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Preamble 

INTRODUCTION: 

Based on amino acid sequence and homology; Transient Receptor Potential (TRP) ion 

channels are classified into 7 subfamilies namely TRPC (Canonical), TRPM (Melastatin), 

TRPV (Vanilloid), TRPA (Ankyrin), TRPML (Mucolipin), and TRPP (Polycystin). TRP 

channels conduct influx of different monovalent and divalent cations down their 

electrochemical gradients [1-3]. These channels are present in most of the tissue and cell 

types especially in sensory organs where these are involved in critical functions such as 

vision, taste, touch, auditory, olfactory and temperature sensation. TRP channel was first 

discovered in Drosophila photoreceptor (as trp mutant) where response against light was 

defective [4]. Like voltage-gated Na
+
 channels; TRP channels also contain six 

transmembrane (6TM) helices and the pore domain is present between the 5
th

 (S5) and 6
th

 

(S6) transmembrane region. Both N- and C-termini are located at the intracellular sides [1]. 

TRP channels form homo- or heterotetramer and only such tetramers act as functional ion 

channels. Most of the TRP channels contain a conserved sequence of 25 amino acids located 

immediately after the 6
th

 transmembrane segment (S6) commonly known as “TRP-box”, a 

typical structural signature, characteristic of several TRP channels.  

Among all TRP channels, TRPV represents a subfamily belonging to TRP super 

family of ion channels and consists of 6 members (TRPV1-6). TRPV1-V4 are 

thermosensitive in nature and thus can be activated at different temperatures, ranging from 

30°C to 52°C. Other two members of this subfamily, namely TRPV5 and TRPV6 are not 

thermosensitive but are highly selective for Ca
2+

 ion [5]. Transient Receptor Potential 

Vanniloid sub-type 4 (TRPV4) is a non-selective cationic channel and is expressed in 

nervous and sensory systems such as in brain, spinal cord, peripheral and sensory neurons, 

and also in a broad range of non-neuronal tissues including lung, spleen, kidney, testis, 

adipose tissue, cochlea, skin, smooth muscle, liver, bone, cartilage and vascular endothelium 

where it regulates diverse cellular physiology [6-11]. In case of sensory neurons, TRPV4 is 

localized in free nerve endings of A- and C-fibers where it is involved in mechano-

transduction and detection of different noxious painful stimuli (hyperalgesia) [12]. Among 

TRPV family of ion channels, TRPV4 is a unique channel as so far a large number of point 

mutations that have been reported in human population, and all these mutations correlate well 

with the development of several pathophysiological conditions including Brachyolmia, 

Charcot-Marie-Tooth disease type 2C (CMT2C) and skeletal dysplasia [13-15]. TRPV4 act 

as a polymodal receptor, and thus can be activated by various chemical and physical stimuli. 
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Different compounds such as 4α-phorbol 12,13-didecanoate (4α-PDD; a phorbol ester 

derivative), endogenous ligands such as endocannabinoids and arachidonic acid (AA) 

metabolites, diverse physical stimuli such as temperature (>27°C), mechanical force, low pH, 

and also by changes in osmotic pressure; all can activate TRPV4 [16]. So far expression of 

TRPV4 is reported from both neuronal as well as non-neuronal cells and tissues. Abnormality 

in TRPV4 expression and function also correlate well with the development of 

pathophysiological disorders. In case of neuronal cell, TRPV4 is present at the nerve 

terminals where it plays important role in regulation of Ca
2+

-signalling, microtubule 

dynamics and several downstream signalling pathways. It is well known that mitochondrial 

dysfunction in cells correlate well with the production of ROS, NOS, translocation of PKCε 

and excesses of Ca
2+

-influx which in turn leads to several pathophysiological disorders 

including neurodegeneration and neuropathic pain [17-21]. Both mitochondrial number and 

distribution are random in most cells but are very specific in case of differentiated cells like 

neuron and muscles [22]. In neuronal cells mitochondrial number and its position are higher 

in high energy demanding area such as in pre-synaptic and post-synaptic areas, growth cones, 

axonal branches, nodes-of-Ranvier and in dendritic spines which maintain the plasticity of 

neuron [22]. In this context, abnormality in TRPV4 functions as well as mitochondrial 

dysfunction, both shows the same symptoms of neuropathic pain or chronic pain. However, if 

these two aspects are interrelated or not and the underlying mechanism governing these 

dysfunctions are still elusive. 

In last few decades, intracellular localization of TRP channels was investigated. Such 

studies have unravelled the intracellular localization of TRP ion channels and have also partly 

characterized their functions within these subcellular organelles [23]. For example, TRPV1 

and TRPV3 are physically and functionally present in ER and regulate ER functions [24, 25]. 

Similarly, surface expression and localization of TRPV4 depends on several key factors such 

as correct folding within ER, glycosylation, tetramer assembly, recycling and proteasomal 

degradation [26, 14]. Apart from membrane localization, subcellular localization of TRPV4 

in nucleus and ER was also reported recently, though no functional significance was 

attributed in these cases [27]. The surface expression of TRPV4 is largely reduced in case of 

its point mutations and different point mutants localize in the cytoplasm as relatively big 

spots [28]. However, the exact identity and characterizations of different TRPV4 mutants has 

not been done yet. Based on the literature describing genetic interaction and regulation of 

biochemical pathway/s by TRPV4, presence of TRPV4 in mitochondria can be speculated. 

However, so far no systematic studies have been conducted to explore if TRPV4 is physically 
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present in mitochondria and if it regulates mitochondrial function/s. This thesis work 

explored TRPV4 in the context of mitochondrial localization and functional regulation. This 

work demonstrates that TRPV4 not only localizes into mitochondria but also regulates its 

critical functions in different manner. This work confirms that TRPV4 is endogenously 

present in the mitochondria of different cellular systems. In vivo, in vitro and in silico results 

indicate that mitochondrial localization and its functional regulation by TRPV4 are common 

aspects in many cellular systems from vertebrate origin. 

 

AIMS OF THE PRESENT STUDY: 

1. Characterization of TRPV4 in the context of different intracellular organelles 

2. Exploring whether TRPV4 interacts with mitochondria and with mitochondrial proteins 

3. Regulation of mitochondrial morphology, calcium homeostasis, potentiality, metabolite 

and other functional parameters by TRPV4 

4. Characterization of the Mitochondrial Targeting Signal (MTS) present in TRPV4  

5. Characterization of TRPV4 in sperm cells and its functional association with mitochondria  

 

ORGANISATION OF THE THESIS: 

The  work  reported  in  the  thesis  is  embodied  into  five  chapters. Chapter 1 deals 

with general introduction and review of literature in details with latest scientific information 

related to the concerned work and aim of the studies. Chapter 2 contains all the results 

obtained to justify the above mentioned objectives. Furthermore, result section was 

subdivided into 5 sub-sections based on the specific objectives. Chapter 3 is the part which 

includes extensive discussion on the results obtained in this work in the light of pre-existing 

literature and also proposes new hypothetical models and pathways involving TRPV4 and 

mitochondria. Chapter 4 provides a comprehensive idea about the entire work done, 

conclusions and future direction of the present study. Chapter 5 includes materials and 

methodologies employed for the current study. Chapter 6 includes all the bibliographic 

information mentioned in this study.     
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Results: 

 

1. Characterization of TRPV4 in the context of different intracellular organelles  

To achieve this objective, TRPV4 was expressed transiently by over expression or by 

stable selection in selected neuronal and in multiple non-neuronal cells (F11, a DRG neuron-

derived cell line; HaCaT, CHOK1, HeLa, Cos7 cell line and in HUVEC as primary cell). 

Both, immunostaining of fixed cells and confocal imaging of live cells were performed to 

visualize the distribution of TRPV4 in different sub-cellular organelles. Colocalization 

studies of TRPV4 with different mitochondrial markers such as Hsp60, Cyt C, mitoDsRed 

and Mitotracker Red suggest that TRPV4 primarily localizes in mitochondria. Along with the 

plasma membrane, TRPV4 is also present in the mitochondrial structures located at the 

perinuclear regions. Live cell experiments with Mitotracker-Red labelled cells as well as with 

mitoDsRed expressing cells indicate that TRPV4 localizes in mitochondria in live HaCaT 

cells and such colocalization are prominent when TRPV4 expression is at the lower levels. 

Furthermore endogenous presence of TRPV4 in mitochondria was validated by biochemical 

fractionation followed by Western Blot analysis using highly specific anti-TRPV4 antibody 

and mitochondria purified from Goat brain, Goat adipose, Rat fore brain as well as from 

CHOK1-TRPV4 stable cell lines.  

 

2. Exploring whether TRPV4 interacts with mitochondria and with mitochondrial 

proteins 

 Transfection based experiments in HaCaT cells suggest that only C-terminal fragment 

of TRPV4 (718-871 aa) can localize to mitochondria while the N-terminal fragment or the 

transmembrane region do not localise to mitochondria. Experiments with purified protein 

confirm that the C-terminal fragment of TRPV4 also interacts with intact mitochondria. 

Further pull down experiment identified mitochondrial dynamics regulatory proteins Mfn2 

and Mfn1 as well as matrix chaperone protein Hsp60 as TRPV4 interacting proteins. 

Interaction of TRPV4-Ct with Mfn2 and Mfn1 is direct and independent of Ca
2+

, GTP and/or 

ATP. Interaction of TRPV4 with these mitochondrial markers strongly suggests that TRPV4 

is involved in the regulation of mitochondrial fission and fusion.  

 

3. Regulation of mitochondrial morphology, calcium homeostasis, potentiality, 

metabolite and other functional parameters by TRPV4 
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TRPV4 act as a non-selective cation channel conducting influx of Ca
2+

 and other 

divalent cations inside the cell. Mitochondria plays an important role in Ca
2+

-buffering by 

sequestering excess of intracellular Ca
2+

 and then releasing them in extracellular fluid 

through uniporter pump/s [29]. It has been reported that excess Ca
2+

-load within 

mitochondria leads to mitochondrial dysfunction and altered mitochondrial morphology 

which correlate well with several diseases and the development of pathophysiological 

conditions [30]. Results described in previous section confirmed that TRPV4 is physically 

present in mitochondria and interacts with mitochondrial proteins. Work described in this 

chapter explores the functional significance of TRPV4 inside mitochondria. Most of the 

functional and biochemical characterization were performed using mitochondria isolated 

from Goat brain, or using HaCat cells expressing TRPV4 transiently, or CHOK1 cells 

expressing TRPV4 after stable selection. Results indicate that presence of TRPV4 activator 

alters mitochondrial morphology significantly and becomes circular or round-shaped as 

compared to normal elongated mitochondria in control conditions. It was also observed that 

TRPV4 activator increases and inhibitor decreases the level of Ca
2+

 within mitochondria. 

Furthermore, mitochondrial potentiality decreases significantly in presence of TRPV4 

activator and increases in presence of TRPV4 inhibitor. Mitochondrial Ca
2+

 regulation is 

crucial for several metabolic enzymes and is equally important for the proper activity of 

mitochondrial electron transport chain and thus for ATP production. In this context, results 

suggest that both TRPV4 activation and inhibition affects the enzymatic activities involved in 

electron transport chain. 

Ca
2+

-influx inside mitochondria is known to regulate mitochondrial metabolism in 

several ways. Mitochondria serve as an important organelle for synthesis and transportation 

of different lipids, sterols/cholesterol and different lipid derivatives (such as different 

steroids) or their precursors and derivatives. Therefore abnormality in mitochondrial 

energetics results in abnormalities in the synthesis of several small molecules such as lipid 

derivatives, cholesterol and its derivatives, NAD+/NADH, ADP/ATP and other bio-

metabolites. In this notion, the results obtained in this work also suggest that TRPV4 can 

serve as a regulator for mitochondrial metabolism. Such involvement of TRPV4 in metabolic 

functions seem to be largely conserved throughout the vertebrate evolution as suggested by 

conserved synteny organization where TRPV4 gene loci is flanked by two important 

metabolic pathway precursor genes on both sides, namely by glycolipid transfer protein 

(GLTP) on one side and by mevalonate kinase (MVK) on the other side. Physical interaction 

of TRPV4 with mevalonate, cholesterol and its derivatives such as different steroids to the 
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conserved intracellular Loop4 region suggest that TRPV4 is involved in such metabolism per 

se and such interactions are also highly significant for several physiological functions.  

 

4. Characterization of the Mitochondrial Targeting Signal (MTS) present in TRPV4  

Most of the mitochondrial proteins are encoded by nuclear genome and possesses 

conventional pre-sequences called Mitochondrial Targeting Signal (MTS) which are essential 

for translocation of these proteins into the mitochondria. Mitochondrial pre-sequences are 

typically 15-40 amino acid long enriched with positively charged residues and is present at 

the N-terminus of the protein [31]. Previous results described that the C-terminus of TRPV4 

localizes inside the mitochondria. However bioinformatics approach including MitoProt and 

TargetP1.1 analysis assigns very low score to this fragment. Based on in silico prediction for 

mitochondrial targeting signal (MTS), a novel stretch of TRPV4 protein sequence (592-630 

aa) was found which has higher score for mitochondrial signal peptide. Notably, in human 

population, a large number of point mutations have been reported to be present in this region. 

In silico analysis suggest that this predicted TRPV4-MTS sequence is conserved throughout 

the vertebrate evolution and has potential amphipathic stretch sequence which can help in 

mitochondrial import. In vitro experiments confirmed that this TRPV4-MTS indeed localizes 

inside the mitochondria in HaCaT cell and colocalizes with different mitochondrial markers 

such as mitoDsRed and Hsp60. Analysis different point mutants located within this region 

suggest that mutations in this region affect mitochondrial localization. Further biochemical 

pull down study also confirms that this short sequence can interact with Cytochrome C 

directly in a Ca
2+

-sensitive manner.  

 

5. Characterization of TRPV4 in sperm cells and its functional association with 

mitochondria  

The previous chapters described the physical presence of TRPV4 in mitochondria and 

its importance in the regulation of mitochondrial structure and function in different cell lines 

and in primary cells. To explore if TRPV4 can regulate mitochondrial structure-function, 

mature sperm/spermatozoa from different species were used as model systems. Mature sperm 

cells are extremely sensitive to different temperatures and represent transcriptionally as well 

as translationally silenced cellular systems. Therefore, sperm cells rely mainly on the Ca
2+

-

signaling events. In addition, mature sperm cells have high number of mitochondria precisely 

located at neck regions. Therefore, sperm cell offers a unique model system to study the 

effect of TRPV4-mediated changes in mitochondrial organization and functions. Indeed, our 
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experiments confirm that endogenous expression of TRPV4 in sperm cell is conserved 

throughout vertebrate evolution. TRPV4 also colocalizes with mitochondria of sperm cell 

obtained from different vertebrates such as fish, duck and human. The work described in this 

chapter characterizes the qualitative and quantitative changes in the mitochondrial 

morphology and intracellular Ca
2+ 

-levels in mature sperm from different vertebrates.  

Using high-end imaging methodologies, work described in this chapter confirms that 

mitochondrial morphology is altered upon activation of TRPV4. Super-Resolution images of 

Bull sperm indicate that TRPV4 activation alters mitochondrial coiling within the neck region 

of sperm to a large extent. In case of human sperm, TRPV4 activator and inhibitors 

significantly altered capacitation, acrosomal reaction, calcium-dynamics and sperm-motility. 

Inhibition of TRPV4 by specific inhibitor not only reduces progesterone-mediated 

hyperacivation but also reduces the Ca
2+

-wave propagated through the mitochondrial coiling 

region. Collectively, results obtained in this work confirm the involvement of TRPV4 in 

Progesterone-signaling. In vitro results also suggest that TRPV4 can act as an alternative 

“Progesterone receptor” as progesterone can directly bind to the intracellular loop 4 region, 

demonstrating that TRP channels are important in the context of steroid-mediated signalling 

events. 

 

Discussion and conclusion: 

Precise response against minute changes in temperature is a hall mark and common 

sensory function in many biological systems. A handful number of reports suggest that 

mitochondria alone is involved in cellular thermo-sensation and also responds to slight 

changes in temperature, though the exact molecular mechanisms and players involved in such 

functions are not known (32). Mitochondria is known to contain different types of Ca
2+

 

channels and uniporters which can potentially modulate cell signalling events, inter-

organeller communication, ageing, cell proliferation, cell death and thus involved in 

development of pathophysiological diseases. For example, Voltage Dependent Anion 

Channel (VDAC) is present on the outer mitochondrial membrane and regulates 

mitochondrial Ca
2+

-level and thereby controls mitochondrial metabolites and energetics [33]. 

Presence of TRPV4 in the plasma membrane is well established. In this study we have 

investigated the presence of TRPV4 in specific intracellular organelles. Localization of 

TRPV4 in intracellular organelles has been reported in different cellular system which mainly 

correlates well with different pathophysiological conditions including faulty protein 

trafficking, impaired protein folding and/or tetramerization, and ER stress [26, 34].  
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So far a few studies on TRPV4 have described its regulation in the context of surface 

expression and subcellular distribution. Both N-and C-terminus are important for several 

functions attributed to TRPV4. The C-terminus of TRPV4 interacts with different 

cytoskeletal elements [35]. A small fragment of TRPV4 present at the C-terminus is 

important for tetramerization and cell surface expression as deletion of this 16 aa fragment 

leads to accumulation of non-functional TRPV4 in ER [27]. It has also been demonstrated 

that interaction of PACSIN3, a cytoskeletal protein with the N-terminal region of TRPV4 

enhances its membrane localization [36]. Though all these studies characterized the 

trafficking of TRPV4 to a large extent, the understanding of surface expression as well as 

intracellular distribution of TRPV4 and actual regulation/s underlying this is still fragmented.  

The work described in this thesis confirms the physical presence of TRPV4 in the 

mitochondria and also establishes physical interaction of TRPV4 with different mitochondrial 

proteins, namely Mfn1, Mfn2, Hsp60 and Cytochrome C. These interactions are largely 

indicative of the importance of TRPV4 in mitochondrial fission and fusion events and 

therefore involve mitochondrial structure and function in details. The obtained data also 

suggest that TRPV4-Mfn2 complex is relevant for the specialized region that forms close 

contacts between ER and mitochondria commonly termed as mitochondria-associated 

membrane (abbreviated as “MAM”). Although Mfn2 is an outer mitochondrial membrane 

protein, but its amount is 14-fold higher in the MAM region which helps in transient tethering 

of ER with mitochondria [37]. MAM is also the specialized region through which 

communication between ER and mitochondria for the transport of lipid and/or lipid 

derivatives, metabolite and Ca
2+

 exchange takes place [38]. The TRPV4-Mfn2 complex at 

MAM is also important for the mitochondrial dynamics involving Mfn2 and Mfn1 [39, 40]. It 

seems that after or during tetrameric assembly of TRPV4 in ER, a fraction of TRPV4 

translocates to the mitochondria through MAM.  

In agreement with the physical interaction of TRPV4 with Mfn2 and Mfn1, TRPV4-

positive mitochondria have altered morphology and Hsp60 level. This is also in line with the 

fact that TRPV4 activation or inhibition largely regulates mitochondrial structure and 

functions. This induces further alteration in mitochondrial shape which becomes spherical or 

round-shaped and leads to mitochondrial aggregation. These results also suggest for a 

possible function of endogenous TRPV4-mediated regulation of the cristae curvature where 

both activation as well as inhibition can alter cristae organization. Recent research indicates 

that mitochondrial morphology largely depends on the actual lipid composition or lipid 

signalling molecules present within mitochondria [41]. Certain regulatory enzymes and 
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different specific lipids such as cardiolipin, phosphatidic acid, lysophosphatidic acid, 

diacylglycerol, phosphatidylethanolamine etc. regulate mitochondrial morphology and such 

functions are conserved from yeast to higher mammals [41]. As most cases, the 

mitochondrial lipids are synthesized in the MAM region and subsequently transported into 

the mitochondria. Therefore, it is most likely that TRPV4 regulates lipid composition or 

synthesis within the mitochondria resulting alteration in mitochondrial morphology. 

Interaction of diverse sterols and steroids including cholesterol and progesterone, with the 

conserved Loop4 region of TRPV4, indicates its importance in complex signalling events.  

Diverse effects of TRPV4 on the regulation of function and morphology of mitochondria 

is conserved in several cell lines and primary cells tested in this work. Since sperm cells are 

highly mobile and show extreme response against a large number of variable factors such as 

slight changes in temperature, pH, osmolality, presence of salts, and other factors at very low 

concentrations, presence of different TRP channels including TRPV4 is highly significant [ 

42, 43]. Indeed TRPV4-mediated regulation of mitochondria is also relevant in mature sperm 

cells from different species which are actually devoid of many cellular machineries and are 

transcriptionally and translationally silent. In mature sperm cell, TRPV4 has a role in Ca
2+

-

influx and Ca
2+

-buffering. Precise localization of TRPV4 also correlates well with the 

motility of mature sperm cells from human.   

In conclusion, this work established physical presence of TRPV4 in mitochondria in 

diverse cells including mature sperm and in all cases TRPV4 not only regulates 

mitochondrial morphology but also regulates the mitochondrial calcium homeostasis, 

oxidative potentiality and metabolism. Such findings have broad implications in the 

molecular understanding of several pathophysiological disorders where TRPV4 and/or 

mitochondrial abnormalities are involved. This in turn has several bio-medical applications 

too.  
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1.1. General introduction TRP family ion channels 

1.1.1 Initial history of TRP channels discovery 

The Transient Receptor Potential (TRP) ion channels are non-selective cation 

channels which mediate the influx of mono- and divalent-cations down their electrochemical 

gradients. TRP channel was first discovered in Drosophila photoreceptor (as trp mutant) 

where response against light was defective [1]. In 1969, for the first time Drosophila trp 

mutant was isolated and characterized based on their visual pigment impairment and this 

mutant shows transient response with light [2]. It was observed that during prolonged 

illumination on Drosophila photoreceptors, these trp-mutant flies transiently go blind and 

which can be rescued by removing light illumination from photoreceptor for at least 1 

minute. Because of this electrophysiological phenotype due to the defects in photoreceptor, 

this mutant was named as “transient receptor potential” or trp mutants [3]. After the 

discovery of trp gene, over 20 years till 1989, it was not confirmed if trp protein acts as a 

channel or not. The cloning of trp gene and its amino acid sequence provided strong 

indication that trp gene may actually act as an ion channel [4-5]. A more definitive nature of 

TRP was suggested by the hydrophobicity plot of TRP protein. Such analysis reveals that 

TRP protein have 6-8 transmembrane domain and it was proposed that “TRP protein is an 

ion channel” by Craig Montell and his associates [6]. After several months work confirmed 

that TRP channel actually act as a calcium ion channel and cause Ca
2+

-influx inside the cell 

[7]. Since its discovery, so far several TRP channels have been identified in all animals and 

these channels are involved in a plethora of sensory and physiological functions.  

TRPV1 is the first founding member of TRPV sub family of ion channels. Rat 

TRPV1 was identified in a cDNA screening where response against capsaicin was tested [8]. 

Most of the mammalian TRPV1 respond against capsaicin in different heterologous systems 

and cause robust Ca
2+

-influx. Identification of TRPV1 has been considered as a mile stone in 
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pain research.   Recently TRP channels have been identified from several fungal systems also 

[9-10]. However, so far TRP channels have not been detected in plants, though some other 

ion channels namely cyclic nucleotide gated calcium channels have been proposed as the 

functional homologues of TRP channels in plants [11-12].   

 

1.1.2 Evolution of TRP channels        

TRP channels regulate critical physiological and cellular functions in cells and these 

functions are mostly conserved from yeast to higher mammals. Expression of functional TRP 

channels has been reported in invertebrates such as worms, mosquito, fruit fly, as well as in 

vertebrates such as zebrafish, birds, mice and human [13]. TRP channels are also present in 

fungi, such as TrpY1 in yeast (Saccharomyces cerevisiae) where it regulates 

mechanosensation property of vacuolar osmotic pressure [9-10]. TrpY1 is a yeast vacuolar 

protein and it is specifically evolved in yeast which is distinct from other metazoan ancestors 

[14]. Previous study suggested that in Protista such as Thecamonas trahens has TRPP and 

TRPV ion channels and it was believed that this could be the most ancient form of metazoan 

TRP channels [14]. Moreover in choanoflagellates (Monosiga brevicollis and Salpingoeca 

rosetta) contain five different TRP channels namely TRPA, TRPC, TRPM, TRPML, and 

TRPV which indicates that most of the TRP family ion channels emerged from unicellular 

metazoan. Identification of these channels in choanoflagellates indicates that these five 

channels evolved before emergence of any multicellular higher animals. Though neurons are 

not present in choanoflagellates and sponges but both organisms respond to environmental 

stimuli which suggest that theses stimuli may be perceived by TRP channel [15-16]. 

Phylogenetic analysis reveals that sponges (oldest metazoan, 600 MYA) have two subfamily 

of ion channel namely TRPA and TRPML [17]. Cnidaria (evolved 540 MYA) have TRPA, 

TRPC, TRPM, TRPML, TRPP and TRPV family of ion channels [17]. Arthropod includes 
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largest classes of animal group which is present in freshwater, seawater and terrestrial places 

and phylogenetic analysis suggests that this phylum have almost all type of TRP family ion 

channels [17]. Analysis of the molecular evolution of TRP channels shows evolutionary 

plasticity. In many cases, such plasticity is accompanied by gene duplication and 

multiplication events as well. In certain cases, some of the TRP channels are absent in one 

phylum and again re-appear in next higher phylum suggesting mostly gene-loss events. In 

general, several factors such as interaction with specific ligands, presence of specific lipid 

components in membrane, environmental cues, body temperature etc. have played important 

roles in the molecular evolution of TRP channels.  

 

1.1.3 Classification of TRP channels 

Based on amino acid sequence and homology; Transient Receptor Potential (TRP) ion 

channels are classified into 7 subfamilies namely TRPC (Canonical), TRPM (Melastatin), 

TRPV (Vanilloid), TRPA (Ankyrin), TRPML (Mucolipin), TRPN (No mechanoreceptor 

potential C) and TRPP (Polycystin) [18-20] (Fig. 1). The eighth subfamily, TRPY, known as 

yeast TRPs, is distantly related to these classical 7 subfamily members and is responsible for 

sensing hypertonicity [14]. The presence of TRPs in yeast indicates that TRP channels 

precede the emergence of metazoan organisms [9-10]. The TRPN channels are not present in 

mammals but they are expressed in some vertebrates such as in zebrafish. Till now 7 

mammalian TRPC have been described (TRPC1-7) but TRPC2 is absent in human. All other 

TRPCs are present in different cellular system. Mammalian TRPM consist of 8 members of 

subfamily. The TRPV family contains 6 members and some of these channels have 

thermosensitive properties. In most animals, TRPVs are present as a single copy gene. 

However, in amphibians, multiple copies of TRPV4 are present. TRPA1 is the only member 

present in this family and it was previously known as ANKTM1 because this protein has 
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several N-terminal ankyrin repeats [21]. The mammalian TRPM subfamily contains eight 

members (TRPM1-8). TRPM1 is the first protein in mammalian TRPM which was initially 

named as “melastatin”, as its expression level correlates inversely with the melanomic cell 

lines [22]. TRPML1 (mucolipin-1) is the founding member of TRPML superfamily ion 

channel. TRPML1 and TRPML2 have lysosomal targeting signals and localizes with 

lysosomal membrane [13, 23]. Accordingly, mutation in TRPML1 leads to lysosomal 

disorders namely mucolipidosis IV which results in severe neurodegeneration. TRPP family 

represents the most primitive subfamily of TRPs as TRPP2 is archetype (a homolog of 

microbes) and it is also present in yeast cell. TRPP2 was first discovered as a protein 

disruptor relevant in Autosomal dominant polycystic kidney disease (ADPKD) [10, 24]. 

 

Fig 1: Family tree of TRPs channels. TRP members are divided into 7 sub family: TRPC (Canonical), TRPM 

(Melastatin), TRPV (Vanilloid), TRPA (ANKTM1), TRPML (Mucolipin), TRPN (No mechanoreceptor 

potential C) and TRPP (Polycystin). Image taken from Clapham D.E.; 2003 [18].  

 

1.1.4. General domain and motif structures of TRP channels 

 Like voltage-gated Na
+
 channels, TRP channels also contain six transmembrane 

(6TM) helices and the pore domain is present between the 5
th

 (S5) and 6
th

 (S6) 
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transmembrane region. Both N- and C-termini are located at the intracellular sides [18]. The 

N-terminal cytoplasmic domain of the TRPV and the TRPC channels contain single to 

multiple ankyrin repeats. The C-terminal cytoplasmic domain contains a TRP-box (in many 

TRP channels), which is well conserved in members of the TRPC subfamily, but is less 

conserved in members belonging to TRPM and TRPV subfamilies. TRP channels form 

homo- or heterotetramer and such tetramers act as functional ion channels. Most of the TRP 

channels contain a conserved sequence of 25 amino acids located immediately after the 6th 

transmembrane segment (S6) commonly known as “TRP-box”, a typical structural signature 

characteristic of several TRP channels. “TRP-box” is well conserved in members of the 

TRPC subfamily, but is less conserved within TRPM and TRPV subfamilies. Most of the 

TRP channels contain a Ca
2+

-sensing EF-hand motif, different phosphorylation sites, PIP2 and 

Calmodulin-binding sites.  

