDD 5 0 

16 1 Lumbar L5/S1 NP 59 f DDD 5 0 

17 1 Lumbar L4/5 AF 66 f DH 2 2 

18 1 Lumbar L5/S1 AF 33 m DH 2 1 

19 1 Lumbar L5/S1 AF 39 m DH 3 1 

20 1 Cervical C5/6 AF 47 f DDD 3 1 

21 1 Lumbar 
L4/5 
L5/S1 

AF 31 m DDD 4 2 

22 1 Lumbar L5/S1 AF 59 f DDD 5 0 

23 1 Lumbar L5/S1 AF 46 f DH 3 1 

24 1 Lumbar L5/S1 NP 54 f DH 2 1 

25 1 Lumbar L5/S1 NP 46 f DH 3 1 

26 1 Lumbar L4/5 NP 36 m DH 3 2 

27 1 Lumbar L5/S1 NP 53 m DH 3 1 

28 1 Cervical C6/7 NP 58 m DDD 2 1 

29 1 Lumbar L4/5 NP 74 m DH 4 2 

30 1 Lumbar L4/5 mix 55 m DDD 3 2 

31 1 Lumbar L5/S1 AF 55 f DDD 4 2 

32 1 Lumbar L5/S1 NP 50 f DH 3 2 

33 1 Cervical C6/7 mix 78 f DDD 4 2 

34 1 Lumbar L5/S1 NP 33 m DDD 3 1 

1 = degenerated; 0 = non-degenerated; NP = nucleus pulposus; AF = annulus fibrosus; m = male; f = female; DH = disc 
herniation; DDD = degenerative disc disease; n/a = data not available; # = not applicable to the healthy donors one to 
12; * cadaveric samples were assessed with Thompson classification and degenerated biopsies with Pfirrmann classification 
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Table 2. Patient information. 

Sample No. BMI Steroids# Smoking# Pain score# 
Duration of 
symptoms 
(grouped) #  

Cause of death* 

1 24.39     n/a 
2 24.39     n/a 

3 20.49     
Anoxia Carbon 

Monoxide 

4 20.49     
Anoxia Carbon 

Monoxide 
5 n/a     Trauma 
6 n/a     Trauma 
7 22.72     Stroke 
8 22.72     Stroke 
9 n/a     Anoxia 
10 n/a     Anoxia 
11 n/a     Stroke 
12 24.39     Brain death 
13 24 1 0 3 2  
14 26 0 1 2 3  
15 25 0 0 1 3  
16 25 0 1 1 3  
17 25 1 0 2 2  
18 28 1 1 2 2  
19 27 0 0 2 3  
20 24 0 0 3 2  
21 26 1 1 2 3  
22 25 0 1 1 3  
23 18 1 1 1 3  
24 24 0 0 2 1  
25 18 1 1 1 3  
26 40 0 1 2 2  
27 27 1 1 1 2  
28 26 0 1 2 2  
29 23 0 0 2 3  
30 27 1 1 3 3  
31 23 1 0 2 3  
32 20 1 1 3 1  
33 21 1 0 3 1  
34 23 1 0 2 3  

Steroids or smoking: 0 = no, 1 = yes; Pain score: 1 = moderate pain, 2 = intense pain, 3 = disabling pain; Pain duration: 
1: 1-2 months, 2: 2-12 months, 3: >1 year; n/a = data not available; * = applicable only to the healthy donors one to 12; 
# = not applicable to cadaveric samples one to 12 
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RNA extraction from tissue 

IVD tissue samples were saved in RNAlater (Thermo Fisher, Switzerland) and transported 
to the laboratory. Upon processing, RNAlater was aspirated and tissue samples were shock 
frozen in liquid nitrogen, and pulverized using custom-made grinders. The obtained tissue 
powder was transferred into TRIzol (1 ml per 200 mg tissue, Thermo Scientific, Switzerland) 
and the sample was further homogenized with a polytron three times for 30 seconds 
(POLYTRON® PT 10/35 GT), with cooling on ice in between. Next, samples were 
incubated for 5 min at RT, vortexed and centrifuged (4°C, 12000g, 15 min) to remove tissue 
debris. Supernatants were supplemented with chloroform (1 part chloroform to 5 parts 
sample), vortexed and incubated for 5 min at RT. Next, samples were centrifuged (4°C, 
12000g, 10 min), the aqueous phase was mixed with 70% ethanol (1:1 ratio) and RNA was 
purified by the RNeasy Mini Kit (Qiagen, Switzerland), according to the manufacturer’s 
recommendation. The quality and quantity of RNA was quantified using a Nanodrop 
(Thermo Fisher, Switzerland), specifically controlling the 260/280 and 260/230 ratio. 

RNA extraction from isolated IVD cells 

Five out of 22 degenerated IVD samples with sufficient size were not only used for direct 
RNA isolation as described above, but also for IVD cell isolation in order to test whether 
enzymatic digestion affects the TRP channel expression profile (see Supplementary 
Material).  

cDNA synthesis and pre-amplification 

Extracted RNA was reverse transcribed into a cDNA in a total volume of 60 µL, using the 
reverse transcription kit (Thermo Fisher, Switzerland). Subsequently, a preamplification 
step with the TaqMan PreAmp Master Mix (2✕) (Thermo Fisher, Switzerland) and Custom 
TaqMan PreAmp Pools (Thermo Fisher, Switzerland) was conducted according to the 
manufacturer’s protocol. Briefly, 100 ng of cDNA in 5 µL total volume was mixed with 5 
µL of Custom TaqMan PreAmp Pool and 10 µL of TaqMan PreAmp Master Mix (2✕), 
followed by a pre-amplification through 14 cycles at 60°C/90°C. 
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Gene expression analysis: Array 

In order to identify the most prominent TRP channel candidates in the IVD, an initial set 
of eight IVD samples was used for the gene expression screening with TaqMan Array Fast 
Plates (Thermo Fisher, Switzerland). The screening sample set included four degenerated 
IVD samples (1x AF Pfirrmann Grade 4, 1x NP Pfirrmann Grade 4, 1x AF Pfirrmann 
Grade 5, 1x NP Pfirrmann Grade 5) and four non-degenerated IVD samples (2x AF, 2x 
NP).  

The array was conducted according to the protocol provided by the manufacturer. Briefly, 
180 µL of amplified cDNA (mixed with RNAse-free water) was combined with 180 µL of 
the TaqMan Fast Universal PCR Master Mix (2X) (Thermo Fisher, Switzerland) and added 
to a 96-well plate (10 µL per well), pre-coated with selected TaqMan primers, and gene 
expression was measured by the real-time qPCR (CFX96 Touch™ Detection System, 
Biorad). Each array constituted of 32 targets out of which 28 included human TRP channel 
targets: TRPA1, TRPC1-7, TRPM1-8, TRPML1-3, TRPP1-3, TRPV1-6, and PKD1, as 
well as three internal controls: 18s, YWHAZ and GUSB. Additionally, to identify the most 
stable reference gene, six additional internal controls (ACTB, GAPDH, RPL4, RPL13A, 
SDHA and TBP, see Supplementary Material) were tested on the IVD screening sample set 
and analyzed with the geNorm algorithm [47].  

Gene expression analysis: standard qPCR 

The remaining samples underwent standard qPCR (CFX96 Touch™ Detection System, 
Biorad, Hercules, CA, USA), measuring all selected TRP channels as well as YWHAZ in 
duplicates. To ensure comparability with the array data, identical TaqMan primers (Table 
3) were used.   

The qPCR and the array data were combined and the obtained Ct values were analyzed by 
comparative method (gene of interest relative to YWHAZ) and displayed as 2-ΔCt values. 
To determine whether TRP channels gene expression was affected by enzymatic cell 
isolation, expression in cells was compared to its respective tissue sample and results are 
displayed as 2-ΔΔCt  (see Supplementary Material).  
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Table 3. TaqMan primers used for the qPCR analysis. 

Gene Gene class Primer number 
YWHAZ Internal control Hs01122445_g1 
TRPA1 Transient receptor potential channel subfamily A member 1 Hs00175798_m1 
TRPC1 Transient receptor potential channel subfamily C member 1 Hs00608195_m1 
TRPC2 Transient receptor potential channel subfamily C member 2 Hs03453915_g1 
TRPC3 Transient receptor potential channel subfamily C member 3 Hs00162985_m1 
TRPC4 Transient receptor potential channel subfamily C member 4 Hs01077392_m1 
TRPC5 Transient receptor potential channel subfamily C member 5 Hs00202960_m1 
TRPC6 Transient receptor potential channel subfamily C member 6 Hs00988479_m1 
TRPC7 Transient receptor potential channel subfamily C member 7 Hs00220638_m1 
TRPM1 Transient receptor potential channel subfamily M member 1 Hs00931865_m1 
TRPM2 Transient receptor potential channel subfamily M member 2 Hs01066091_m1 
TRPM3 Transient receptor potential channel subfamily M member 3 Hs00257553_m1 
TRPM4 Transient receptor potential channel subfamily M member 4 Hs00214167_m1 
TRPM5 Transient receptor potential channel subfamily M member 5 Hs00175822_m1 
TRPM6 Transient receptor potential channel subfamily M member 6 Hs01019356_m1 
TRPM7 Transient receptor potential channel subfamily M member 7 Hs00559080_m1 
TRPM8 Transient receptor potential channel subfamily M member 8 Hs01066596_m1 
TRPML1 Transient receptor potential channel subfamily ML member 1 Hs01100653_m1 
TRPML2 Transient receptor potential channel subfamily ML member 2 Hs00401916_m1 
TRPML3 Transient receptor potential channel subfamily ML member 3 Hs00539554_m1 
PKD1 Polycystin 1, Transient Receptor Potential Channel Interacting Hs00947377_m1 
TRPP1 
(PKD2) Transient receptor potential channel subfamily P member 1 Hs00960946_m1 
TRPP2 
(PKD2L1) Transient receptor potential channel subfamily P member 2 Hs00175850_m1 
TRPP5 
(PKD2L2) Transient receptor potential channel subfamily P member 3 Hs00950467_m1 
TRPV1 Transient receptor potential channel subfamily V member 1 Hs00218912_m1 
TRPV2 Transient receptor potential channel subfamily V member 2 Hs00901648_m1 
TRPV3 Transient receptor potential channel subfamily V member 3 Hs00376854_m1 
TRPV4 Transient receptor potential channel subfamily V member 4 Hs01099348_m1 
TRPV5 Transient receptor potential channel subfamily V member 5 Hs00219765_m1 
TRPV6 Transient receptor potential channel subfamily V member 6 Hs00367960_m1 

YWHAZ = Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta 
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Immunohistochemical (IHC) analysis of TRPC6, TRPM2 and TRPML1 
expression in human IVD tissue 

Immunohistochemistry specific for TRPC6, TRPM2 and TRPML1 was performed on 3 m 
histologic sections cut from paraffin embedded IVD tissue samples that were excised from 
patients undergoing spinal surgery due to back pain (n=7 for each marker). Additional 
asymptomatic IVD sections (n=3) were added for each marker (detailed patient information 
given in Tables 4 and 5). All sections were deparaffinized. For TRPM2, heat-mediated 
antigen retrieval (0.1M citrate puffer, ph 6.0) was used for 20 min (97°C, Agilent Dako PT-
Link Pre-Treatment Module), while all other antibodies were “ready-to-use”. The 
endogenous peroxidase was blocked with 0.2% sodium azide and 3% hydrogen peroxide; the 
non-specific protein was bound by “Protein Block Serum-Free“ (Agilent Dako X0909 
Lot#1014188). Thereafter, sections were incubated with rabbit polyclonal anti-TRPC6 
(1:50, Alomone, #ACC-120, lot: ACC120AN0350), rabbit polyclonal anti-TRPM2 (1:50, 
Abcam, ab11168, lot: GR30307-24) or rabbit polyclonal anti- Mucolipin 1 (TRPML1, 1:300, 
Osenses, OSM00039W, lot: Rb0064-180807-WS) overnight at room temperature. Secondary 
detection was performed with goat anti-mouse and anti-rabbit immunoglobulins IgG (Dako, 
EnVisionTM+ Dual Link System-HRP) for 30min at room temperature. The amino-9-ethyl-
carbazole substrate kit (Dako) was employed as a chromogen. Finally, the sections were 
counter-stained with Gill’s hematoxylin for 3 min, and cover-slipped with an aqueous 
mounting media (Glicerine, Sigma-Aldrich). The evaluation was performed on the Leica 
DMR System with Leica DFC320 Camera (Leica Microsystems) and compared with image 
scans. The images were scanned using NanoZoomer S360 Digital slide scanner: C13220-01 
and extracted with NDP.view2 Viewing software. All slides were examined and semi-
quantitatively evaluated by two investigators for percentage of positively stained cells and 
the intensity of the reaction product (visible staining). The two scores (A,B) were added 
together for a final score with eight possible values. Scores of 0 to 2 were considered negative 
and scores of 3 to 8 were considered positive (Table 7). The complete IHC evaluation is 
presented in Table 6. 
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Table 4. Immunohistochemistry (IHC): patient information in relation to clinical findings. 
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35 1 AF 76 m DDD 3 2  x x 

36 1 NP 47 m DH 3 1  x x 

37 1 mix 59 f DH 3 1  x x 

38 1 AF 56 f DDD 3 n/a  x x 

39 1 AF 43 f DDD 3 2  x x 

40 1 mix 32 f DDD 3 1 x   

41 1 mix 50 f DDD 3 2 x   

42 1 mix 47 m DDD 3 1 x   

43 1 mix 74 m DDD 3 2 x   

44 1 NP 66 m DH 3 1 x   

45 1 mix 67 m DDD 4 2 x x x 

46 1 mix 71 f DDD 4 2 x x x 

47 0 
entire 
IVD 

16 f # 2 # x x x 

48 1 
entire 
IVD 

77 f n/a 4 n/a x x x 

49 0 
entire 
IVD 

3 
days 

m # 1 # x x x 

1 = degenerated; 0 = non-degenerated; NP = nucleus pulposus; AF = annulus fibrosus; m 
= male; f = female; DH = disc herniation; DDD = degenerative disc disease; n/a = data 
not available; # = not applicable; * cadaveric samples were assessed with Thompson 
classification and degenerated biopsies with Pfirrmann classification; x = sample on which 
IHC was performed with a listed antibody. 
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Table 5. Immunohistochemistry (IHC): patient information in relation to clinical findings. 
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35 27.8 0 0 2 2   x x 
36 26.9 0 0 3 2   x x 
37 33 1 1 2 2   x x 
38 28 1 0 3 2   x x 
39 26 1 1 2 2   x x 
40 23.8 0 1 1 3  x   
41 24.4 1 1 3 3  x   
42 33 0 1 1 3  x   
43 28 1 0 2 3  x   
44 26 1 1 2 3  x   
45 25 0 0 2 2  x x x 
46 20 0 1 2 2  x x x 

47      
craniocerebral 

trauma 
x x x 

48      
myocardial 
infarction 

x x x 

49      endocarditis x x x 

Steroids or smoking: 0 = no, 1 = yes; Pain score: 1 = moderate pain, 2 = intense pain, 3 = 
disabling pain; Pain duration: 1: 1-2 months, 2: 2-12 months, 3: >1 year; * = applicable 
only to the entire IVD samples, donors 47 to 49; # = not applicable to the entire IVD 
samples, donors 47 to 49; x = sample on which IHC was performed with a listed antibody. 
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Table 6. Immunohistochemistry (IHC): Evaluation 
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35 1 AF  1 1  5 1  6 2 
36 1 NP  2 1  4 3  6 4 
37 1 mix  1 3  4 3  5 6 
38 1 AF  2 1  5 2  7 3 
39 1 AF  2 2  5 3  7 5 
40 1 mix 3   5   8   
41 1 mix 2   5   7   
42 1 mix 1   1   2   
43 1 mix 2   3   5   
44 1 NP 2   2   4   
45 1 mix 3 3 1 5 5 4 8 8 5 
46 1 mix 3 3 3 5 5 4 8 8 7 

47 0 
entire 
IVD 

0 0 0 0 0 0 0 0 0 

48 1 
entire 
IVD 

2 2 1 3 3 1 5 5 2 

49 0 
entire 
IVD 

0 1 1 0 3 1 0 4 2 

1 = degenerated; 0 = non-degenerated; x = sample on which IHC was performed with a 
listed antibody; scoring system is described in Table 5. 

 

Table 7. Combinative semi-quantitative scoring system by Fedchenko and Reifenrath [48] 

Proportion score A Positive cells % Signal intensity Intensity score B 

0 0 None (-) 0 
1 <1 Weak (+) 1 
2 1 to 10 Intermediate (++) 2 
3 11 to 33 Strong (+++) 3 
4 34 to 66 Final score (A+B): 0-8 
5 ≥67   
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Statistical Analysis  

Data consistency was checked and data were screened for outliers. Continuous variables 
were also tested for normality by using skewness, kurtosis, omnibus test. Variance 
homogeneity between both groups were tested by using variance ratio test and modified 
Levene test. In case of deviation of normality, randomization tests were computed based on 
Monte Carlo simulations (due to the small sample sizes). In case of normality, Student t-
tests for equal or Aspin-Welch unequal variance tests were applied. All reported tests were 
two-sided, and p-values < 0.05 were considered as statistically significant. All statistical 
analyses in this report were performed by use of NCSS (NCSS 10, NCSS, LLC. Kaysville, 
UT) and STATISTICA 13 (Hill, T. & Lewicki, P. Statistics: Methods and Applications. 
StatSoft, Tulsa, OK). All figures were created using GraphPad Prism version 7.03 for 
Windows, GraphPad Software, La Jolla California USA. 

Data Availability 

The datasets generated and analyzed during this study are available from the 
corresponding author on a reasonable request. 
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Supplementary Material 

Internal control screening 

Method: To identify the most stable reference gene in human non-degenerated and 
degenerated IVD tissue, geNorm [47] software was used. Nine reference genes were 
investigated: ACTB, GAPDH, GUSB, RPL4, RPL13A, SDHA, TBP, YWHAZ and 18s 
(Table S2) in human non-degenerated (2xAF, 2xNP) and degenerated (1xAF Pfirrmann 
Grade 4, 1xNP Pfirrmann Grade 4, 1xAF Pfirrmann Grade 5, 1xNP Pfirrmann Grade 5) 
IVD tissue using standard qPCR procedure. GUSB was not detected in one of the analyzed 
samples and was thus excluded from the geNorm analysis. 

Results: geNorm identified YWHAZ, GAPDH and PRL4 as the most stable reference genes 
(Fig. S1) in the analyzed sample set. In contrast, the commonly used reference genes ACTB, 
and TBP showed more variation in the expression between the samples (Fig. S1).  

Conclusion: Based on these results and due to its availability and compatibility with other 
studies currently being conducted in our laboratory (data not showed), YWHAZ was 
selected as the reference gene for this study.  

TRP channel expression: tissue versus isolated cells  

Method: To evaluate whether the mRNA expression of TRP channels is affected by 
enzymatic digestion for cell isolation, five out of 22 degenerated IVD samples with sufficient 
size were not only used for direct RNA isolation (as described in the main document material 
and methods section), but also for IVD cell isolation. After intra-operative excision, IVD 
sample were transported to the laboratory either in RNAlater (Thermo Fisher, Switzerland) 
or in DMEM/F12 (Sigma-Aldrich, Switzerland) with 3% antibiotic-antimycotic (Anti-Anti) 
solution (300 U/ml Penicillin; 300 μg/ml Streptomycin; 3.75 μg/ml Amphotericin B; Gibco, 
USA). Fresh samples were washed in sterile phosphate-buffered saline (PBS) solution and 
cut into fine pieces before incubation in an enzymatic digestion solution (0.3% Collagenase 
NB4 (Serva, Germany), 0.2% Dispase II (Roche Diagnostics, Germany), 3% Anti-Anti in 
PBS) for 12h at 37°C, 5% CO2, 21% O2. Following filtration of the tissue digest through 
cell strainers (70 and 100 μm), the cells were pelleted (1000 rpm, 10 minutes, 20°C with a 
PBS washing step in-between) and lysed in 1 mL of TRIzol (Thermo Fisher, Switzerland). 
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RNA was extracted by TRIzol/chloroform method, followed by affinity-based purification. 
Cell pellets were supplemented with 200 µL chloroform (1-part chloroform to 5 parts sample) 
as described above. One part of isopropanol was added (1:1 ratio) to the aqueous phase and 
samples were shaken 10 times, incubated for 5 min at RT and centrifuged (4°C, 12000g, 10 
min). Next, the supernatant was removed and the pellet was mixed with 70% Ethanol, 
vortexed and centrifuged again (4°C, 12000g, 5 min). Lastly, the Ethanol was removed and 
samples were left for 5 min at the RT to allow the remaining Ethanol to evaporate. Finally, 
extracted RNA was re-suspended in 25 µL of RNAse-free water. 

Results: No statistically significant differences (p>0.05, Table S3) were found in the TRP 
channels mRNA expression between IVD tissue and cells collected directly after isolation 
(Fig. S2).  

Conclusion: We were able to show that the enzymatic digestion of the IVD tissue did not 
affect the mRNA expression of the selected TRP channels (and PDK1, Fig. S2). This 
finding may be important when considering future experimental set-ups, as well as 
accessibility to certain laboratory equipment and consumables, including liquid nitrogen 
containers in hospitals. 

Transient Receptor Potential (TRP) polycystin (P) channel subfamily 

Since it was reviewed that little evidence exist for the 11-TM subfamily (PKD1) to be 
forming functional ion channels, PKD1 was excluded from the TRP channel family, leading 
to a change in nomenclature[40]. However, it was recently proposed that PDK1 may be 
necessary for the PDK2 in order to produce cation currents [41], hence PKD1 should not 
be excluded from the analysis when evaluating the TRPP1 (PDK2) channel. Consequently, 
old and new nomenclature can still be find in publications, as well as in biotechnology 
products. Hence, caution must be taken when reviewing the literature or purchasing 
biological assays. To avoid the confusion, the old and new nomenclature is provided in the 
Table S4. 
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Tables and Figures 

Table S1. Results of the TaqMan array test of 29 TRP channel targets, displayed as Ct 
values. 

Gene 
Donor 1 

AF 
PDG 4 

Donor 
2 

NP 
PDG 4 

Donor 
3 

AF 
PDG 5 

Donor 
4 

NP 
PDG 5 

Donor 
5 

AF 
N-DEG 

Donor 
6 

NP 
N-DEG 

Donor 
7 

AF 
N-DEG 

Donor 
8 

NP 
N-DEG Se

le
ct

io
n 

TRPA1 n.d 25.93 28.16 28.42 n.d n.d n.d n.d  
TRPC1 18.84 18.05 17.46 20.61 23.30 24.49 29.20 26.24  
TRPC2 26.87 22.14 24.96 28.68 26.96 28.64 31.38 26.31  
TRPC3 26.75 19.67 21.06 23.06 n.d n.d n.d n.d  
TRPC4 30.05 23.85 24.45 26.20 n.d n.d n.d n.d  
TRPC5 n.d n.d n.d n.d n.d n.d n.d n.d  
TRPC6 27.14 19.95 19.91 23.24 30.71 n.d n.d n.d  
TRPC7 28.98 n.d 30.00 n.d n.d n.d n.d n.d  
TRPM1 n.d 29.40 n.d 30.06 n.d n.d n.d n.d  
TRPM2 26.07 20.91 22.83 24.45 n.d n.d n.d n.d  
TRPM3 n.d 20.98 24.69 25.80 n.d n.d n.d n.d  
TRPM4 22.58 19.38 21.05 22.68 n.d 27.85 n.d n.d  
TRPM5 n.d n.d n.d n.d n.d n.d n.d n.d  
TRPM6 25.61 22.26 21.44 26.36 n.d 33.19 n.d n.d  
TRPM7 18.62 16.35 17.51 19.96 23.90 24.21 n.d 27.42  
TRPM8 30.64 26.95 n.d n.d n.d n.d n.d n.d  
TRPML1 21.72 18.54 19.91 21.90 27.50 27.87 n.d 29.71  
TRPML2 22.08 21.96 23.27 22.80 27.10 28.43 n.d n.d  
TRPML3 21.30 20.20 20.93 21.83 27.70 27.87 n.d 28.93  

PDK1 19.10 18.66 19.00 19.14 26.55 26.24 29.70 28.96  
TRPP1 
(PKD2) 

18.42 16.50 16.89 19.11 24.48 24.44 27.95 27.38  

TRPP2 
(PKD2L1) 

30.57 29.22 n.d n.d n.d n.d n.d n.d  

TRPP3 
(PKD2L2) 

30.08 n.d n.d n.d n.d n.d n.d n.d  

TRPV1 22.33 20.94 21.69 23.52 27.41 29.05 31.10 30.78  
TRPV2 24.38 19.58 21.58 23.53 n.d n.d n.d n.d  
TRPV3 25.81 25.03 25.91 27.01 28.96 31.33 n.d 30.64  
TRPV4 16.19 17.57 18.20 17.52 23.25 24.14 28.60 26.07  
TRPV5 29.59 26.55 28.28 28.22 n.d 30.55 n.d n.d  
TRPV6 41.88 27.78 n.d n.d n.d n.d n.d n.d  
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AF = annulus fibrosus; NP = nucleus pulposus; PDG = Pfirrmann degeneration grade; N-DEG = non-
degenerated; n.d = non-detectable; TRP = transient receptor potential channel; filled field in the Selection 
column indicates that the target was selected for further tests 

 
Table S2. TaqMan primers used for the reference gene screening using qPCR analysis. 

Gene Gene class Primer number 
ACTB Internal control Hs01060665_g1 
GAPDH Internal control Hs02758991_g1 
GUSB Internal control Hs00939627_m1 
RPL4 Internal control Hs03044646_g1 
RPL13A Internal control Hs04194366_g1 
SDHA Internal control Hs00188166_m1 
TBP Internal control Hs00427620_m1 
YWHAZ Internal control Hs01122445_g1 
18s Internal control Hs99999901_s1 

ACTB = Βeta Actin; GAPDH = Glyceraldehyde-3-phosphate Dehydrogenase; GUSB = Glucuronidase Beta; 
RPL4 = Ribosomal Protein L4; RPL13A = Ribosomal Protein L13a; SDHA = Succinate Dehydrogenase 
Complex Flavoprotein Subunit A; TBP = TATA-Box Binding Protein; YWHAZ = Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta 

 

Table S3. The statistical significance values (p-values) for the tested TRP channels 
comparing dCt values of the mRNA expression between the values obtained from tissue 
versus cells samples, calculated with Monte Carlo Randomization test with a significance 
level at p<0.05. 

Target p-value 
TRPC1 0.13 
TRPC3 0.25 
TRPC4 1 
TRPC6 0.25 
TRPM2 0.75 
TRPM7 1 
TRPML1 0.24 
TRPML2 0.88 
TRPP1 0.07 
TRPP2 0.56 
TRPV1 0.06 
TRPV4 0.18 
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Table S4. TRPP channel subfamily nomenclature.  