 

1.1.5. Function of TRP channels 

TRP channels are mostly associated with the neuronal and/or sensory functions. 

However, in recent time, involvement of TRP channels in functions mediated by non-

neuronal cells has also been reported. Most of the TRPs channels act as non-selective cation 

channels with very high to modest permeability towards Ca
2+

 ions. In addition, TRP channels 

are modulated by Ca
2+

 itself, which generate positive or negative feedback loop mechanism 

to regulate intracellular Ca
2+

 levels [25]. TRPs channels are involved in the regulation of 

intracellular Ca
2+

-homeostasis and thus regulate the plasticity on Ca
2+

-signalling. TRP-

mediated Ca
2+

-influx regulates important physiological functions, such as fertilization, cell 

differentiation and proliferation, cell death, neurotransmitter release, muscles contraction and 

transcription factor activation, etc [26]. In most conditions, Ca
2+

-influx inside the cells occurs 

through TRPs present in cell membrane and/or in intracellular organelles and cause changes 
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in the membrane potential which creates driving force for Ca
2+

 uptake [27]. Though all TRP 

channels allow the entry of several divalent or monovalent cations  inside the cell, the 

selectivity for Ca
2+

 over the Na
+
 is higher in the case of TRPV5 and TRPV6 [28, 29]. The 

variance in the selection of divalent cation (Ca
2+

) depends on the selectivity filter of pore and 

dynamic nature of pore behaviour of the TRPV5 and TRPV6 channels [30, 31].  

In case of TRPV5 and TRPV6, homo or hetero teteramerization results in the 

formation of the specific “selective filter” by negatively charged amino acids [32-33]. For 

example, tetrameric structure of TRPV5 and TRPV6 forms a tetrameric ring made of D
542

 

and D
541

 acidic amino acids, which act as the “selective filter” and specifically allow only 

Ca
2+

 ions from extracellular sides towards the inside [34]. The mammalian TRPC family is 

subdivided into 4 other sub-families (such as TRPC1, TRPC2, TRPC3/6/7 and TRPC4/5) 

based on their functional significance and sequence alignment. TRPC channels are in general 

non selective cationic channel and their selectivity for Ca
2+

 ion differs among all these 

members (Fig 2).  

 

 
Fig 2: Ca

2+
-selectivity of different TRP channels. Ca

2+
-selectivity of different TRP channels indicating that 

TRPV5 and TRPV6 have highest affinity for calcium and TRPM1 has the lowest. TRPM4 and TRPM5 are 

impermeable for calcium. (Image taken from Grees et al., 2010) [35].  
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1.1.6 Structure of TRP channels  

The topological architecture of TRP channels is composed of six transmembrane 

segments (S1–S6), intracellular N- and C-terminal domains, and a pore-forming loop 

between S5 and S6 [36]. The N- and C-terminal domains of TRP channels are located 

towards the cytoplasmic side which allow TRP channels to interact with diverse cytoplasmic 

proteins. The length of the cytosolic tails (both N- and C-terminus) varies in different TRP 

channel subfamilies mainly due to their different structural and functional domains [37]. 

TRPP and TRPML channels seem to possess an extended extracellular loop between 

S1 and S2, but experimental evidence for this structural model is lacking [20]. TRP channels 

contain a conserved sequence of 25 amino acids located immediately after the 6th 

transmembrane segment (S6) commonly known as “TRP-box”, a typical structural signature, 

characteristic of all TRP channels (except TRPA and TRPP members) [18, 21]. In case of 

TRPC ion channel, a highly conserved 6 amino acid sequence is present which is similar to 

TRP-box containing “EWKFAR” sequence [21]. It has been also reported that sequence 

within the TRP-box is responsible for PIP2-binding and regulates the gating property of TRP 

channels, at least such importance has been documented in case of TRPM8 and TRPV5 

channels [38, 39]. In general, TRPV and TRPC channels contain 3-5 ankyrin repeats in the 

N- terminal cytoplasmic domain. However as high as 17 ankyrin repeats are present in TRPA 

members [36]. So far, X-ray diffraction structures of TRP channels are not available or 

limited to certain fragments only, though high resolution structure is available for selected 

few TRP channels (discussed later). Most of the TRP channels form homo- or heterotetramer 

and the tetrameric structures only can form the functional ion channel. TRP channels are 

believed to have similar transmembrane topology and subunit organization as reported for the 

voltage-gated potassium (Kv) or sodium (Nav) ion channels [20]. So far only few TRP 

channels have been crystallized and 3-D cryo-EM structure has been reported. For example, 
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initially full-length TRPV1 structure has been solved by single-particle electron 

cryomicroscopy (cryo-EM) in 19-Å resolution [40]. This structures indicated that only one 

third of this ion channel is present in membrane and the other two third portion is hanging 

towards the cytoplasmic area and such structure is termed as ‘‘hanging gondola’’ [40-42]. 

Very recently, single-particle electron cryomicroscopy revealed structure of tetrameric 

TRPV1 at 3.4-Å resolution, both in open- and closed-conformation (Fig 3) [43, 44]. These 

structural details provide useful information regarding structure-function relationship of 

TRPVs. The tetrameric structure of TRP channels confirmed that the S5 and S6 region is 

important for the pore formation and also provides the selectivity filter which selectively 

allows certain ions only to cross plasma membrane (Fig 5) [44]. In comparison to TRPV1-

V4, TRPV5 and TRPV6 have distinct amino acid sequences and in TRPV5/6 the selective 

filters is more specific for Ca
2+

 ions only. However recent Cryo-EM structure (4Å) of TRPV2 

suggest that it has 6 TM region and TM-6 largely involved in gating regulation or pore 

opening through rearrangements in the secondary structure of S6 (Fig 4) [45].  

 

1.1.7 Structure of TRPV4 ion channel 

On the basis of structural and functional properties, TRPV family divided into four 

groups: TRPV1/TRPV2, TRPV3, TRPV4 and TRPV5/6 [46, 47]. TRPV1-4 are polymodal, 

thermosensitive and non-selective cation channels and mostly allows Ca
2+

 as well as other 

ions inside the cell upon activation. The human TRPV4 gene is present on chromosome 

12q23-q24.1 and consists of 15 exons which codes for 5 different splice variants.   
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Fig 3: Molecular structure of TRPV1. A. Linear graphical representation of monomeric TRPV1 structure 

indicating the different domain, pore region, transmembrane and loop region. B. Representing the ribbon like 

structure and three different views of TRPV1 tetrameric structure and pore region in closed state. (Image taken 

from Liao et al., 2013)[44].   

 

 

 

Fig 4: Topological structure of TRPV2. A. Cryo-EM reconstruction, showing the four-fold-symmetric TRPV2 

homotetramer. Each promoter is coloured differently. B. The atomic model of TRPV2 built from the EM 

density, with the domain architecture delineated by different colours. (Image taken from Lejla et al., 2016) [45]. 
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Fig 5: Selectivity filter of TRPV1 ion channel. Representing image shows the selectivity filter of TRPV1 and 

specific amino acid residue lies in this region which forms a lower gate for passing divalent cations (Image 

taken from Liao et al., 2013) [44].   

 

Human TRPV4 consists of 871 amino acids (full length), and has five splice variants 

including TRPV4-A (full length), TRPV4-B (lacking exon 7), TRPV4-C (lacking exon 5), 

TRPV4-D (short deletion inside exon 2) and TRPV4-E (lacking D237-284 and D384-444 

amino acids) [48]. Similar to other TRPVs, TRPV4 has 6 ankyrin (ANK) repeats, 33-amino 

acid motifs which involved in protein–protein interactions and also helps in tetrameric 

assembly of TRPV4 channel [36, 49, 50]. Apparently, the C-terminal cytoplasmic region of 

TRPV4 does not have any specific domain or motifs that can impart some especial structure-

function prediction related to TRPV4. However, the C-terminal cytoplasmic domain of 

TRPV4 contains a conserved TRP-box motif, which is a specific characteristic signature 

present in many other TRP channels. The C-terminus of TRPV4 also contains a tubulin-

binding motif sequence where positively charged amino acids are conserved in several 

species [51]. 

At present, no crystallographic or nuclear magnetic resonance (NMR) data is 

available that can shed light on the fine atomic structure of functional TRPV4. However, 

recently, structure of Rat TRPV4 was analysed at a resolution of 3.5 nm by cryo-electron 
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microscopy [52]. This electron microscopic (EM) study was conducted on His-tagged 

TRPV4 expressed in Baculovirus infected Sf9 cells, solubilized with detergents and further 

purified by several chromatography columns. As TRPV1 and TRPV4 share a high-degree 

(∼41%) of sequence identity and functional TRPV4 also forms a similar “hanging gondola”-

like structure. Cryo-EM structure of TRPV4 shows length 130 Å (from top to bottom) and 

width 85 Å. Volume analysis (3D construction) of TRPV4 indicated that approximately 30% 

volume of the functional channel lies in the plasma membrane and 70% of the total volume 

remains hanging from the plasma membrane (Fig 6).  

 

 

Fig 6: Cryo-EM structure of TRPV4. A. Shown are the surface expressed rTRPV4 and views from four 

different angles. Dimensions and estimated volume analysis are indicated accordingly. B. Shown are surface 

view of 6 transmembrane region of tetrameric, TRPV4 (grey), cyclic nucleotide-modulated potassium channel 

from Mesorhizobium loti (MlotiK1, blue) and voltage-gated potassium channel (Kv1.2, yellow). Surface 

representations were calculated from atomic coordinates that are shown at 3 nm resolution. (Image taken 

Shigematsu et al., 2010) [52]. 

  

1.1.8 Expression, function and distribution of TRPV4  

TRPV4 is expressed in a broad range of tissues (neuronal and non-neuronal), 

including lung, spleen, kidney, testis, fat (Adipose tissue), brain, cochlea, skin, smooth 

muscle, liver, bone, cartilage and vascular endothelium where it regulates the physiology of 

these systems [53-58]. TRPV4 not only functions as the “cellular osmosensor”, but also act as 

the “cellular mechanosensor” and is involved in the -transduction of sensory information in 
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A- and C-fibres (in case of DRG neurons). It is reported that TRPV4 plays an important role 

in thermoregulation through epidermal keratinocytes [53, 59]. TRPV4 is expressed in 

osteoblasts and osteoclasts and such expression has been correlated with the bone formation 

and remodelling functions [60, 61]. In case of chondrocytes, it is shown to regulate the 

chondrocyte polarity and differentiation and in endochondral ossification [62].  

In agreement with its functions, TRPV4 knockout mice exhibit reduced pressure and 

osmotic sensitivity, altered thermal selection, and hearing loss [63-67]. TRPV4 is abundantly 

expressed in urothelial cells of renal pelvis, ureters, urinary bladder and urethra and regulates 

the water permeability in nephron [63, 68]. In respiratory system, TRPV4 is predominantly 

expressed in cilia of bronchial epithelium and lungs where it regulates ciliary beating 

frequency and mucociliary transport [69]. Moreover TRPV4 is also present in ciliated 

epithelia of the bile ducts and the Fallopian tube where it might have an important role in 

regulation of bile flow and oocyte transport respectively [70, 71]. TRPV4 is expressed in 

smooth muscle cells lining the pulmonary artery, aorta and cerebral arteries and more 

abundantly present in vascular endothelium [72-74]. In mouse nervous tissue, TRPV4 is 

distinctly present in the different regions of brain and its associated tissues such as in cortical 

astrocytes, sympathetic ganglia, parasympathetic and sympathetic nerves trigeminal neurons, 

ependymal cells of the lateral ventricles, median preoptic areas, vascular organ of the lamina 

terminalis and in subfornical organ where it is involved in different sensory functions [56, 57, 

75, 76]. In the inner ear, TRPV4 is expressed in multiple sites such as inner hair cells, outer 

hair cells, spinal ganglion neurons and in the epithelial cells of the stria vascularis. It is also 

expressed in the apical membrane of the mitochondria-rich epithelial cells in the 

endolymphatic sac [77, 78]. Recently expression of TRPV4 in T cells has also been 

demonstrated [79]. TRPV4 seem to play important role in the T cell activation process, 

possibly by complex Ca
2+

-signalling events. 
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1.2. Regulation of TRPV4 by different signalling pathways 

1.2.1 Ca
2+

-based signalling cues 

TRPV4 is endogenously expressed in a wide range of tissues and cells where it 

regulates broad range of function/s and in most cases such involvement is due to its 

importance in the context of calcium signalling events. Unlike other TRP channels, TRPV4 is 

involved in the major regulation of Ca
2+

-signalling by influencing both Ca
2+

-currents as well 

as the magnitude of such currents. Typical outward current (OW) rectifying currents are due 

to a Ca
2+

 block around 0 mV and the magnitudes of inward (IW) currents depend on the 

extracellular Ca
2+

 concentrations indicating a Ca
2+

-mediated inhibition. In the absence of 

extracellular Ca
2+

, 4αPDD-mediated TRPV4 currents show a weaker OW rectification, and 

the currents also reverse at less positive potentials [80]. Apart from different Ca
2+

-selective 

ion channels, TRPV4 plays a pivotal role in regulating the cellular Ca
2+

-homeostasis and 

signalling. Notably, Ca
2+

 is one of the very important ubiquitous intracellular secondary 

messengers which are involved in many signalling pathways critical for physiological 

functions. It regulates crucial cellular functions such as fertilization, cell proliferation, 

apoptosis and cell necrosis. It also regulates functional responses including muscle 

contraction, cell migration, secretion, metabolic pathways, gene expression and cell 

differentiation. TRPV4 activation causes reabsorption of bone tissue by increasing the 

number of osteoclast cells. TRPV4-mediated Ca
2+

-influx regulates differentiation of 

osteoclast cells which is critical for bone cell remodelling [81]. TRPV4 mutants, namely 

R616Q and V620I (Gain-of-function mutants) were introduced in TRPV4 KO mice and 

TRPV4 (R616Q/V620I) transgenic animals were produced [81]. As expected, in these 

transgenic lines, higher Ca
2+

-level is observed in osteoclast cells and results in reduction in 

bone mass [81]. It was also reported that TRPV4-mediated Ca
2+

-influx evoked intracellular 

Ca
2+

-oscillations, which trigger nuclear factor-activated T cells (NFAT) c1-responsive gene 
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transcription and that change is critical for osteoclast differentiations [60]. Ca
2+

-homeostasis 

in endothelial cells (EC) is still unclear. It was suggested that apart from other transporter 

(SERCA, NCX) endogenous TRPV4 presents in EC plays important role in Ca
2+

-dependent 

endothelial nitric oxide synthase-induction and regulation of Ca
2+

-homeostasis [74].  

 

1.2.2 Role of different kinases 

In addition to various physical and chemical stimuli that activate TRPV4, 

phosphorylation at various positions also modulated its activity. TRPV4 phosphorylation 

regulates either its channel activity or trafficking or localization into the membrane. TRPV4 

has been proposed to play a key role in the mechanical hyperalgesia which is primarily 

caused by inflammation or tissue damage. As a downstream effect, several inflammatory 

molecules are known to be released during tissue damage. These inflammatory molecules 

include bradykinin, PGE2, 5-HT and histamine which directly sensitize primary afferent 

neurons, and results in hyperalgesia. These inflammatory molecules indirectly activate 

downstream signalling molecules which includes protein kinase C (PKC) and cyclic AMP-

dependent protein kinase (PKA) [82-84]. It has been reported that transiently expressed 

TRPV4 in HEK293 cells, after treatment with phorbol 12-myristate 13-acetate (PMA, PKC 

activator) increases the serine and/or threonine phosphorylation in the N-terminus region 

(S162, T175 and S189) of TRPV4 and regulates its swelling property against hypotonic 

solutions. The adenylate cyclase activator forskolin (FSK) induces phosphorylation at the 

serine residue (S824) located in the C-terminal region of TRPV4 and regulates the activation 

properties. It has been reported that the phosphorylation (PKC or PKA mediated) rate is 

significantly increased in presence of scaffolding protein AKAP79 which helps in the 

assembly of PKC and PKA protein and formed signalling complex with TRPV4. It is still not 

known whether AKAP79 directly binds with TRPV4 or not, but it is essential for the 
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recruitment of PKC and PKA which forms signalling complex with TRPV4 at the sub-

membranous regions [85, 86]. In arterial myocytes cells, anchoring protein AKAP150 and 

protein kinase C (PKC) play critical roles in the regulation of TRPV4 channels during 

angiotensin II (AngII) signalling [87]. Another report suggests that Src family tyrosine 

kinases (SFKs) induce tyrosine phosphorylation at Tyr253, Tyr110 and Tyr805 of TRPV4. 

These phosphorylations regulate the TRPV4 channel activity as well [88, 89]. However, the 

surface expression of TRPV4 is not altered or reduced in case of tyrosine phosphorylation 

[88].  

It was demonstrated that hyperalgesia (a pathophysiological situation where mild 

sensory cues become painful) activates downstream Protein Kinase A (PKA), Protein Kinase 

C (PKCε), and Protein Lipase C (PLCβ) pathways and different inflammatory molecules 

which in turn activate TRPV4 and results in TRPV4-mediated hyperalgesia [90, 91]. Recent 

study suggests that in case of mechanical hyperalgesia, PKCε, a cytoplasmic kinase is 

translocated to the mitochondria and phosphorylates several mitochondria proteins [92]. Pull 

down experiments also indicate that PKCε directly interacts with C-terminus of TRPV4 but 

how it regulates the channel function is not known [51].  

 

1.2.3 MAP kinase and immune cell associated interleukins 

Mitogen-activated protein kinase (MAP kinase) pathway is an important signalling 

pathway for cellular function which can be modulated by changes in the osmolarity of the 

surroundings or osmotic stress conditions [93]. TRPV4 is responsible for osmotic alterations 

and cell volume regulation in cells. Exposure of articular chondrocytes cells, to hypo-osmotic 

condition induces the expression of TRPV4 and an increase in the phosphorylation of 

ERK1/2 (MAP kinase). However in hyper-osmotic condition, p38 MAPK phosphorylation 

increases drastically [94]. It was also observed that inhibitor of MAP kinase significantly 
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reduces the TRPV4 expression [94]. In tumour endothelial cells, TRPV4 activation reduces 

ERK1/2 phosphorylation significantly and that correlates with reduced endothelial cell 

proliferation in vivo [95]. TRPV4 is abundantly expressed in trigeminal ganglion (TG) 

sensory neurons and senses nociceptive stimuli there. It was observed that TRPV4 activation 

causes massive Ca
2+

-influx in TG and as downstream signalling events, it activates MEK-

ERK MAP kinase signalling pathway [96]. Thus TRPV4 acts as an important candidate 

relevant in trigeminal nerve associated pain. Therefore, application of TRPV4 antagonist in 

the TG neuron is a potential pain management strategy which can prevent TG-induced long-

term pain such as pain involved in migraine, headaches, temporomandibular joint, facial and 

dental pain- etc [96].   

TRP ion channels are major transduction molecules of nociception. Especially 

TRPV4 is involved in sensation of noxious mechanical stimuli during the tissue inflammation 

[97, 98]. The inflammatory molecules such as cytokines and interleukins attenuate thermal 

hyperalgesia which indirectly regulates the expression and activation of TRPV4 in rat DRG 

neurons, interleukin 17A (IL-17A, a nocieceptor molecule involved in mechanical stimuli) is 

expressed in the membrane and it increases the expression of TRPV4 channel. IL-17A-

deficient mice exhibited a reduction of mechanical hyperalgesia but not of thermal 

hyperalgesia, suggesting that IL-17 is particularly involved in mechanical but not in thermal 

hyperalgesia [99]. TRPV4 is present in the articular chondrocytes where it regulates osmotic 

stress through Ca
2+

-homeostasis. In chondrocytes, it regulates the expression of interleukin-1 

(IL-1) and prostaglandin E2 (PGE2), especially in response to osmotic stress [100]. 

 

1.2.4 Mitochondrial free radicals (ROS & NOS)  

It is known that excess of intracellular Ca
2+

 leads to increase in mitochondrial ROS 

and NOS production. Elevated ROS production due to excessive Ca
2+

-influx leads to several 
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neurological disorder and abnormalities in the Ca
2+

 signalling pathway, especially in neuronal 

tissues [101] (Fig 7). TRPV4 activation increases mitochondrial ROS production in coronary 

endothelial cells (ECs) and induces ROS-dependent vasodilation in coronary arterioles. In 

coronary ECs, TRPV4 channel-mediated Ca
2+

-influx inside the cell is mechanistically linked 

with the flow signal and mitochondrial ROS production [102]. It was speculated that TRPV4 

present in plasma membrane are in close juxtaposition with mitochondria in ECs, and this 

association facilitated by the cytoskeleton, therefore TRPV4-mediated Ca
2+

-influx may be 

selectively targeted to mitochondria, leading to subsequent mitochondrial ROS production 

[102]. However the detailed molecular mechanism behind TRPV4-mediated Ca
2+

-influx and 

mitochondrial ROS production remains unclear. TRPV4 activation in ECs increased the 

production of mitochondrial H2O2. It was hypothesized that TPPV4-dependent Ca
2+

-influx 

induces mitochondrial H2O2 formation and results in vasodilatation in ECs [102]. 

It has been shown that TRPV4 activation increases intracellular Ca
2+

 in the mouse 

cortical collecting duct that results in flow-induced nitric oxide (NO) production in kidney 

[103].  TRPV4-induced NO production is blocked in presence of TRPV4-antagonists, namely  

ruthenium red and RN1734 and luminal flow do not increase NO production in the absence 

of extracellular Ca
2+

. A similar result was also observed in ECs cells where it regulates flow-

induced vasodilation in mesenteric artery through TRPV4 mediated NO production [104]. 

TRPV4 contributed to mechanical allodynia and neuropathic hyperalgesia in neuronal system 

that is also mediated through NO–cGMP–PKG pathway [105]. TRPV4 induces NO 

production through the activation of the NF-κB pathway in the DRG neurones but exact 

molecular mechanisms remain unclear [106]. 
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Fig 7: Schematic diagram of Ca
2+

-mediated free radical production in mitochondria. Represented 

hypothetical model shows mitochondrial ROS, NOS and H2O2 production after excess Ca
2+

-load. Free radical 

generated through ROS pathway regulates different PKCs and NOX pathway. (Image taken from Giusti et al., 

2013) [107]. 

 

1.3. Different activator of TRPV4 channels: Endogenous and Exogenous ligand 

1.3.1 Physical stimuli-mediated activation of TRPV4 

TRPV4 is a classic example of polymodal channels regulated by diverse physical and 

chemical stimuli, implicating modes of regulation of TRPV4. Detection of osmotic stimuli or 

osmosensation is important in all organisms. TRPV4 channel was initially cloned based on its 

sensitivity to hypo-osmotic cell swelling, suggesting that TRPV4 is a mechanosensitive ion 

channel [56-58]. Indeed, the mechanosensitive nature of TRPV4 was previously 

demonstrated in a study where mechanosensory defects observed in osm-9 mutant of C. 

elegans was rescued by human TRPV4 [108]. This experiment suggests that TRPV4 

functions as an osmosensitive and mechanosensitive channel involved in sensory functions 

and the mechanosensory function of TRPV4 is conserved in almost all animals [108]. Indeed, 
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TRPV4 plays important role in sensing “cell swelling” and “mechanosensation”, two 

important cellular functions relevant in several tissues such as inner ear, sensory neurons, 

renal tubular epithelial cells, cilia of oviductal epithelial cells and in endothelial cells [56, 

109]. In TRPV4-expressing HEK293 cells and M-1 renal collecting duct cells, application of 

shear stress (or fluid flow) across the apical surface confirmed the mechanosensitive nature of 

TRPV4 [110, 111]. However mechanical stimulation of TRPV4 is highly sensitive to changes 

in the temperature which indicates the temperature-induced sensitization to mechanical 

stimuli [56, 110].  

Furthermore it has been reported that TRPV4-deficient animals (trpv4
-/-

 mice) reveal 

defective ability for sensing plasma osmolarity by the sensory circumventricular organs of the 

hypothalamus, which in turn regulates secretion of antidiuretic hormone (ADH) and therefore 

controls osmolarity of the extracellular fluid [66, 112]. TRPV4 KO mice have impaired 

sensation of tail pressure recognized by sensory DRG neurons.  TRPV4 KO animals also 

have impaired regulation of cell volume (especially of aortic endothelial cells) against 

hypotonic solution, indicating that TRPV4 act as a high threshold mechanoreceptor [64, 113]. 

TRPV4 KO mice preferred warmer footpad temperatures as compare to WT, indicating that 

TRPV4 is involved in thermal hyperalgesia [114]. 

The mechanisms involved in body temperature regulation and sensation are extremely 

important as it influences different physiological and pathophysiologic functions. Warm-

blooded animals have complex abilities to sense different temperatures and respond to 

changes in surrounding temperatures. The discovery of the temperature sensitive TRP 

channels (TRPV1-V4, also known as “thermo-TRPs”) allowed great advancements on the 

understanding of the mechanisms involved in thermosensation. The TRPV channels are 

known to be activated at defined temperature thresholds: TRPV1 at 42°C; TRPV2 at 52°C; 

TRPV3 at 31°C; and TRPV4 at nearly 27–35°C [8, 115-121]. In case of heat-sensitive 
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TRPVs channels, changes in the temperature from warm to hot range results in the left-shift 

of the voltage sensitivity. In contrast, for cold-activated TRPs channels, changes from cool to 

very cold results in right-shift in the voltage sensitivity and thereby activates these channels. 

However TRPV4 does not show any voltage sensitivity in patch-clamp studies where the 

membrane was detached from the cell suggesting that other intracellular factor/s is/are 

involved in the regulations of temperature dependent regulation of TRPV4 channels [29]. The 

physiological relevance of TRPV4 in thermosensation is still unclear, however it has been 

reported that TRPV4 expression in skin keratinocytes can act as a sensor of “warm” 

temperature [29, 53, 122].  

 

1.3.2 Pharmacological activators and inhibitors of TRPV4 

TRPV4 agonist: The potent activator of TRPV4 is a synthetic phorbol ester, 4α-phorbol 

12,13-didecanoate (4αPDD) which can activate TRPV4 even at relatively modest 

concentration (<1 μM) [121]. So far it is the most potent known activator of TRPV4 with an 

EC50 (Effective concentration at half of the maximum) of 200–400 nM. In addition, 4αPDD 

is relatively more specific for TRPV4 because it remains neutral to other TRPV family 

members. It binds to the TM3 and TM4 region of TRPV4 (Leu584 and Trp586) [123]. The 

4αPDD is a non-protein kinase C–activating phorphol ester and is not metabolized quickly. 

TRPV4-currents generated by application of 4αPDD is transient and repetitive applications of 

this activator results in decreased responses and channel becomes desensitized [80, 124]. In 

addition to 4α- form of PDD, its 4β-form can activate the TRPV4 channel at almost similar 

concentration suggesting that both stereoisomers can activate TRPV4 (Fig 8). 

The classical PKC activator phorbol 12-myristate 13-acetate (PMA), which is 

structurally similar to 4αPDD, shows 50-fold low potency than 4αPDD in case of TRPV4 
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activation. This data strongly suggest that 4αPDD binding site is completely different as 

compared to PMA binding site (phorbol ester/ diacylglycerol-type receptor target) [121]. 

 

 

Fig 8: Comparison of the pharmacology of activation of TRPV1 and TRPV4 by phorbols and endogenous fatty 

acids. (Image taken from Nilus et al., 2004) [125]. 

 

Apart from 4αPDD, TRPV4 can also be activated by different endogenous lipid 

derivatives and lipid metabolites. Endocannabinoids are endogenous lipids which include 

amides and esters of long-chain polyunsaturated fatty acids and these compounds generally 

activate metabotropic cannabinoid receptors (CB1). Recent reports suggest that 

endocannabinoid anandamide (AEA) and its metabolite arachidonic acid (AA) can cause 
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significant increase in intracellular Ca
2+

 and increase whole cell currents in TRPV4-

expressing HEK cell but not in TRPV4-negative cells [80].  

It was also suggested that a nonmetabolizable analogue of AEA (e.g., 

methanandamide), an inhibitor of fatty acid amidohydrolase, phenylmethylsulfonyl fluoride 

cannot induce TRPV4 activation. Subsequently it has been shown that synthesis of EET 

metabolites of AA via the cytochrome P450 epoxygenase pathway (5,6-EET and 8,9-EET) 

could also activate TRPV4 [113, 126]. Furthermore, activation by endogenous ligands (such 

as by AA metabolites) appears to be distinct from the 4αPDD-mediated activation because 

mutation in 4αPDD binding site cannot alter the activation by lipid derivatives [126]. Other 

studies have shown that the 11,12-EET may similarly activate TRPV4 [72]. Accumulating 

evidence suggesting that AA pathway and the epoxygenase metabolites play key roles in 

regulating TRPV4 activity in the endogenous settings. 

TRPV4 is also able to sense sun-burn induced pain and is able to sense UV radiation. 

It has been shown that skin epithelial cells of mice containing TRPV4 can transmit UV-B 

signal to sensory neurons and is responsible for sunburn-associated pain [127]. 

 

TRPV4 antagonist: A major problem of TRPV4 antagonists is their lack of specificity. 