Gene alias Former name Current name 
PKD1 TRPP1 PKD1 
PKD2 TRPP2 TRPP1 
PKD2L1 TRPP3 TRPP2 
PKD2L2 TRPP5 TRPP3 

PKD1 = Polycystins include putative 11-TM also called the PC1 family; PKD2 = polycystic kidney disease 
2 also called polycystin 2 (PC2); PKD2L1 = Polycystic kidney disease 2-like 1; PKD2L1 = Polycystic kidney 
disease 2-like 2; TRPP (1,2,3,5) = Transient receptor potential channel subfamily P member 1, 2, 3, 5 

 

 

 

Figure S1. The average expression stability values (M) obtained using geNorm tool. The 
expression of ACTB, GAPDH, RPL4, RPL13A, SDHA, TBP, YWHAZ and 18s was tested 
on human non-degenerated (2x AF, 2xNP) and degenerated (2xAF, 2xNP) IVD tissue. The 
most stable genes are presented on the right and the least stable on the left.  
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Figure S2. Comparison of the mRNA expression of selected TRP channels in the human 
degenerated IVD samples between the RNA samples obtained directly from the tissue (via 
pulverization in the liquid nitrogen) and non-passaged cells (via enzymatic digestion). 
Results are presented as 2-ΔΔCt values of mRNA normalized to the tissue samples. 
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Chapter 6 
 Osmosensing, osmosignalling and inflammation: how 
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Abstract: 
Intervertebral disc (IVD) cells are naturally exposed to high osmolarity and complex 
mechanical loading, which drive microenvironmental osmotic changes. Age- and 
degeneration-induced degradation of the IVD’s extracellular matrix causes osmotic 
imbalance, which, together with an altered function of cellular receptors and signaling 
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pathways, instigates local osmotic stress. Cellular responses to osmotic stress include 
osmoadaptation and activation of pro-inflammatory pathways. This review summarizes the 
current knowledge on how IVD cells sense local osmotic changes and translate these signals 
into physiological or pathophysiological responses, with a focus on inflammation. 
Furthermore, it discusses the expression and function of putative membrane osmosensors 
(e.g. solute carrier transporters, transient receptor potential channels, aquaporins and acid-
sensing ion channels) and osmosignalling mediators [e.g. tonicity response element-binding 
protein/nuclear factor of activated T-cells 5 (TonEBP/NFAT5), nuclear factor kappa-light 
chain-enhancer of activated B cells (NF-κB)] in healthy and degenerated IVDs. Finally, an 
overview of the potential therapeutic targets for modifying osmosensing and osmosignalling 
in degenerated IVDs is provided. 

Keywords: Intervertebral disc (IVD) degeneration, degenerative disc disease (DDD), 
osmolarity, hyperosmolarity, hypoosmolarity, osmotic, inflammatory, transient receptor 
potential (TRP) channel, aquaporin (AQP), Tonicity-responsive enhancer binding protein 
(TonEBP/nuclear factor of activated T-cells 5 (NFAT5)) 

6.1 Introduction 

The intervertebral disc (IVD) is a mechanically loaded tissue with early signs of 
degeneration that are associated with a loss in proteoglycan content and thus changes in 
the osmotic environment [1, 2]. The IVD contains a small population of cells embedded in 
an extracellular matrix (ECM) that is predominantly composed of water (60-99%) [3, 4]. 
The mechanical properties of the IVD are determined by its biochemical structure, with the 
highly hydrated nucleus pulposus (NP) in the middle, surrounded by the annulus fibrosus 
(AF). The AF is rich in collagen type I towards the outer rim, where it provides greater 
strength, whereas the inner part of the AF is composed of a fibrocartilage that steadily fuses 
into a transition zone (TZ) with the NP [5]. The NP, an immune-privileged structure, 
consists of sparsely distributed cells surrounded by a gelatinous network that is primarily 
composed of collagen type II and proteoglycans (PGs) [6], illustrating the IVD’s similarity 
to cartilage. With aging, the IVD undergoes degenerative changes, which are associated 
with tissue weakening, dehydration and a loss in ECM components [7, 8]. Associated 
changes in tissue hydration and hence in the IVD’s osmotic environment influence the IVD’s 
mechanical properties [9], possibly leading to low back pain (LBP), activity limitation, 
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disability [10] and consequently a high economic burden on the society [11]. The goal of this 
review is (1) to summarize the current knowledge on how IVD cells sense and respond to 
osmotic changes, (2) to provide an outlook on possible future research on disc hydration 
and osmolarity and (3) to highlight potential therapies related to IVD osmosignaling. 

6.2 Osmoregulation 

General concept of osmoregulation 

The capacity to maintain an osmotic balance (=osmoregulation) and control the cell volume 
is important for preserving cell function. The volume of a cell depends on the water 
movements across its membrane, driven by osmotic gradients that develop from differences 
in the chemical concentrations of the intra- and extra-cellular fluids under normal 
physiological conditions [12]. Solutions with higher solvent concentration tend to have a 
lower water content, and vice versa. Hence, water will move across the membrane from the 
solution with the low solute (or high water) content to the one with high solute (or low 
water) content – a phenomenon that is defined as osmosis [12]. Osmolarity (or osmotic 
concentration) is a concentration of solutes in a solution expressed in osmole/L, whereas 
osmolality is expressed in osmole/kg and both terms are often used interchangeably [13]. A 
decrease or increase of the extracellular osmolarity will result in cell swelling (= inflow of 
water) or cell shrinkage (= outflow of water), respectively  [14]. To resist cell swelling, the 
osmotic pressure – defined as a minimal hydrostatic pressure necessary to stop water from 
diffusing across two barriers – has to be developed [12].  

Osmoregulation in the IVD 

Proteoglycans (PGs) are crucial for maintaining hydration and osmotic pressure in the IVD, 
with aggrecan being the primary type [5]. Aggrecans are composed of three globular domains 
(G1, G2, G3) and attached GAG side chains [15]. The primary types of GAGs found in the 
IVD are CS and KS. The ionic balance of the IVDs extracellular matrix is regulated by the 
negatively charged GAGs [16]. The sulfated GAGs of aggrecan create a high negative charge, 
contributing to the molecule’s ability to electrostatically bind water. On the tissue level, 
this translates into the generation of an osmotic pressure in the IVD, causing the NP to 
ingest water; it also contributes to the high swelling pressure and load-bearing ability of the 
IVD [5, 17-19] and the resistance to high compressive loads experienced, for example, during 
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weight lifting or forward bending activities [20]. If the applied loading exceeds the osmotic 
pressure, water is diffused and the osmotic pressure increases, while water is absorbed during 
IVD unloading, resulting in an osmotic equilibrium [21, 22]. In the lack of external loads, 
the hydrostatic pressure is maintained due to the structure of the AF and the endplates 
that constrain the swelling of the NP [23]. In vivo studies demonstrated that the NP’s water 
content decreases by around 15% under loading conditions (human lumbar IVDs, unloaded 
vs loaded, 1500 N, 6h) [21]. However, in contrary to static or high-impact loading, daily 
physiological loading, such as dynamic loading or loading at moderate speed (e.g. jogging 
[24]), are beneficial for IVD hydration, and therefore the tissue’s health [25].  

For a normal osmotic function in the IVD, it is essential that the aggrecan content, charge 
and size remain as large as possible. However, aggrecans are enzymatically cleaved by 
proteinases such as matrix metalloproteinases (MMPs) and aggrecanases, whose expression 
increases in degenerated IVDs [26-28]. Age-related or degeneration-induced loss of aggrecan 
causes a drop in osmotic pressure, reducing the IVD’s ability to respond to mechanical loads. 
In a healthy state, the extracellular osmolarity can vary from ~430 (iso-osmotic) to ~496 
mOsm/L (hyper-osmotic) [29, 30] – values which are in a physiological range for IVD cells, 
but would be considered high for most mammalian cells [31, 32]. The IVD’s osmolarity can 
decrease to around 300 mOsm/L (hypo-osmotic) in degenerated IVDs [9] due to a loss in 
PGs and thus IVD hydration and occurrence of fibrosis, however the same osmolarity would 
be considered physiological for cells of other tissues [33]. In this review, the terms: hyper-, 
hypo- and iso-osmotic are used in the context of the IVD tissue. Although an altered osmotic 
environment is rather a hallmark of IVD degeneration than its primary cause, the reduced 
tissue osmolarity can activate and/or interplay with pro-inflammatory factors and catabolic 
responses, and hence promote IVD inflammation (see “Cell responses to osmotic changes: 
target genes and signaling pathways”) and degenerative disc disease (DDD).  

Osmolarity-related cell volume changes  

At the cellular level, a change in intra- or extra-cellular osmolarity causes mammalian cell 
volume regulation by the solubility–diffusion water transport across the cell membrane 
through several water, ion and molecule transport pathways, such as pores, ion channels, 
and membrane carriers (see “Membrane proteins as potential osmosensors in the IVD”) [34, 
35]. The increased cell volume induces a prompt activation of the RVD, a mechanism that 
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acts to recover the cell volume homeostasis. In contrast, hyper-osmolarity causes cell 
shrinkage, to which a cell responds by activating the RVI mechanism [36]. However, very 
limited information on the cell volume regulation in the IVD exists. In bovine NP cells, a 
decrease in extra-cellular osmolarity (from 430 to 230 mOsm/L) increases the cell volume 
by up to 20 %, leading to a reduced PG synthesis rate [29]. Changes in the IVD cell volume 
may involve depolarization and reorganization of the actin cytoskeleton and initiation of 
calcium transits from the intra-cellular stores [37]. Interestingly, the response to the hyper-
osmotically-induced volume changes may be zone dependent (AF vs. NP) due to the 
differences in the mechanical composition of these cells. In comparison with AF cells, NP 
cells were found to be stiffer and more viscous due to differences in the cytoskeletal 
arrangement [38]. Additionally, vacuoles (or vesicles), which can be found in the notochordal 
cells within the NP tissue (canine), contain a low-osmolarity solution that is released into 
the cytoplasm under a condition of hyper-osmotic stress and helps to restore the osmotic 
balance [39]. However, this mechanism has not been confirmed in other notochordal-free 
species and, therefore, cannot be generalized. 

Membrane proteins as potential osmosensors in the IVD 

Cells sense osmotic stress through membrane proteins such as carriers (SLC) or channels 
(TRP and AQPs) (Table 1a-c, Table 2, Fig. 1), which are responsible for transporting 
molecules (e.g. ions, sugars etc.) across the cell membrane. Carriers physically bind to a 
specific solute and change their own conformation to release the solute on the other side of 
the cell membrane; channels form a pore, which can open to allow a specific molecule to 
pass by diffusion or osmosis [40]. 

The SLC is a group of membrane transport proteins that includes over 400 transporters in 
humans. The SLC transporters play an important role in homeostasis by transporting 
soluble molecules (such as nutrients) across the lipid membranes [41] and are involved in 
e.g. glucose transport (SLC5) [42], pH regulation (SLC16) [43], as well as hormone and/or 
drug uptake (SLC21A12) [44-46]. As shown in human NP cells, an increase in osmolarity 
(450 mOsm/L) upregulates the expression of the solute carriers SLC21A12 (= SLCO) and 
SLC5A3 but downregulates the expression of SLC16A6 [47]. Although they have a putative 
role in regulatory volume mechanisms in other tissue types [48], their exact role in the IVD 
is largely unknown. 
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The transient receptor potential (TRP) channels, a superfamily of cation selective 
transmembrane receptors, have recently emerged as potential contributors to IVD 
degeneration and discogenic pain [49-52]. TRP channels are multimodal ion channels 
regulated by a diverse range of stimuli, including mechanical and osmotic stress [50, 53]. 
Previous studies examining several tissue types, such as kidney [54, 55], central nervous 
system (CNS) [56], smooth muscles [57] and others [58, 59], point towards the TRP vanilloid 
(TRPV) subfamily (especially TRPV4) as a potential cellular osmo- and volume-sensor 
involved in the RVD mechanism [60-63]. Interestingly, Becker et al. [61] demonstrated that 
TRPV4 has a key role in the cell-volume regulation by transiently transfecting CHO cells 
with TRPV4: CHO cell volume decreases after hypo-osmotic (200 mOsm/L) treatment 
(RVD response after swelling), in contrast to untransfected CHO control cells. Hence, 
Becker et al. [61] and others [64, 65] suggest that cell swelling caused by hypo-osmotic 
treatment leads to the generation of tension on the cell membrane and thus activation 
(=opening of a channel pore [66]) of the TRPV4 channel, which mediates the influx of 
extra-cellular Ca2+ that initiates a signaling cascades, causing RVD response. TRP channels, 
including TRPV4, are expressed in the human, bovine and mouse IVD [49, 52, 67]. In the 
human IVD, hypo-osmotic conditions (200-334 mOsm/L) induce an up-regulation of 
TRPV4 (on the protein level), leading to an activated calcium influx [52]. In contrast, 
hyper-osmolarity (530 mOsm/ L) combined with cyclic loading (10 min on and off for 1.5 
h/day) significantly downregulates TRPV4 expression (mouse NP cells) [67]. Moreover, the 
expression and/or activity of TRPV4 is modulated by the inflammation (upregulated 
cytokines IL-6 and IL-1B) and correlates with pro-inflammatory cytokines in the IVD and 
cartilage [49, 52, 65, 68]. Therefore, Walter et al. [52] suggest that alternations in TRPV4 
mediated sensation of osmotic changes (also known as osmosensing) could aid the 
progression of disc degeneration. Additionally, both TRPV4 mediated osmotic and 
inflammatory signals may be regulated through the p38 mitogen-activated protein kinases 
(p38/MAPK) and extracellular signal-regulated kinase (ERK1/2) pathways [60, 69, 70]. 
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Fig. 1 Osmolarity-related changes in the IVD cells. Schematic representation of the IVD 
response to the osmotic stimuli. Changes in cell volume (top left: cell shrinkage under an 
hyper-osmotic challenge; top right: cell swelling under an hypo-osmotic challenge) trigger 
the activation of volume recovery mechanisms (RVI and RVD) to restore the homeostasis 
but can also act as stress signals, activating cell membrane receptors. TRP channels, AQPs, 
SLCs and ASICs are membrane proteins with a potentially crucial role in osmosensing and 
osmo-adaptation. Transduced signals activate the MAPKs pathway (middle). Further, 
osmolarity changes lead to increase in NFAT nuclear shuttling, which induces transcription 
of genes involved in matrix homeostasis and pro-inflammatory cytokines (bottom middle). 
These changes may activate a positive/negative feedback loop to the osmo-receptor and/or 
signalling pathways. However, the exact and complete osmosensing pathway has not been 
yet extensively studied in the disc.  
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Aquaporins (AQPs) are small transmembrane channel proteins responsible for water 
transport and are of relevance in osmoregulation. The presence of AQPs is confirmed in the 
healthy human NP [71], with decreased expression during degeneration as an adaptive 
mechanism demonstrated in various species: rat NP and AF [72], rabbit NP [73], human 
NP [74, 75]. These findings are in line with the observed downregulation of AQP-1 under 
reduced osmolarity (rabbit NP [73]) and the increased expression of AQP-3 under hyper-
osmotic conditions (mouse NP [67]) and consequent NP maturation (but without changes 
in AQP-1). Furthermore, it was reported that TRPV4 and AQP-4 interact and form a 
channel complex (in astrocytes), which might constitute an important link in the cell volume 
homeostasis by integrating water transport and calcium signaling (at least in the CNS) [76, 
77]. 