Three (ruthenium red, gadolinium and La
3+

) have been classically used to study TRPV4-

mediated cationic currents, although none of them is specific, and all three have similar 

actions on other TRPV channels, i.e. inhibiting inward currents but not outward currents [57, 

125]. Citral, a bioactive component of lemon and commonly used as a taste enhancer or an 

insect repellent, was also found to be a transient antagonist for TRPV4 [128]. This compound 

modulates several TRPs and can induce versatile responses depending on the nature of the 

biological systems. Recently, HC-067047 has been reported as a new potent TRPV4 inhibitor 

that reversibly abolishes TRPV4 activity independent of the stimulus used for activation 
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[129]. Another set of antagonists, namely RN1747 and RN1734, a pair of structurally related 

compounds were also discovered which completely inhibit both ligand- and hypotonicity-

activated TRPV4 currents and these compounds are widely used as TRPV4-specific 

antagonist [130]. However it was not known how and where it binds within TRPV4. Their 

activities against human, rat and mouse TRPV4 were characterized using electrophysiology 

and intracellular Ca
2+

-influx [130]. 

 

1.4. Subcellular distribution and trafficking of TRPV4-Wt and mutants 

 In most of the ion channels, the overall activity of channels is controlled by 

trafficking of channel containing vesicles to the plasma membrane. Generally a pool of ion 

channels are maintained within intact vesicles within the cytoplasm and these pools are 

recycled to the plasma membrane whereas other pool may be targeted for degradation [131]. 

TRP channels present in the membrane are activated and/or regulated by protein kinases, 

lipid signalling events and or other factors. However, it is not clear whether intracellular 

localized TRP channels can also be regulated by the same signalling mechanisms or not. 

Surface expression of TRPV4 is regulated by various factors such as by protein folding, 

protein tetramerization, post translational modification, Ubiquitin-mediated degradation, 

lysosomal degradation, etc.  

 

1.4.1 Sub-cellular localization of TRPV4 in different systems 

While a number of studies have confirmed the localization of TRP channels in plasma 

membrane and also in ER, the sub-cellular localization of these ion channels remain poorly 

established. In particularly, the sub-cellular localization of TRPV4 and its precise localization 

in intra-cellular compartments have not been characterized. In addition, apart from the ER, so 

far no sub-cellular organelles have been specifically probed for the presence of TRPV4 
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either.  However, several cell biological and biochemical characterization studies indicate the 

presence of TRPV4 in ER. For example, TRPV4 has also an N-linked glycosylation motif 

within the pore-forming loop. In this case, the glycosylation is on the Asparagine residue 

located at position 651 and glycosylation at this position promotes the retention of TRPV4 in 

the ER [132]. It has also been demonstrated that interaction of PACSIN 3 (a cytoskeletal 

protein) to the N-terminal region of TRPV4 enhances the membrane localization [133]. 

Previously it has been reported that deletion of extreme C-terminal 16 amino acid residues of 

TRPV4 does not alter the surface expression, as truncated TRPV4 (1–855 aa) can be exported 

to the membrane and this surface expression is equivalent to that of the wild type TRPV4 (1–

871 aa) [134]. However, the same study revealed that the deletion of upstream 16 amino 

acids at the region of C-terminus of TRPV4 (828–844) results in accumulation of ion channel 

in the ER. Another report demonstrates that deletion of amino acid residue 132–144 (located 

at the N-terminal cytoplasmic domain), i.e., deletion of Proline-rich domain (PRD) resulted in 

loss of channel function despite having proper trafficking at the membrane [135]. As both N- 

and C-terminal regions seems to be important, the reported self-interaction between N- and 

C-terminal of TRPV4 mediated by Calmodulin and Ca
2+

 might play an important role here 

[136]. 

Within the N-terminus, the ARD regions (amino acid residues 132–383) seem to be 

important for assembly and maturation of TRPV4 [137, 138]. This conclusion is drawn on the 

basis of the fact that TRPV4 splice variants namely B-, C- and E-isotypes cannot assemble 

into functional channel [137]. These isotypes lack regions located at the N-terminal region, 

are sequestered in endoplasmic reticulum and thus cannot reach to the plasma membrane. In 

contrast, A- and D-isotypes are transported to the membrane and can form functional 

channels. Thus cells expressing A- and D-isotypes can responded to TRPV4-specific stimuli 

[137]. Though all these studies characterized the trafficking of TRPV4 to a large extent, the 
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understanding of surface expression of TRPV4 and actual regulation/s underlying this is still 

fragmented.  

 

1.4.2 Surface expression and recycling of TRPV4 

Generally, surface expression of TRP channels is an important and complex aspect 

regulated by multiple factors. Depending on the signalling events, new functional channels 

are recruited to the plasmamembrane when required [134, 139, 140]. The pre-existing 

channels are either recycled by endocytosis and exocytosis or internalized and degraded by 

26S proteasomal pathway if not required [140]. These regulations are essential and form the 

basis of channel homeostasis at the plasma membrane. In that context, multi vesicular body 

(MVB) pathway is important as it regulates the level of surface expression by degrading the 

internalized transmembrane proteins at lysosome [141]. Surface expression of transmembrane 

proteins can also be regulated by Ubiquitin, a 76 amino acid long chain that serves as a 

degradation signal in Ubiquitin-mediated Proteasomal degradation pathway [142]. However, 

recent studies demonstrated that Ubiquitin can also be used as a sorting signal for MVB 

pathway for intracellular pool of TRPV4 [143-145]. These internalized TRPV4 containing 

vesicles efficiently recycles to the plasma membrane. However, it has been observed that in 

spite of being tagged with Ubiquitin, some of the TRPV4 do not get degraded, but become 

accumulated beneath plasma membrane [139]. Thus, AIP4 seems to plays a role which is not 

only relevant in the context of Ubiquitination of the TRPV4 but also can direct the TRPV4 

under regulation by MVB pathway. As AIP4 binds to the N-terminal region of the TRPV4, 

mutations in this region can lead to altered Ubiquitination [139]. This altered Ubiquitination 

might affect the surface expression of TRPV4 and that may altered its cellular function. 

TRPV4-R269H mutant mostly accumulated in the cytoplasm, indicating that amino 

acid R269 located at the 3rd ARD is important for the surface expression, at least in case of 
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HeLa cells [146]. However, using a different cellular system, namely HEK cell, another 

group has reported that the same TRPV4-R269H mutant has proper cell surface expression 

[147]. A similar study revealed that a different mutation at the same position, i.e., TRPV4-

R269C does not have an altered surface expression in HeLa cells [146]. In contrast, R316C 

mutant reveals a loss of function (compared to the wild type) when expressed in HeLa cells 

while the same mutation reveals a gain of function in HEK cells [147].  

Sequence analysis of TRPV4 also revealed differential distribution of the wild type 

and mutant TRPV4. Both carboxyl-terminal dilysine KKXX motif which interacts with coat 

protein I (CopI complex) and the internally positioned RXR motif regulate the retention of 

any protein within endoplasmic reticulum [148]. Apparently, TRPV4 polypeptide contains 

four RXR motifs, two on the N-terminal region (122RWR and 269RGR) and two at the C-

terminal (816RLR and 819RDR) cytoplasmic domain. Interestingly, different mutations at 

R269 position (R269C and R269H) can destroy the function of one RXR motif located at the 

N-terminal domain and thus regulate the surface expression significantly. 

 

1.5. Regulation of TRPV4 by interacting proteins and lipids  

TRPV4 is involved in diverse cellular functions and its N- and C-terminal domains 

face towards the cytoplasmic region. Therefore these domains interact with diverse type of 

proteins and regulate channel functions. Since TRPV4 is physically present in lipid bilayer; 

therefor it is also regulated by various membrane components such as cholesterol, lipid and 

its derivatives, as well as by other transmembrane proteins including other ion channels. 

  

1.5. 1 TRPV4 interacting proteins and its regulations 

a. MAP7: The cell shape or morphology is regulated by microfilament and microtubules and 

their associated proteins. The C-terminus of TRPV4 has been reported to interact with tubulin 
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and actin cytoskeleton and such interactions are involved in regulation of microtubule 

dynamics and intracellular signalling [51]. Recent study also suggested that microtubule 

associated protein7 (MAP7) functionally interacts with the C-terminus of TRPV4 (785-808 

aa), a region which is next to the CaM-binding domain and enhances its surface expression 

[149].  

This finding for the first time describes the characteristics of this channel in relation to 

the cytoskeleton. It was reported that MAP7 enhances the channels’ expression in cellular 

plasma membranes and therefore enhances the response against TRPV4-specific stimuli. 

Membrane localization of TRPV4 significantly decreased in cell lines that do not express 

MAP7. It was reported that osmotic activation of TRPV4 with MAP7 requires both actin 

microfilaments as well as microtubules as pharmacological modification of actin and 

microtubule dynamics (by Phalloidin, Cytochalasin-B and Taxol) can alter the TRPV4-

induced currents [149]. It was speculated that MAP7 is important in the regulation of the 

osmotic stimuli to the channel.  

 

b. PACSIN3: PACSIN3 is a cytoplasmic adaptor protein that belongs to Fes-Cip4 homology-

Bin-Amphiphysin-Rvs (FBAR) protein superfamily [150]. Members of this superfamily 

participate in many cellular processes such as endocytosis, regulation of cell morphology, 

motility, neurotransmission or connecting cell membrane with submembranous cytoskeleton 

[151]. It was found that PACSIN3 could modulate TRPV4 function by a direct binding. All 

three members, namely PACSIN1-3 were able to bind to TRPV4, but only PACSIN3 

regulated its activity and cellular localization [152]. While TRPV4 membrane expression is 

enhanced in the presence of PACSIN3, the channels’ activity is widely reduced. 

Coimmunoprecipitation studies demonstrated that PACSIN3 binds to the N-terminal proline-

rich domain (PRD) of the channel via its SH3 domain [152]. A similar regulation has been 
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demonstrated between PACSIN3 and glucose transporter GLUT1 where PACSIN3 enhances 

the expression of the transporter in the membrane [153].  

 

c. OS-9: OS-9 is a ubiquitous protein found in the cytoplasmic site of the ER that plays a role 

in selecting substrates for degradation. It interacts with the N-terminal tail of TRPV4 (amino 

acids 438- 468) and reduces the amount of TRPV4 expression in the membrane. It preferably 

binds to TRPV4 monomers and it is thought to prevent the channel polyubiquitination. This 

would hold and protect monomers in the ER against premature Proteasomal degradation. OS-

9 would act as an auxiliary protein not only for TRPV4 but also for TRPV1 maturation. OS-9 

can rescue the adverse effects of TRPV4 overexpression during zebrafish development [154]. 

 

d. Aquaporins: Aquaporins (AQP) are proteins embedded in the cell membrane that regulate 

water flow. These are essential players in water regulation. Considering the role of TRPV4 in 

maintenance of cellular osmoregulation, it is in full agreement that TRPV4 and Aquaporins 

interact, both at the physical as well as functional level. Indeed, at least two Aquaporins; 

namely AQP4 and AQP5 functionally interact with TRPV4. It is reported that reduction in 

AQP5 membrane protein depends on the expression and activity of TRPV4 [155]. This 

reduction was counterbalanced by inhibiting TRPV4 activity by ruthenium red. In contrast, 

hypotonicity increased the surface expression of both AQP5 and TRPV4. Notably, AQP5 is 

required for activating TRPV4 by hypotonicity rather than cell swelling per se [156]. It is not 

clear whether these differences could be due to different cell models, but these findings point 

to a functional complex formed by AQP5 and TRPV4 in the context of cell volume 

homeostasis. In astrocytes also this functional complex is composed of TRPV4 and AQP4. 

Co-immunoprecipitation assays demonstrated direct binding between these and presence of 

both proteins are important for the cell volume homeostasis. Silencing of either TRPV4 or 
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AQP4 inhibited regulatory volume decrease (RVD) and altered cell volume homeostasis in 

astrocytes [157].  

 

e. Actin and tubulin: TRPV4 interacts directly with actin and tubulin [51, 149, 158]. It was 

observed that the interaction between the channel and F-actin was essential for the 

maintenance of the cell volume homeostasis and that when actin was destabilized with 

Latrunculin; TRPV4 is no longer capable of responding to cell swelling [159]. It was 

suggested that actin microfilaments interacting with TRPV4 can act as the 

mechanotransducers rendering TRPV4 as a mechanosensitive ion channels [160]. For tubulin, 

competition was observed between actin and tubulin binding, and TRPV4 was able to 

modulate cytoskeleton functions [51]. Like TRPV1, TRPV4 activation also regulates both 

actin and tubulin cytoskeleton and regulates cell morphology [51, 161]. The exact site where 

tubulin or actin interacts with TRPV4 is not elucidated, but it seems that the C-terminal 

region is sufficient for these two interactions and both tubulin and actin competes for the 

same binding sites [51]. Stabilization of microtubules by Taxol(R) also results in altered 

desensitization of TRPV4 and reduced influx of Ca
2+

 within cells [51].   

 

f. Caveolin-1: Caveolin-1 is a scaffolding protein present in lipid rafts. It clusters lipids and 

signalling molecules within the caveolae and may regulate the activity of the proteins found 

in these structures. TRPV4 is also found in lipid rafts and interacts with caveolin-1 [162-164]. 

Caveolin-1 KO mice results in reduced TRPV4 activity, showing that importance of the 

TRPV4 clusters in endothelial cells. This interaction may help to explain the role of TRPV4 

in vasodilatation or in the endothelium-derived hyperpolarizing factor-mediated relaxation 

[163].  

 



 Introduction

   

31 
 

g. β-catenin and E-cadherin: Tight junctions (TJ) and adherens junctions (AJ) have been 

proven to be essential in the preservation of the skin barrier function. Cell-cell junctions in 

keratinocytes depend on the interaction of TJ and AJ with the actin cytoskeleton. Notably, β-

catenin and E-cadherin are the major components of the TJ and a recent report shows that 

both interact with TRPV4 [165]. This interaction plays an important role in maintaining the 

integrity of the skin barrier. TRPV3, also a TRP present in keratinocytes did not show 

interaction with β-catenin or E-cadherin. The first segment of the N-terminal tail until the 

beginning of the ankyrin repeats of TRPV4 is enough to retain this interaction [165].  

 

1.5.2 Regulation of TRPV4 by cytoskeletal and scaffold proteins 

 TRPV4 forms supramolecular complexes with cytoskeletal proteins and regulatory 

kinases, which potentially regulates various cellular signalling pathways [51]. TRPV4 and 

actin association was first revealed in live cell using Time- and space-correlated single 

photon counting (TSCSPC) using different cellular systems [160]. Later, colocalization of 

TRPV4 and actin was also observed in highly dynamic membrane structures, such as 

microvilli, filopodia and lamellipodia of different cellular systems [51, 159]. It was observed 

that TRPV4 and actin interaction decreases significantly in presence of actin-destabilizing 

reagent Latrunculin A [159]. TRPV4 C-terminus is sufficient to interact with actin and 

tubulin. More specifically, phosphorylation of TRPV4 by serum glucocorticoid-induced 

protein kinase1 (SGK1) on the Ser 824 residue is required for its interaction with F-actin 

[166].  

 

1.5.3 Regulation of TRPV4 by another receptors and ion channels 

Functional complex formation between TRPV4 and the angiotensin receptor (AT1aR) 

and the ligase adaptor β-arrestin has recently been described in vascular smooth muscle cells 
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[167]. Notably, β-arrestin controls internalization of the G protein-coupled receptors and 

therefore controls their activity [168]. This indicates the existence of a trimeric protein 

complex formed by G protein-coupled angiotensin receptor, β-arrestin and TRPV4. Upon 

angiotensin stimulation, β-arrestin leads to an Ubiquitination and further internalization of 

TRPV4. Detail molecular analysis revealed that β-arrestin acts as an adaptor between the 

already described AIP4 and TRPV4 leading to the channel Ubiquitination. This process is 

dependent on the presence of β-arrestin and on the angiotensin stimulation. With no 

stimulation, β-arrestin does not bind the channel and there is no internalization. With no β-

arrestin, AIP4 does not internalize TRPV4 [167]. Angiotensin-mediated signalling pathways 

are critical in vasoconstriction regulation or other vascular effects and TRPV4 also appears to 

influence vascular tone [113, 169, 170].  

Among TRPV family ion channels, homo-oligomeric tetramers are preferentially 

selected during channel assembly. Experimental observations suggest that trans-membrane 

domain, as well as N- and C- terminal regions of TRPV channel plays critical role in channel 

homo- or hetero-tetramerization [171]. TRPV4 interacts with TRPP2 channel physically and 

functionally and this heteromeric complex regulates thermosensor property in vivo [172]. 

TRPV4 also forms heteromeric complex with TRPC1 and this complex may mediate flow-

induced Ca
2+

-influx in vascular endothelial cells [173]. Moreover some reports suggest the 

formation of heteromeric TRP channels by more than two types of TRP channels. For 

example formation of a heteromeric TRPV4-TRPC1-TRPP2 complex in primary cultured rat 

mesenteric artery endothelial cells (MAECs) and HEK293 cells shows that this heteromeric 

complex has much diversity of function and structural features [174].   
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1.5.4 Regulation of TRPV4 by vesicular proteins 

So far few reports have confirmed that TRPV4 interacts with different vesicular 

proteins and such interactions have importance in the context of physiological functions. For 

example, blood flow through vascular endothelium exerts shear stress on walls of blood 

vessels. Shear stress alters localization of TRPV4 in these cells and also induces its 

activation. This sensitization of TRPV4 in vascular endothelial cells was attributed to the 

transport of intracellular pools of TRPV4 to the plasma membrane via Dynamin- and 

Clathrin-mediated exocytosis (Fig 9). This translocation involved key proteins like Integrins, 

ILK, Akt and involves release of Ca
2+

 from intracellular stores as well as phosphorylation of 

TRPV4 at Tyrosine 110 residue [175]. In HeLa cells, TRPV4 has been found to colocalize 

with a t-SNARE protein, namely with Syntaxin 4 that is present at the plasma membrane 

[139]. 

 

 

Fig 9: Integrins play role in the surface expression of TRPV4. Integrins localized on plasma membrane sense 

increase in shear stress and this in turn causes the release of TRPV4 ion channel from intracellular organelles to 

the plasma membrane via clathrin-coated vesicles and this translocation is dependent upon the presence of an 

intact actin cytoskeleton as well as on the release of calcium from intracellular stores. (Image taken from 

Baratchi et al., 2015) [175]. 
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1.6 Importance of TRPV4 in human physiology and TRPV4 mediated channelopathies  

 Though initially thought to be expressed in peripheral neurons only, later reports 

confirmed that TRPV4 is expressed in almost all tissue. Also, in comparison to other TRP 

channels, TRPV4 represents one of the few TRP channels which are characterized 

extensively in the context of several physiological conditions. Initially TRPV4 channels was 

identified in several osmo- and mechanosensory cells such as inner-ear hair cells, sensory 

neurons, and Merkel cells, etc. where its expression was correlated with the osmosensory 

function of this cells. [56]. However, later on, based on their presence in different tissues and 

cells diverse cellular function of TRPV4 was elucidated (Fig 10). In agreement with that, 

mutations in TRPV4 results in several developmental disorders. Notably, most of these 

mutations are deleterious but not always lethal or embryonic lethal and in some cases even 

transmit too in few generations. In the following sections, some of these functions and its 

importance in diseases are described in details.  

 

1.6.1 TRPV4 mutants and genetic disorders 

During the course of evolution TRPV4 remained conserved in all vertebrates, yet in 

human population a large number of mutations have been reported that cause malfunctions 

[177, 178]. In most cases, these mutations in TRPV4 results in either “gain-of-functions” 

number of diseases and pathophysiology, commonly known as “TRPV4-induced 

channelopathies” (Table 1). Recently, a few naturally occurring TRPV4 mutants have been 

identified. Interestingly, most of these missense and nonsense point mutations are linked with 

the development of genetic disorders in human and a detailed list of naturally occurring 

TRPV4 mutations and related disease is documented (Table 1). Here we briefly discuss some 

of these mutations gained importance in terms of genetic disease. 
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Fig 10: Schematic diagram of the natural occurring hTRPV4 mutations. Representing TRPV4 image shows 

six transmembrane domains, a pore loop region between the 5
th

 and 6
th

 transmembrane region, intracellular N- 

and C-terminal domains. Six ankyrin repeat domains are present on the N-terminal domains. Several naturally 

occurring mutants have been reported for TRPV4 which are associated with various pathological conditions 

(Image taken from Lamande et. al, 2011) [176]. 

 

a. Brachyolmia:  Using a linkage analysis and candidate gene sequencing, it was reported 

that some patients affected with brachylomia have missense mutation in TRPV4, specifically 

at position R616Q or V620I respectively [179]. These mutations are located at the loop 

region connecting 4
th

 and 5
th

 TM as well as in the 5
th

-TM region which forms the functional 

pore. Each of these two mutations increases basal level of Ca
2+

 as compared to the TRPV4-

Wt. Also the response against 4αPDD (TRPV4-specific agonist) is more in these mutants 

when compared to the TRPV4-Wt. This result also indicates that these two mutations 

preferably stabilize TRPV4 in its “open stage” resulting in constitutive activity of the 

channel. 
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b. Spinal muscular atrophy (SMA): SMA is a heterogeneous disorder of peripheral nervous 

system. Patients with SMA have been reported to have single missense mutations in different 

positions in TRPV4, such as at the position R316C, R269H and R315W [146]. These 

mutations are primarily located at the ARD of TRPV4. These mutants (R316C, R269H and 

R315W) reveal “loss-of-function” when challenged by hypo-osmotic solution and 4αPDD 

[146]. 

 

c. Hereditary motor and sensory neuropathy type 2 (HMSN2C): Charcot Marie Tooth 

disease type 2C (CMT2C) and Scapuloperoneal Spinal Muscular Atrophy (SPSMA) are also 

known as HMSN2C. SPSMA patients are characterized by weakness of scapular muscle and 

bone abnormalities. CMT2C leads to weakness of distal limbs, vocal cords and often impairs 

hearing and vision. Genetic analyses of these patients have shown the presence of missense 

mutations at the TRPV4, especially at the R269H, R315W and R316C positions [146]. 

 

d. Spondylometaphyseal dysplasias (SMDK) and metatropic dysplasia:  
 

SMDK is an autosomal dominant dysplasia. Genetic mapping of the patients affected 

with this disease have shown the presence of missense mutation in TRPV4, either at R594H, 

D333G or at A716S [180]. Any of these mutations seems to alter the basal level activity. In 

addition, I331F and P799L mutations are known to induce metatropic dysplasia 

(Represented in Table 1) [180]. 

 

 



 Introduction

   

37 
 

Table1: List of naturally occurring TRPV4 mutations and disease (Verma et al., 2010) [177] 

     

 

            

            

             

 

 
Mutation Residue Change in charge Domain/ motif 

effected 

Effects on ion 

conductivity 

Genetic disorder 

1 - P19S Nonpolar to polar N-terminal Less conductivity Hyponatermia 

 

2 C366T 

(exon 2) 

T89I Polar (uncharged)  to nonpolar N-terminal Not done Metatropic dysplasia 

3 G547A 

(exon 3) 

E183K Negative to plus ARD1 Not done SEDM-PM2 

4 A590G 

(exon 4) 

K197R Plus to plus ARD2 Not done Metatropic dysplasia 

5 - L199F Nonpolar  to aromatic ARD2 Not done 

 

Metatropic dysplasia 

6 G806A 

(exon 5) 

R269H Plus to plus ARD3 Less conductivity SMA 

7 G806A 

(exon 5) 

R269H Plus to plus ARD3 More 

conductivity 

CMT2C, SPSMA 

8 G806A 

(exon 5) 

R269H Plus to plus ARD3 More 

conductivity 

CMT2C 

9 G806A 

(exon 5 

R269C Plus to polar un charged ARD3 More 

conductivity 

CMT2C 

10 - E278K Negative to  plus ARD3 Not done SMDK 

 

11 - T295A Polar (uncharged) to nonpolar ARD4 Not done 

 

Metatropic dysplasia 

12 C 943T 

(exon 6) 

R315W Plus to aromatic ARD4 Less conductivity HMSN2C 

13 C946T 

(exon 6) 

R316C Plus to polar (uncharged) ARD4 Less conductivity HMSN2C 

14 A1080T 

(exon 6) 

I331F Nonpolar to aromatic ARD5 Not done Metatropic dysplasia 

15 - I331T Nonpolar to polar (uncharged) ARD5 Not done 

 

Metatropic dysplasia 

16 A992G 

(exon 6) 

D333G Negative  to nonploar ARD4 More 

conductivity 

SMDK 

17 - V342F Nonpolar to aromatic 

 

ARD5 Not done Metatropic dysplasia 

18 - F592L Aromatic to nonpolar 

 

TM4 Not done Metatropic dysplasia 

19 G1781A 

(exon 11) 

R594H Plus to plus TM4 More 

conductivity 

SMDK 

20 A1805G 

(exon 11) 

Y602C Aromatic to polar TM4-TM5 Not done SEDM-PM2 

21 C1812G 

(exon 11) 

I604M Nonpolar to nonpolar TM4-TM5 Not done Metatropic dysplasia 

22 G1847A 

(exon 12) 

R616Q Plus to polar uncharged TM5, pore region More 

conductivity 

Brachylomia 

23 C 1851A 

(exon 12) 

F617L Aromatic to nonpolar TM5, pore region Not done Metatropic dysplasia 

24 T1853C 

(exon 12) 

L618Q Nonpolar to polar (uncharged) TM5, pore region Not done Metatropic dysplasia 

25 G858A 

(exon 12) 

V620I Nonpolar to nonpolar TM5, pore region More 

conductivity 

Brachylomia 

26 - M625I Nonpolar to nonpolar TM5, pore region Not done 

 

SMDK 

27 - L709M Nonpolar to nonpolar 

 

TM5, pore region Not done SMDK 

28 C2146T 

(exon 13) 

A716S Nonpolar to polar Cytoplasmic side of 

TM6 

Same as wild type SMDK 

29 - R775K Plus to plus C-terminal region 

 

Not done Metatropic dysplasia 

30 - C777Y Polar (uncharged) to aromatic  

 

C-terminal region Not done SMDK 

31 - E797K Negative to plus 

 

C-terminal region Not done SEDM-PM2 

32 - P799R Nonpolar to plus 

 

C-terminal region Not done Metatropic dysplasia 

33 - P799S Nonpolar to polar (uncharged) 

 

C-terminal region Not done Metatropic dysplasia 

34  P799A Nonpolar to nonpolar 

 

C-terminal region Not done Metatropic dysplasia 

35 C2396T 

(exon 15) 

P799L Nonpolar to nonpolar C-terminal Not done SMDK 
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As all these above mentioned mutants are naturally occurring, these mutants are not 

embryonically lethal (as most lethal mutants will be naturally excluded from the population). 

It is also important to note that none of these mutants show complete loss of their prime 

function, i.e., the ionic conductivity. Indeed, experimental results suggest that some of these 

mutants even have enhanced channel opening [179]. As most of the patients are 

heterozygous, it can be concluded that it is not only the ionic conductivity of the TRPV4 per 

se, but also the signalling events which is relevant with the development of pathophysiology. 

This is in agreement with the observation that TRPV4-KO animals do not reveal embryonic 

lethality but develop some pathophysiological disorders like hearing loss, impaired pressure 

sensation, reduced osmoregulation, defective bladder function and impaired release of 

antidiuretic hormone [63-66, 112]. 

  

1.6.2 Role of TRPV4 in the male and female reproductive tract  

In the female oviducts cilia movements are necessary to ensure a correct transport of gametes 

[181]. As in the airways, TRPV4 is involved in the response to mechanical changes in the 

environment, which in turn control ciliary beat frequency (CBF). In hamster oviduct ciliated 

cells express functional TRPV4, which can be activated by its activator and it regulates the 

CBF through phospholipase A-dependent pathway [109]. Moreover TRPV4 expression is 

regulated by progesterone in mammary gland epithelial cells and also in airway epithelial 

cells, indicating that TRPV4 activity could be regulated by the female hormone cycle [182]. 

It has been also reported that TRPV4 is expressed at RNA level in rat testis but their 

functional role in spermatozoa maturation and other function was not characterized [183]. In 

addition, if TRPV4 is physically and functionally present in spermatozoa of other species has 

not been characterized.  
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1.6.3 TRPV4 in the airway epithelium 

TRPV4 is present in airway epithelium to play a fundamental role in controlling the 

ciliary beat frequency (CBF). It has been suggested that activation of TRPV4 with agonist 

increases the calcium level in nasal epithelial cells and also regulates its CBF [184]. Cilia 

movement in airway epithelia is essential to maintain mucus clearance and provide a first line 

of defence against allergens or pathogens [185]. In this context, TRPV4-KO mice show 

significant reduction in CBF and display a reduction in Ca
2+

-entry in ciliated cells [69]. In 

human, respiratory epithelia makes a protective barrier and clears diesel exhaust particles 

(DEP). It was reported that DEP in respiratory epithelia activates TRPV4 through proteinase-

activated receptor-2 (PAR-2) and leads to massive influx of Ca
2+

 which leads to activation of 

human respiratory disease-enhancing matrix metalloproteinase-1 (MMP-1) [186]. Therefore 

pharmacological inhibition of TRPV4 opens possibilities for “targeted therapies” against 

human airway borne diseases. 

 

1.6.4 TRPV4 in the vascular endothelium  

Many TRPs channels are reported to be present in vascular endothelium but TRPV4 

seem to be critically important for its key functions. Due to blood flow, vascular endothelium 

has to adapt to changes in shear-stress in order to maintain normal blood pressure and flow 

[187-189]. The “mechanical stress” generated during blood flow activates TRPV4 channel 

and also causes production of NO and results in vasodilation of blood vessels [163]. TRPV 

activation elevates the basal levels of Ca
2+

 which leads to hyperpolarization of endothelial 

cells [72, 190]. TRPV4-KO mice showed no shear-stress-induced vasodilatation, proving that 

Ca
2+

- influx through TRPV4 contributes to endothelial mechanotransduction [188, 191]. In 

another case, it was reported that angiogenesis in cerebral hemisphere increased due shear-

stress activation of TRPV4 [192]. This is mainly due to the fact that small capillaries are 
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anchored to the extracellular matrix and shear-stress increased the expression of TRPV4 in 

the membrane that induces collateral vessel growth [193]. Apart from controlling blood 

pressure and flow, other important endothelium functions such as transportation of liquids 

and solutes across the vascular endothelial barrier are also regulated by TRPV4. Damage or 

inflammation of the endothelium can lead to increased endothelial permeability or severe 

lung injury due to alveolar flooding [194].  

 

1.6.5 Role of TRPV4 in stem cells 

Ca
2+

 is a ubiquitous intracellular signal responsible for controlling numerous cellular 

processes such as cell differentiation, proliferation, and apoptosis. Recent evidence suggests 

that different Ca
2+

 signalling is related to cell proliferation and differentiation, critical 

functions that are important and relevant for stem cells [195, 196]. Human pluripotent stem 

cell-derived cardiomyocytes (hPSC-CMs) in culture are randomly organized and do not have 

typical directionality or axial alignment. It has been reported that activation of TRPV4 elicits 

changes in cytosolic Ca
2+

 and helps in natural directional alignment of cardiomyocytes cells. 

This effect (directional alignment) was abolished in presence of TRPV4 antagonist RN1734 

and HC067047 [197]. It was proposed that TRPV4-mediated increase in Ca
2+

 results in 

phosphorylation of AKT which in turn helps in realignment of the cardiomyocytes cells 

[197].  

Another report also suggests that TRPV4-mediated Ca
2+

-signalling helps in 

differentiation of endothelial progenitor cells (EPCs) [198]. EPCs circulated into the blood to 

replace damaged endothelial cells and recapitulate the vascular network of injured tissues 

[198]. It was observed that circulating EPCs contain functional TRPV4 channel and TRPV4 

activation helps in repair or replacement of new endothelial cells [198]. 
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1.6.6 TRPV4 in the skin 

In case of skin tissue, TRPV4 has been identified in Merkel cells and in the 

keratinocytes [165, 199]. Merkel cells (MCs) are associated with nerve terminals and forms 

MC-neurite complexes. However recent report suggests that TRPV3 is important for sensing 

warm temperature in keratinocytes cells [200]. TRPV4 is essential for the formation of cell-

cell junctions and provides a hydrophobic barrier in the skin which is essential for protection. 

TRPV4-deficient mice reveal impaired intracellular junction dependent barrier function and 

TRPV4 is important for the homeostasis of the skin permeability barrier [165, 201]. 

 

1.6.7 TRPV4 and bone regulation 

TRPV4 plays a crucial role in the skeletal system, where it is expressed in several 

tissues, such as cartilage and bone. Bones constantly undergo remodelling process to adapt to 

environmental stress. Shear or mechanical stress is an important stimulus for bone 

remodelling and is achieved by a balance between osteoclasts and osteoblasts where 

intracellular and extracellular Ca
2+

-balance is crucial and tightly regulated. Interestingly, 

TRPV4 present in both osteoblast and osteoclast cells and precisely regulates the bone mass 

[61, 81]. The major role of osteoclasts is bone reabsorption, and their differentiations as well 

as maturations are dependent on the nuclear factor-activated T cells (NFAT) which 

translocate to nucleus. It was reported that TRPV4-mediated Ca
2+

-influx causes translocation 

of NFAT in the nucleus where it activates osteoclast specific gene transcription [202]. 

Consequently TRPV4-KO mice show an impaired osteoclast function and an increased 

trabecular bone volume [60]. TRPV4-Wt mice induced with mechanical hind limb unloading 

present an increased rate of bone absorption and a higher number of osteoclasts. This bone 

remodelling was suppressed in TRPV4-KO mice that reveal bone thickening due to 

deficiencies in osteoclast differentiation [61]. 
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1.6.8 TRPV4 in kidney and bladder 

TRPV4 is widely expressed in different tissues but its expression is very high 

especially in kidney [56-58]. The kidney converts daily ~150 L of glomerular filtrate into ~1 

L of urine by water reabsorption in the renal tubule. Water permeates and moves freely from 

the tubule lumen in the descending thin limb of the “Loop-of-Henle”. This filtration is due to 

the hyperosmotic environment in the interstitium. The cells lining of the descending limb of 

kidney are freely permeable for water, and the filtrate becomes progressively more 

concentrated as water travelled to ascending limb of kidney. Interestingly, expression of 

TRPV4 is completely absent along the early parts of the kidney tubule (ascending limb) 

where passive water reabsorption takes place; however, it has been observed that in 

descending limb and distal nephron, the expression of TRPV4 is predominantly higher. In 

kidney, TRPV4 is able to sense changes in osmolarity in the medullary interstitium. Such 

functions are important for variety of physiological states and pathophysiological conditions, 

including even simple changes in urine flow rate. Few groups have described the functions of 

TRPV4 in presence of different drugs or antibiotics in in vivo conditions. For example, 

aminoglycoside antibiotics (Such as Kanamycin, an antibiotics widely prescribed in many 

medical cases) decreases renal expression of TRPV4 [203]. However, this effect is 

profoundly decreased in presence of antioxidant dihydroxybenzoate which can rescue the 

expression of TRPV4 [203].     
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1.7    AIMS OF THE PRESENT STUDY 

 

In last few decades, TRP channels have been investigated extensively. Such studies 

have unravelled the localization of TRPV ion channels in the plasma membrane and also 

partly characterized their functions within certain subcellular organelles [204]. For example, 

TRPV1 and TRPV3 are physically and functionally present in ER and regulate its functions 

[205-206]. Similarly, surface expression and localization of TRPV4 depends on several key 

factors such as correct folding within ER, glycosylation, tetramer assembly, recycling and 

proteasomal degradation [132, 177]. Apart from membrane localization, subcellular 

localization of TRPV4 in nucleus and ER was also reported recently, though no functional 

significance was attributed in these cases [207, 208]. The surface expression of TRPV4 is 

largely reduced in case of its point mutations and different TRPV4-mutants localize in the 

cytoplasm as relatively big spots [146]. However, the exact identity and characterizations of 

these intracellular structures has not been done yet. Genetic analysis suggests that 

independent point mutations in either Mfn2 or TRPV4 results in development of same patho-

physiological disorder, namely Charcot Marie Tooth (CMT) disease [209], though these two 

genes are located on two different chromosomes. TRPV4 is located on Chr 12 while Mfn2 is 

on Chr 1. Based on the literature describing genetic interaction with TRPV4 and regulation of 

biochemical pathway/s by TRPV4 the presence of TRPV4 in mitochondria can be speculated. 

However, so far no systematic studies have been conducted to explore whether TRPV4 is 

physically present in the mitochondria and regulates mitochondrial function/s. This thesis 

work explored TRPV4 in the context of mitochondrial localization and functional regulation. 

This work demonstrates that TRPV4 not only localizes into mitochondria but also regulates 

its critical functions in different manner. This work confirms that TRPV4 is endogenously 

present in the mitochondria of different cellular systems. In vivo, in vitro and in silico results 
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indicate that mitochondrial localization and its functional regulation by TRPV4 are common 

aspects in many cellular systems from vertebrate origin. 

 

Major objectives: 

1. Localization of TRPV4 in various intracellular organelles. 

2. Exploring if TRPV4 interacts with mitochondria and with different mitochondrial proteins. 

3. Regulation of mitochondrial morphology, Ca
2+

-homeostasis, potentiality, metabolism and 

other functional parameters by TRPV4. 

4. Characterization of the Mitochondrial Targeting Signal (MTS) present in TRPV4.  

5. Characterization of TRPV4 in sperm cells and its functional association with mitochondria. 
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2.1. Characterization of TRPV4 in intracellular organelles 

Most of the TRP ion channels are primarily located at the cell membrane in neuronal 

and non-neuronal tissue and regulate diverse cellular functions. However, recent findings 

suggest that many of these TRP channels are also localized at subcellular organelles or 

present in intracellular vesicular compartments [204, 210, 113]. For example, TRPV1 and 

TRPV3 are physically and functionally present in ER and regulate its functions [205, 206]. It 

has been reported that mutation in TRPML1 (mucolipin 1, also known as MCOLN1) present 

in late endosome or lysosomal compartment results in mucolipidosis type IV disease (ML4) 

[210]. These patients have motor impairment, mental retardation, retinal degeneration and 

iron-deficiency induced anaemia. TRPML1 mutants have unique ionic conductivity in which 

Fe
2+

 exchange occurs in endosome and lysosome [210]. Yeast TRP channel TRPY1 (also 

known as yeast vacuolar conductance 1; Yvc1) is known to be present in vacuolar membrane 

and causes influx of divalent cations in cell [10]. Nevertheless the molecular identity and 

characterization of TRP channel associated compartments are poorly identified. Membrane 

TRPV4 is regulated by several cues and signalling pathways but whether these signalling 

pathways are same for TRP channels localized in sub-cellular organelles is not well 

understood yet. Recent study in neonatal rat ventricular myocytes suggests that TRPV4 is 

predominantly located in nucleus but after exposure of hypotonic solution it translocates to 

the nucleus [207]. It seems that compartmentalization of TRPs is either an outcome of 

erroneous channel trafficking or systemic defect in the biosynthetic pathway which results in 

its localization at intermediate destinations like subcellular organelle and may regulate 

several signalling pathways. However among all the TRPV family members, sub-cellular 

localization of TRPV4 in any cellular system is not yet known. Here, in this work we have 

characterized if TRPV4 localizes in mitochondria irrespective of the cell type. 
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2.1.1. TRPV4 localizes in sub-cellular organelle in different cell lines 

In order to characterise subcellular localization of TRPV4, TRPV4-GFP was 

expressed in different neuronal and non-neuronal cell lines like F11, COS-7, HaCaT and 

HeLa by transient over expression. In each case, apart from cell membrane, TRPV4 also 

localizes in the cytoplasm as big punctate aggregates (not diffused) and such localization in 

general suggest for an enriched amount of TRPV4 present in some specific organelles. In 

almost all cell types investigated, a large fraction of TRPV4 localized to the perinuclear 

region (Fig 11). Furthermore, to nullify the fact that such localization is not due to transient 

overexpression, immunostaining was performed in CHOK1 cells which are stably selected 

for TRPV4 (named as CHOK1-V4) and mock plasmid (named as CHOK1-Mock). Same 

perinuclear localization of TRPV4 was observed in CHOK1-V4 cells (Fig 12). 

 

 

Fig 11: Perinuclear aggregation of TRPV4 in different cell lines. Confocal images of different cells 

expressing TRPV4 (green) and stained for DNA with DAPI dye (blue). TRPV4-GFP was transiently expressed 

in neuronal (F11) and non-neuronal (HaCaT, Cos7, HeLa) cell lines where TRPV4-specific clusters are present 

in the perinuclear regions. Enlarged confocal images of each are shown in the right side. Scale bar: 10 and 20 

µm (for enlarge images) and 5 µm (for zoomed images). 
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Fig 12: Perinuclear aggregation of TRPV4 is independent of transient over expression. Confocal images 

depicting localization of TRPV4 in cells stably expressing TRPV4 (named as CHOK1-V4) or an empty plasmid 

(named as CHOK1-Mock) are shown. Endogenous expression of TRPV4 in HUVEC cells are also shown in 

below. TRPV4 is detected by immunostaining with TRPV4-specific antibody (green) and nucleus was stained 

using DAPI (blue). The low level of TRPV4 immunoreacivity in CHOK1-Mock cell is due to the endogenous 

expression of TRPV4 at basal level. Scale bar: 5µm (for enlarge images) and 2 µm (for zoomed image). 

 

 

2.1.2. TRPV4 localizes in mitochondria in different cell lines 

For detailed characterization of these TRPV4-positive subcellular organelles, HaCaT 

cells were used as the preferred model system as these cells have a flat morphology (suitable 

for imaging) with more elongated mitochondria in control conditions.  After transfecting the 

HaCaT cells with TRPV4, immunostaining was performed to determine whether the sub-

organelles stained positive for TRPV4, represent mitochondria or not. For that purpose, two 

specific mitochondrial markers, namely Hsp60 and Cyt C were used to label mitochondria.  

It was observed that TRPV4 colocalizes with mitochondrial markers, namely with 

Hsp60 and Cyt C in certain organelles (Fig 13). However, not all mitochondria reveal the 

presence of TRPV4 indicating that localization of TRPV4 to the mitochondria is 
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heterogeneous in nature. Furthermore to confirm if these TRPV4-positive organelles are 

indeed authentic mitochondria, another independent methodology was used. TRPV4-GFP 

was transiently expressed in HaCaT cells and these cells were labelled with MitoTracker Red. 

TRPV4-GFP expressing cells reveal colocalization with MitoTracker Red and therefore 

suggest that these organelles are indeed mitochondria (Fig 13). Another independent 

methodology was used to confirm if these organelles were indeed mitochondria. Therefore, 

colocalization experiments were performed in HaCaT cells expressing TRPV4-GFP and 

mitoDsRed. Both TRPV4-GFP and mitoDsRed co-localized in certain intra-cellular 

organelles. These results confirmed that TRPV4 indeed localizes in the mitochondria.  

To rule out the possibility of co-localization as an outcome of fixation artefact, we 

performed live cell imaging of HaCaT cells transiently expressing TRPV4-GFP and 

mitoDsRed. We observed that even in live cells expressing very low level of TRPV4-GFP 

perfectly co-localized with mitoDsRed (Fig 14). Taken together, these results confirm that 

TRPV4 localizes into some mitochondria (but not all) and that is independent of cell types 

and its expression level.  

 

2.1.3. Full-length hTRPV4 mutants also translocate inside the mitochondria 

  Previous result indicates that full-length TRPV4 colocalizes with different 

mitochondrial markers. In this regards, we explored if full-length mutants also localizes in the 

mitochondria. HaCaT cells were transiently transfected with full-length hTRPV4 “gain-of-

function” mutants (R616Q, L618P and V620I) as GFP-tagged proteins and mitoDsRed for 

colocalization study (Fig 15). Results suggest that all these mutants colocalizes with 

mitochondrial marker mitoDsRed. This result indicates that not only TRPV4-Wt but also its 

gain-of-function mutants also localize in the mitochondria.  
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2.1.4. TRPV4 does not colocalize or co-localize moderately with other organelles 

As TRPV4 colocalizes with mitochondrial marker/s, further experiments were 

performed to explore if TRPV4 localizes in other sub-cellular organelles other than 

mitochondria.  

 
 
Fig 13: TRPV4 colocalizes with mitochondrial markers. In upper panel (A & B) describes the confocal 

images of HaCaT cells transiently expressing TRPV4-GFP and mitoDsRed both or only TRPV4-GFP. TRPV4-

GFP shows colocalization with MitoTracker Red or mitoDsRed. TRPV4-GFP colocalizes with mitoDsRed 

(indicated by arrows). The lower panels (C and D) demonstrate the immunostaining of cells with antibodies 

specific for TRPV4 (red) with mitochondrial markers like Hsp60 and Cyt C (green). Colocalization results with 

Cyt C and Hsp60 indicates that TRPV4 colocalizes with mitochondrial marker proteins. However it was 

observed that all mitochondria are not positive for TRPV4, few of them do not colocalize at all with TRPV4.   
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For that HaCaT cells were doubly transfected with TRPV4-GFP and with either ER-

CFP, or Golgi-CFP, or peroxisome-CFP. These colocalization experiments suggest that 

TRPV4 doesn’t colocalize significantly with ER, Golgi and Peroxisome (Fig 16). However, 

in certain cases, some colocalization was observed with TRPV4 and peroxisome-CFP. Such 

minor degree of co-localization may appear due to the over expression of both proteins 

(TRPV4-GFP and peroxisome-CFP). Though it is unlikely, but such colocalization may 

appear due to spectral overlapping of the GFP and CFP also. To rule out such possibilities, 

only TRPV4-GFP was expressed and antibody staining for specific sub cellular organelles, 

namely for ER (with Anti-KDEL antibody), Golgi (with Anti-GM130 antibody) and 

lysosome (with Anti-Lamp1 antibody) respectively were performed (Fig 17). In all cases, 

TRPV4-GFP does not colocalize with these cell organelles.   

 

Fig 14: TRPV4 co-localizes with mitochondria in live cell. Confocal images from live HaCaT cells transiently 

expressing TRPV4-GFP and mitoDsRed. Enlarged confocal images depicting that in case of low expressing 

TRPV4-GFP positive cells, TRPV4 perfectly colocalizes with mitoDsRed within the mitochondria (indicated by 

arrows). 
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Fig 15: Full-length hTRPV4 mutants also colocalizes with mitochondria. Confocal colocalization images 

indicate that h-TRPV4 gain-of-function mutants (R616Q, L618P and V620I) colocalizes with mitoDsRed 

mitochondrial protein. Zoomed image shows distinct colocalization of hTRPV4 with tubular mitochondria 

(indicated by arrow). Scale bar: 2 μm. 

 

 
 

Fig 16: TRPV4 does not colocalizes with other subcellular organelles. Confocal images of HaCaT cells 

transiently expressing TRPV4-GFP and sub-cellular marker proteins such as ER-CFP, Golgi-CFP and 

Peroxisome-CFP are shown. Enlarged images (indicated by white dotted line) are shown in the right side. 

TRPV4 does not colocalize with ER or Golgi markers at all. TRPV4-GFP colocalizes with peroxisomal marker 

minimally. Scale bar: 5 µm (for enlarge images).  
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2.1.5. TRPV4 is endogenously present in isolated mitochondria 

Next, we tried to explore if TRPV4 is endogenously present in mitochondria or not. 

For that purpose, mitochondrial fraction was purified from goat brain and western blot 

analysis was performed to detect endogenous TRPV4 in such fraction. Using an antibody 

specific for the C-terminal cytoplasmic domain of TRPV4, specific immunoreactivities (at ~ 

72 kDa) was detected in this mitochondrial fraction (Fig 18 A-D). Band matching with the 

expected size of full-length TRPV4 (~ 98 kDa) was observed in that fraction (Fig 18 B-C). 

However, in many preparations, this ~ 98 kDa band becomes faint or totally invisible. This 

may suggest for a rapid proteolytic degradation or presence of a specific fragment which is 

tissue-specific (such as in brain).    

To confirm that the isolated fraction is enriched in mitochondria and does not contain 

other cellular organelles, Western blot analysis for different sub-cellular markers were 

performed. All fractions were blotted with anti-Hsp60 and anti-Cyt C (for mitochondria), 

with anti-calnexin (for ER) and with anti-GM130 (for Golgi) (Fig 18 A). These confirmed 

the purity level of the mitochondrial fractions used in this study. The smaller yet strong 

specific band (~ 72 kDa) was enriched in the mitochondrial fraction in comparison to other 

fractions [S1 (supernatant after 1
st
 centrifugation), S2 and S3 (supernatant after 2

nd
 and wash 

fraction after 3
rd

 centrifugation)] (Fig 18 A). Taken together, these Western blots confirm that 

full-length TRPV4 (or a truncated part of TRPV4) is present in the mitochondrial fraction 

isolated from goat brain.  

Mitochondria were isolated from CHOK1-V4 and CHOK1-Mock cell and Western 

blot was performed with the same C-terminus antibody. TRPV4 specific band was observed 

at ~100 kDa. This band is completely blocked by a specific peptide corresponding to the C-

terminal sequence of TRPV4 (Fig 18 B). However, presence of the full-length TRPV4 is not 

prominent, though we observed the presence of the smaller band (at ~72 kDa) and it was 
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blocked by presence of this specific peptide suggesting that these bands are indeed specific 

for TRPV4 (Fig 18 B).  

 

Fig 17: TRPV4 is not present in other intracellular organelles. Confocal images of HaCaT cells transiently 

expressing TRPV4-GFP and immunolabeled for sub-cellular organelles like ER (with Anti-KDEL ab), Golgi 

(with Anti-GM130 ab) and Lysosome (with Anti-Lamp1 ab) respectively. Enlarged images (indicated by white 

dotted line) represent the perinuclear region in details. TRPV4 does not colocalize with ER, Golgi and 

Lysosomal markers. Scale bar: 5 µm (for enlarged image) 

 

 

Adipocytes are also known to respond to temperature changes. It has been reported 

that pharmacological inhibition of TRPV4 in white adipose tissue (abundantly present in 

adults) induces conversion of white adipose tissue in brown adipose tissue (very less in 

adults) by increasing the number of mitochondria [211]. Recent reports also suggest that 

TRPV4 present in white adipose tissue and regulates its thermogenic and oxidative metabolic 

properties [211]. In this context, we explored if TRPV4 is endogenously present in the 

mitochondria of white adipose tissue. We have isolated mitochondria from goat adipose 

tissue and Western blot was performed with this fraction using the same C-terminus antibody 

raised against TRPV4. The full length TRPV4-specific band was detected at ~ 100 kDa. The 
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size of the TRPV4 in adipose tissue mitochondria (lane one) exactly matches with positive 

control CHOK1-V4 mitochondria (lane two) (Fig 18 C). Our results strongly suggest that 

TRPV4 is indeed present in mitochondria but a smaller fragment is more prominent in 

mitochondria isolated from brain. This shorter fragment may arise due to specific photolytic 

cleavage of the full-length TRPV4 and such cleavage may be tissue specific in nature.  

Synaptic junctions present in neuronal tissues are highly energy demanding area, 

therefore these regions are enriched with mitochondria to supply energy continuously. To 

explore the presence of endogenous TRPV4 in the synaptosomal structure, density gradient 

fractionation was performed with mouse fore brain homogenate. Different fractions were 

probed for TRPV4 with specific antibody. Result indicates that TRPV4-specific band is 

present in light membrane fraction (lane 2) and in synaptosomal fraction (lane 5) (Fig 18 D). 

TRPV4-specific faint band was observed at ~ 98kDa in light membrane fraction (lane 2) and 

in synaptosomal fraction (lane 5). However another strong band at ~ 72 kDa of TRPV4 was 

also observed in light membrane fraction (lane 2) and in synaptosomal fraction (lane 5). This 

band was not visible in any other fractions indicating that TRPV4 is specifically present in 

synaptosomal fraction and this band is completely abolished in presence of a blocking 

peptide, suggesting that this band indeed represents TRPV4.  

 

2.2. TRPV4 interacts with intact mitochondria and mitochondrial proteins 

Topological 3D structure of TRPV4 reveals that 70% of this channel is hanging 

towards the cytoplasmic area which makes it more accessible to interact with various 

regulatory molecules present in the cytosol [52]. 
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Fig 18: TRPV4 is endogenously present in mitochondria. Fresh mitochondria were isolated from Goat brain 

and different fractions were probed to explore if TRPV4 is endogenously present in mitochondria. A. The S1, 

S2, S3 and Mitochondrial fractions were probed with TRPV4-specific antibody (raised against the C-terminus of 

TRPV4) and the enrichment of TRPV4 was observed at ~ 72 kDa (expected band size of TRPV4 is ~ 98 kDa) in 

mitochondrial fraction. To check the purity of isolated mitochondria, Western blot was performed with specific 

marker antibodies like Cyt C and Hsp60 (for mitochondria), Calnexin (for ER) and GM130 (for Golgi). Results 

indicate that Cyt C and Hsp60 bands are intense in mitochondrial fractions as comparison to other lanes. 

Calnexin- or GM130-specifc immunoreactivities are very less or negligible in the same mitochondrial fraction. 

B. To check the specificity presence of TRPV4 in mitochondria, TRPV4-specific blots were developed from 

two different preparation of mitochondrial fractions, namely from goat brain and CHOK1-V4 stable cells. 

Results depicted that in mitochondria isolated from goat brain, TRPV4 band is lower in size (~ 72 kDa) as 

comparison to mitochondria isolated from CHOK1-V4 cells (~ 98 kDa). In presence of a specific peptide 

(corresponding to the C-terminus of TRPV4), the TRPV4-specific band is not detected suggesting that the 

immunoreactivity present in the mitochondrial fraction is very specific. C. Mitochondria was isolated from goat 

Adipocyte tissue and probed for TRPV4 by Western blot assay. In both lanes TRPV4 band (~ 100 kDa) was 

detected at the expected size. D. Tissue lysate was prepared from Rat forebrain and density gradient separation 

was done for different organelle fractions and subsequently Western blot was performed to detect the 

endogenous level of TRPV4. Result indicates that TRPV4-specific faint band (at ~ 98kDa, indicated by blue 

star) is present in light membrane fraction (lane 2) and in synaptosomal fraction (lane 5). In addition, another 

strong band for TRPV4 is also observed in these same fractions (indicated by red star). The presence of a 

specific peptide (corresponding to the C-terminus of TRPV4), the TRPV4-specifc band is abolished in the 

synaptosomal fraction (lane 5, right side). [S1 (supernatant after 1
st
 centrifugation), S2 (supernatant after 2

nd
 

centrifugation, S3 (wash fraction, after 3
rd

 centrifugation)]. 
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 Different domains of TRPV4 such as N-terminus, trans-membrane regions and the C-

terminus are known to interact with different protein kinases, cytoskeletal proteins, different 

lipid derivatives and cholesterol [51, 110, 164, 212, 213, 214). The interaction of these 

proteins with TRPV4 modulates its structure, function and/or membrane localization. Recent 

reports suggest that point mutations (R269H, R315W) in the ankyrin repeat domain of 

TRPV4 result in loss-of-function due to reduced surface expression [146]. It was reported 

that these TRPV4 mutants largely aggregate in cytoplasm as puncta [146]. Yet the 

characterization of intra-cellular localization of TRPV4 remains largely uncharacterized. 

TRPV4 monomers are synthesized in ER and after tetramerization the functional channels are 

transported to the cell surface. The C-terminus of TRPV4 plays important role in tetramer 

assembly and sorting to its destination. It was reported that truncation of C-terminus leads to 

accumulation of TRPV4 in ER rather than membrane surface [208]. As TRPV4 is present in 

mitochondria, an attempt was given to explore if TRPV4 interacts with mitochondrial 

proteins.   

 

2.2.1. Transmembrane (TM) regions and N-terminus of TRPV4 do not localize within 

mitochondria 

In previous section it was shown that full-length TRPV4 is present in mitochondria. 

Next attempt was taken to decipher which segment of TRPV4 was imported inside 

mitochondria. Although mitochondrial import signal is generally present at the N-terminus of 

proteins in most cellular systems, recent reports suggest that C-terminus can also contain 

mitochondrial import signal [215, 216, 217]. To know that which segment of TRPV4 really 

goes inside the mitochondria, human TRPV4 N-terminus (1-465aa) and entire TM region 

(466-711aa) were cloned in RFP and GFP vector respectively. Subsequently transient 

transfection was performed in HaCaT cells and colocalization experiments were performed. 
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Images were acquired by confocal microscope. The N-terminal fragment of TRPV4 (TRPV4-

Nt-RFP) appears to diffuse throughout the cytoplasm and the TM fragment of TRPV4 

(TRPV4-TM-GFP appears as cytoplasmic puncta in HaCaT cell. Merged image of TRPV4-

TM-GFP and TRPV4-Nt-RFP do not show any colocalization with immunostained Hsp60 or 

Mito-GFP respectively (Fig 19).  

 

Fig 19: TRPV4 N-terminus and transmembrane region do not colocalize with mitochondrial markers. 

TRPV4-Nt-RFP, Mito-GFP and TM-GFP were transiently transfected in HaCaT cell. Upper panel (A) depicts 

that immunostained Hsp60 do not show any colocalization with TRPV4-TM-GFP. Lower panel (B) indicate that 

TRPV4-Nt-RFP do not show any colocalization with Mito-GFP. Scale bar: 5 μM 

 

 

2.2.2. The C-terminus of TRPV4 localizes with mitochondria 

Next attempt was taken to characterize the C-terminal region of TRPV4 (718-871aa) 

with respect to mitochondrial localization. In addition, previous studies indicate that the C-

terminus of TRPV4 interacts with specific soluble cytosolic components such as PKC, 

tubulin and even acetylated tubulin, which are also present in isolated mitochondria [51, 218, 

219]. For that purpose, the C-terminus of TRPV4 was expressed in HaCaT cells as a RFP 

tagged protein and both TRPV4-Ct-RFP and Mito-GFP was co expressed in HaCaT cells by 

transient over expression. Cells which have higher expression of TRPV4-Ct-RFP appear as 
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larger aggregates and die soon suggesting that over expression of TRPV4-Ct-RFP is 

deleterious for cells. Nevertheless, TRPV4-Ct-RFP perfectly co-localizes with Mito-GFP in 

cells which over express TRPV4-Ct-RFP, suggesting that such larger aggregates can be 

actually aggregated mitochondria (Fig 20).  