Additionally, AQPs might play a role in inflammation in the IVD and cartilage [78-80]. In 
human chondrocytes, AQP-1 co-localizes (on the protein level, as shown using 
immunofluorescence) with the catabolic factor ADAMTS-4 (an aggrecan-degrading enzyme 
involved in IVD and cartilage degeneration) and a downregulation of AQP1 decreases the 
expression of ADAMTS-4 [80, 81]. Additionally, a knockdown of AQP-9 (human 
chondrocytes) decreases mRNA levels of other catabolic factors [79]. On the other hand, an 
overexpression of AQP-3 (human degenerated NP cells) decreases the expression of 
ADAMTS 4 and 5, and suppresses the Wnt/β-catenin signaling, which is involved in IVD 
cell senescence [82-84]). These findings suggest a protective role of AQP-3 against disc 
degeneration [78]. Yet, in corneal epithelial cells, hyper-osmotic treatment (450, 500 and 
550 mOsm/L) induces the upregulation of the AQP-5 (via JNKs pathway), leading to an 
upregulation of IL-1β, IL-6, IL-8, tumor necrosis factor  (TNF)-α and caspase-1 [85], with 
similar findings in  cartilage [86] and the IVD [75, 87].  
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Table 1a. Targets regulated by hyper-osmotic treatment. 

Target gene (symbol) 
Expression 
level change 

Function Model Reference 

Guanylate binding protein 1 (GBP1) Gene ↓ Cell-cell interaction/adhesion 
human IVD 

tissue 
[47] 

Kelch motif protein (KIAA1309) Gene ↓ Cell-cell interaction/adhesion 
human IVD 

tissue 
[47] 

Small inducible cytokine A2 (SCYA2) Gene ↓ Cell-cell interaction/adhesion 
human IVD 

tissue 
[47] 

Vascular cell adhesion molecule 1 
(VCAM1) 

Gene ↓ Cell-cell interaction/adhesion 
human IVD 

tissue 
[47] 

cyclin-dependent kinase inhibitor 1 
(p21WAF1) 

Protein ↑ Cell-cycle, arrest of G0/G1 
bovine NP 

cells 
[88] 

Phospho p38 (p-p38) mitogen-activated 
protein kinase (MAPK) 

Protein ↑ Cell-cycle, arrest of G0/G1 
bovine NP 

cells 
[88] 

Phospho- p53 (p-p53) mitogen-
activated protein kinase (MAPK) 

Protein ↑ Cell-cycle, arrest of G0/G1 
bovine NP 

cells 
[88] 

Aryl hydrocarbon receptor 
translocator-like (ARNTL) 

Gene ↑ Cell-cycle/ apoptosis 
human IVD 

tissue 
[47] 

CDC28 protein kinase 2 (CKS2) Gene  Cell-cycle/ apoptosis 
human IVD 

tissue 
[47] 

Growth arrest specific 1 (GAS1) Gene ↑ Cell-cycle/ apoptosis 
human IVD 

tissue 
[47] 

Mucosa assoc lymphoid tissue 
translocation gene (MALT1) 

Gene ↑ Cell-cycle/ apoptosis 
human IVD 

tissue 
[47] 

ATPase Na+/K+ transporting subunit 
alpha 1 (ATP1A1) 

Gene ↑ 
Protein ↑ 

Cell-cycle/ DNA synthesis bovine IVD [89] 

Caspase 8 (CASP8) Gene ↓ Cell-cycle/apoptosis 
human IVD 

tissue 
[47] 

Rho-related BTB domain containing 1 
(RHOBTB1) 

Gene ↓ Cell-cycle/apoptosis 
human IVD 

tissue 
[47] 

TNF-induced protein (GG2-1) Gene ↓ Cell-cycle/apoptosis 
human IVD 

tissue 
[47] 

Aquaporin-3 (AQP-3) Protein ↑ Cell membrane protein 
mouse NP 

cells 
[67] 

Transient potential receptor channel 4 
(TRPV4) 

Protein ↓ Cell membrane protein 
mouse NP 

cells 
[67] 

AF = Annulus Fibrosus, IVD = Intervertebral Disc, NP = Nucleus Pulposus, TZ = Transition Zone,  
↑ = upregulation, ↓ = downregulation, Only selected targets are discussed in the text 
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Table 1b. Targets regulated by hyper-osmotic treatment. 

Target gene 
(symbol) 

Expression 
level 

change 
Function Model Reference 

Matrix metalloproteinase-2 
(MMP2) 

Gene ↑ Enzyme – matrix turnover bovine NP cells (3D) [90] 

Metalloproteinase with 
thrombospondin type 1 motifs 

(ADAMTS1) 
Gene ↑ Enzyme – matrix turnover human IVD tissue [47] 

Brain-derived neurotrophic factor 
(BDNF) 

Gene ↑ Growth factor human IVD tissue [47] 

Muskelin (MKLN1) Gene ↑ Growth factor human IVD tissue [47] 

Zinc finger protein 238 
(ANF238) 

Gene ↑ Growth factor human IVD tissue [47] 

Interleukin 6 (IL-6) Gene ↓ Growth factors/ cytokines human IVD tissue [47] 

Norrie disease protein/Norrin 
(NDP) 

Gene ↓ Growth factors/ cytokines human IVD tissue [47] 

Homologous to mouse potassium-
gated channel, Isk-related 

subfamily (KCNE4) 
Gene ↑ Ion transport human IVD tissue [47] 

Solute carrier family 16 
(monocarboxylic acid transporter) 

(SLC16A6) 
Gene ↓ Ion transport human IVD tissue [47] 

Solute carrier family 21 member 
12 (SLC21A12) 

Gene ↑ Ion transport human IVD tissue [47] 

Solute carrier family 4 member 11  
(SLC4A11) 

Gene ↑ 
Protein ↑ 

Ion transport bovine NP cells [89] 

Solute carrier family 5 member 3 
(SLC5A3, SMIT1) 

Gene ↑ Ion transport human IVD tissue [47] 

Solute carrier family 5 member 3 
(SLC5A3, SMIT1) 

Gene ↑ 
Protein ↑ 

Ion transport 
 

bovine NP cells [89] 

Aggrecan 
(ACAN) 

Gene ↑ IVD’s ECM components 
bovine NP cells 

(3D), human NP & 
AF cells (3D) 

[9, 90] 

Aggrecan 
(ACAN) 

Gene ↓, 
Protein↓ 

IVD’s ECM components 
porcine NP in organ 

culture 
[91] 

Biglycan 
(BGN) 

Gene ↑ IVD’s ECM components porcine TZ cells [92] 

Biglycan 
(BGN) 

Gene ↓ IVD’s ECM components porcine NP cells [92] 

AF = Annulus Fibrosus, IVD = Intervertebral Disc, NP = Nucleus Pulposus, TZ = Transition Zone,  
↑ = upregulation, ↓ = downregulation, Only selected targets are discussed in the text 
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Table 1c. Targets regulated by hyper-osmotic treatment. 

Target gene 
(symbol) 

Expression level 
change 

Function Model Reference 

Collagen-1 
(COL1A1) 

Gene ↓ IVD’s ECM components 
human NP, 

AF cells (3D) 
[9] 

Collagen-2 
(COL2A1) 

Gene  ↑ IVD’s ECM components 
bovine AF 
cells (3D) 

[9] 

Collagen-2 
(COL2A1) 

Gene ↓, 
Protein↓ 

IVD’s ECM components 
porcine NP in 
organ culture  

[91] 

Decorin 
(DCN) 

Gene ↑ IVD’s ECM components 
porcine TZ 

cells 
[92] 

Decorin 
(DCN) 

Gene ↓ IVD’s ECM components 
porcine NP 

cells 
[92] 

Lumican 
(LUM) 

Gene ↓ IVD’s ECM components 
porcine NP 

cells 
[92] 

Ephrin-B2 
(EFNB2) 

Gene ↑ 
Signal 

transduction/transcription 
human IVD 

tissue 
[47] 

Musculoapo-neurotic 
fibrosarcoma oncogene 

(MAF) 
Gene ↑ 

Signal 
transduction/transcription 

human IVD 
tissue 

[47] 

Nuclear receptor 
coactivator 3 

(NCOA3) 
Gene ↑ 

Signal 
transduction/transcription 

human IVD 
tissue 

[47] 

Oncogene TC21 
(RRAS2/TC21) 

Gene ↑ 
Signal 

transduction/transcription 
human IVD 

tissue 
[47] 

SOX9 
Gene↓, 

Protein↓ 
Transcription factor 

porcine NP in 
organ culture 

[91] 

AF = Annulus Fibrosus, IVD = Intervertebral Disc, NP = Nucleus Pulposus, TZ = Transition Zone,  
↑ = upregulation, ↓ = downregulation, Only selected targets are discussed in the text 
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Table 2. Targets regulated by hypo-osmotic treatment. 

Target 
Gene (symbol) 

Expression level 
Change 

Function Model Reference 

Aquaporin-1 (AQP-1) Protein ↓ Cell membrane proteins rabbit NP cells [73] 

Transient potential 
receptor channel 4 

(TRPV4) 

Receptor Function 
(tyrosine 

phosphorylation)↑ 
Cell membrane proteins HEK293 [54, 93] 

Transient potential 
receptor channel 4 

(TRPV4) 
Protein ↑ Cell membrane proteins equine chondrocytes [60] 

Transient potential 
receptor channel 4 

(TRPV4) 
Protein ↑ Cell membrane proteins human IVD [52] 

Large-conductance 
Ca2+-activated K+  

(BKCa) 
Protein ↑ Cell membrane proteins equine chondrocytes [60] 

Matrix 
metalloproteinase-3 

(MMP3) 
Gene ↑ Enzyme – matrix turnover bovine NP cells (3D) [90] 

Collagen-2 (COL2A1) Gene  ↑ IVD’s ECM components porcine TZ cells [92] 

Collagen-2 (COL2A1) Gene ↓, Protein↓ IVD’s ECM components 
porcine NP in organ 

culture  
[91] 

Aggrecan (ACAN) Gene ↑ IVD’s ECM components porcine TZ cells [92] 

Aggrecan (ACAN) Gene ↓, Protein↓ IVD’s ECM components 
porcine NP in organ 

culture  
[91] 

Biglycan (BGN) Gene ↑ IVD’s ECM components porcine TZ cells [92] 

Decorin (DCN) Gene ↑ IVD’s ECM components porcine TZ cells [92] 

Lumican (LUM) Gene ↓ IVD’s ECM components porcine NP cells [92] 

Tubulin (TUB) Gene ↓ IVD’s ECM components porcine NP cells [92] 

Extracellular signal-
regulated kinase ½ 

(ERK1/2) 
Protein ↑ Signaling pathway equine chondrocytes [60] 

SOX9 Gene↓, Protein↓ Transcription factor 
porcine NP in organ 

culture 
[91] 

AF = Annulus Fibrosus, IVD = Intervertebral Disc, NP = Nucleus Pulposus, TZ = Transition Zone,  
↑ = upregulation, ↓ = downregulation, Only selected targets are discussed in the text 
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6.3 Cell responses to osmotic changes: target genes and 
signaling pathways 

Cellular responses to changes in the osmotic environment are facilitated through multiple 
signaling mediators, including the nuclear factor of activated T-cells 5/tonicity response 
element-binding protein (TonEBP/NFAT5, also known as osmotic response element-
binding protein (OREBP)), or signal-transduction pathways MAP kinases p38, ERK and 
JNK [60, 85, 91, 94-96].  These mediators do not only play a role in the cell regulatory 
volume mechanisms, but also initiate changes in other cellular processes such as cell survival, 
matrix turnover and inflammation (Table 1a-c, Fig. 1). Hence, the osmotic challenge and 
accompanying altered gene expression can contribute to the development and/or 
progression of the inflammatory responses in the IVD. However, the inflammation in the 
IVD is much more complex than how it is presented in the context of the IVD’s osmotic 
environment (present review) and is reviewed elsewhere [28]. Briefly, inflammation can 
occur within the IVD, despite the IVD being immune-privileged (in a healthy state), as NP 
cells produce pro-inflammatory cytokines, while macrophages infiltrating the damaged IVD 
can further exacerbate the inflammation [28].  

One of the most prominent signal transduction pathways that facilitates mammalian cell 
responses to numerous extracellular signals is the MAP kinase family. Three major members 
of the MAP kinase family are the extracellular signal-regulated kinases (ERK), c-Jun NH2-
terminal kinases (JNK), and p38 isoforms (p38), which can be activated by multiple stimuli, 
such as growth factors [97, 98], inflammatory cytokines [99], as well as the osmotic stress 
[100]. Activation of each of these pathways controls several cellular functions, including 
among others cell cycle progression (ERK), cell proliferation and survival (JNK), cell growth, 
cell differentiation and –cell death, as well as inflammation and matrix catabolism (p38) 
[101-103]. In this review, each signal-transduction pathway is presented in the context of 
the IVD cell response to osmotic stress. However, these signaling pathways are also 
activated by different stimuli and can induce a range of cell responses not necessarily 
addressed within this review [104]. In the IVD, a hyper-osmotic treatment (500 and 600 
mOsm/L) participates in the activation of the p38 pathway in bovine and rabbit NP cells 
[88, 95], and results in the ataxia telangiectasia-mutated (ATM)-mediated phosphorylation 
of p53 in response to DNA damage caused by hyper-osmotic shock [88, 105]. However, 
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MAPK activation and signaling is cell-type specific, with JNK activation occurring upon 
hypo-osmotic stimulation in IVD cells and upon hyper-osmotic stimulation in chondrocytes 
[106]. Furthermore, conflicting activation triggers are described for the ERK pathway, with 
authors reporting distinctive osmotic conditions for both activation and inhibition. These 
differences may arise from i) using different animal models and different definition of 
osmolarity levels (hypo-, iso- and hyper-osmotic values), ii) adjusting the osmolarity with 
various agents and iii) using different culture conditions, e.g. supplementation with growth 
factors (e.g. [107]). Activation of the ERK pathway under hyper-osmotic stress is observed 
in rabbit NP cells treated with 500-600 mOsm/L of medium adjusted with NaCl [95], rat 
NP cells treated with 450 mOsm/L media (adjusting agent unknown) [108] and bovine NP 
cells treated with 500 mOsm/L media adjusted with urea [109]. In rat NP cells, ERK 
phosphorylation leads to e.g. activation of TonEBP/NFAT5 [108] - an adaptation factor to 
high osmotic stress that protects IVD cells from undergoing apoptosis [108, 110]. In contrary, 
ERK inhibition can lead to the suppression of TonEBP/NFAT5 and the augmentation of 
cell apoptosis [NP cells in a porcine disc culture [100], rat NP cells [108], rabbit NP cells 
[95]). Activation of p38 and JNK induces cell apoptosis (rabbit NP cells [95]), indicating 
the involvement of these pathways in the degenerative shift under hyper-osmotic conditions. 
This is in line with the study of Haschtmann et al. [111], in which following a hyper-osmotic 
treatment (485 mOsm/L), cells (rabbit IVD in organ culture) exhibited a reversible drop in 
viability. Moreover in the IVD, the ERK pathway controls the expression of collagen type 
II [9, 92] and matrix metalloproteinase-2 (MMP2) [90], while collagen type I [9], IL-6 [47] 
and MMP-3 [90] are identified as targets of the p38/MAPK pathway [112-114]. However, 
aggrecans are regulated by both pathways: in bovine NP cells, lactoferricin-induced 
upregulation of aggrecan mRNA levels are decreased when p38/MAPK and ERK pathways 
are inhibited by SD203580 and PD98059 respectively [115]. In a study by [116], prolonged 
activation of the ERK1/2 pathway increases the mRNA expression level of aggrecan in 
human NP cells. On the contrary, leptin-induced p38 phosphorylation upregulates 
aggrecanases and downregulates aggrecan on the gene and protein level in human NP cells 
[117]. Another signalling pathway that could be involved in the IVD’s osmo-adaptation, but 
has not been investigated thus far, is the non‐canonical PKC pathway. Increased activity 
of the PKC pathway is involved in the regulation of aggrecan expression, matrix synthesis 
and cell proliferation [116, 118, 119] in rat and human NP cells, as well as bovine 
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chondrocytes, and may be involved in Ca2+-mediated activation of the TRPV4 channel [120, 
121], which is previously linked to IVD osmosensing [52].  

One of the key cellular osmoregulative mediators is TonEBP/NFAT5, which modulates the 
expression of genes induced by osmotic stress. In response to hyper-osmotic challenges and 
upon the activation of the ERK and p38-MAPK pathways, TonEBP/NFAT5 accumulates 
in the cell nucleus [108, 122] (Fig. 1). Consequently, it induces the expression of genes that 
are involved in the production of organic osmolytes (to counterbalance the osmotic challenge) 
[123], aggrecan [110] and the pro-inflammatory cytokines, IL-1β and tumor necrosis factor 
(TNF)-α [124-126], which have known implications in IVD degeneration [49, 127, 128]. In 
the IVD, hyper-osmotic stress is not the only regulator of the TonEBP/NFAT5 complex. 
The expression and activity of TonEBP/NFAT5, which is calcium-dependent [129, 130], 
can be also regulated by growth factors, such as bone morphogenetic protein 2 (BMP-2) 
and transforming growth factor-β (TFG-β) [97, 131]. These multimodal activation 
mechanisms indicate that TonEBP/NFAT5 is critical not only for osmoregulation, but also 
for other cellular functions (e.g. cell survival, matrix synthesis, etc.). TonEBP/NFAT5 
modulates the NF-κB pathway, which is a pivotal element in the cellular response to 
inflammation and stress, with downstream targets including TNF-α, IL-1β, IL-6 and IL-8 
[132-134]. The NF-κB pathway is implicated in many chronic conditions such as 
osteoarthritis [135], osteoporosis [136] and IVD degeneration [137-139]. Changes in cell 
volume, triggered by hyper-osmotic conditions and sensed via an osmo-sensing channel (e.g. 
TRP), can be perceived by a cell as a stress signal. Such a signal can initiate a pro-
inflammatory cascade via the ROS-mediated activation of the NF-κB (and/ or p38/MAPK) 
pathway [140-143] and activate the NLRP3 inflammasome – a protein complex, downstream 
targets of which are caspase-1 and IL-1β [144]. In various cell types, activation of the 
NLRP3 inflammasome during RVD mechanisms leads to the activation of the pro-
inflammatory cytokine IL-1β [145-147]. Interestingly, a positive relationship between the 
expression of NLRP3, IL-1β, and the IVD degeneration grade exists (NP tissue, mRNA and 
protein level) [144, 148]. This indicates that NLRP3 may constitute a putative target 
between the altered osmotic environment and the inflammation and, thus, be a possible 
therapeutic target for the treatment of IVD degeneration [149].  

Acid-Sensing Ion Channels (ASICs) are proton activated cation channels [150] that are 
hypothesized to be of functional importance in IVD osmoprotection and pathophysiology 
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[151-153] by facilitating the adaptation of IVD cells (rodent) to an acidic and/or hyper-
osmotic environment via the ERK signaling pathway [98]. The presence of ASIC is also 
confirmed on the mRNA and protein level in  healthy and degenerated human IVD tissue 
[154], with higher expression levels during IVD degeneration, possibly due to changes in pH 
and hydrostatic pressure [154].  The viability of rat NP cells cultured in hyper-osmotic (450 
mOsm/L) media decreases in a dose-dependent manner (from ~100% to ~40%) when the 
ASIC3 inhibitor amiloride (10–100 µM, 24h, MTT) was added [98]. However, the same 
study shows that increasing the osmolarity from 330 to 450 mOsm/L, without the ASIC3 
inhibitor does not have a significant influence on NP cells viability [98]. In the context of 
the IVD and osmoregulation, an acidic pH (which is a characteristic of the degenerated 
IVD) downregulates the synthesis of PGs, thereby contributing to low extracellular 
osmolarity [155, 156]. The altered expression of ASICs can, on the one hand, indicate a 
causative and hence detrimental role in IVD degeneration or may, on the other hand, 
constitute a mechanism to better cope with the degenerative conditions [98]. 

Therapeutic modulation of osmosensing 

Dysregulated tissue osmolarity is a hallmark of several chronic diseases, suggesting that the 
efficiency of the body’s osmoprotective mechanisms decreases with age and/or tissue 
degeneration [32]. Non-physiological concentrations of intra- and extra-cellular structural 
molecules and signalling mediators alter the cellular responses to otherwise normal stimuli, 
such as physiological loading. A healthy IVD could be described by its ability to effectively 
adapt to diurnal osmotic changes and auto-regulate itself, without damage. From this 
perspective, a deviation into extreme osmotic conditions (either hyper- or hypo-osmotic), 
concomitant with a decreased adaptation ability, can have detrimental consequences on the 
IVD. Osmotic stress can be potentially counteracted by promoting osmoadaptation through 
stimulation of cellular defense mechanisms [16] or by combating the consequences of 
dysregulated osmosensing [157]. 

A key intracellular mediator of osmoadaptation is the transcription factor TonEBP/NFAT5, 
which controls the expression of genes involved in the response to hyper-osmolarity [158] 
and supports cell survival, especially in tissues regularly experiencing hyper-osmotic stress 
[108, 110, 130, 159]. Therefore, stimulating and promoting TonEBP/NFAT5 could have 
beneficial effects on the IVD homeostasis in a situation when the osmotic balance or the 
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cell’s adaptation capability are disturbed. Adaptation of rat NP cells to hyperosmolarity is 
mediated via ERK- and p38-induced activation of TonEBP/NFAT5 [108], which regulates 
water balance through expression of several target genes (e.g. aquaporins [159]). In rat NP 
cells, dominant negative (DN)-NFAT5 significantly reduced cell viability and activated 
caspase 3, suggesting the pro-survival role of TonEBP/NFAT5 in hyperosmotic conditions 
[110]. The osmoprotective activity of TonEBP/NFAT5 could be therapeutically enhanced; 
however, TonEBP/NFAT5 also participates in pro-inflammatory responses in the IVD [126]. 
Therefore, the desired TonEBP/NFAT5-modulating compounds should ideally reduce its 
potential chronic pro-inflammatory effect, while enhancing its osmoprotective activity. 
TonEBP/NFAT5 inhibitors that selectively suppress the expression of pro-inflammatory 
genes without hampering TonEBP/NFAT5-induced osmoadaptation are developed and 
tested in a model of chronic arthritis, representing the first steps in this direction [160]. The 
molecular signals directing TonEBP/NFAT5 towards osmoadaptation and/or inflammation 
in IVD cells are currently unknown. For example, in macrophages, the putative sensors that 
discriminate between pro-inflammatory and osmoprotective effects of TonEBP/NFAT5 are 
the ROS [161]. Among other functions, TonEBP/ NFAT5 positively regulates synthesis and 
transport of osmolytes, gene expression of AQPs and synthesis of extracellular matrix 
components, all of which could be possibly therapeutically enhanced. 

Organic osmolytes are solutes (e.g. sugars, polyols, amino acids) that protect biomolecules 
from the damage caused by changing osmotic pressure and dehydration and, thereby, 
provide cytoprotection and anti-inflammatory effects [162]. Natural osmolytes participate 
in regenerating native protein forms from unfolded states, restoring proper protein functions 
and, thus, possibly preventing disease development [163]. Physiological concentrations of 
osmolytes in the IVD and their effects in and outside IVD cells have not yet been thoroughly 
investigated [109]. Synthesis and uptake of osmolytes in the IVD can be possibly regulated 
by TonEBP/ NFAT5-COX-2-PGE2 signaling, as an osmoprotective role is demonstrated 
for this pathway [164, 165]. In renal cells subjected to hyper-osmolarity, COX-2 is involved 
in the accumulation of osmolytes [166] and COX-2 inhibition reduces cell viability [167]. 
Interestingly, a recent study testing TonEBP/NFAT5 in mouse hyper-osmotic IVD organ 
cultures shows that TonEBP/NFAT5 also provides cytoprotective effects in the IVD by 
inducing COX-2 [130]. In view of these findings, currently used COX-2-targeting drugs could 
impair IVD osmoadaptation mechanisms [168] and further contribute to the 
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pathophysiology of DDD. Therapeutic enhancement of osmolyte function by a COX-2-
unrelated mechanism could potentially increase resistance of the IVD to osmotic stress. 

Dysfunction or aberrant expression of various AQPs is likely implicated in the pathogenesis 
of IVD degeneration. Inducing the expression and/or activity of certain AQPs can promote 
an exchange of fluids in the NP, possibly reducing the progression of DDD. Both water 
permeability and ionic conductance of AQPs can be positively regulated by PKC [169] and 
cyclic nucleotides [170]. However, these molecules control numerous cellular processes and 
their therapeutic modulation might produce detrimental off-target effects [171]. Specific 
upregulation of AQP gene expression could be achieved by CRISPR gene editing, e.g. using 
dCas fused with VP64 domains targeted to AQP gene enhancers [172].  

As a membrane receptor, TRPV4 could potentially be regulated by specific agonists or 
antagonists, to prevent an age-related loss of ECM and reduce inflammation in the IVD 
[52]. However, involvement of TRPV4 in these processes is rather complex and a tight 
balance in the expression/ regulation of TRPV4 is crucial in the maintenance of the 
musculoskeletal health. As an example, blocking TRPV4 with the antagonist GSK205 
reduces chondrocyte responses to hypo-osmotic stress, including RVD and production of 
PGE2 (porcine cells) [65], while activating TRPV4 with 4αPDD inhibits the production of 
the pro-inflammatory mediator nitric oxide in rat chondrocytes [173]. The importance of a 
balance in TRPV4 expression/function is also shown in mouse models, where loss of TRPV4 
leads to a progressive osteoarthritic joint degeneration [68], while gain of function causes 
various skeletal dysplasias [174, 175]. Therefore, therapeutic TRPV4 agonists or antagonists 
should be specific [e.g. 4α-PDD or GSK2193874, respectively [176]] (e.g. injections) and only 
once the benefits of modulating TRPV4 have been clearly demonstrated. Stable 
overexpression or knock-out of TRPV4 could be delivered into the IVD, e.g. in genetically 
engineered therapeutic cells.  