To confirm that TRPV4-Ct-RFP is indeed localizing in mitochondria, we tried to 

elucidate the colocalization between TRPV4-Ct-RFP and Mito-GFP in HaCaT cells which 

express both but at very low levels and at early time points. In such conditions, we observed 

that the C-terminus of TRPV4 appear as big-dots which are spherical in shape. In such cases, 

these dots are distributed throughout the cytoplasm and such dots perfectly colocalize with 

Mito-GFP (Fig 20). This suggests that these TRPV4-Ct-RFP positive dots are actually 

spherical-shaped mitochondria. It also indicates that localization of TRPV4-Ct inside 

mitochondria significantly alters mitochondrial morphology. To confirm that such 

localization of TRPV4-Ct-RFP in mitochondria is not due to over-expression, HaCaT cells 

expressing TRPV4-Ct-RFP were immunostained with Hsp60. Even in cells expressing very 

low levels of TRPV4-Ct-RFP, it perfectly colocalizes with Hsp60 (Fig 20).  

 

2.2.3. C-terminus of TRPV4 is sufficient to bind with mitochondria 

As TRPV4-CT-RFP is sufficient to localize within mitochondria, further attempt was 

taken to characterize if TRPV4-Ct interacts with intact mitochondria in in vitro experiments. 

For that purpose, in vitro binding experiments were performed with purified MBP-TRPV4-

Ct, MBP-LacZ and intact mitochondria freshly isolated from Goat brain. MBP-TRPV4-Ct or 

MBP-LacZ was incubated in mitochondrial isolating buffer so that it maintains the osmolarity 

of mitochondria during incubation. This incubation was done for 30 minutes at 25°C and the 

buffers were supplemented with Ca
2+

 or combination of GTP and ATP (1 mM each) 

separately. Intact mitochondria and associated proteins were isolated by centrifugation.  
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Fig 20: TRPV4 C-terminus colocalizes with mitochondria. TRPV4-Ct-RFP and mito-GFP was transiently 

expressed in HaCaT cell. It was observed that high expressing TRPV4-Ct-RFP alters mitochondrial morphology 

or it causes fragmentation of mitochondria but still merged images indicate that TRPV4 C-terminus colocalizes 

with mitochondria. In lower panel, low expressing TRPV4-Ct-RFP positive cell perfectly colocalizes with 

immunostained Hsp60 and Mito-GFP. Arrows indicate small round like mitochondria. Scale Bar: 5µm. 

 

Subsequently (after two washing), gel samples were made for SDS-PAGE and/or Western 

Blot analysis. The mitochondrial pellet fraction was analysed for interaction of MBP-TRPV4-

Ct or MBP-LacZ by Western blot analysis using anti-MBP antibody. Results suggest that MBP-

TRPV4-Ct is enriched in mitochondrial fraction whereas MBP-LacZ does not appear in the 
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mitochondrial pellet fraction. Such interaction is independent of Ca
2+

 or combination of ATP 

and GTP as such. Notably, in wash fractions (W2), presence of MBP-TRPV4-Ct is minimum 

suggesting that the experiment was performed in below saturation conditions and the 

interaction of MBP-TRPV4-Ct in the mitochondrial pellet is specific in nature. To confirm 

that the pellet fraction truly contains mitochondria, the same samples were probed for Hsp60. 

The results suggest that the pellet fractions contain enriched amounts of Hsp60 suggesting 

that the pellet fraction indeed contains mitochondria (Fig 21).  

 

 

Fig 21: MBP-TRPV4-Ct but not MBP-LacZ binds to intact mitochondria independent of Ca
2+

 and/or 

ATP and GTP. MBP-TRPV4-Ct and MBP-LacZ were expressed in E. coli and purified by using amylose resin, 

quantified and same amount of fusion proteins were incubated for 30 minutes in mitochondrial isolation buffer 

with intact mitochondria freshly isolated from Goat brain. Subsequently they were washed twice, and protein 

samples were probed with anti-MBP antibody. In W2 fractions, neither MBP-TRPV4-Ct nor MBP-LacZ was 

observed indicating that unbound MBP-TRPV4-Ct or MBP-LacZ is washed away after second washing step. 

Presence of MBP-TRPV4-Ct but not MBP-LacZ in mitochondrial pellet fraction suggests that MBP-TRPV4-Ct 

specifically interacts with intact mitochondria and this interaction is independent of Ca
2+

 and/or GTP/ATP. (In: 

Input amount of MBP-TRPV4-Ct/MBP-LacZ, S1: Supernatant collected after incubation and 1
st
 centrifugation, 

W2: 2
nd

 wash fraction, Mito: Mitochondrial pellet fraction).  

 

2.2.4. MBP-TRPV4-Ct interacts with different mitochondrial proteins 

                  Previous result suggests that the C-terminus of TRPV4 interacts with 

mitochondria. Therefore next attempt was taken to identify mitochondrial proteins which can 
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potentially interact with MBP-TRPV4-Ct. An unrelated protein, namely MBP-LacZ was used 

as a negative control. Pull down experiment was performed with MBP-TRPV4-Ct and MBP-

LacZ with goat brain mitochondrial lysate. MBP-TRPV4-Ct or MBP-LacZ were expressed in 

E. coli and these fusion proteins were immobilized on amylose beads and further incubated 

with mitochondrial lysates alone or supplemented with Ca
2+

, GTP and ATP. All interacting 

proteins were eluted in 20 mM maltose and subjected for SDS-PAGE analysis. The pulled 

down proteins were further probed with specific antibodies for the presence of mitochondrial 

proteins. Western blot results indicate that Hsp60, Mfn1 and Mfn2 interact with MBP-

TRPV4-Ct but not with the MBP-LacZ (Fig 22 A-C). These interactions remain same even in 

presence or absence of Ca
2+ 

and ATP/GTP (1 mM each). However, Western blot with anti-

Opa1, anti-Cyt C and anti-DRP1 failed to detect any interaction of these proteins with MBP-

TRPV4-Ct (Fig 22 D-F). Coomassie staining results confirmed the presence of MBP-

TRPV4-Ct or MBP-LacZ at equal amounts in the final eluted fractions (Fig 22 G). These 

results confirmed that the MBP-TRPV4-Ct interacts with Hsp60, Mfn1 and Mfn2.  

 

2.2.5. The C-terminus of TRPV4 interacts directly with mitochondrial dynamics 

regulatory protein Mfn1 and Mfn2 independent of Ca
2+ 

and GTP 

Previous results were suggesting that MBP-TRPV4-Ct interacts with intact 

mitochondria and interacts with different mitochondrial proteins namely Hsp60, Mfn1 and 

Mfn2 present in mitochondrial lysates. Attempt was taken to confirm if the interaction of 

MBP-TRPV4-Ct with mitochondrial fusion protein Mfn1 and Mfn2 is direct and independent 

of any other proteins/factors present in the mitochondrial lysate. 

 

 



 
  Results 

63 
 

 

Fig 22: The C-terminus of TRPV4 interacts with different mitochondrial proteins. Pull down experiment 

was performed with mitochondrial lysate. MBP-TRPV4-Ct or MBP-LacZ was expressed and immobilized on 

amylose resin. Subsequently mitochondrial lysate was added for binding with MBP-TRPV4-Ct or with MBP-

LacZ in presence of Ca
2+

 and GTP/ATP independently. Western blot was performed with different antibodies 

raised against different mitochondrial proteins. Results indicate that MBP-TRPV4-Ct but not MBP-LacZ 

interacts with mitochondrial protein Hsp60, Mfn2, Mfn1 (Panel A, B, C).  This binding is independent of the 

presence or absence of Ca
2+

 and GTP/ATP. Presence of other mitochondrial proteins such as Opa1, DRP1 and 

Cyt C are not detectable in the eluates suggesting that these proteins probably do not interact with MBP-

TRPV4-Ct (Panel D, E. F). MBP-LacZ was used as a negative control in each case. The right-most lane in all 

Western blot indicates the input of only mitochondrial lysate used as positive control for all Western blots. 

Presence of MBP-TRPV4-Ct or MBP-LacZ at equal amounts in the final eluted fractions is demonstrated by 

Coomassie staining (Panel G). 
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For that purpose, His-Mfn1 and His-Mfn2 were expressed in E. coli, purified and 

immobilized in Ni-NTA beads. Similarly, MBP-TRPV4-Ct and MBP-LacZ were expressed 

in E. coli and purified. Same amount of these purified MBP-tagged proteins were added on 

immobilized His-Mfn1 or His-Mfn2 column for direct interaction. In a similar manner, 

interaction with these purified proteins were analysed in the presence of catalytic amount of 

mitochondrial lysate and/or combination of Ca
2+

/ATP/GTP. After interaction and substantial 

washing with 20 mM imidazole; all interacting proteins were eluted in 100 mM imidazole 

and subjected for SDS-PAGE. To see the interacting protein of MBP-TRPV4-Ct Western 

blot was performed with anti-MBP antibody. These results indicate that both His-Mfn1 and 

His-Mfn2 interacts directly with MBP-TRPV4-Ct but not with MBP-LacZ. This interaction is 

independent of the presence of catalytic amount of mitochondrial lysate, Ca
2+

, ATP and GTP 

(Fig 23 C-D). 

 

2.3. TRPV4 regulates mitochondrial morphology and other functional parameters 

Several lines of evidence suggest that mitochondrial connectivity is dynamic in nature 

and it constantly changes its shape, size and subcellular distribution [220]. Mitochondrial 

number and its distribution is precisely regulated by fusion and fission mechanism and is 

mediated by several associated proteins namely by Mfn1, Mfn2, DRP1 and Opa1. Reports 

suggest that alteration of mitochondrial morphology largely occurs during early phases of 

apoptosis or in diseased conditions [221]. Mitochondria play an important role in Ca
2+

 

buffering by sequestering excess intracellular Ca
2+

 and release extracellular fluid through 

uniporter pump [222]. 
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Fig 23: The C-terminus of TRPV4 interacts directly with mitochondrial dynamics regulatory protein 

Mfn1 and Mfn2 independent of Ca
2+

, GTP and ATP. A-B. Purification profile of His-Mfn2 and His-Mfn1. 

The asterisk (*) symbol indicates the full-length size of His-Mfn1 or His-Mfn2. C-D. His-Mfn1, and His-Mfn2 

interact directly to MBP-TRPV4-Ct but not with MBP-lacZ. His-Mfn1, His-Mfn2 were expressed in E. coli, 

purified and were immobilized in Ni-NTA beads. Purified MBP-TRPV4-Ct and MBP-LacZ were incubated 

separately on these immobilized beads alone or in presence of Ca
2+

, GTP/ATP or catalytic amount of 

mitochondrial lysate respectively. Interaction of MBP-TRPV4-Ct is much higher compared to the interaction of 

MBP-LacZ. The values presented in the right side indicate the percentage [with respect to the input (MBP-

TRPV4-Ct or MBP-LacZ)] of MBP-TRPV4-Ct or MBP-LacZ protein that binds to the immobilized beads. 

Western blot analysis with anti-His indicates the presence of purified His-tagged proteins in the eluted samples 

(In absence of mitochondrial lysate and Ca
2+

, GTP/ATP). 

 

 

It has been reported that excess Ca
2+

 load in mitochondria leads to mitochondrial 

dysfunction and altered mitochondrial morphology in several disease conditions [223, 224]. 

Since TRPV4 acts as a non-selective cationic channel, its activation causes Ca
2+

-influx inside 

the cell. Results described in chapter two suggest that TRPV4 is physically present in the 
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mitochondria. Therefore the functional significance of TRPV4 in the context of 

mitochondrial structure-function relationship can be very important. In addition, it was 

observed that TRPV4-positive mitochondria become spherical or round-shaped as compared 

to normal tubular mitochondria, suggesting that TRPV4 may indeed regulate the 

mitochondrial structure and functions.  

Results described in previous sections provide evidence that TRPV4 is present in 

mitochondria. Therefore the aim of the work described in this chapter is to explore the effect 

of TRPV4 activation or inhibition on mitochondrial structure and function. 

 

2.3.1. TRPV4 regulates mitochondrial morphology   

To visualize the effect of TRPV4 activator or inhibitor upon mitochondrial 

morphology, CHOK1-V4 and CHOK1-Mock cells were transiently transfected with 

mitochondrial marker mitoDsRed and subsequently treated with TRPV4 activator and 

inhibitor for 8 hrs and fixed subsequently. Confocal images were acquired after the 

immunostaing of TRPV4 in CHOK1-V4 and CHOK1-Mock cells. Results indicated that in 

CHOK1-V4 cell, mitochondrial morphology was mainly spherical or round ball shaped (Fig 

24 upper panel). In CHOK1-Mock cells mitochondrial morphology was normally elongated 

and tubular in shape even when cells were treated with TRPV4 activator or inhibitor for the 

same duration. However in CHOK1-V4 cells, after the treatment of TRPV4 activator 4αPDD 

(5 µM), most of the spherical shape (small) mitochondria formed aggregates (Represented 

with arrow in right side, Fig 24 upper second panel). These aggregated mitochondria 

colocalizes with TRPV4. However in presence of TRPV4 inhibitor, RN1734 (10 µM) 

mitochondrial morphology did not change much as compared to its activator 4αPDD (5 µM). 

This indicates that activation of TRPV4 causes aggregation of mitochondria and increases its 

perimeter as well as area.  
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To confirm such changes in a more quantitative manner, several parameters (Table 2) 

were considered and more than 500 individual mitochondria were quantified against each 

parameter (Fig 25 A-E).  It was observed that Aspect Ratio (AR; Major axis/Minor axis) of 

CHOK1-V4 mitochondria is not significantly different even in the presence of its activator or 

inhibitors. However AR change was significant with respect to mitochondria from CHOK1-

Mock cell even in the control conditions suggesting that presence of TRPV4 is sufficient to 

bring certain changes in the mitochondrial morphology (Fig 25). “Aspect Ratio” is a reliable 

indicator of mitochondrial length; and therefore such results indicates that in CHOK1-V4 

cell, the mitochondria is spherical in nature as compared to cylindrical or tubular 

mitochondria present in CHOK1-Mock cell. Similarly, mitochondrial “Form Factor” (FF, 

Pm
2
/4πAm) represent the branching or interconnectivity of mitochondria relevant for 

mitochondrial mass exchange. This FF is significantly high (1000 fold) in TRPV4 activator 

treated mitochondria as compared to control and RN1734 (10µM) treated mitochondria (p-

value, Table 3). These results strongly indicate that in presence of 4αPDD (5µM), multiple 

spherical mitochondria fuse to each other to form big aggregated mitochondria. It seems that 

individual mitochondrial membrane entity is still intact during aggregation phase and only 

mitochondrial mass fuses with each other. Taken together, these results indicate that TRPV4 

modulates mitochondrial morphology, at least in stable cell lines expressing TRPV4. 
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Fig 24: Activation or inhibition of TRPV4 alters mitochondrial morphology. mitoDsRed was transiently 

transfected in CHOK1-V4 and CHOK1-Mock cells. TRPV4 activator 4αPDD (5µM) and inhibitor RN1734 

(10µM) was added to CHOK1-V4 and CHOK1-Mock cell for 8 hours, cells were fixed and stained for TRPV4 

(green) and DAPI (blue). Subsequently images were acquired by confocal microscopy. Mitochondria in 

CHOK1-V4 cells become spherical or round ball-like in shape after activation with 4αPDD (shown as arrow 

head) as compared to cylindrical or rod-like normal mitochondria observed in CHOK1-Mock cell (lower panel). 

TRPV4 activator 4αPDD (5µM) treatment leads to mitochondrial aggregation in TRPV4-positive mitochondria 

as compared to DMSO control and RN1734 (10µM) treated mitochondria. The scale bar is 5 μm. The digitalized 

image of mitoDsRed intensity and an enlarged view filed of the same is represented on the right hand side.  
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Fig 25: Quantitative analysis of mitochondrial morphology alteration in response to TRPV4 activation 

and inhibition. For quantitative analysis, images of mitoDsRed expressing CHOK1-V4 and CHOK1-Mock 

cells were processed by Image J software and all mitochondrial parameters were calculated by mitochondrial 

morphology plugin. Represented graph depicted that mitochondrial area, perimeter and area/perimeter increases 

significantly after treatment with TRPV4 agonist 4αPDD (5 µM) in CHOK1-V4. However these changes were 

not observed in CHOK1-Mock cells treated with same agonist 4αPDD (A, B, C). Aspect Ratio (Major axis/ 

Minor axis) of mitochondria remain unchanged in presence of TRPV4 agonist or antagonist. However, in 

CHOK1-Mock cells mitochondrial AR is higher (elongated mitochondria) as compared to TRPV4-positive cell 

(D). The Form Factor of TRPV4-postive mitochondria is 1000 fold higher in presence of 4αPDD as compared to 

control indicating that in 4αPDD treated condition mitochondria aggregates and gets interconnected to each 

other. Individual mitochondrial parameters for each mitochondrion are shown in scattered plot (right side).  

 

  



 
  Results 

71 
 

Table 2: Parameter used for quantification of mitochondrial morphology 

No. Parameter Designation Remark 

1. Area Am Area of mitochondrion 

2. Perimeter Pm Length of mitochondrial outline 

3. Area/Perimeter Am/ Pm Ratio between area and perimeter of mitochondria 

4. Major Axis rmax Maximum distance between mitochondrial centroid and 

outline 

5. Minor axis rmin Minimum distance between mitochondrial centroid and 

outline 

6. Aspect Ratio AR Ratio between rmax / rmin of elliptical mitochondria 

(Tubular mitochondria AR is higher) 

7. Form Factor FF (Pm
2
/4πAm) Describe branching or interconnectivity of 

mitochondria 

(Parameters adapted from Koopman et al.; 2005) [225] 

Table 3: P-values of mitochondrial morphology                                    

 

 

Average Area of Mitochondria 

 Control 

(Mock) 

4αPDD (V4) 4αPDD 

(Mock) 

RN1734 

(V4) 

RN1734 

(Mock) 

Control (V4) 0.0002 > 0.0001 0.0003 0.4212 0.0052 

Control (Mock)  0.3932 0.8734 0.0161 0.8212 

4αPDD (V4)   0.5146 0.0014 0.6556 

4αPDD (Mock)    0.0171 0.9402 

RN1734 (V4)     0.0759 

Average Area/Perimeter of Mitochondria 

 Control 

(Mock) 

4αPDD (V4) 4αPDD (Mock) RN1734 

(V4) 

RN1734 

(Mock) 

Control (V4) 0.2142 > 0.0001 >0.0001 0.336 > 0.0001 

Control (Mock)  > 0.0001 > 0.0001 0.0677 > 0.0001 

4αPDD (V4)   > 0.0001 > 0.0001 > 0.0001 

4αPDD (Mock)    > 0.0001 0.0194 

RN1734 (V4)     > 0.0001 
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Average Perimeter of Mitochondria 

 Control 

(Mock) 

4αPDD (V4) 4αPDD (Mock) RN1734 

(V4) 

RN1734 

(Mock) 

Control (V4) > 0.0001 0.0008 > 0.0001 0.3004 > 0.0001 

Control (Mock)  0.2621 0.6268 0.0014 0.3083 

4αPDD (V4)   0.1373 0.0251 0.7032 

4αPDD (Mock)    0.0003 0.1529 

RN1734 (V4)     0.0123 

Average Aspect Ratio of Mitochondria 

 Control 

(Mock) 

4αPDD (V4) 4αPDD (Mock) RN1734 

(V4) 

RN1734 

(Mock) 

Control (V4) > 0.0001 0.2394 > 0.0001 0.088 > 0.0001 

Control (Mock)  > 0.0001 0.0035 > 0.0001 0.147 

4αPDD (V4)   > 0.0001 0.006 > 0.0001 

4αPDD (Mock)    > 0.0001 0.1087 

RN1734 (V4)     > 0.0001 

Average Form Factor (FF) of Mitochondria 

 Control 

(Mock) 

4αPDD (V4) 4αPDD (Mock) RN1734 

(V4) 

RN1734 

(Mock) 

Control (V4) 0.002 > 0.0001 0.0036 > 0.0001 0.0267 

Control (Mock)  0.2387 0.895 0.0358 0.9244 

4αPDD (V4)   0.2496 0.0019 0.4119 

4αPDD (Mock)    0.0471 0.8509 

RN1734 (V4)     0.1334 
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The next aim was to explore if endogenous TRPV4 regulates mitochondrial 

morphology in a similar manner. For that purpose we used HUVEC primary cell as TRPV4 is 

reported to be expressed endogenously in this cell [173]. Our Western blot analysis and 

immunofluorescence analysis also confirmed that these cells express TRPV4 endogenously 

(Fig 26 B). Therefore HUVEC cells were cultured and treated with TRPV4 activator or 

inhibitor for 8 hours. To explore the changes in mitochondrial morphology, treated cells were 

immunostained with Hsp60 and images were acquired by confocal microscope. Results 

indicate that in presence of TRPV4 activator 4αPPD (5 µM) mitochondria become 

aggregated in the perinuclear area (indicated by arrow). This effect was not observed in other 

cells that were treated with either RN1734 (20 µM) or 4αPPD (2 µM). In this condition 

mitochondrial morphology was tubular and branched similar to DMSO control (Fig 26 A). 

This result indicates that activation of endogenous TRPV4 is also able to induce changes in 

mitochondrial structure and morphology. This result also suggests that the regulation of 

mitochondria by TRPV4 may be a common phenomenon relevant in different types of cells 

and tissues, and is not restricted to specific cell types (discussed later).    

Furthermore to analyse if presence of TRPV4 can cause any ultra-structural changes, 

transmission electron microscopy was performed. For that purpose, either TRPV4-GFP or 

GFP, was transiently expressed in F11 cell and after fixation with glutaraldehyde cells were 

analysed by electron microscope. Electron micrograph images of mitochondria in F11 cells 

indicate that expression of TRPV4-GFP cause aggregation of mitochondrial cristae in corner 

and induce deformed structure (Fig 27). Some of the mitochondria become hollow or swollen 

(indicated by red arrow). F11 cells expressing only GFP do not develop such deformed 

mitochondria. Altogether, experimental evidences suggest that mitochondrial morphology is 

altered in TRPV4 positive cells.    
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Fig 26:  Endogenous TRPV4 regulates mitochondrial morphology in primary cell. A. HUVEC cells were 

grown on coverslips and treated with TRPV4 agonist 4αPDD and antagonist RN1734 for 8 hours and 

subsequently immunostained for Hsp60 and confocal images were acquired. Representative images depict that 

in presence of 4αPDD (5 µM) mitochondria becomes aggregated in perinuclear region (indicated by arrow). 

However mitochondrial morphology was filamentous or intact in presence of inhibitor RN1734 and control. 

Lower concentration of 4αPDD (2 µM) does not affect mitochondrial morphology significantly. B. 

Representative image showing the endogenous presence of TRPV4 in HUVEC cell. Western blot analysis of 

HUVEC cells for TRPV4 is also shown in right side.  Scale bar: 5 μm. 
 

 

 

2.3.2 TRPV4 regulates mitochondrial potentiality 

Mitochondrial membrane potential (Δψm) is the major component of proton motif 

force (Δp) [226]. Mitochondria maintain its membrane potential by utilizing oxidizable 

substrates and generates proton gradient across the inner membrane.  
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Fig 27: TRPV4 alters mitochondrial structure in neuronal cell. TRPV4-GFP was transiently expressed in 

F11 cells and subsequently fixed with glutaraldehyde. After sample preparation, images were acquired by 

electron microscope. Depicted EM images show that aggregation of mitochondrial cristae (indicated blue 

arrow). Some of the mitochondria completely lost the cristae structure and became hollow or swollen (indicated 

by red arrow). However in GFP expressing cells, mitochondrial structure remains normal. 

 

Under normal conditions mitochondrial inner membrane is impermeable to any ions, 

therefore several Ca
2+

-uniporter or exchanger cause influx of Ca
2+

 inside the mitochondria. It 

was reported that excess Ca
2+

-influx inside the mitochondria results in collapse of 

mitochondrial membrane potential [227, 228]. In this context, it is important to explore if 

TRPV4 activation can cause changes in the mitochondrial potentiality. For this purpose 
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CHOK1-V4 and CHOK1-Mock cells were grown on coverslips and subsequently TRPV4 

activator or inhibitor was added for 8 hours. After that JC-1 (5 μM) dye (Ratiomatric dye) 

was added in all for 40 minutes. Subsequently, confocal images were acquired from live 

cells. It was observed that in presence of TRPV4 activator 4αPDD (5μM), mitochondrial 

potential was significantly decreased in CHOK1-V4 cells as compared to DMSO control. 

TRPV4 inhibitor, RN1734 (10 μM) did not alter the mitochondrial potentiality in CHOK1-

V4 and retains its potentiality similar to the control condition (Fig 28 A). This effect was not 

observed in CHOK1-Mock cell (Fig 28 B). Subsequently image intensity (Red and Green) 

was quantified by Image J. The Red intensity (Ex535/Em590) images representing higher 

membrane potential is shown at the right side. CCCP (5 μM), an uncoupler commonly used 

to reduce mitochondrial oxidative potential, was used as a positive control in this experiment 

separately. Represented JC-1 graph indicates that mitochondrial potential in control set of 

CHOK1-V4 cell is significantly less as compared to the CHOK1-Mock cells (Fig 28 C). 

Interestingly, effect of TRPV4 activator (4αPDD) on mitochondrial potential is significantly 

less in CHOK1-V4 cell and the values are comparable to that observed in case of CCCP, a 

mitochondrial oxidative potential uncoupler (P-value represented in Table 4). 

 

2.3.3. TRPV4 regulates mitochondrial Ca
2+

-dynamics 

Ca
2+

-influx inside the mitochondria occurs through outer mitochondrial membrane 

followed by inner membrane. Outer mitochondrial membrane allowed free transport of Ca
2+ 

ions but the inner membrane is impermeable for Ca
2+

. VDAC and many other unidentified 

ion channels are present on the outer membrane of mitochondria which allowed passing of 

cytoplasmic Ca
2+

 ions across the outer mitochondrial membrane. Likewise, different 

mitochondrial uniporters (MCU) and exchangers (Na
+
/Ca

2+
, Na

+
/H

+
 and Ca

2+
/H

+
) present on 

the inner membrane regulate the influx of mitochondrial Ca
2+

 [224, 229, 230, 231, 232].  As 
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TRPV4 is present in mitochondria, we explored if activation of TRPV4 can cause Ca
2+

 influx 

in mitochondria. To explore the mitochondrial Ca
2+

 dynamics in presence of TRPV4 

activator or inhibitor, live cell imaging was performed in CHOK1-V4 and CHOK1-Mock 

cell. For this purpose, Mito-Perichem (Mitochondrial Ca
2+

-sensing construct) was transiently 

transfected in CHOK1-V4 and CHOK1-Mock cell and live cell imaging was performed by 

confocal microscope. Cells exhibiting moderate levels of expression were considered for this 

Ca
2+

 imaging as such cells allow qualitative analysis of both increase as well as decrease in 

the intensities. Cells expressing very high level or very low level of Mito-Perichem were 

excluded from this study. This experiment suggests that Ca
2+

-influx inside mitochondria 

increases after addition of TRPV4 activator 4αPDD in CHOK1-V4 cells (Fig 29 A). Addition 

of TRPV4 inhibitor RN1734 results in decrease in mitochondrial Ca
2+

 level (as indicted by 

fluorescence intensities of Mito-Perichem) with progress in time (Fig 29 B). However, Ca
2+

-

influx in CHOK1-Mock cell was not altered much in presence of TRPV4 activator or 

inhibitor (Fig 29 A-B). For quantitative analysis of Ca
2+

-influx, similar experiments were 

repeated (n=4) in presence of TRPV4 activator or inhibitor and representative intensity graph 

indicating the same (Fig 29 C).   