Other therapeutic approaches could include augmentation of extracellular matrix, e.g. by 
upregulating glucuronosyltransferase 1, a key TonEBP/ NFAT5-dependent regulator of 
glycosaminoglycan synthesis [129], or by implanting biomaterials. Osmoprotective moieties, 
such as chondroitin sulphate, can be incorporated into injectable hydrogels to increase 
hydration of the synthetic matrix in tissue engineering applications [177, 178].  
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6.4 Conclusion and outlook 

Changes in the IVD hydration and osmolarity ranging from ~ 430 (iso-osmotic) to ~ 496 
mOsm/L (hyperosmotic) can be observed during daily life activities. From this perspective, 
the osmotic environment in the IVD is unusual, as the osmotic range which is physiological 
for the IVD would be considered high for other tissues (e.g. blood plasma with osmolarity 
of ~ 300 mOsm/L). However, a reduction in tissue osmolarity to ~ 300 mOsm/L (hypo-
osmotic) is a consequence of a cascade of degenerative changes and a hallmark of IVD 
degeneration. In this review, an overview of the existing studies on IVD osmolarity, its 
potential intersection with IVD inflammation and how this knowledge could be translated 
into treatment strategies is presented. Increasing scientific evidence points towards a crucial 
role of ion channels (such as TRP channels) in the regulatory volume control mechanisms 
in the IVD, as well as in cartilage – a tissue with similar characteristics to the NP tissue. 
Simultaneously, AQPs are an emerging target involved not only in osmosensing, but also 
in IVD degeneration and inflammation. Importantly, TonEBP/NFAT5 (co-activated by 
calcium and ERK/ p38 signaling) facilitates the IVD adaptation to fluctuations of its 
osmotic environment. Changes in water and ion concentrations affect the homeostasis of 
the IVD, as indicated by dysregulation of ECM synthesis under hypo- and hyper-osmotic 
conditions, but many details on the underlying mechanisms are still unknown. Several 
questions remain to be answered, such as:  

 What is the underlying mechanism of the RVD and RVI response in NP and AF 
cells?  

 What is the mechanistic function of cell membrane carriers and ion channels in IVD 
osmosensing and osmoadaptation?  

 Do the cell membrane carriers and ion channels interact in the IVD?  
 Can the activation of PKC and NF-κB pathways be osmolarity-induced?  
 What is the role of these pathways in osmoadaptation and/or osmolarity-induced 

inflammation?  
A broader understanding of how IVD cells react to altered osmolarity, e.g. in relation to 
PG synthesis, cell survival/apoptosis or inflammation, is crucial when aiming to advance 
the current concepts of IVD pathophysiology. Once these mechanisms are better understood 
and possible targets are identified, suitable therapeutics that successfully and specifically 
modulate osmoadaptation can be developed. This new class of anti-inflammatory and 
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regenerative therapeutics may target the osmoprotective transcription factor 
TonEBP/NFAT5 or osmo-sensing membrane proteins such as TRPV4 or AQPs. Gene 
editing techniques (e.g. CRISPR/Cas) can be used to modulate the expression/activity of 
osmosensing-associated genes in locally delivered autologous therapeutic cells. For example, 
genes regulating the activity of osmosensors or synthesis and transport of osmolytes can be 
activated by dCas fused with VP64 domains or switched off by Cas-mediated knock-
out/knock-down. Antiinflammatory and regenerative therapeutics may be combined with 
gene editing techniques, with the overall aim of maintaining proper function of the cellular 
osmoadaptation sensors and the ECM and to ensure efficient transport of water and solutes 
through loaded IVD tissue. 
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Chapter 7 
 Hypo-osmotic loading induces expression of IL-6 in 

nucleus pulposus cells of the intervertebral disc 
independent of TRPV4 and TRPM7 
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Abstract:  

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 
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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 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 

7.1 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) [1]. In a healthy state, the NP contains a small 
populations 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 
[1, 2]. 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 [1]. 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 [3]. 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) [4]. Correspondingly, biochemical and structural 
changes to the IVD affect its mechanical function and can promote inflammation. 
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Inflammation in the IVD can be characterized by an increased expression of pro-
inflammatory molecules such as interleukin (IL)-6, IL-1β and tumor necrosis factor alpha 
(TNF-α), and contributes to the development of degenerative disc disease (DDD) and low 
back pain (LBP) [5]. Discogenic LBP not only reduces the patient’s quality of life, but also 
creates a high economic burden on the individuals and the society [6]. 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 [7, 8]. 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 [9]. 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- and/or pain chronicity-
dependent [10]. 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-1β and IL-6 [11]. 
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 [12, 13]. 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 [14, 15]. 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. 
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(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). 

7.2 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 [16]. 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 [3]. 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 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 μm, # 542070, Greiner Bio-One, Switerland) and centrifuged at 1000 rpm for 
20 min at the room temperature (RT), with three washing steps (1x PBS, 2x cell culture 
media) in between. Cells from different donors were not pooled together, but used separately 
as biological replicates. 
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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 = 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. 
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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 - 

RNA Sequencing & 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 (1–6000 bp) (Agilent, 
Waldbronn, Germany). The equimolar pool of 12 samples was spiked into a NovaSeq6000 
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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) [17].The read alignment was 
done with STAR (v2.7.0e) [18]. 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) [19]. To detect differentially expressed genes we applied a 
count based negative binomial model implemented in the software package EdgeR (R 
version: 3.6.0, EdgeR version: 3.26.8 ) [20]. 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 
(2X) (#4352042, Thermo Fisher, Switzerland) and added to target pre-coated (TRP 
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channels, Table 2) 96-well plates (10 µL per well). The gene expression was measured 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 (2X) was mixed with 0.5 µl of TaqMan primers 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−∆Ct values relative to the housekeeping gene 
(YWHAZ) or as fold change 2−∆∆Ct values normalized to YWHAZ and to a control. YWHAZ 
was chosen as the housekeeping gene based on its stability in preliminary testing. 

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  
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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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[Ca2+] imaging 

To investigate the activity of a TRP channel in hypo- and iso-osmotic environments, Fura-
2 QBTTM 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 7 cycles was recorded at an excitation wavelength of 340 nm 
for the bound calcium and 380 nm for the unbound calcium. At the 8th 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/380nm), 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 (section 
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 
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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 3x 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 x 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 x 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 (20x, Olympus IX51 or 100x, 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, 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 the RT. Next, wells were washed 
(ELISA Wash Buffer 1X, #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 the each well, the  absorbance was directly measured (Tecan, Infinite 
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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, UTand 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). 

7.3 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 
non-passaged cells as compared to passaged cells (Figure 1A and B). This difference was 
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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 a channel specific agonists and antagonists, TRPM7 
and TRPV4 were chosen out of the five pre-selected TRP channels for the subsequent 
experiments on the NP cells. Due to their relevance to osmotic changes in the IVD, only 
NP cells were included in the further experiments. 

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. 

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 
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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−ΔCt values relative to YWHAZ (mean ± 

SEM, n = 5). Asterisks indicate statistical significance (*p < 0.05, **p < 0.01) between 
non-passaged and passaged cells. 

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 five 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 (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 versus iso-osmotic groups 
(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 
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of culture. While both channels were present in the cell membrane, TRPM7 additionally 
showed a clear localization around the nuclear envelope.  

 

Figure 2. The mRNA expression of 
(A) TRPV4 (left) and TRPM7 
(right) channels in bovine nucleus 
pulposus (NP) cells. Graphs show 2−ΔΔ

Ct values normalized to the iso-osmotic 
control (mean ± SEM, n = 6-7). 
Asterisks indicate 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. 

 

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).  
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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). 

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 agonist necessary to activate 
TRPV4 or TRPM7 channel in bovine NP cells (Supplementary Figure 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 (Figure 4A and C). To ensure the specificity of an activator, 
respective channel blockers were applied 15 min before the measurement (Figure 4B and 
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 
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activator between iso- or hypo-osmotic treated cells, and the calcium flux was similarly high 
in both conditions (Figure 4C, p > 0.05).  

 

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. 
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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-osmotic stimulation, 
and 3062 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 
3062 targets were up-regulated by at least 2 fold and 419 targets were down-regulated by 
at least 0.5 fold. Supplementary Table 1 and Supplementary Table 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. Table 5 and Table 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. 0.94, max. 2.24; Figure 5B left) and although the effect was statistically 
insignificant after 24 h (p = 0.15), its up-regulation strongly increase 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 upregulated 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; 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 
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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.  

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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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 
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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−ΔΔCt 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). 

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 nM GSK1016790A or TRPM7: 25 µM Naltriben) 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. 
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Addition of 5 nM TRPV4 activator to the iso-osmotic group up-regulated the expression of 
TRPV4 by around 2 fold (fold 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).  

 
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−ΔΔCt 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. 

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 7B right). Similarly, neither 
GSK1016790A nor Naltriben had an effect on ADAMTS9 expression (GSK101 group fold 



 

197 
  

change: mean 0.94, min. 0.52, max. 1.12, p = 0.91, Figure 7C 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 7C and 7D 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). 

 

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−ΔΔCt 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. 

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 
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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 8A and Figure 8B left). To further test 
if this phenomena 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.  

 

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− Δ Δ Ct 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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7.4 Discussion 

Discogenic back pain has a high prevalence in the western world and there is an increasing 
need for improved diagnostic and treatment strategies [6, 21]. 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 also be a promising target for the treatment 
of low back pain [9, 10, 22]. 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 
[10], 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 
[23]. Decreased TRPC1 protein expression was linked to a greater increase in liver cells 
volume [24], 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 unaffected by passaging, 
which is consistent with earlier results on human non-degenerated NP and AF tissue [10] 
as well as on human articular chondrocytes [25]. 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 [11, 26-
33]. Although limited data on TRPV4 in the IVD exists, it is believed to be the key 
mechano- and osmosensor protein in cartilage [34-38]. It was previously demonstrated that 
in chondrocytes TRPV4 may interact with integrin α1β1 in response to hypo-osmotic stress 
(wildtype and integrin α1-null mice) [35], participate in cell volume regulation (porcine 
articular chondrocytes) [36], enhance ECM accumulation (porcine articular chondrocytes) 
[34] and its expression may be mediated by ERK1/2  signaling (equine articular chondrocytes) 
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[39]. 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 [40-42]. In our study, TRPV4 was overall the 
most highly expressed TRP channel in freshly isolated NP and AF cells, but its expression 
significantly decreased with passaging. TRPV4 was previously shown to be equally well 
expressed in human non-degenerated and degenerated IVD tissue and its expression did not 
depend on tissue or patient specific characteristics, therefore implying of its fundamental 
role in the IVD homeostasis. A previous study reported increased TRPV4 protein expression 
in bovine NP cells after hypo-osmotic stimulation [11], 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 
(130 mOsm/l) burst (1.5 h/day) and cyclic (10 min on and off for 1.5 h/day) conditions as 
compared to static loading (24h/day) in mice NP organ culture model [43]. In line with the 
latter [43], but in contrary to the earlier study [11], 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 the TRPV4 (and TRPM7) gene expression. The 
contradictory findings between this and the past study [11] 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). 

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 the next step we employed GSK1016790A [44, 45] and GSK2193874 
[46, 47], which are currently amongst the most 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) [45, 48], while GSK2193874 inhibits 
Ca2+ influx mediated by TRPV4 channels with IC50 values of 40-50 nM (HEK293-hTRPV4 
cells) and 2 nM (HEK293-rTRPV4 cells) [46, 47]. In recent publications, it was 
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demonstrated that stimulation with GSK1016790A causes a down-regulation of TRPV4 
channels from the plasma membrane within 20 -30 min post-treatment (10 nM in HeLa-
TRPV4 cells [44] and 100 nM in HUVECs [49]) and translocation of the TRPV4 channel 
to the recycling endosomes [49]. 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) [26, 38, 50]. However, it is worth mentioning that differentiating between 
mechano- and osmo-function can be challenging, since osmotic 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 [51], 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 [52, 53]. 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 [54, 55]. 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 [10]. 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 
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with passaging [25]. Naltriben, with an EC50 ~20 µM (HEK 293-mTRPM7 [56]), ~24 µM 
(rat ventricular myocytes [57]) and ~45 µM (ameloblast cell line LS8 cells [58]), and NS8593, 
with an IC50  ~1.6 µM (HEK 293 cells [59]) and 2 µM (rat ventricular myocytes [60]), are 
compounds that respectively activate and block TRPM7 channel. Naltriben was initially 
characterized as an antagonist of δ-opioid receptors [61] and may compete with the 
inhibitory effect of NS8598, but does not stimulate other TRP channels including TRPM2, 
TRPM3, TRPM8 and TRPV1 [56]. NS8593 is a potent TRPM7 inhibitor that exhibits 
complete and reversible block of TRPM7 currents, but may also target small conductance 
potassium channels, which are not related to TRPM7 channel [59, 62]. Inhibitory action of 
NS8593 on native TRPM7-like currents was demonstrated among others in HEK 293 cells, 
freshly isolated smooth muscle cells, ventricular myocytes as well as in primary podocytes 
[59]. It was shown that 50 µM Naltriben can effectively activate TRPM7 channel (without 
measureable off-target responses) and this response can be blocked with 20 µM NS8593 in 
HEK 293 cells overexpressing TRPM7 [56]. Moreover, 100 µM Naltriben activated and 100 
µM NS8593 blocked Ca2+ fluctuations in mice chondrocytes from femoral cartilage plate 
[63]. In contrast, in the presented study we have used Naltriben concentrations ranging 
from 25 µM to 200 µM depending on the duration of 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 (Suppl. Fig. 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 in regulatory 
volume decrease (RVD) after osmotic cell swelling and TRPM7 silencing reduced the rate 
of RVD in human HeLa and human embryonic kidney HEK293T cells [54], hence indicating 
TRPM7’s sensitivity to osmotic changes. Yet, TRPM7 current was unaffected by hypotonic 
solution or cell swelling in rat brain microglia [64]. Overall, our data indicate that TRPM7 
gene/protein expression as 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 
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cell apoptosis via nuclear factor kappa-B (NF-κB), 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 [65]. Moreover, 
IL-6 can be secreted by IVD cells and induce TNF-α expression, which is associated with 
neuropathic pain [66, 67]. 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 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 aggrecanases, 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 [68]. Moreover, ADAMTS9 was 
shown to be induced by IL-1β and TNF-α in human chondrocytes [69]. 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 [34]. 
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 [34]. Yet in another 
study, TRPV4 inhibition with GSK2193874 reduced cytokine production (TNFα, IL-1α and 
IL-6) in septic mice [70]. 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 



 

204 
  

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 [11]. 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 [71], which was shown to cause TRPV4 sensitization in mice 
[72] and rats [73] in studies on  inflammatory and neuropathic pain as well as mechanical 
hyperalgesia [74]. 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 [75]. Furthermore, it was indicated that TRPM7 inhibition (with a 
non-specific channel inhibitor 2-APB) decreased IL-6 release in allergen‐sensitized rat 
BMMC [76]. 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 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) [77-79]. 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.  

7.5 Conclusion 

In summary, we demonstrated that several TRP channels are expressed in the 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 
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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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Supplementary table 1 Summary of GSEA results with p-value FDR < 0.05 and p-value 
< 0.05 for the 24 h treatment group of hypo-osmotic versus iso-osmotic stimulation in 
bovine NP cells. 

Supplementary table 2 Summary of GSEA results with p-value FDR < 0.05 and p-value 
< 0.05 for the 5 days long treatment group of hypo-osmotic versus iso-osmotic stimulation 
in bovine NP cells. 
 

 
Supplementary Figure 1. Dose response activation of TRPV4 with GSK1016790A in 
hypo-osmotic condition. 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 or compound-supplemented 
media was added (indicated by an arrow on a graph) and the measurement was continued 
for up to around 15 min more. Asterisks indicates statistical significance (* p < 0.05, ** p 
≤ 0.01, *** p ≤ 0.001, ns: no statistical difference defined as p > 0.05) as measured on the 
last measurement cycle. 
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Supplementary Figure 2. Dose response activation of TRPM7 with Naltriben 
methanesulfonate in hypo-osmotic condition. 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 or compound-
supplemented media was added (indicated by an arrow on a graph) and the measurement 
was continued for up to around 15 min more. Asterisks indicates statistical significance (* 
p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns: no statistical difference defined as p > 0.05) as 
measured on the last measurement cycle. 
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Supplementary Figure 3. Ca2+ flux in NP cells following the application of 40 nM 
GSK1016790A (TRPV4 activator) in hypo- and iso-osmotic condition. 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 indicates statistical significance (* p < 0.05, ** p < 0.01, *** p < 
0.001, ns: no statistical difference defined as p > 0.05) as measured on the last measurement 
cycle. 
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Appendix II 

This section includes additional information about the RNA sequencing presented in the 
chapter 7 and earlier unpublished data on the effect of hyper-osmolarity on TRP channels 
in bovine NP cells developed during the work on the manuscript: Hypo-osmotic loading 
induces expression of IL-6 in nucleus pulposus cells of the intervertebral disc independent 
of TRPV4 and TRPM7 presented in the chapter 7. 
 

RNA sequencing  

RNA integrity is an important factor for a reliable gene measurement outcome. RNA 
Integrity Number (RIN) is a standardized grading system of RNA integrity and can range 
from 1 (totally degraded) to 10 (intact) [1]. It was shown that a higher RIN value 
corresponds with a higher gene expression and vice versa [1]. Typically, values about eight 
are considered suitable for the RNA sequencing [2]. Following figures present the RIN values 
of used samples versus read count (Figure A1) and rRNA content (Figure A2). In total, 
12 samples were used from three different donors at two different collection times (24 h and 
5 days) and two media conditions (hypo- and iso-osmotic). Nine out of 12 samples scored 
RIN = 10 and the remaining three samples scored RIN = 9.9 (Table A1). The term “reads” 
is used to describe the depth of a sequencing. Usually between 5 to 200 million reads or 
more are being used in RNA sequencing, where a higher amount of reads may quantify less 
abundant genes [3]. However, a higher amount of reads can also contribute to the detection 
of off-targets and noise [3]. Additionally, the final decision on the total number of reads 
may be based on experimental goals such as if the screening is targeted, global or in-depth 
[3]. In this study, 20 million reads per sample were used (Table A1 and Figure A3), 
following the recommendation of the Functional Genomics Center Zurich. 
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Figure A1. RIN count versus read count. 

 
Figure A2. RIN count versus rRNA content. 
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Table A1. Additional information regarding the RNA seq run and sample quality used in 
project id p3140. 
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Figure A3. Number of reads per sample. 

Hyper-osmolarity in the IVD and its influence of the TRPV4/M7 
channels  

Motivation 

Hypo- (~300 mOsm) and iso-osmotic (~400 mOsm) conditions were described earlier in 
chapter 7. This section includes hyper-osmotic (~500 mOsm) conditions, which were tested 
at the early stage of this project, but discontinued due to its limited relevance to discogenic 
pain. A healthy IVD experiences diurnal osmotic changes and hyper-osmolarity can be 
experienced during daily tasks, for example lifting or load bearing, whereas a rest period 
and relaxation (e.g. sleep) is characterized by iso-osmotic levels [4, 5]. The influence of 
hyper-osmolarity on the IVD cells is described in chapter 6. 

Materials and methods 

Please refer to the chapter 7.  

Results 

Under hyper-osmotic stimulation, TRPV4 mediated Ca2+ influx was significantly lower 
compared to iso- and hypo-osmotic groups (Figure A4). For TRPM7 activation, there was 
overall no difference in response to 200 µM Naltriben (TRPM7 activator) between the three 
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media condition (Figure A5), but interestingly the difference became significant when the 
dose of TRPM7 activator was lowered to 50 µM (Figure A6). However it must be noted 
that at the lower concentration dose, the exhibited Ca2+ influx was correspondingly much 
lower and only slightly above the baseline. On the gene level, IL-6 was significantly 
downregulated in bNP cells after five days of hyper-osmotic culture (Figure A7, Fold 
change day 1: mean: ~0.90, min. ~ 0.26, max. ~1.28, p-value: 0.91; Fold change day 5: mean 
~ 0.22, min. ~ 0.14, max. ~ 0.31, p-value: 0.03, n= 3, compared to respective iso-osmotic 
ctrl.). Moreover, COL1 was downregulated at day five in bNP cells, but without a 
statistically significant difference (Figure A8, Fold change day 1: mean: ~ 2.1, min. ~ 0.62, 
max. ~ 3.0, p-value: 0.24; Fold change day 5: mean ~0.35, min. ~0.15, and max. ~0.50, p-
value: 0.63, n= 3, compared to respective iso-osmotic ctrl.). 

 
Figure A4. Ca2+ flux in NP cells following the application of 20 nM GSK1016790A 
(TRPV4 activator) to the cells cultured in hypo –, iso – or hyper-osmotic media. 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 indicates statistical significance (* p < 0.05, ** p < 0.01, 
*** p < 0.001, ns: no statistical difference defined as p > 0.05) as measured on the last 
measurement cycle. 
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Figure A5. Ca2+ flux in NP cells following the application of 200 µM Naltriben (TRPM7 
activator) to the cells cultured in hypo –, iso – or hyper-osmotic media. 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 indicates statistical significance (* p < 0.05, ** p < 0.01, *** p < 
0.001, ns: no statistical difference defined as p > 0.05) as measured on the last measurement 
cycle. 
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Figure A6. Ca2+ flux in bovine NP cells following the application of 50 µM Naltriben 
(TRPM7 activator) to the cells cultured in hypo –, iso – or hyper-osmotic media. 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 indicates statistical significance (* p < 0.05, ** p < 0.01, 
*** p < 0.001, ns: no statistical difference defined as p > 0.05) as measured on the last 
measurement cycle. P-values, which did not fit the graph are presented in the Table A2. 
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Table A2. P-values corresponding to Ca2+ influx in bovine NP cells between the osmotic 
conditions presented on the Figure A6. Hyper-, hypo- and iso-osmotic media was treated 
with 50 µM Naltriben (TRPM7 activator). P-values correspond to the measurement at the 
last data point (=last cycle). 

Osmotic 
condition 1 

Osmotic 
condition 2 

p-value 

Hyper Iso 0.021 
Hyper Hypo 0.018 

Hyper ctrl. Hyper <0.0001 
Hyper ctrl. Iso ctrl. 0.24 
Hyper ctrl. Hypo ctrl. 0.88 

Hypo Iso 0.084 
Hypo Hypo ctrl. 0.11 

Hypo ctrl. Iso ctrl. 0.64 
Iso Iso ctrl. <0.0001 

 
Figure A7. The mRNA expression of IL-6 after 1 day (left) and 5 days (right) of hyper-
osmotic treatment as compared to respective iso-osmotic controls. Statistics: One-way 
ANOVA followed by Tukey’s multiple comparisons test was used to test means among 
different groups. All reported tests are two-sided, p-values < 0.05 were considered 
statistically significant and all error bars present SEM. bNP P2 n=3, ns: not statistically 
significant at p > 0.05 
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Figure A8. The mRNA expression of COL1 after 1 day (left) and 5 days (right) of hyper-
osmotic treatment as compared to respective iso-osmotic controls. Statistics: One-way 
ANOVA followed by Tukey’s multiple comparisons test was used to test means among 
different groups. All reported tests are two-sided, p-values < 0.05 were considered 
statistically significant and all error bars present SEM. bNP P2 n=3, ns: not statistically 
significant at p > 0.05 

Discussion 

Hyper-osmotic stress is of interest in the study of IVD cell homeostasis and regeneration [6-
8]. TRPM7 was previously shown to sense osmotic gradients in kidney cells (HEK293 cells), 
however it was also demonstrated that hyper-osmolarity has an inhibiting effect on TRPM7 
[9]. Our data indicate that TRPM7 is likely not inhibited by hyper-osmotic stress in the 
IVD and may be sensitive to it. Nevertheless, whether TRPM7 mediates hyper-osmotic 
stimuli in IVD cells and if the results presented here are physiologically relevant should be 
investigated in the future. TRPV4 was previously shown to mediate hypo-osmotic stimuli 
in a variety of tissues [10] and only limited information on its affinity to hyper-osmotic 
stress exist. Our data suggest that although TRPV4 can be activated at any osmotic state, 
the mediated Ca2+ influx is significantly lower at higher osmolarity. A past study has 
demonstrated that hyper-osmolarity in combination with TRPV4 activator (4αPDD) may 
have a beneficial effects on the properties of tissue-engineered neocartilage, e.g. by increasing 
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its tensile stiffness and collagen content [11]. In contrast, hyper-osmotic treatment (without 
4αPDD) was shown to reduce collagen content on the protein level [11]. Correspondingly, 
COL1 was down-regulated in human degenerated NP cells cultured in alginate beads after 
five days of hyper-osmotic stimuli [5]. In line with these results, we could show that 5 day 
long hyper-osmotic culture led to a moderate decrease in COL1 on the gene level. Yet, in 
the another study, there was no significant differences in the mRNA levels of COL1 between 
hypo-, iso- and hyper-osmotic conditions in porcine IVD cells cultured in alginate beads [12]. 
However, it must be noted that in contrast to the herein presented results, the former 
studies employed either 3D culture, a different cell type (chondrocytes), animal model 
(porcine/human) or assay types (histology); hence, an entirely accurate comparison is not 
possible. Moreover, we could also demonstrate that a five-day long hyper-osmotic 
stimulation significantly decreased IL-6 expression on the mRNA level. This is in line with 
a previously reported result, where IL-6 was downregulated on the gene level in human 
degenerated IVD cells cultured in alginate beads exposed to hyper-osmotic media for 4 hours 
[13]. While it seems that hyper-osmolarity may have an inhibitory effect on IL-6 in the IVD, 
it was shown that in the other tissues hyper-osmolarity may promote IL-6 and inflammation 
via TonEBP/NFAT5 [14]. However, these conflicting reports may be also an effect of the 
differences between tissues/cells as healthy IVD cells are naturally exposed to higher 
osmolarity and experience greater osmotic gradients [4, 5] than most of the other 
cells/tissues for which an increased osmolarity may be a sign of a disease [15, 16]. To 
conclude, it remains to be elucidated if TRP channels are involve in sensing hyper-osmotic 
stress and what changes on the mRNA level are induced by hyper-osmotic stimuli. A clear 
limitation of these data is that they are preliminary and only tackle a narrow scope of the 
existing knowledge gap. Moreover, a use of healthy human IVD cells in the future studies 
could be beneficial for translating in vitro findings into clinics.  
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Chapter 8 
 Synthesis 