 

2.3.4. TRPV4 regulates Hsp60 levels in mitochondrial fractions 

Hsp60 is a mitochondrial matrix protein that is essential for folding or assembly of 

newly synthesized proteins. It has been reported that HSPs (Hsp60, Hsp70 and Hsp90) plays 

a cytoprotective role during mitochondrial stress and maintain its oxidative potential and 

enzyme activities involved in TCA cycle [233].  The levels of HSPs are altered in case of 

inflammation or in cases where mitochondrial Ca
2+

 level is elevated [234]. 
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       Table 4. P-value of mitochondrial potentiality                                                                                               

 CHOK1-V4 

C
H

O
K

1
-M

o
ck

  DMSO 4αPDD RN1734 CCCP 

DMSO  0.0001 0.0001 0.0003 0.0001 

4αPDD 0.0015 0.0001 0.1175 0.0001 

RN1734 0.0018 0.0001 0.0523 0.0001 

CCCP 0.0084 0.0751 0.0047 0.2765 

 

Fig 28: TRPV4 regulates mitochondrial potentiality. CHOK1-V4 and CHOK1-Mock cells were grown on 

coverslip and subsequently TRPV4 activator 4αPDD (5 μM) and inhibitor RN1734 (10 μM) were added after 8 

hours. After that JC-1 (5 μM) was added in the same culture media. Confocal images were acquired by dual 

excitation wavelength 488nm (Green, for mitochondria with formation of JC-1 monomers at low mitochondrial 

potential) and 535nm (Red, for mitochondria with formation of J-aggregates at high membrane potentials). Red/ 

Green intensity of more than 15 view fields for each condition was calculated by Image J. Represented graph 

shows that the basal level of mitochondrial potential is higher in CHOK1-Mock cell as compared to CHOK1-V4 

cells. Statistical paired two test was performed and all P-values are represented in tabular form. Bar graph 

representing the ±SEM. Scale bar is 10 μm. 
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Fig 29: TRPV4 regulates mitochondrial Ca
2+

-influx. Mito-Pericham (Mitochondrial targeting Ca
2+

-sensing 

fluorescent protein) was transiently expressed in CHOK1-V4 and CHOK1-Mock cells and live cell imaging was 

performed by confocal microscope. TRPV4 activator 4αPDD (5 μM) and inhibitor RN1734 (10 μM) was added 

after 100 frames of imaging. Addition of 4αPDD causes massive influx of mitochondrial Ca
2+

 (panel A) in 

CHOK1-V4 positive cell. However in presence of RN1734, mitochondrial Ca
2+

-influx decreases with time 

(panel B). In CHOK1-Mock cell, Ca
2+

-level remained mostly unchanged in presence of TRPV4 activator or 

inhibitor. Represented Ca
2+

 intensity graph of four live cells in each condition was quantified by Image J (panel 

C). Average (thick dark black line) indicates that 4αPDD increases (~two fold) mitochondrial Ca
2+

-level 

whereas RN1734 decrease the Ca
2+

-level as comparison to CHOK1-Mock cell. Arrow indicates the time of 

addition of drug at 100
th

 frame. Scale bar: 20 μm. 

 

 Earlier studies suggest that TRPV1 activator (Capsaicin) upregulates the expression of 

Hsp70, Hsp90 and Hsp27 in non-neuronal epithelial cells [235]. In similar context, since our 

previous results suggest that TRPV4 is present inside mitochondria, we explored if TRPV4 

regulates Hsp60 level. To explore that, TRPV4 was expressed transiently in HaCaT cells and 

immunostaining for Hsp60 was performed. Results indicate that TRPV4 expressing cells 
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almost lost the staining of Hsp60. It was observed that TRPV4 is present in tubular shaped 

mitochondria in HaCaT cell and the corresponding Hsp60 level was significantly low in such 

specific mitochondria (Fig 30).For better representation of Hsp60 level in TRPV4 positive 

mitochondria, intensity plots and intensity profile in pseudocolor are analysed. Results 

indicate that the green fluorescence intensity (corresponding to Hsp60 level) is very low 

whereas Red intensity (corresponding to the presence of TRPV4) is present. 

 

Fig 30: TRPV4 decreases Hsp60 expression in stable cell line. TRPV4-RFP was transiently transfected in 

HaCaT cells and after fixation cells were immunostained with Hsp60. Subsequently imaging was performed by 

confocal microscope. Represented image indicate that wherever TRPV4 (Red) was present, the expression of 

Hsp60 was reduced drastically (upper panel, A). For better visualization zoomed images were taken (lower 

panel) in which distinct tubular mitochondria were seen (white arrow). Corresponding Hsp60 image showed 

very faint expression. Which indicate that wherever TRPV4 level is high, Hsp60 expression goes down. On the 

right side, intensity graph represents TRPV4 (Red) and Hsp60 (Green) intensity which indicate that red peak 

area is higher as compared to green peak area. Scale bar: 1 μm (Zoomed image) 

 

Furthermore, to explore the effect of TRPV4 agonist (4αPDD) on mitochondrial 

proteins, CHOK1-V4 and CHOK1-Mock cells were grown. Six hours after addition of 

TRPV4 agonist (4αPDD), total cellular fraction, cytoplasmic fraction and mitochondrial 

fraction were isolated for further characterization of Hsp60. All these fractions were analysed 

by Western blot analysis and Coomassie staining. Specific and prominent band corresponding 
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to full-length TRPV4 was observed in fractions obtained from CHOK1-V4 and enriched 

amount of TRPV4 was observed specifically in mitochondrial fraction. Such 

immunoreactivity was undetectable in fractions obtained from CHOK1-Mock cells. Same 

fractions were also probed with anti-Hsp60 antibodies and anti α-tubulin antibodies. Apart 

from the expected band of Hsp60 at 60 kDa, some smaller bands were observed by Western 

blot analysis, especially in the mitochondrial fraction purified from CHOK1-V4 cells but not 

from CHOK1-Mock cells. The intensity of such smaller bands are more when CHOK1-V4 

cells are treated with 4αPDD (2 μM), suggesting that the full length Hsp60 is subject to 

degradation within mitochondria and such degradation is enhanced by activation of TRPV4 

(Fig 31). The Western blot analysis of the same fractions with tubulin antibodies confirmed 

comparative protein loading and relative purity of these fractions.  

  

Fig 31: TRPV4 activation leads to degradation of Hsp60 in stable cell line. For more quantitative method, 

CHOK1-V4 and CHOK1-Mock cells were treated with TRPV4 activator 4αPDD (2 μM) for 6 hours. 

Subsequently mitochondria were isolated from both CHOK1-V4 or CHOK1-Mock cells and Western blot was 

performed with anti-TRPV4, anti-Hsp60 and anti-αTubulin antibodies. Represented blots indicate that enriched 

amount of TRPV4 is present in mitochondrial fraction apart from total and cytoplasmic fraction. Same fractions 

were probed with anti-Hsp60 and it was observed that apart from the expected size of Hsp60 (at 60 kDa), some 

small-sized yet specific bands are visible in the lane of mitochondrial fraction of CHOK1-V4. Such smaller 

bands are not observed in any fractions obtained from CHOK1-Mock cell. It seems that these bands are the 

specific proteolytic degradation products of Hsp60. Western blot against Tubulin and corresponding Coomassie 

gels are also shown. (T = Total protein extract, C = Cytoplasmic protein extract, M= Mitochondrial protein 

extract).    
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2.3.5. TRPV4 regulates mitochondrial metabolism and Electron Transport Chain 

(ETC) 

 Mitochondria are double membrane subcellular organelles that not only produces the 

cellular energy (ATP) but also important for several physiological functions such as 

apoptosis, redox potential, Ca
2+

-homeostasis, synthesis or exchange of many small metabolite 

and different biosynthetic pathways. Mitochondrial ATP and heat are primarily generated 

through oxidative phosphorylation by using small metabolite precursor molecules such as 

carbohydrate (Tricarboxylic Acid Cycle) and lipids or fat (by -oxidation). Mitochondrial 

electron transport chain or complexes (Complex I-V), act as carrier molecules by which 

electron flows across the complexes and finally reduces the oxygen to form water and energy 

(ATP) [236, 237]. Recent research suggests that Ca
2+

-homeostasis inside the mitochondria is 

crucial for cellular physiology and mitochondrial function. Mitochondrial Ca
2+

 accumulation 

enhances the activity of OXPHOS and ATP production with the help of different Ca
2+

 ion 

channels. Mitochondrial Ca
2+

 binds with different key dehydrogenase enzymes such as 

glycerol phosphate dehydrogenase, pyruvate dehydrogenase, NAD
+
-isocitrate dehydrogenase 

and α-ketoglutarate dehydrogenase and enhances the activity of these enzymes significantly 

[238, 239, 240]. Apart from dehydrogenase activity, mitochondrial small metabolite 

precursor molecules, such as aspartate and glutamate concentrations are also regulated by 

mitochondrial Ca
2+

-influx. It has been reported that Aspartate/glutamate exchangers present 

into the inner mitochondrial membrane binds with Ca
2+

 and regulates its metabolite exchange 

[241, 242]. However overloading of Ca
2+

 inside the mitochondria is generally removed by 

“Mitochondrial Permeability Transition pores” (MPT). Indeed mitochondrial MPT leads to 

decrease in oxidative potential and also decrease in electron chain complex activity in 

isolated mitochondria and such universal properties have been reported in several 

pathophysiological conditions [243, 244]. 
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Mitochondria are the important organelle for synthesis and transportation of different 

lipids, steroids/cholesterol or its derivatives, and metabolite precursors. It was reported that 

Ca
2+

-influx inside the mitochondria largely regulates the biosynthesis of mitochondrial 

metabolite and steroid derivatives by several ways. Therefore abnormality in the 

mitochondrial energetics results in abnormalities in the synthesis of several small metabolites 

such as lipid derivatives, cholesterol and its derivatives, NAD
+
/NADH, ADP/ATP and other 

small protein bio-metabolites. Since results described in previous sections indicate that 

TRPV4 is present in the mitochondria and plays functional role in Ca
2+

-buffering and 

mitochondrial potentiality. In this context, understanding of the regulation related to 

mitochondrial metabolite synthesis and mitochondrial electron transport complex activity is 

very relevant.   

 

2.3.6. Evolution of TRPV4 and analysis of linked genes involved in metabolite synthesis 

by Synteny analysis  

To explore the molecular evolution of TRPV4, phylogenetic analysis was done by 

using Bayesian phylogenetic method. Results indicating that TRPV4-mediated functions in 

C. elegans can be rescued by hTRPV4, suggesting that certain functional features of TRPV4 

are conserved throughout the evolution. However, hTRPV4 protein shares less identity (~ 

20%) and homology (~36%) with Osm9 (TRPV4 homologue in C. elegans). Invertebrate 

homologues sequence of TRPV4 shows several insertions and deletions but TRPV4 

sequences are well conserved in vertebrates (Fig. 32 A). Our analysis suggests that TRPV4 

share high homology and identity during vertebrate evolution. 

To understand the pattern of evolution, we calculated the changes in the number of 

amino acids per 100 amino acids in full-length TRPV4 sequences available for different 

species ranging from fish to human [245]. Histone (H4) and Cyt C was taken as a positive 
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control since these proteins are mostly conserved throughout the evolution. Results indicate 

that TRPV4 was originated at the point of emergence of vertebrates, ca. between 400 to 450 

MYA, mostly during the transition of Silurian era from Devonian era (Fig 32 B). This 

analysis indicates that TRPV4 is evolutionary conserved though it is less conserved than 

histone H4 (highly conserved protein) and Cyt C (semi-conserved protein). Similar 

comparison indicates that TRPV1 and TRPV4 have been selected via different level of 

selection pressure during vertebrate evolution. 

To investigate the evolution of TRPV4 gene (present in Chromosome 12) in context 

of biosynthesis pathway, we performed syntenic analysis of TRPV4 locus in different 

vertebrate genomes using Ensembl genome browser. Vertebrate-specific biosynthesis 

pathways such as “Cholesterol biosynthesis pathways” was investigated and genes involved 

in this pathway were analysed.  Results suggest that TRPV4 and mevalonate kinase (MVK) 

genes are clustered into head to head orientation flanked by triad of potassium channel 

tetramerization domain containing 10 (KCTD10), Ubiquitin protein ligase E3B (UBE3B) and 

methylmalonic aciduria (cobalamin deficiency) cblB type (MMAB) on the one side and a 

tetrad of glycolipid transfer protein (GLTP), trichoplein, keratin filament binding (TCHP), G 

protein-coupled receptor kinase interacting ArfGAP 2 (GIT2) and ankyrin repeat domain 13A 

(ANKRD13A) in other side of human chromosome 12 within a 600 kb region (Fig 33). As 

mevalonate kinase (MVK) and glycolipid transfer protein (GLTP) are involved in cholesterol 

biosynthesis pathway [246, 247], this analysis suggests that TRPV4 may play an important 

role in this biosynthesis pathway. 

2.3.7. TRPV4 altered mitochondrial Electron Transport Chain (ETC)  

To explore the Role of TRPV4 activation or inhibition on the activities of enzymes 

involved in mitochondrial electron transport chain, mitochondria were freshly isolated from 

goat brain and mitochondrial complex activity assay were performed. 
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Fig 32: Molecular evolution of TRPV4. A. Bayesian phylogenetic tree illustrates six duplicates of TRPV4 in 

frogs (one ortholog: TRPV4a and five paralogs: TRPV4b–f, indicated in grey) while a single copy is maintained 

in other vertebrates (mammals: red; birds: yellow, fishes: green). This tree was generated using MrBayes 3.2 

and the percentage posterior probabilities are marked at the node of the branches while mean branch length is 

marked in decimal on the respective branch. Putative TRPV4-like (TRPV4L) gene (gw1.02q.1264.1) from 

Ciona intestinalis served as ‘‘out-group-control’’. B. Conservation analysis of TRPV4. Histone-H4, 

Cytochrome-C and TRPV1 were used as controls (Kumari et al., 2015) [164]. 
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Fig 33: Genetic loci of TRPV4 and Synteny analysis.  Two genes (MVK and GLTP) involved in cholesterol 

biosynthesis pathway have coevolved with TRPV4. This locus has maintained its organization since 

development of vertebrates (~450 MYA). Another locus in Xenopus contains five paralogous TRPV4 originated 

by tandem duplication.  

 

 

 

TRPV4 activator and inhibitor were added in isolated mitochondria and activities were 

assayed against different mitochondrial Complexes (I-IV). This analysis indicates that neither 

activation nor inhibition altered the Complex I and Complex III activity (NADH: Ubiquinone 

oxidoreductase and CoQ Cyt C oxidoreductase) significantly. Addition of Complex I-specific 

inhibitor (Rotenone) and Complex II-specific inhibitor (Antimycine-A) shows significant 

decrease in the activities of these Complexes with respect to the control conditions (Fig 34). 

However, activity of Complex II decreased significantly in a dose-dependent manner in 

presence of TRPV4 activator 4αPDD (1 and 5 μM). At higher concentration of 4αPDD (10 

μM) Complex II activity does not differ significantly as comparison to DMSO control. 
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However in presence of TRPV4 inhibitor RN1734 (20 μM), Complex II activity is 

significantly increased with comparison to control and 4αPDD (1, 5 and 10 μM). Calcium 

ionophore, namely Ionomycin and complex II inhibitor 3-NP (100 μM) also cause decreased 

activity of Complex II. The Complex IV activity was also measured in similar manner. In 

presence TRPV4 activator, 4αPDD (1 and 5 μM), the Complex IV activity was decreased 

significantly. In contrast, presence of TRPV4 inhibitor RN1734 (20 μM) increases the 

complex IV activity significantly as compared to 4αPDD treated sample. In presence of 

Ionomycin, Complex IV activity is significantly lower as compared to other conditions. 

Mitochondrial Complex activity assays suggest that TRPV4 activator or inhibitor largely 

regulate the function of Complex II and IV activity as comparison to the Complex I and III 

(Fig 34). 

 

2.3.8 TRPV4 regulates Membrane Permeability Transition (MPT) pore in isolated 

mitochondria 

Mitochondria formed large conducting pores in the inner mitochondrial membrane in 

case of over saturation of Ca
2+ 

ions and this is known as Membrane Permeability Transition 

(MPT). To know the effect of TRPV4 activator or inhibitor upon the formation of 

mitochondrial membrane pore (Mitochondrial swelling), we performed MPT assay with 

mitochondria freshly isolated from goat brain. MPT results indicate that in presence of 

TRPV4 activator 4αPDD (10 μM) mitochondria got swollen up and formed MPT and its 

absorbance decreases with time (Fig 35). However in presence of TRPV4 inhibitor RN1734 

(20 μM), the mitochondria did not form MPT as compared to others. Addition of CaCl2 (1 

mM, a known inducer of MPT) in mitochondria was taken as a positive control. The MPT 

graph of 4αPDD shows similar changes like CaCl2 in later time point which suggest that 

TRPV4 activator regulates MPT in isolated mitochondria. 
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Fig 34: TRPV4 altered mitochondrial Electron Transport Chain (ETC). Enzymatic activity of 

mitochondrial complex I, II, III and IV was determined with mitochondria freshly isolated from goat brain. 

Mitochondria were pre incubated with TRPV4 activator/inhibitor in ice for 15 minutes and sample was taken for 

enzymatic activity. Results indicate that enzymatic activities of Complex I and III are not altered significantly in 

presence of TRPV4 activator or inhibitor. However enzymatic activities of complex II and IV is significantly 

altered in presence of TRPV4 activator and inhibitor. Complex II activity graph suggest that activation of 

TRPV4 by 4αPDD drastically decreases the enzymatic activity whereas inhibition of TRPV4 by RN1734 

increases its activity significantly as compared to DMSO control. Enzymatic activity of complex IV was also 

decreased in presence of TRPV4 activator 4αPDD as compared to control and its increases in presence of 

TRPV4 inhibitor RN1734. In each represented enzymatic activity graph, Ionomycin (Ca
2+

 ionophore) and 

complex chain inhibitor shows significant decrease in complex activity. 

 

 

 

Fig 35: TRPV4 regulates Membrane Permeability Transition (MPT) in isolated mitochondria. Freshly 

isolated mitochondria from goat brain were pre-incubated with TRPV4 activator or inhibitor and absorbance 

was taken in different time points. Represented graph suggest that in presence of TRPV4 activator 4αPDD 

mitochondria formed MPT as comparison to control. However that TRPV4 inhibitor RN1734 reduces the 

formation of MPT inside the mitochondria. CaCl2 was taken as a positive control for MPT in mitochondria.   
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2.3.9. TRPV4 regulates different metabolites present in isolated mitochondria 

Our previous results indicate that TRPV4 activator or inhibitor alters the 

mitochondrial transport chain and also regulates the MPT pore, at least in case of isolated 

mitochondria. Therefore to evaluate the changes in the small metabolites or alteration in the 

metabolite synthesis pathway/s, freshly isolated mitochondria were treated with TRPV4 

activator or inhibitor and all metabolite was extracted in perchloric acid. Subsequently, 1H
2
 

NMR was performed for identification and changes in the metabolite concentration after the 

TRPV4 drug treatment. The H2O peak was taken as a reference peak and normalized for all 

conditions. Merged graph of NMR indicates the appearance of a new peak (3.45ppm) in case 

of Ionomycin-treated sample and this was not present at all in any drug-treated conditions 

tested (Fig 36 A-B). It was observed that the metabolite peak (5.51–5.53 ppm) reveals 

chemical shift towards the left side with respect to control. TRPV4 inhibitor RN1734 shows 

maximum shift as comparison to others (Fig 36 C). Peak shifts towards the left side 

indicating the addition of bulky groups, such as methyl or ethyl group or any electron 

donating group which can modify the chemical structure of these metabolites and ultimately 

cause peak shift. Other peaks indicate that in presence of RN1734, concentration of some 

metabolite increases significantly as compared to other drug-treated conditions (Fig 36 D). 

This peak (2.84 ppm) was completely abolished in presence of Ionomycin. Taken together, 

results indicate that the activation or inhibition of TRPV4 largely regulates the concentration 

of metabolites. 
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Fig 36: Activation or inhibition of TRPV alters mitochondrial metabolite synthesis. 1H
2
 NMR (400 kHz) 

NMR was done with extracted mitochondrial metabolite of goat brain mitochondria. All samples were 

supplemented with 10% D20 for peak detection. Merged NMR graph indicating that in presence of TRPV4 

activator or inhibitor new peaks was appearing as compare to control or Ionomycin (A & B). Maximum 

chemical shift of peak was observed in presence of TRPV4 inhibitor RN1734 as compared to others (c). Area 

under the NMR peak was indicating the concentration of metabolite. Metabolite concentration was increased in 

presence of RN1734 at peak 2.84 ppm while others peak value, only showing chemical shift not in the area 

under the peak (d). This peak (2.28 ppm) was completely absent in presence of Ionomycin.  

 

 

2.4. TRPV4 possess novel yet evolutionary conserved Mitochondrial Targeting Signal  

             Mitochondria are an important organelle for functions related to energy metabolism, 

different signalling pathway, synthesis of small metabolite precursors and lipid biosynthesis 

pathway [248]. Most of the mitochondrial proteins (about 99%) are coded by nuclear genes, 

are synthesized in the cytoplasm and transported or translocated to mitochondria for their 

functional and structural requirements [248]. Most of the mitochondrial proteins possesses 

conventional pre-sequences which is essential for its translocation into the mitochondria 
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called Mitochondrial Targeting Signal (MTS). Mitochondrial pre-sequence is typically a 

stretch sequence consisting of 15-40 amino acid residues present at the N-terminus of protein 

and it is generally enriched with positive charged residue [249, 216]. Previously it was 

believed that nearly all mitochondrial proteins have N-terminal MTS signal and this signal 

peptide  is cleaved by TOM complexes for outer membrane resident proteins but for 

intermembrane space proteins or matrix proteins, the MTS sequence  is not cleaved by TOM 

complexes [248]. Recent research suggests that MTS sequence can be present in the N-

terminus or at the C-terminus [250]. Sometimes it can also be present at the middle position 

of a mitochondrial protein. For example, outer mitochondrial translocase proteins TOM6 and 

TOM22 contain a C-terminus anchor sequence which helps in mitochondrial import [217, 

251, 252, 253]. Another protein which is present in intermembrane space is cytochrome C 

containing internal MTS sequence [254]. Some of the mitochondrial proteins contain 

nonconventional MTS sequence at their C-terminal regions too. Human apurinic/apyrimidinic 

endonuclease (APE1) plays important role in DNA repair mechanism, preferentially present 

in nucleus [250]. It was reported that this protein contains dually targeted signal sequence, 

NLS sequence at the N-terminus for nuclear localization and MTS sequence at the C-

terminus for mitochondrial localization [250]. Notably, bioinformatics approach including 

MitoProt and TargetP failed to predict any mitochondrial signal in APE1 protein. However 

experimental approach indicates that APE1 protein translocates to the mitochondria in 

different conditions [250]. Therefore the exact sequence and the properties involved in the 

specific targeting of proteins to the mitochondria remain inconclusive and further 

characterization is certainly needed.  

Recent experimental reports confirmed that TRPC3 is present in the mitochondria 

[255]. However, the exact sequence involved in the targeting of TRPC3 in to the 

mitochondria has not been characterized yet. Since our results suggest that full-length TRPV4 
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is imported to the mitochondria, we explored if TRPV4 possesses any mitochondrial target 

signal sequence. In this regard the main aim described in this chapter is to identify the 

mitochondrial target signal (MTS) sequence present in TRPV4 (592-630aa) and further 

characterization of that sequence.  

 

2.4.1. In silico approach-based identification of novel MTS in TRPV4  

The full-length as well as the C-terminus of TRPV4 alone are able to localize within 

the mitochondria. However, the TRPV4 sequence analysis using TargetP1.1 does not show 

any relevant score which can be used as mitochondrial target sequence. Therefore, full-length 

of hTRPV4 and its systemic deleted sequences were analysed with WoLF PSORT 

(http://wolfpsort.org/) for predicting their sub-cellular localization.  For potential localization 

in organelles, score was given for each set of sequences (Represented in table 5). Total 19 

different deletion sequences were analysed by this software for mitochondrial localization 

signal. Prediction results suggest that amino acid 592-630 of TRPV4 has the maximum 

mitochondrial localization score comparison to others and therefore likely to be localized to 

the mitochondria. 

 

2.4.2. MTS sequence of TRPV4 is sufficient to localize within mitochondria 

To confirm that the predicted sequence can indeed localize to the mitochondria, we 

cloned these 39 amino acid long sequence (AA number 592-630) into pEGFPN3 vector 

[named as TRPV4-(592-630)-GFP]. We expressed this segment in HaCaT cells along with 

the mitoDsRed (as mitochondrial markers) and performed colocalization experiments. 

http://wolfpsort.org/
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Table 5: Prediction of subcellular organelle localization of TRPV4. Systemic deletion of hTRPV4 sequence 

was analysed with subcellular localization prediction software (WoLF PSORT site) and given score was 

represented in tabular form for all subcellular organelles. Blue colour indicating the amino acid stretch (592-

630) which has highest mitochondrial localization score. 

 

This experiments suggest that TRPV4-(592-630)-GFP localizes with mitoDsRed and 

it is present in mitochondria. In a similar manner, TRPV4-(592-630)-GFP was expressed and 

cells were immunostained with anti-Hsp60 antibody. This co-localization experiments 

indicate that TRPV4-(592-630)-GFP is indeed present in mitochondria and colocalizes with 

Hsp60. We therefore named this amino acid stretch (592-630) as TRPV4-MTS (Fig 37). 

Previous reports suggest that the MTS sequence of TRPV4 harbour at least 11 

different point mutations and each one is responsible for different channelopathies [176]. Out 

of these 11 mutations, few of these causes gain-of-function (R616Q and V620I) and other 

mutations lead to several pathophysiological disorders [177]. Since this mutation lies in this 

derived MTS sequence, therefore characterization of these mutants with respect to 
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mitochondrial targeting as well as functions were explored. In this regard, 4 different point 

mutations (R616Q, F617L, F618P and V620I) were cloned into the pEGFPN3 vector and 

subsequently analysed for its mitochondrial localization (Fig 39). Apart from MTS sequence 

of TRPV4, some other sequences of TRPV4 were also cloned into RFP or GFP vector and 

expressed in HaCaT cell, and analysed for their localization in to the mitochondria. 

Schematic diagram of all the constructs used in this study is represented (Fig 38).  

Furthermore to explore the presence of mitochondrial targeting signal is present in 

this region (Fig 38) a bioinformatics approach was performed through TargetP.1 website. 

This website prediction for mitochondrial pre-sequence (mTP) and Reliability Class (RC) 

score were represented in the tabular form (Table 6). Greater the RC value higher the 

prediction for its localization in mitochondria. In spite of the low TargetP.1 score, 

experimental results suggest that only full-length TRPV4 (1-871 aa), TRPV4-MTS (592-630 

aa) and TRPV4-C terminus (718-871 aa) translocate to the mitochondria.  

 

2.4.3. MTS sequence of TRPV4 is conserved throughout the vertebrate evolution 

To explore if the Mitochondrial Targeting Signal of hTRPV4 is conserved in all 

species, hTRPV4-MTS sequence (592-630) was aligned in Mega 5 software package with 

full-length TRPV4 from more than 50 species. Alignment results indicate that TRPV4-MTS 

sequence is conserved throughout the vertebrate evolution. However in some species namely 

Hyla japonica (Japanese Tree frog) and Oreochromis niloticus (Nile tilapia) alignment was 

substituted with similar amino acids (Fig 40). Furthermore, to analyse the conservation of the 

MTS sequence (592-630) with respect to full-length TRPV4 (871 aa), a comparative 

conservation analysis was performed (box plot of divergence from more than 50 species) (Fig 

41). 
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Fig 37: TRPV4-MTS localizes in mitochondria. Confocal images demonstrating  that TRPV4-MTS-GFP 

colocalizes with different mitochondrial markers, namely with Hsp60 and mitoDsRed. TRPV4-MTS-GFP 

shows colocalization with mitochondrial protein. 

 

  

Fig 38: Schematic representation of TRPV4 deletion constructs used for mitochondrial localization. 

Schematic representation of constructs representing different deletion fragments of TRPV4 used in this study. 

Position of GFP or RFP attached eiher at the N-terminus or at the C-termnus is also indicated. The constructs 

with delatorious point mutations are indicated (red star). TRPV4-MTS and its mutants are described in this 

chapter and other constructs (TRPV4-Wt-GFP, TRPV4-R616Q-GFP, TRPV4-L618-GFP, TRPV4-V620I-GFP, 

GFP-TRPV4-TM, TRPV4-Nt-RFP and TRPV4-Ct-RFP) are mention in previous chapter (chapter 2). 
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Table 6: Prediction of TRPV4 Mitochondrial targeting signal: In silico approach was applied (Target P1.1 

website) to predict the mitochondrial localization of different TRPV4 deletion constructs or point mutant 

constructs. Reliability Class (RC) score indicates the strong prediction. Lower the RC value more strong is the 

localization signal. Different point mutations (Indicated in red star) present within the MTS region are  also 

included for this anaysis. Based on the colocalization with mitochondrial markers, “Yes” or “No” score was 

made for each constructs. 

 

This result suggests that as TRPV4-MTS is more conserved in comparison to the full-length 

TRPV4 throughout the vertebrate evolution. Histone (an example of a conserved protein 

during the course of evolution) was taken as a positive control. Next we analysed if the MTS 

sequence of hTRPV4 is conserved in all other TRPVs (human TRPV1-6). The MTS of 

hTRPV4 was aligned by Mega 5 software and the results indicate that TRPV4-MTS is fairly 

conserved in all hTRPV family ion channels (Fig 42). Most conserved sequence of MTS was 

represented by red star. Among all aligned sequences only in two postions, the consensus 

score was less than 5 and rest other sequences are  highly conserved. 

Sequence of 

hTRPV4 

Length mTP 

Predicted score 

RC Colocalization with 

Mitochondria 

TRPV4 1-871 0.066 1 Yes 

Full TM 466-711 0.027 1 No 

MTS 592-630 0.092 5 Yes 

 R616Q
*
 0.040 4 No 

F617L
*
 0.071 5 No 

F618P
*
 0.218 5 No 

V620I
*
 0.100 5 No 

TRPV4-Nt 1-465 0.066 1 No 

TRPV4-Ct 718-871 0.104 3 Yes 
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Fig 39: TRPV4-MTS mutants not localizes in mitochondria. Confocal images demonstrating  that TRPV4-

MTS-GFP mutants (R616Q, F617L, F618P and V620I) does not colocalizes with mitochondrial markers protein 

Hsp60. 
 

 As we discussed earlier, mitochondrial targeting signal are amphipathic in nature 

[249, 216]. In this regard we analysed the distribution of charges in this region. For that 

purpose, a homology modelling was performed (based on reported cryo-EM structure of 

TRPV1) [43]. TRPV4-MTS modelling was done with MODELLER 9.14 sowtware. Structure 

of TRPV4-MTS as visualized by ribbon-shapped model indicating its helical property and 

space-filled structure of TRPV4-MTS showing the positive charges are clustered at the N-

terminus of this helix (Fig 43). 
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2.4.4. MTS of TRPV4 -interacts with mitochondrial proteins 

To explore if TRPV4-MTS interacts with different mitochondrial proteins, pull-down 

experiments were performed using protein extract prepared from mitochondria isolated from 

goat brain. TRPV4-MTS was cloned into pGEX-6P1-GST vector and the fusion protein was 

expressed in E. coli. Only GST was used as a negative control. After expression, protein was 

immobilized on Glutathione Sepharose beads and mitochondrial protein extract was added in 

presence or in absence of Ca
2+

, and combination of GTP/ATP. Subsequently eluted samples 

were probed for different mitochondrial protein antibodies namely with anti-Hsp60, anti-

Mfn1, anti-Mfn2 and anti-Cyt C. Pull down results suggest that TRPV4-MTS interacts with 

Hsp60 in presence as well as in  absence of Ca
2+

, ATP and GTP (Fig 44 A). This suggests 

that TRPV4-MTS interaction with Hsp60 is independent of Ca
2+

, ATP, and GTP. In the same 

experimental conditions, mitochondrial fusion regulatory proteins, namely Mfn1 and Mfn2 

are not detectable suggesting these regulatory proteins are possibly not interacting with 

TRPV4-MTS. However pull down experiments indicate that Cyt C interacts with TRPV4-

MTS specifically only in the presence of Ca
2+

 (Fig 44 A). Furthermore to explore if the 

interaction with Cyt C with TRPV4-MTS is direct, pull-down experiment was performed 

with purified Cyt C (oxidised form). GST-TRPV4-MTS was immobilized on Glutathione 

Sepharose beads and purified Cyt C protein was added for interaction in presence of EGTA 

(Ca
2+

 chelator) and different concentration of Ca
2+

. Subsequently eluted samples were probed 

with anti-Cyt C antibody. Results indicate that Cyt C interacts with Ca
2+

 in dose-dependent 

manner and in presence of EGTA (5 mM), Cyt C interaction decreased as comparison to 

others (Fig 44 B). Such type of interaction was not observed with GST protein (Negative 

control). This result implies that Cyt C interaction with TRPV4-MTS is very specific and it is 

a Ca
2+

-sensitive interaction.    
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Fig 40. The MTS sequence of TRPV4 is conserved thoroghout the vertebrate evolution. The MTS of 

hTRPV4 was aligned with the full-length TRPV4 sequences from other species using the default parameters of 

MUSCLE in Mega 5 software. The alignment was further visualized using JalView. High homology of this 

squence suggest that this region is highly conserved in mammals. Substitution in few positions by similar amino 

acids was observed only in fish and in tree frog. 
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Fig 41. MTS of TRPV4 is more conserved as compared to the full-length TRPV4. Conservation is 

calculated from its divergence value (lower and higher values indicate more and less conservation respectively). 

Graph indicating that the TRPV4-MTS sequence is highly conserved almost in all species.  

 

 

Fig 42. MTS sequence of TRPV4 is conserved in all other TRPV family members. The MTS of hTRPV4 

was aligned (using the default parameters of MUSCLE in Mega 5 software package) with the full-length 

sequence of other TRPV members. The resulting alignment was further analysed using JalView. Results of 

conservation plot suggest that this region is highly conserved with homologous regions of other TRPV channels. 
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Fig 43. TRPV4-MTS structre prediction by homology modeling. A homology model of TRPV4 was made 

with MODELLER 9.14 using the B chain of TRPV1 (PDB Code: 3J5P) and energy minimized with YASARA 

Structure. The model quality was checked with MolProbity. The MTS region was extracted from the modelled 

TRPV4 structure. Left side image depicting the the ribbon-shaped model whilethe space-filled model is 

indicated in the right side. The positively charged  and negatively charged residues are colored in marine blue 

and red respectively. 

 

 

Fig 44: TRPV4-MTS interacts with mitochondrial protein. A. Pull down experiment was performed with 

GST-TRPV4-MTS and mitocondrial extract (isolated from goat brain) in presence of Ca
2+

 or GTP/ATP. Eluted 

pull down samples were probed with anti-Hsp60, anti-Mfn2, anti-Mfn1 and anti-Cyt C antibody. Results 

suggest that mitochondrial matix protein Hsp60 binds with TRPV4-MTS in a Ca
2+

 as well as  ATP/GTP 

independent manner. Mitochondrial fusion regulatory proteins Mfn1 and Mfn2 do not show any interaction with 

TRPV4-MTS. Anotther mitochondrial protein Cyt C shows Ca
2+

-sensitive interaction with TRPV4-MTS 

(indicated as blue star). B. Representing pull down experiments showing the direct interaction of purified Cyt C 

with TRPV4-MTS in presence of different concetration of Ca
2+

 and EGTA. Results indicating that Cyt C 

interaction with TRPV4-MTS increses in presence of higher concentration of Ca
2+

. For each  conditions, GST 

protein alone was taken as negative control.  
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2.5. Characterization of TRPV4 in sperm cells and associated mitochondrial 

dysfunction 

 Presence of TRPV4 in mitochondria and its importance in the regulation of 

mitochondrial structure as well as function in different cell line has been described in the 

previous chapters. In this chapter, effect of TRPV4 activation or inhibition upon the 

mitochondrial structure-function relationship was characterized using mature spermatozoa of 

different species as model systems. Sperm cells have high (and often almost fixed) number of 

mitochondria and are known to be transcriptionally as well as translationally silenced. 

Therefore, in order to study the effect of TRPV4 on the mitochondrial organization, mature 

sperm cells provide an excellent model system. In addition, specific sperm functions are 

mostly conserved throughout the evolution. In this context, it is relevant to study the 

regulation and characterization of TRPV4 in sperm with respect to mitochondrial 

organization and energetics. The work described in this chapter reveals the role of TRPV4 in 

the mitochondrial structure-function relationship in sperm cells in details. 

2.5.1. TRPV4 is endogenously expressed in mature sperm cells ranging from lower to 

higher vertebrates 

The sequence analysis of TRPV4 from different species indicates that TRPV4 is 

conserved in all vertebrates ranging from fish to human [164]. Therefore, comparative 

analysis of the localization pattern of TRPV4 in different regions of spermatozoa (head, neck 

and tail) was performed for different vertebrate classes. At least one species from five classes 

of subphylum vertebrata was selected for this study. Spermatozoa were collected and 

immunostained with TRPV4 antibody to visualize the localization of TRPV4 in spermatozoa. 

The specificity of antibody was confirmed by pre-incubating the antibody with a blocking 

peptide which completely abolished the immunostaining.  
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In the three classes of cold blooded vertebrates, a distinct difference in localization 

pattern was observed. While in fish/piscean group (osteichthyes class), TRPV4 was primarily 

seen at the tail and neck region of Rohu (Labeo rohita) sperm (Fig 45 A); for reptilian class 

TRPV4 was only detectable in the head region of house lizard (Hemidactylus leschenaultii) 

sperm (Fig 45 C). In contrast, for amphibian class, TRPV4 expression was present in head, 

neck and tail regions of Asian common toad (Duttaphrynus melanostictus) sperm (Fig 45 B).  

Showing a similar trend of TRPV4 expression as in amphibian spermatozoa, warm 

blooded animals show TRPV4 distribution throughout the sperm. For the avian class, TRPV4 

expression although present in all the regions, it was primarily concentrated in the sperm tail 

of duck (Anas platrhyncos) (Fig 45 D). As mammalian example, spermatozoa of bull (Bos 

gaourus) were taken which showed a faint yet distinct expression of TRPV4 in all the three 

regions (Fig 45 E). All these results suggest that TRPV4 is endogenously present in 

spermatozoa and such expression is evolutionarily conserved in all vertebrates.  

 

2.5.2. TRPV4 localizes in sperm mitochondria: Analysis from different vertebrates 

TRPV4 is endogenously expressed and distributed in different region of sperm, 

especially in the neck region. Therefore the next aim was to investigate if TRPV4 colocalizes 

with mitochondrial markers. Based on their localization pattern in neck region, fish, duck and 

human sperm were selected for co-localization experiment with mitochondrial markers such 

as mitochondrial specific dye (MitoTracker Red) or antibodies raised against specific 

mitochondrial markers (such as Hsp60, etc.). Subsequently immunostaining was performed 

with TRPV4 antibody and confocal microscopic images were acquired. Colocalization 

experiments indicate that not all but few mitochondria distinctly colocalizes with TRPV4 

(Fig 46). Particularly in Fish and Human sperm, TRPV4 is enriched in mid piece region and 

there it colocalizes with few mitochondria that are labelled with MitoTracker Red (indicated 
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by arrow). Furthermore colocalization experiment was also performed with using antibody 

against Hsp60 in fish sperm. This result also suggested that TRPV4 colocalizes with 

mitochondria in neck region.  

Similarly, in duck sperm, where atypical mitochondria are also present in the tip 

region, TRPV4 colocalization is observed in both, the tip region (of head) as well as in the 

mid piece of mitochondria. Duck sperm mitochondrial localization were analysed by confocal 

and Super Resolution Structured Illumination Microscopy (SR-SIM). Confocal microscopy 

reveals the presence of elongated and cylindrical nucleus within the head, but super-

resolution microscopy distinctly revealed that the nucleus is actually bifurcated at the tip (Fig 

47 A-D). In case of duck sperm, mid-piece labelled with MitoTracker Red suggesting that 

this region actually contains functional mitochondria (Fig 47 A-B). However, both confocal 

and SR-SIM images reveal that the MitoTracker Red labelling can also be observed at the tip 

of the sperm head (Fig 47 C-D) [256]. Furthermore, sperm tip also showed the staining for 

other important mitochondrial markers such as Mitochondrial membrane ATP synthase (F1F0 

ATP synthase or Complex V) and mitochondrial outer membrane protein Mitofusin2 (Mfn2) 

(Fig 48 A-D). Results indicate that in duck sperm, both tip and neck regions contain 

functional or atypical mitochondria and these regions seem to contain functional TRPV4 

channel.  

 

2.5.3 TRPV4 channel modulation affects Hsp60 level present in sperm  

In previous chapter (Chapter 3) it has been described that TRPV4 regulates the level 

of Hsp60 in the mitochondria. As TRPV4 is endogenously present in the sperm cells, it was 

explored if TRPV4 can regulate the mitochondrial potentiality and mitochondrial matrix 

protein Hsp60 level.  
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Fig 45. TRPV4 is endogenously expressed in vertebrate sperm cells. Confocal images demonstrating the 

presence of TRPV4 in Piscean (A, rohu fish), amphibian (B, common toad), reptilian (C, house lizard), avian 

(D, duck) and mammalian (E, bovine) sperm are shown. Cluster of sperm cells were immunostained for 

TRPV4-specific antibody in presence (left most column) or absence of a specific blocking peptide. Fluorescence 

images representing TRPV4 (green) and DNA (blue) were merged with DIC images. In the extreme right panel, 

confocal images of TRPV4 expression and localization in single sperm from different species are shown. In 

Piscean sperm, strong TRPV4 immunoreactivity is observed in the neck regions as well as the tail. In reptilian 

and amphibian sperm, faint yet specific TRPV4 expression is localized in the neck as well as in the tail regions. 

In avian sperm, it is localized throughout the sperm, but expression is highest in the tail region. In mammalian 

sperm TRPV4 is exclusively localized in the neck and tail regions whereas faint expression is present in the 

post-acrosomal region of the head.  
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Fig 46: TRPV4 localizes in sperm mitochondria of different vertebrates system. These confocal images 

demonstrate the colocalization (indicated by arrows) of TRPV4 with mitochondrial markers in fish, duck and 

human sperm cell. Not all sperm mitochondria revels the presence of TRPV4 in the neck region. In case of duck 

sperm, apart from mid piece region, colocalization is also observed at the tip of the head (also see fig 47-48). In 

lower panel, immunostained image depicting that TRPV4 (green) colocalizes with Hsp60 (red) in the neck 

region in fish sperm. 

 

 

To know the effect of TRPV4 modulation upon the duck sperm, we incubated the 

sperm at 39
°
C (specific body temperature suitable for duck sperm physiology) for 2 hours in 

presence of TRPV4 activator or inhibitor. Subsequently western blot was performed with 

anti-Hsp60 antibody. Western blot results indicate that presence of TRPV4 activator (4αPDD, 
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1 μM) induces degradation of Hsp60 which was observed as faint bands (Fig 49). These faint 

bands (degraded products) of Hsp60 were not observed in other cases such as in presence or 

absence of TRPV1 activators or inhibitors (high exposure blot). It suggests that activation of 

TRPV4 but not TRPV1 results in degradation of Hsp60 and therefore also suggests specific 

signalling events induced by TRPV4 activation only.  

To explore if such changes in the Hsp60 level in response to TRPV4 activation is common in 

other species too, we explored bull sperm as a model system and performed 

immunofluorescence analysis. Bull sperm were treated with TRPV4 activator 4αPDD (1 μM) 

for 2 hours at 37°C. The mitochondria of the same samples were labelled with MitoTracker 

Red (Selectively bind to respiring mitochondria and become fluorescent after oxidation). 

Results indicate that in presence of TRPV4 activator 4αPDD decreases Hsp60 level as 

compared to the control conditions (Fig 50). Similarly MitoTracker Red labelling in sperm 

cell also decreases in presence of 4αPDD, which suggest that TRPV4 activator decreases the 

mitochondrial potentiality. Fluorescence intensity of both Hsp60 and MitoTracker Red was 

decreased drastically in presence of TRPV4 activator and overall very less colocalization was 

observed as comparison to control (indicated by arrow) (Fig 50).  

 

2.5.4 Effect of TRPV4 channel activation on sperm mitochondrial organization and 

structure  

Sperm mitochondria assembled in an organized fashion to form tight helix around the 

flagella of midpiece region [257]. Intact mitochondrial morphology and its coiling too are 

very much important for sperm motility and capacitation process [258, 259]. To know the 

changes in mitochondrial morphology and its coiling in bull sperm, TRPV4 activator 4αPDD 

(1μM) was added in sperm and incubated for 2 hours at 37
°
C. Subsequently, MitoTracker 

Red was added to label the mitochondria.  
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Fig 47: Duck (White Pekin) sperm tip contains bifurcated nucleus and atypical mitochondria-like 

organelle. A-B. Confocal image of duck sperm labelled with MitoTracker Red (red) and DAPI (blue) merged 

with DIC is shown, scale bar: 5μm. C-D. Super Resolution Structured Illumination Microscopy (SR-SIM) 

revealed the presence of a bifurcated nucleus in the head and the presence of MitoTracker Red labelled 

organelles which are embedded within the bifurcated tip. The asterisk indicates the start of bifurcation and arrow 

points out to the tip of bifurcated head. The enlarged image of the midpiece region is shown in set. Scale bar: 

500 nm.  
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Fig 48: Duck (White Pekin) sperm tip contains atypical mitochondria-like structure. A. Confocal images of 

a duck sperm labelled with anti-ATP5A (green) and MitoTracker Red (Red). The enlarged portion of its head is 

shown in right side. The tip structure is indicated by an arrow. B. Confocal images of a duck sperm labelled with 

anti-Mfn2 (green) and DAPI. The enlarged portion of its head is shown in right side. The staining at tip region is 

indicated by arrows. C. Confocal images of the midpiece and head of White Pekin sperm stained with 

MitoTracker Red (Red) and Alexa flour 488 conjugated streptavidin (Green). DNA enriched region is 

counterstained with DAPI (blue). D. Intensity plot (of the same cell as shown in c) corresponding to white arrow 

region (shown in right side) is shown. Both MitoTracker Red and Alexa flour 488 conjugated streptavidin co-

localize well at the mid-piece and also at the tip of the head. 
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Results indicate that in presence of TRPV4 activator, in many cases, sperm mitochondria 

developed blebs or split in the mitochondrial structure (Fig 51).Such abnormalities were not 

found in the control cases (n = ~500 cells). This in general suggests that TRPV4 activation 

induces extreme abnormalities in the mitochondrial organization. To observed minute 

changes in a better resolution, we performed super resolution microscopy of the same 

samples and analysed the mitochondrial coiling pattern in control and TRPV4 activated 

conditions. Results suggest that in control sperm, mitochondrial coiling was intact and form 

helix-like structure with regular thickness and pitch length in the midpiece region of sperm 

(Fig 52). It was observed that in presence of TRPV4 activator, mitochondrial coiling and its 

organization drastically changed. Helical organization of mitochondria was altered and they 

formed “kink” or “small cervices-like structure” in the mitochondrial ring structure (indicated 

by arrow). 

 

2.5.5. TRPV4 is expressed in human spermatozoa  

We tested the expression of TRPV4 in human (Homo sapiens) sperm. We noted that 

distribution of TRPV4 throughout the sperm; specifically it is enriched in the head and neck 

region while tail region shows faint expression. The TRPV4 signal is completely blocked by 

pre-incubating this antibody with specific antigenic peptide (Fig 53 A). To confirm the 

expression of TRPV4 in human sperm by western blot analysis, we used two different 

antibodies raised against TRPV4. One antibody (termed as Ab1) directed against the C-

terminus of TRPV4 (Sigma-Aldrich) detected a band of 130 kDa (predicted size: 98 kDa) 

suggesting that in human sperm the TRPV4 is subject to post-translational modification.  
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Fig 49: TRPV4 activation causes degradation of Hsp60. Represented western blot image indicating that in 

presence of TRPV4 activator 4αPDD (1 μM) Hsp60 protein degradation was higher as comparison to the 

trteatment of other drugs. At higher exposure time, smaller and degraded bands detected by Hsp60 antibody 

corresponding to the Hsp60 degradation is visiable only in 4αPDD treated sample (indicated by red asterisks). 

Such degradation is not detected in presence of TRPV1 activator (RTX) or inhibitor (IRTX). Right side 

coomasie image representing the loading conrol of these samples. Mitochndrial fraction purified from goat brain 

is used as a specific control.   

 

 

Fig 50: TRPV4 activation decrease both mitochondrial potentiality and Hsp60 level in bull sperm. 

Representing confocal image depicting that in presence of TRPV4 activator 4αPDD (1 μM), mitochondrial 

potentiality decreases drastically with comparison to control (indicated by arrow). In presence TRPV4 activator 

Hsp60 label goes down with comparison to control conditions. Since intensity of both MitoTracker Red and 

Hsp60 decreased in presence of TRPV4 activator, very less colocalization is observed in the midpiece of sperm. 

For better visualization, intensity profile of Hsp60 and MitoTracker Red are presented in right side of the panel.  
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Fig 51: TRPV4 activation alters mitochondrial organization in bull sperm. Representing confocal images 

depicted the mitochondrial abnormality in bull sperm in presence of TRPV4 activator 4αPDD (1 μM). 

Activation of TRPV4 induces blabbing or node-like structure (indicated by arrow) in the midpiece regions. 

Some of the sperm mitochondrial structure becomes splitted into two halves. Such abnormalities can be 

correlated with the uncontrolled regulation of mitochondrial structure, fission and fusion.   

 

 

A second antibody (termed as Ab2) that also binds to the C-terminus (Alomone Labs), 

showed two bands, one at 130 kDa and the other at 72 kDa and both these signals are blocked 

by using this specific peptide (Fig 53 B) suggesting that both these immunorectivities are 

specific in nature. Next we analysed the human spermatozoa by flow cytometry. Dot plot 

analysis further revealed that 98.98±0.34% spermatozoa were TRPV4 positive (n = 6). Upon 

pre-incubation with a specific blocking peptide, the same antibody detects less than 1% cells 

as TRPV4 positive, confirming the specificity of the TRPV4 antibody in FACS application 

also (Fig 53 C-D). 
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Fig 52: TRPV4 activation disrupts mitochondrial coiling and organization in bull sperm. Shown are the 

super resolution images demonstrating the mitochondrial coiling pattern in control and TRPV4 activated (by 

4αPDD, 1 μM for 2 hours at 37°C) conditions. In control condition, mitochondrial coiling is intact and form 

regular helix-like structure. However in TRPV4 activated condition, the regular helical organization is disrupted 

(Kinks or cervices in the mitochondrial coiling region are indicated by arrows). For better visualization enlarged 

images are presented in each panel. Scale bar are 5 μm (for normal image) and 1 μm (for zoomed image).  
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In presence of this peptide, the mean fluorescence intensity (MFI) values reduced 

significantly (Fig 53 E). These experiments confirm the specific expression of TRPV4 in 

mature human spermatozoa. 

 

2.5.6 TRPV4 is differentially expressed and localized in swim-up and swim-down 

human sperm 

It is known that human spermatozoa are highly variable in nature and many have 

impaired motility. To explore if there is any difference in TRPV4 expression in case of 

immotile and highly motile sperm, we separated the total sperm population into these two 

fractions, namely swim-up (Su, cells with progressive motility) and swim-down (Sd, cells 

with mostly impaired motility) samples. We performed confocal microscopy and analysed 

expression and localization of TRPV4 in these two fractions. In case of swim-up cells, 

TRPV4 is primarily located in the head and faintly in the tail. However in case of swim-down 

cells, TRPV4 is mostly absent in the head region and is highly accumulated at the neck 

regions (Fig 54 A-B). In order to characterize these differences in TRPV4 expression, 

western blot analysis was performed using Su and Sd samples obtained from three 

individuals with proven fertility. The Ab1 detects a distinct band at 130 kDa in the Sd 

fraction of all three donors (Fig 54 C). However, the corresponding 130 kDa band is mostly 

absent or faintly present in Su fraction. In contrast, several smaller fragments of TRPV4 are 

observed in Su samples. Some of these smaller bands were also observed in the Sd samples, 

but with lesser intensities. Densitometry analysis of the 130 kDa region of all 3 donors 

revealed nearly 6 fold higher level of TRPV4 intensity in the Sd as compared to the Su 

fraction (Fig 54 D). This in general suggest for low level TRPV4 (corresponding to 130 kDa 

band) and more proteolytically-cleaved products in motile sample. Furthermore to analyse the 
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extent of proteolytic activity in Su and Sd samples, we probed the same samples for two other 

proteins which are abundant in the sperm cells, namely for β-tubulin and Hsp60. The western 

blot analysis suggests for higher proteolytic activity in Su samples as both Hsp60 and β-

tubulin level in general is low in Su fraction compared to Sd fraction (Fig 54 C). 

Next we analysed the expression of TRPV4 in Su and Sd samples in a more 

quantitative manner and performed FACS. Nearly 98.98 ± 0.34% and 96.15 ± 2.8% cells are 

TRPV4 positive in Su and Sd samples respectively. However, the mean fluorescence 

intensity (MFI) values for Su fraction is more (121.56 ± 37.79) compared to the Sd fraction 

(89.03 ± 23.76) (n = 6) (Fig 54 E). Though this difference may suggests for the more amount 

of TRPV4 in swim-up samples than compared to the swim-down sample, the difference 

turned out to be statistically non-significant (p = 0.105). 

 

2.5.7 Effect of glycosidase treatment in human sperm TRPV4 

In all other cellular system the expected molecular weight of TRPV4 is ~98 kDa but 

in sperm sample (Both in Su and Sd) it shows higher shift in molecular weight (130 kDa). To 

confirm that the upper band proteins of TRPV4 indeed results from complex glycosylation, 

we performed glycosidase treatment in sperm sample (Su and Sd) with two different 

glyosidic enzymes: Endoglycosidase H (Endo H) that cleaves N-linked high mannose-rich 

oligosaccharides and Peptide-N-Glycosidase F (PNGase F) that cleaves both N-linked high 

mannose-rich oligosaccharides and complex oligosaccharides. Results suggest that in 

presence of PNGase F enzyme but not in presence of Endo H, TRPV4 shows faster migration 

and resulting band is coming at expected molecular weight of TRPV4 (~ 98 kDa). It suggests 

that sperm TRPV4 contains complex glyosidic bonds with different types of oligosaccharides 

present there (Fig 55). As in western blot analysis, the TRPV4 band is not detectable in case 

of Su sample; it is not possible to comment on the glycosylation status of TRPV4 in Su cells.  
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 Fig 53: TRPV4 is endogenously expressed in human sperm. A. Confocal images showing the endogenous 

expression profile of TRPV4 (green) in human sperm. TRPV4 is localized in the post-acrosomal and neck 

regions, while faint expression is also present in the acrosomal and tail region (upper panel). TRPV4 signal is 

absent upon blocking the primary antibody with its antigenic peptide (lower panel). B. Western blot analysis 

using two different antibodies (Ab1 and Ab2) raised against the C-terminus of TRPV4 shows TRPV4-specific 

band at ~130 kDa (indicated by arrow). TRPV4 specific signal detected by Ab1 and Ab2 is absent when blocked 

with the antigenic peptide. Corresponding Coomassie-stained gel is shown in right side. C. Representative Dot 

Plot images showing the percentage of cells positive for TRPV4 (98.03%) obtained from Flow cytometric 

evaluation (n = 6). Application of blocking peptide reduced the number of positive cells to 0.96% only. D. 

Representative fluorescence intensity plot of TRPV4 expression is depicted as the Mean Fluorescence Intensity 

(MFI). E. Histogram representation of percentage of sperm cells positive for TRPV4 expression obtained from 

Flow cytometric evaluation (n = 6). About 98.98±0.34% cells were positive for TRPV4. 
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Fig 54: Swim-up and swim-down fractions of human sperm have different levels of TRPV4 expression. A-

B. Cluster of sperm cells (A) and enlarged single cells (B) stained for TRPV4 (green) are shown. Strong signal 

for TRPV4  is observed throughout the head (primarily in acrosomal region) in the swim-up (Su) fraction while 

strong TRPV4 signal is present in the post-acrosomal and neck regions in the swim-down (Sd) fraction. Faint 

expression is present in the tail region. C. Western blot analysis of Su and Sd fractions of sperm from 3 

individuals (Ind 1-3) were probed for TRPV4, β-tubulin and Hsp60. The 130 kDa band (longer arrow) and 

smaller bands (smaller arrows) represent the full-length (also the post-translationally modified form) and 

proteolytically degraded TRPV4 respectively. The corresponding Coomassie gels are provided at right. The 

prominent band/s around 70-50 kDa (in Su and Sd fraction) as observed by Coomassie staining represents 

protein/s present in sperm media. In each case, same number of cells in same volume was used for sample 

preparation. D. Densitometry analysis of western blot signal intensities for 130 kDa band of TRPV4 in Su and 

Sd fractions (n = 3, ANOVA test, ** p value< 0.005). E. Total TRPV4 fluorescence intensity from Su and Sd 

samples detected as Mean Fluorescence Intensity (MFI) values in flow cytometry measurements was found to 

be non-significant (n = 6, ANOVA test, p = 0.105). F. Histogram representation of percentage of sperm cells in 

Su and Sd fractions positive for TRPV4 expression obtained from Flow cytometric evaluation (n=6). More than 

98% cells in each fraction express TRPV4. 
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Fig 55: TRPV4 is present in glycosylated form in human sperm. Equal amount of sperm extract (obtained 

from same number of cells) representing swim-up (Su) and swim-down (Sd) fractions were treated with (+) or 

without (-) glycosidase enzymes Endo H or PNGase F for de-glycosylation reaction. Subsequent western blot 

with anti-TRPV4 antibody detects the shift in the molecular weight. Results suggest that TRPV4 has complex 

N-glycosidic linkage and branched complex glyosidic bond with glycosyl group, which shows shift in molecular 

weight (~30 kDa) only in presence of PNGase F (represented as red star). Enzymatic treatment with Endo H 

does not show any shift in molecular weight of TRPV4 (130 kDa) suggesting that the glycosylated TRPV4 is 

resistant against Endo H. In Su sample TRPV4 band is undetectable in western blot suggesting low abundance 

of full-length TRPV4. The corresponding Coomassie gels are shown below.  

 

2.5.8 Activation of TRPV4 causes redistribution 

We analyzed the localization pattern of TRPV4 in control and pharmacological 

modified conditions (Fig 56). DMSO-treated cells show TRPV4 localization primarily in the 

head region (both at the acrosomal region and post acrosomal regions) and faintly in the tail. 

Activation with 4αPDD (5 µM) induce re-distribution of TRPV4 mainly to the acrosomal, to 

the neck and tail regions as well. Activation by 4αPDD also increases the 

immunofluorescence signal for TRPV4 suggesting that such activation may also increases 

immunoreactivity against TRPV4 and possibly suggests for changes in epitope organization 

and/or removal of epitope masking. In contrast, RN1734 (10 µM) treated cells show reduced 
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TRPV4 levels. Progesterone (10 µM) treatment alone did not affect the localization profile of 

TRPV4 and majority of the TRPV4 is localized at the acrosomal regions only. 

 

2.5.9 TRPV4 modulation altered premature capacitation in human sperm  

In order to examine the role of TRPV4 in capacitation of human sperm, we treated the 

swim-up and swim-down fractions with TRPV4 activator (4αPDD at 1µM and 5µM) and 

inhibitor (RN1734, 10µM) for 1 hour and probed for total phosphotyrosination (using anti-

phosphotyrosine antibody) and performed imaging analysis. 