Low back pain (LBP) is a prevailing musculoskeletal disorder affecting up to 80% of 
individuals at some point in their lifetime [1]. The prevalence of LBP is growing with the 
aging-population, thus leading to rising future costs related to the medical intervention, but 
also lost days of work [1, 2]. Current treatment strategies are limited and mostly focus on 
the combination of physical therapy, pharmacological therapy and surgery [3, 4]. However, 
the outcomes are not always long lasting [5, 6]. Painful intervertebral disc (IVD) 
degeneration, also referred to as degenerative disc disease (DDD),  as well as inflammation 
are believed to be the key contributors to the development of LBP [7], however our 
understating of it is incomplete. IVD degeneration is a biologically complex process, where 
the structural, biomechanical and biochemical properties of the IVD predispose it to the 
degeneration [7]. Even in the healthy IVD, the local microenvironment is rather harsh, as 
compared to the other tissues: being avascular, the nutrient supply relies on the diffusion 
via cartilaginous endplates (CEP) and as a load-bearing tissue, the IVD experiences high 
and diurnal osmotic gradients [7]. Consequently, with a limited regenerative capacity, the 
IVD’s health depends on the fine balance of each of its regions (annulus pulposus (AF), 
nucleus pulposus (NP) and CEP) to maintain their normal function [7]. On the structural 
level, changes to CEPs lead to a deficiency in the nutrient supply, making the local 
microenvironment more acidic, whereas the annular fissures may lead to nerve and vessels 
penetration as well as to the displacement of the inner disc material (known as disc 
herniation (DH)) [7]. On the molecular level, IVD degeneration is characterized by a 
decreased extracellular matrix (ECM) production as well as an enhanced production of 
ECM degrading enzymes and pro-inflammatory cytokine, which is often a target of a 
pharmacological interventions [7, 8]. Advancing our knowledge on the inflammation in the 
IVD as well as the identification of novel biomarkers for (painful) IVD degeneration may 
not only close the existing knowledge gap related to the biology of IVD degeneration, but 
these biomarkers may also serve as promising therapeutic targets for its treatment [9]. 
Transient receptor potential (TRP) channels, which are membrane receptors involved in 
the calcium signaling that can be activated by a multitude of stimuli, have recently emerged 
as contributors to joint diseases [10-12]. TRP channels have previously been identified as 
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promising biomarkers and therapeutic targets in many other diseases, e.g. pancreatic or 
breast cancer [13, 14], but have not been yet widely researched in the field of IVD 
pathologies. Therefore, the central aim of this thesis was to identify and characterize TRP 
channels in the IVD. Further, three separate aims were described: 

Aim 1: Measure and compare the expression levels of selected pro-inflammatory cytokines, 
as well as the TRPC6 and TRPV4 channels in human samples from degenerated lumbar 
and cervical IVD tissue. We hypothesized that significant differences exist between 
expression levels of tested targets based on specific patient and IVD characteristics.  

Aim 2: Measure the gene and protein expression levels of all currently known TRP channels 
in the human non-degenerated and degenerated IVD tissue. We hypothesized that apart 
from previously investigated TRPV4 and TRPC6 channels, other members of the TRP 
channel family are as well expressed in the degenerated IVD tissue. Moreover, we 
hypothesized that the differences in their expression levels exists between non-degenerated 
and degenerated IVD tissue and may be influenced by specific patient and IVD 
characteristics such as the IVD degeneration grade as well as pain intensity and chronicity. 

Aim 3: Test and identify members of the TRP channel family, which function as sensors 
for the hypo-osmotic stress and with RNA sequencing identify genome-wide expression 
changes caused by the hypo-osmotic stress in the IVD. Reduced tissue osmolarity is a 
hallmark of the IVD degeneration and we hypothesized that TRP channels may sense 
osmotic-stress and mediate the gene expression of ECM molecules and pro-inflammatory 
cytokine under hypo-osmotic stress. 

8.1 Inflammaging in cervical and lumbar degenerated 
intervertebral discs: analysis of proinflammatory cytokine 
and TRP channel expression 

The study presented in the chapter 4 was the first one to our knowledge to compare the 
inflammatory processes and the expression of TRPV4 and TRPC6 channels in the human 
degenerated cervical and lumbar IVD tissue. In line with the other studies, we could confirm 
a leading role of the cytokine IL-8, which expression was induced in patients suffering from 
degenerative disc disease and together with the IL-6 was also more enhanced in patients 
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undergoing multilevel disc surgery. Moreover, we described the expression levels of so far 
insufficiently investigated inflammatory candidates from the interferon type I family and 
IL-15. We found that IL-15 is expressed in a degeneration- and age-dependent manner and 
its expression is higher in the cervical spine compared to the lumbar spine. Additionally, 
we were the first to show that TRPV4 and TRPC6 are expressed in the human IVD and 
both being expressed at similarly high levels to the well-known cytokines. There are 
relatively few studies focusing on novel pro-inflammatory markers in the IVD. Therefore, 
the results presented here are an achievement in our collective understating of IVD 
inflammation by indicating that that inflammation is not limited to commonly investigated 
targets (IL-6, IL-8 and TNF-α) and it is rather a complex network of pro-inflammatory 
crosstalk, where selected targets may correlate with each other (e.g. TRPC6 and IL-15/IL-
8/IL-6). Hence, more effort should be placed on unraveling these molecular dependencies in 
the future studies. Furthermore, our data clearly present that the inflammatory profile may 
be affected by relevant patient characteristics or specific tissue features, however we 
concluded that due to the overall small differences, the pharmacological therapy for disc 
pathologies may be applicable independent of the spinal region. 

8.2 Differential regulation of TRP channel gene and protein 
expression by intervertebral disc degeneration and back 
pain 

The study described in the chapter 5 was the first to present a throughout screening of 
TRP channels in non-degenerated and degenerated human IVD tissue. For the first time in 
our field, we could demonstrate that 26 out of 28 known TRP channels are expressed in the 
IVD. Overall, TRPC1, TRPM7, TRPP1 and TRPV4 were the highest expressed TRP 
channels in the non-degenerated and degenerated IVD tissue. While some TRP channels 
were undetectable in the non-degenerated tissue, the expression of TRPC4, TRPC6, 
TRPM7 and TRPML1 was found to be degeneration or Modic grade depended. Interestingly, 
the expression of TRPM2 was significantly reduced in the patients who underwent prior 
steroid treatment. Furthermore, we were able to show that the pain intensity and chronicity 
influenced the gene and protein expression of TRPC6, TRPM2 and TRML1. This is the 
first study to describe that the expression levels of selected TRP channels are dependent on 
the intensity and chronicity of discogenic back pain and therefore indicating that TRPC6, 
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TRPM2 and TRPML1 are promising therapeutic targets. These findings have the potential 
to initiate pharmacological innovations for the treatment of low back pain by pointing out 
pain-related and degeneration-affected TRP channels.  

8.3 Hypo-osmotic loading induces expression of IL-6 in nucleus 
pulposus cells of the intervertebral disc independent of 
TRPV4 and TRPM7 

The study presented in the chapter 7 focused on the investigation of the effects of hypo-
osmotic stress on the degenerative profile of the IVD as well as the expression and activity 
of the TRP channels. As the first one in the field, we presented a complete screening of the 
TRP channels in the bovine non-degenerated IVD cells and a genome-wide screening via 
RNA sequencing of the NP cells exposed to hypo-osmotic stress. Similarly to our earlier 
study on human IVD tissue (chapter 5), TRPC1, TRPM7 and TRPV4 were the most highly 
expressed TRP channels in the bovine IVD cells. These results confirmed that the bovine 
model is suitable for the study of TRP channels in the lack of human non-degenerated IVD 
cells. Moreover, we have researched the osmosensing role of TRPV4 and thus far not 
investigated TRPM7 in the IVD. We presented the effect of hypo-osmotic stimuli and 
pharmacological modulation on TRPV4 and TRPM7 channel activity and expression. In 
contrast to an earlier publication [15], we demonstrated that it is unlikely that TRPV4 
mediates hypo-osmotically induced IL-6 expression. Our data indicate that although 
TRPM7 and TRPV4 may be sensitive to hypo-osmotic stress, a pharmacological modulation 
of these channels’ activity does not affect the expression levels of aggrecan, ADAMTS9 and 
IL-6 under hypo-osmotic stress. These findings, together with the genome sequencing, may 
provide future scientists with a relevant tool to continue research on hypo-osmotic stress in 
the IVD and TRP channels.  

8.4 Limitations and future research 

One of the leading limitations of the studies presented as part of this thesis is the lack of or 
limited availability of human non-degenerated IVD tissue, which could serve as a control. 
Such tissue is usually obtained via organ donation, but their supply to science and medicine 
is limited not only on the national level, but also globally. To illustrate it, by the end of 
the year 2018, around 600 patients underwent an organ transplantation and around 1400 
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patients remained on the waiting list in Switzerland [16]. More importantly, a voluntary 
donation of body for research purposes is yet in many European countries underdeveloped, 
which is a result of obsolete regulations, cultural attitudes and ethical as well as legal 
ambiguity [17, 18]. However, an extensive analysis of non-degenerated human IVD tissue 
would give an opportunity for defining a “molecular baseline” and thus to differentiate 
between healthy and diseased conditions on the cellular and molecular level, which in turn 
could be also used as a benchmark for regenerative therapies. 

Degenerated IVD tissue is obtained from patients undergoing spinal surgery and is of high 
value in spine research. Nevertheless, it also carries certain limitations, which may bias the 
results. Firstly, nucleus pulposus and annulus fibrosus are often hard to separate precisely, 
especially in severely degenerated tissue. This clearly hampers the conclusions on zonal 
differences in degenerated IVDs. Secondly, obtained cell population may be dedifferentiated 
and a may contain different cell types that penetrated into the IVD due to innervation and 
vascularization [7, 19]. Lastly, working with human or animal samples often brings donor-
to-donor variation, which is rarely experienced when working with cell lines. Some of these 
limitations may be mitigated by using a larger (in the context of biological research > n=3) 
and balanced sample size and whenever possible we aimed at fulfilling these criterion (e.g. 
in the study presented in the chapter 4 n = 51). Nonetheless, collecting a bigger and more 
balanced sample size requires also more time and financial resources. Therefore, creating a 
permanent supply chain of test samples to a research laboratory by collaborations with 
hospitals and doctors as well as designing new cohorts may be advantageous for any future 
study.  

In the presented studies, we have used gold standard techniques (e.g. qPCR), validated 
reagents (e.g. TaqMan primers) and established protocols (provided by either an assay 
manufacturer or our internal lab protocols). However, every assay has sensitivity and 
specificity limitations, which need to be accounted for when drawing conclusions from the 
results. Moreover, disparities between studies resulting from using different interpretation 
of spine-research related terms (e.g. degenerative disc disease) or values (e.g. for osmolarity) 
could be overcome in the future by defining field specific standards and guidelines, which 
could be formulated by key-opinion leaders and task force groups. Furthermore, RNA 
sequencing is an outstanding tool, which enables to identify thousands of differently 
expressed targets in a single test sample. However, at the same time, the amount of 



 

232 
  

generated data may be difficult to be efficiently processed. Future studies using omics-
techniques will require improved tools for data analysis such as data mining, which at the 
moment are not commonly used in basic biological research. This and other programming-
based techniques could help to speed up the data analysis and interpretation time, support 
decision making as well as perhaps facilitate contrasting these new data with the scientific 
findings expanding beyond the scope of a given project. 

With respect to the TRP channels, their identification and characterization in regard to 
specific patient and tissue characteristics was an important finding that helped in the 
selection of the most promising therapeutic targets for future funding applications. So far 
the past research has focused on testing TRP channels that were proven to be of relevance 
in other tissue types (e.g. TRPV4 in cartilage [20]). Although this is a safe strategy, 
presented here broad screening approach will help to move beyond the current state-of-art. 
Future research endeavors, which extend beyond the scope of this thesis, shall aim at 
combining herby presented findings with research on e.g. the mechanosensing role of TRP 
channels and their interaction with other membrane receptors and pro-inflammatory 
molecules as well as pre-clinical investigations. These studies will have the potential to 
provide a more holistic understanding of the function of TRP channels in the IVD and DDD 
in general. 

It is the prime motivation of any spine-focused research project to advance treatment 
strategies for patients suffering from low back pain. In order to make translation happen, 
the needs of every stakeholder (e.g. patients, medical practitioners and payers) will need to 
be taken into account. Therefore, even basic in vitro research must envision approaches on 
how to test these newly obtained findings in the next stage of pre-clinical and clinical trials. 
We have shown that TRP channels and especially TRPC6, TRPM2 and TRPML1 are 
promising therapeutic targets for low back pain. Further research should investigate the 
mechanism of action of these (and other) TRP channels as well as continue the development 
of specific agonists and antagonists, which could be used in the clinical practice. 
Furthermore, our research has highlighted previously closer not examined patient 
characteristics, such as BMI, prior steroid treatment or the duration of symptoms, as 
important factors for consideration in research studies related to DDD. Future research 
should consider including these and other factors (e.g. epigenetics) in their investigations as 
well as expanding to cohorts studies. On the one hand, this direction could support the 
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development of personalized medicine treatment strategies. On the other hand, it could help 
create a genetic profile of individuals with predisposition to painful IVD degeneration as 
well as a more detailed profile of the condition itself.   

8.5 Conclusion 

The high prevalence of the low back pain, in combination with a growing aging population, 
indicate the need for improvement treatment strategies. The fundamental goal of advancing 
the low back pain treatment can be achieved by the discovery of new therapeutic targets. 
Furthermore, a rigorous characterization of the low back pain patient population is needed 
to determine who will ultimately profit from novel treatments. This thesis has made a 
significant progress in identifying novel pain (e.g. TRPC6, TRPM2 and TRPML1) and pro-
inflammatory targets (e.g. IL-15 or IFNα1) as well as by pointing out specific patient or 
IVD  characteristics (e.g. pain intensity and chronicity, IVD degeneration grade, pathology 
or spinal level), which may differentiate the outcome. Although further research is required 
to understand the mechanistic role of these targets and their interaction with other pro-
inflammatory molecules, the findings presented in this work not only advance the knowledge 
on IVD biology and inflammation, but are also of translational relevance. A successful 
translation of these findings would provide medical practitioners with a novel tool for the 
targeted treatment for patients suffering from low back pain.   
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