 

Fig 56. Translocation and relocalization of TRPV4 in human sperm upon activation or inhibition of 

TRPV4: Expression profiles of TRPV4 (green) in human sperm treated with either solvent control (DMSO) 

alone or by 4αPDD (activator, 5 μM), or RN1734 (inhibitor, 10 μM) or Progesterone is shown (in green). 

Depicted confocal images suggest that TRPV4 translocate upon pharmacological modulation and it is 

distributed into the midpiece and tail region. Overall immunoreactivity attributed for TRPV4 is also increased in 

presence of TRPV4 activator.  
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Depending on the level of phosphotyrosination, we classified the cells in three types (Fig 57 

A). Extensive phosphotyrosinated cell is represented as “A-type”, moderately 

phosphotyrosinated cell is represented as “B-type” while non-phosphotyrosinated cell is 

represented as “C-type”. Quantification of phosphotyrosination pattern of >300 sperm cells 

per sample is represented (Fig 57 B).  

In general, the swim-up samples have more phosphotyrosinated (A-type + B-type) 

cells than swim-down samples. Neither TRPV4 activation nor inhibition alters the 

phosphotyrosination pattern drastically in swim-up samples, especially in the percentage of 

B-type cells (~ 20% of the population in each of the treated conditions; indicated by double 

headed arrows). Strong activation as well as inhibition of TRPV4 however reduces certain 

percentage of A-type and increases C-type of cells.  

In case of swim-down samples, ~35% and ~55% of the sperm population in DMSO-

treated conditions show B-type and C-type cells respectively. This observation accords well 

with other reports suggesting that the level of phosphotyrosination is low in swim-down 

samples [260]. This percent distribution does not differ significantly when treated with 

RN1734 suggesting that in swim-down sample, the endogenous activity of TRPV4 is 

probably at the basal level. However, activation of TRPV4 with an optimum concentration of 

4αPDD (1 µM) enhances the percentage of C-type cells, reduces B-type and A-type of cells 

when compared with DMSO control. This result suggests that TRPV4 activation in swim-

down sample may reduce global phosphotyrosination. This may also suggest for the 

deactivation of tyrosine kinases activities and/or activation of phosphatases in a Ca
2+

-

dependent manner [261]. However, in the same swim-down sample, activation of TRPV4 

with higher concentration 4αPDD (5 µM) enhances the percentage of A-type, reduces B-type 

and C-type remain unchanged (compared with DMSO control). This suggests that stronger 

activation of TRPV4 correlates well with the activation of tyrosine kinases and/or 
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deactivation of phosphatases in this condition. The difference between optimum activation 

(4αPDD at 1 µM) and stronger activation (4αPDD at 5 µM) is intriguing and may suggest 

that the difference in basal Ca
2+

-level and/or Ca
2+

-oscillation induced by TRPV4 can be 

relevant for phosphotyrosination and may have bio-medical application in case of treating 

infertility (by targeting this specific population having sperm with low motility).  

For more quantitative analysis of phosphotyrosination in swim-up and swim-down 

sperm sample, we have performed flow cytometry-based analysis in different gated 

populations (Fig 57 C). As C-type cells represent no phosphotyrosination (probably also 

indicate a population which do not contribute in actual fertilization process), this analysis 

effectively reveals the changes in the phosphotyrosination status in B-type and A-type cells 

only. We separated swim-up and swim-down cells from 4 proven fertile donors and treated 

these cells with TRPV4 inhibitor (RN1734 at 10 µM) or activator (4αPDD at 1µM and 5µM) 

and subsequently compared the MFI-values in each samples.  

In order to obtain more quantitative evaluation of effect of TRPV4 on 

phosphotyrosination, we performed flow cytometry-based experiments where at least 20,000 

cells per sample (in each treatment group, from 4 independent individuals corresponding to a 

number of minimum 80,000 sperm cells in each category) were analyzed. Since the dot plot 

reflects the percent positive population as well as fluorescence intensities in log scale, we 

used dot plot analysis to categorize the sperm population in each sample into three classes 

based on the fluorescence intensities reflecting their phosphotyrosination levels. These 

different-gated populations in flow cytometry analysis are represented in (Fig 57 D). These 3 

categories correlate well with Type-A, Type-B and Type-C represented in confocal image 

based classification as demonstrated in above (Fig 57 B). We observed that activation or 

inhibition of TRPV4 does not alter the percentage of cells in these three sub types, both in 

swim-up or swim-down fractions (Fig 57 D). The MFI values of these sub-populations also 
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show no difference in phosphotyrosination levels upon TRPV4 modulation (Fig 57 E). We 

further analyzed the MFI values of the entire sperm population (Type-A + Type-B + Type-C) 

in each treated conditions and noted that TRPV4 modulation does not show significant 

differences in phosphotyrosination levels in either swim-up or in swim-down fractions (Fig 

57 F). However, as expected, the overall MFI value is higher for swim-up population 

compared to the swim-down population. Based on these results, we can conclude that TRPV4 

modulation does not induce premature capacitation in human sperm 

 

2.5.10 TRPV4 regulates progesterone-induced motility  

 Progesterone-induced motility changes in motile sperm cells (Su fraction) were 

studied both in presence and in absence of TRPV4 modulators. Sperm cells were labelled 

with fluorescent dye (Fluo-4 AM) and time series acquisition was done by live cell imaging. 

The spatio-temporal information about the dynamics of motile cells was monitored by 

kymograph analysis. This is done by defining an unbiased line in the time series images 

which indicates about the cells passing through this line (Fig 58 A). Intensities acquired 

along this line were stacked together to form a compiled image (as done in kymograph 

analysis) and such representative kymograph images are presented here (Fig 58 B). Total 500 

frames (representing 1000s) were analysed for each condition. 

In presence of DMSO only, the cells remain motile and application of progesterone 

results in hyper activation (cells become more motile). The cells remain motile in presence of 

only TRPV4 activators (4αPDD at 5µM) or inhibitor (RN1734 at 10µM or even at higher 

concentrations). In contrast to only RN1734-induced motility changes (Fig 58 B), a punctate 

type of cellular aggregation was seen after addition of RN1734 in progesterone-pre-treated 

cells. Most of the cells become immotile within ~10 minutes after adding RN1734 and forms 

clusters. It is likely that RN1734 alone does not induce detrimental effect on sperm motility, 
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but may impair the motility of hyperactivated sperm (progesterone-induced). It was evident 

with the finding of clumps of immotile cells in this treatment resulting in aggregated intensity 

observed from 235 frame (470s) onwards in kymograph (indicated by red arrow) (Fig 58 B). 

These results suggest that TRPV4 function is essential during progesterone-mediated hyper 

activation of sperm cells.  

 

2.5.11 TRPV4 modulates Ca
2+

-influx into human sperm 

Ca
2+

-homeostasis in sperm is precisely regulated by different Voltage Operated 

Channel (VOC) present in the membrane and female steroids like progesterone [262]. To 

evaluate the effect of TRPV4 activator and inhibitor upon the Ca
+2

-influx in human sperm, 

cells (Su and Sd) were treated with 4αPDD (5µM) or RN1734 (10µM) for 1 hour and 

labelled with Fluo-4 AM to analyse the intracellular Ca
2+

-levels. 4αPDD treatment in Su 

fraction resulted in increased intracellular Ca
2+

-levels but inhibition by RN1734 (10 µM) did 

not decrease the intracellular Ca
2+

 levels below that of the control conditions (Fig 59 A). 

Notably, in Su fraction, the effect of TRPV4 activation by 4αPDD is comparable to the effect 

of Progesterone (10 µM), a standard inducer of Ca
+2

-influx into sperm cells [263]. The above 

observation is supported by quantification of Fluo-4 AM signal intensity per unit area (n = 4 

individuals), which revealed that in Su fraction the effect of 4αPDD and Progesterone is 

similar (Fig 59 B). In Sd fraction, there is no significant difference in basal Ca
2+

-levels after 

modulation of TRPV4 by pharmacological agents (Fig 59 B).  

In sperm cell cells, CatSper is well known ion channel exclusively present in 

spermatozoa and regulates calcium homeostasis. Furthermore, Ca
2+

-levels was evaluated post 

activation of TRPV4 along with blocking of CatSper. As expected, reduction of Ca
2+

 levels 

was observed when motile fraction was treated with CatSper inhibitor (NNC-55-0396, 10 

µM). The effect of CatSper inhibition on motility and intracellular Ca
2+

-levels were restored 
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upon 4αPDD (5µM, 20min) treatment to NNC-55-0396 pre-treated cells (Fig 59 C). The bar-

graph representing the average of three independent experiments and also confirms this 

finding. This data indicates that apart from CatSper channels, TRPV4 is also an important 

regulator of human sperm motility and intracellular Ca
2+

-levels. 

 

2.5.12 Pharmacological inhibition of TRPV4 blocks progesterone-induced hyper 

activation but not Ca
2+

-influx in human sperm 

Progesterone-induced hyper activation is essential to complete capacitation and 

subsequent acrosomal reaction as well as sperm-oocyte fusion [264-266]. We explored if 

TRPV4 can modulate the progesterone-mediated signalling events, intracellular Ca
2+

-levels 

and functions in Su sample. For that purpose, cells were loaded with Fluo-4 AM and live cell 

images were performed. Addition of TRPV4 inhibitor RN1734 in progesterone (10 µM) pre-

treated sample can block the hyper-activated motility and these cells form clusters soon after 

adding RN1734 (Fig 60 A). However, addition of RN1734 in progesterone pre-treated cells 

causes increased intracellular Ca
2+

-levels (Fig 60 A). Quantification of Fluo-4 AM intensity 

values (of a total 100 frames) before and after addition of RN1734 in progesterone pre-treated 

samples also confirmed the same changes (Fig 60, Right side). This increment in basal Ca
2+

 

level seems to correlate with the subsequent aggregation and death of sperm cells. In a 

reciprocal manner, addition of Progesterone to RN1734 pre-treated sperm, does not increase 

sperm motility further, but increases in intracellular Ca
2+

-levels (Fig 60 B). However we 

could not find significant changes in basal Ca
+2

-level and clustering effect in only 

progesterone or only RN1734 pre-treated cells (Fig 60 C-D). Taken together these results 

suggest that in presence of progesterone, endogenous TRPV4 activity is important for sperm 

cells.  
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2.5.13. TRPV4 regulates Ca
2+

-buffering at the mid-piece and Ca
2+

-wave propagation in 

sperm tail 

 To understand if and how TRPV4 regulates the intracellular Ca
2+

-waves, we used 

Fluo-4 AM and performed live cell imaging followed by manual tracking of Ca
2+

-wave 

propagation within single cells (Fig 61 A). In case of progesterone-treated cells, the level of 

Ca
2+

 is high in the head and neck regions. Progesterone-induced Ca
2+

-wave originates in the 

mid-region of sperm head and spreads throughout the neck and then propagates to the tail and 

mostly covers a large portion of the tail. The Ca
2+

-wave then subsides and a fresh wave 

originates in the head. This observation matches well with previous reports [263]. In case of 

4αPDD-treated cells, the level of Ca
2+

 is also high in the head and neck regions. The patterns 

of 4αPDD-mediated waves are visible at the tail and mostly similar to progesterone-induced 

waves. Notably, application of RN1734 results in reduction in the intracellular Ca
2+

-level in 

the head region. Nevertheless, the Ca
2+

-wave propagation is observed in the tail region at 

times, though with less intensity and frequency.  

However, application of RN1734 to the Progesterone pre-treated cells results in 

reduction in motility and majority of cells become immotile within 10 minutes of RN1734 

addition. Majority of these immotile cells are unable to propagate any Ca
2+

-wave to the mid-

piece and tail resulting in a heavy increase in intracellular Ca
2+

 levels in the head regions (Fig 

61 A). However, very few cells, which still remain motile in this condition, are able to 

transmit the Ca
2+

-wave originated in the head to the mid piece and tail. This result suggests 

for a possible Ca
2+

-buffering activity at the neck region of progesterone-induced hyper-motile 

cells and possible involvement of TRPV4 in such functions. Indeed, we observed wavy 

pattern of intracellular Ca
2+

-level at the neck regions in case of progesterone- and 4αPDD-

induced hyper motile cells (Fig 61 B). In contrast, such patterns were not observed when 

RN1734 was added in progesterone-treated cells (Fig 61 B).    
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2.5.14. Progesterone directly interacts with the conserved TM4-Loop4-TM5 region of 

TRPV4 

 Previously we demonstrated that TM4-Loop4-TM5 region of TRPV4 is highly 

conserved in all vertebrates and Loop4 region alone or in combination of TM4 and/or TM5 is 

sufficient for interaction with cholesterol and two derivatives namely stigmasterol and 

aldosterone [164]. In this work we explored if the same region can also interact with 

progesterone and thus performed blot overlay experiments. Our blot-overlay experiments 

confirmed that GST-TM4-Loop4-TM5 and GST-Loop4 alone can interact with progesterone 

while only GST does not interact (Fig 62). This confirms a direct interaction of progesterone 

to the TRPV4 and therefore suggests that TRPV4 can also act as an alternative progesterone 

receptor, at least in sperm cells.  
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Fig 57: Effect of TRPV4 modulation on capacitation in human sperm. TRPV4 modulation does not induce 

premature capacitation. Human sperm cells were immunostained with phosphotyrosine (P-Tyr) antibody to 

determine the capacitation status. A. Representative confocal images showing distinct phosphotyrosination 

patterns: A-, B- and C-type representing strong (sky blue), weak (brick red) and absence of phosphotyrosination 

(light green) respectively. B. Quantification of phosphotyrosination pattern as visualized by confocal imaging in 

(b-i) swim-up (Su) and (b-ii) swim-down (Sd) sample. At least 300 cells obtained from 4 individuals in each 

conditions is depicted (as percent distribution). C. Representative dot-plot showing the gating of sperm cells 

classified into three populations (A, B, C-type) based on their fluorescence intensities representing 

phosphotyrosination levels. D. Frequency distribution of phosphotyrosination levels in Su (d-i) and Sd (d-ii) 

fractions as evaluated by flow cytometric analysis. E. Mean Fluorescence Intensity values (MFI) for Su (e-i) and 

Sd (e-ii) of the A-, B- and C-type under different treatments are represented (n < 80,000 cells from 4 

independent samples). F. Average MFI values of phosphotyrosination levels in Su (f-i) and Sd (f-ii) fractions 

under different treatments (n = 5). TRPV4 modulation does not induce any change in phosphotyrosination levels 

neither in Su nor in Sd fractions. 

  



 
  Results 

130 
 

 

Fig 58: TRPV4 is involved in the progesterone-mediated hyper activation. Shown are the kymographs 

derived from human sperm (Su fraction) loaded with Fluo-4 AM and treated with different pharmacological 

agents. A. The time lapse imaging was acquired in presence or in absence of TRPV4 activator/inhibitor alone or 

applied on progesterone-pre-treated samples. An unbiased thin line (indicated by red asterisk) was drawn on the 

acquired images (equal dimension for all treatments) and respective kymographs were made for total time 

series. At each time points representing individual frames, the fluorescence intensity of cell/s crossing the thin 

line were represented as individual strips .This analysis represents the sperm movement through this line and 

relative level of intracellular Ca
2+

 observed as fluorescence intensity in all 500 frames (duration of 1000 sec). B. 

Kymographs of sperm movement under different treatment conditions is shown. Sperm motility drastically 

decreased as the cells get aggregated upon addition TRPV4 inhibitor RN1734 in the progesterone-pre-treated 

sample at 235 frame (470 sec, indicated by red arrow). Such aggregation pattern is not observed in cases when 

samples are treated with only 4αPDD (5 μM), RN1734 (10 μM) or progesterone (10 μM) each. Scale bar 5 μm. 

For more details, see supplementary movies.  
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Fig 59: TRPV4 regulates intracellular Ca
2+

-levels in human sperm. A. Sperm cells of swim up (Su) and 

swim down (Sd) fractions were pre-treated with TRPV4 activator (4PDD, 5 μM) inhibitor (RN1734 (10 μM) 

or with Progesterone (10 μM) for 1 hour and Fluo-4 AM labelling followed by live cell imaging was performed. 

The intra cellular Ca
2+

-levels are represented in pseudo color (rainbow scale, red and blue indicating highest and 

lowest intensity respectively). B. Quantification of average fluorescence intensity/area (in arbitrary unit) is 

shown. TRPV4 activator (4αPDD) and progesterone significantly increased the intracellular Ca
2+

 levels in 

sperm in comparison to control in Su sample (p<0.05). However in case of Sd sample, TRPV4 activator or 

inhibitor does not show any difference in intracellular Ca
2+

-levels (n = 4 independent experiments). C. Live cell 

imaging revealed that CatSper inhibitor (NNC 55-0396) decreases the intracellular Ca
2+

 levels in comparison to 

control and this intracellular Ca
2+

-level restored when the NNC-pre-treated cells were treated with TRPV4 

activator for 20 minutes (4PDD, 5 μM). These results suggest that apart from the CatSper channel, 

intracellular Ca
2+

 regulation, is also regulated by TRPV4. Quantification of average fluorescence intensity/area 

(in arbitrary unit) is represented in right side. (n = 4 independent experiments). 
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Fig 60: TRPV4 regulates progesterone-mediated Ca
2+

-levels and motility. Time-series fluorescence images 

were acquired from Fluo-4 AM dye loaded highly motile swim-up sample. Cells were pre-incubated with 

different pharmacological agents for 1 hour and subsequently imaged for 600 time frames with or without 

further addition of a second agent at the 100
th

 time frame. A. Intracellular Ca
2+

-level of Progesterone (10 µM) 

pre-treated sperm upon addition of TRPV4 inhibitor RN1734 at 100
th

 frame is shown TRPV4 inhibition in the 

presence of progesterone, induce high level of Ca
2+

 in the head, less cell motility and more cell aggregation. B. 

Intracellular Ca
2+

-level in RN1734 (10 µM) pre-treated sperm upon addition of Progesterone at 100
th

 frame are 

shown. C-D. Similarly, intracellular Ca
2+

-level in Progesterone (10 µM) only pre-treated cells (C) or RN1734 

(10 µM) pre-treated cells (D) are shown. For each condition, the fluorescence intensity is depicted in rainbow 

scale and total fluorescence intensity from 100 time frames (indicated by green thick line) are merged in to a 

single image. Quantification of Intensity/Area (initial value represented as 100%) at different time points are 

shown in the right side. A total of 4 independent experiments are shown (indicated by thin lines) and average 

values are indicated in dark black line (merged intensity values: 1 = 1-100
th

 frame, 2 = 101 -200
th

 frame, 3 = 

201-300
th

 frame, 4 = 301-400
th
 frame, 5 = 401 -500

th
 frame). 

 



 
  Results 

133 
 

 

Fig 61. TRPV4 helps in Ca
2+

-buffering in the neck region and acts as a progesterone receptor. A. Shown 

are the time-series images depicting the level of intracellular Ca
2+

 (indicated by pseudo color, red and blue 

indicating the highest and lowest level respectively) in human sperm cells loaded with Flou-4 AM and treated 

with different pharmacological agents alone or in sequential combinations. The cell which was tracked within a 

fixed time period (Tn to Tn + 7) is indicated by asterisk (*) symbol. The short- and long arrow indicate the high-

level of Ca
2+

 in neck and tail respectively. Majority of the cells become immotile upon addition of RN1734 in 

progesterone pre-treated samples and have high-level of Ca
2+

 in the head regions and no/less Ca
2+

-wave 

propagated to the tail. B. Shown are the magnified views of representative cells demonstrating the propagation 

of Ca
2+

-waves from head to the tail through the neck region. In 4αPDD-treated and Progesterone-treated 

(representing motile, left side and middle) cells, Ca
2+

-wave propagates through the mitochondrial coiling (green 

rings, indicated by arrows). High-level of Ca
2+

 (red) in the central stalk region is also visible in this case. 

Progesterone-treated cells when further treated with RN1734 (representing immotile cells, right side) do not 

propagate Ca
2+

-waves through its mitochondrial coiling located at the neck regions. The central stalk region 

reveals mostly moderate- to low-level of Ca
2+

 there. 
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Fig 62: TRPV4 interacts with progesterone. Dot blot analysis depicting interaction between progesterone and 

TRPV4 fragments. Results suggest that Loop4 (L4) interacts strongly and TM4-Loop4-TM5 interacts weakly 

with progesterone (0.25 mM). Only GST protein was taken as a negative control which does not interact with 

progesterone at the same conditions. 
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3.1. TRPV4 is a mitochondrial protein  

Transient receptor potential (TRP) is a cation channel superfamily which is divided 

into seven subfamilies involved in diverse physiological functions including thermosensation 

and mechanosensation [18, 21]. In last decades, intracellular localization of these ion 

channels was explored to some extent. Indeed, recent results demonstrate the intracellular 

localization of TRP ion channels in specific subcellular organelle and also characterized these 

TRP channels in the context of these organelles (Fig 63). Among TRPV family ion channel, 

TRPV1 and TRPV3 are present in ER and regulates ER functions [205, 206]. However 

intracellular localization of TRPV4 in any cellular organelle not has been reported so far.  

Accumulating evidence indicates that mitochondria have different channels and 

uniporters permeable for Ca
2+

. Importance of these Ca
2+

-channels have been linked with the 

several cellular functions such as  cell signalling events, inter-organelle communications, cell 

aging, cell proliferation, pathophysiological disease and cell death. Voltage dependent anion 

channel (VDAC) present in the outer mitochondrial membrane is known to regulate 

mitochondrial Ca
2+

-levels and thus mitochondrial metabolites and energetics; key functions 

of mitochondria [267]. Recent research demonstrated that VDAC channel is present in the 

mitochondria as well as the cell membrane and regulates its cellular function [268].  Recent 

report suggests that activation of TRPV4 in primary endothelial cells cause alteration in 

mitochondrial function and dilate the blood vessels because of ROS production, though it is 

an indirect effect of TRPV4 on mitochondria as it is primarily due to the TRPV4 present at 

the plasma membrane [102]. In another study it was reported that TRPV4 present in the 

endosymphatic sac of Rat and human ear where it acts as an osmosensor.  

Immunohistochemistry result of ear tissue section suggests that TRPV4 is present in the 

membranous region where mitochondrial number is very high and regulates the osmosensory 

functions of inner ear [269]. However these reports do not provide direct evidence that 
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TRPV4 is presents in the mitochondria and thus regulates the osmosensory function.  So far, 

none of these reports suggest that TRPV4   is present into the mitochondria and can regulate 

mitochondrial function. In this thesis work we have investigated the presence of TRPV4 at 

the membrane as well as in the mitochondria and explored if TRPV4 can regulate critical 

functions of Mitochondria. 

Previous studies on TRPV4 channel provided indirect evidences suggestive of its 

presence in mitochondria and its role in the regulation of mitochondrial activities. Earlier 

reports suggest that point mutations in TRPV4 (namely the R269C and R269H) lead to 

Charcot-Marie-Tooth disease type 2C (CMT2C), an autosomal dominant neuropathic 

disorder characterized by limb and laryngeal muscle weakness but normal motor nerve 

conduction [176]. Previous report also suggests that mutation in the mitochondrial fusion 

protein Mfn2 also leads to CMT2A disease, and pathophysiological symptoms similar to 

CMT2C which also characterized by peripheral nerve weakness [270]. However genetic loci 

of both these genes; i.e. Mfn2 (Chr 1) and TRPV4 (Chr 12) are different. However, as the 

resulting disease and pathophysiological symptoms are almost similar, and involve 

mitochondrial abnormalities, these results suggest that both candidate proteins are relevant 

with mitochondrial functions. In this regard, the results described in this thesis work  strongly 

supports the previous reports  and provides experimental evidence demonstrating that TRPV4 

is  present in cell membrane, and in the mitochondria. TRPV4 regulates mitochondrial 

structure and function in different manners.  

 

3.1.1. Subcellular distribution of TRPV4: Unusual localization in the mitochondria 

In last decade, few sporadic research have been conducted to characterize the 

intracellular characterization of TRPV4-Wt and its different mutants without any 

confirmatory results. 
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Fig 63: Subcellular localization of TRP channels. Represented image suggesting the localization of TRP 

channels present in different subcellular organelles. Apart from plasma membrane, ER and golgi; so far 

intracellular localization of TRPV4 has not been reported for any cellular systems. Image taken from Dong et al. 

2010. [204] 

 

However, immunofluorescence and Western blot analysis performed in this thesis 

work confirmed that TRPV4 is indeed present in the mitochondria. To establish the 

colocalization of TRPV4 with mitochondria, different mitochondrial marker proteins (Hsp60 

and Cyt C) or specific dye (mitoTracker Red) were used in diverse cellular systems (HaCaT, 

CHOKI and HUVEC and in sperm cell). Furthermore to nullify the fixation artefact, live cell 

imaging was also performed to demonstrate the colocalization of TRPV4 in mitochondria in 

live cells (Fig 13-15). The immunofluorescence results suggest that TRPV4 is primarily 

present in plasma membrane and in mitochondria but do not colocalize with other subcellular 

organelles such as ER, golgi and peroxisomes (Fig 16-17). Our results also suggest that not 

only TRPV4-Wt localizes in the mitochondria but other “gain-of-function” mutants (such as 

R616Q, V620I) and neonatal-lethal mutant (L618P) also localize in the mitochondria (Fig 
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15). Apart from the membrane localization, subcellular localization of TRPV4 in nucleus and 

ER was also reported, but functional significance of such localizations has not been 

characterized [208]. Among TRPV family ion channels, TRPV4 represents a molecular 

candidate which has been considered as a “hot spot” for several point mutations that play 

important role/s in the development of pathophysiologies [177, 178]. It was reported that the 

surface expression of TRPV4 is largely reduced in case of CMT2C mutants (R269H, 

R315W) and these mutants localize in the cytoplasm as a puncta [146]. In case of “gain-of-

function” mutants (R616Q, V620I), the cell surface expression of these TRPV4 mutants are 

not altered much as compared to the TRPV4-Wt. It was suggested that gain in the total 

activity of the TRPV4 mutants may be because of the altered channel trafficking [208]. 

However comprehensive analysis for surface expression and subcellular localization of 

TRPV4 suggest that, TRPV4 surface expression not only depends on trafficking but other 

factors such as proper protein folding in ER, glycosylation, tetramer assembly, recycling and 

proteasomal degradation, etc. also regulate the localization of TRPV4 [132, 137, 177, 271, 

272]. Nevertheless, a hypothetical model is proposed which partially described the surface 

expression or recycling of TRPV4-Wt and its mutants (Fig 64). Though all these studies have 

characterized the trafficking of TRPV4 to a large extent, the surface expression of TRPV4 

and its involvement in the regulatory mechanisms are still uncharacterized. As both N- and 

C-terminal regions seem to be important, the reported self-interaction between N- and C-

terminal of TRPV4 (which is also mediated by Calmodulin and Ca
2+

) might play an 

important role here. Our results demonstrate that TRPV4 expression is not restricted to 

membrane as it could be localized in in the mitochondria as well. Our most of the 

colocalization results of TRPV4 with mitochondrial marker indicate that these mitochondria 

are located in perinuclear region, suggesting that during the trafficking of TRPV4 from ER to 

membrane, a fraction of it is recruited to the mitochondria.   
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Fig 64: A hypothetical model depicting how surface expression of TRPV4 can be regulated. A. Surface 

expression of wild type TRPV4. OS9 protein with a chaperone-like activity assists TRPV4 monomer (indicated 

by red) to form tetramer. Misfolded TRPV4 is targeted for Ubiquitin-dependent 26S Proteasomal degradation 

pathway (ERAD, shown in steps 1a–d). Perfectly folded TRPV4 tetramer are inserted in vesicles and recruited 

to the plasma membrane (steps 2a and b). Most of the membrane inserted TRPV4 can be recycled (steps 3a–d). 

A fraction of the membrane inserted TRPV4 is regulated by AIP4, an E3 ligase and become monoubiquitinated 

(step 4a). This monoubiquitinated TRPV4 can be either degraded by lysosomes by multi-vesicular-body 

pathway (MVB pathway, indicated in steps 4a–d) or they get recycled back and become part of the recyclable 

vesicular pool located just beneath the plasma membrane. B. Reduced surface expression of TRPV4 mutant. In 

case of mutant (for example R269H, R316C and R315W in HeLa cell, indicated by yellow), a major fraction of 

total synthesized TRPV4 is misfolded and thus degraded by ERAD pathway as a quality control mechanism 

(steps 1a–d). Only a minor fraction of synthesized TRPV4, which is fully assembled and functional will be 

transported by vesicles and recruited to the plasma membrane (steps 2a and b). The other steps related to MVB 

pathway (steps 4a–d) and recycling of vesicles (steps 3a–d) are expected to be operational in case of mutants 

also. But for simplicity it is not shown in (B). 
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Furthermore to validate our immunofluorescence results we performed Western blot analysis 

of isolated mitochondria obtained from different cellular systems like goat brain, goat adipose 

tissue, synaptosomal fraction of fore brain and CHOK1-TRPV4 stable cell line using anti-

TRPV4 antibodies. In each case, TRPV4-specific band was observed in mitochondrial 

fraction. Expected molecular weight (~ 98 kDa) was observed in mitochondrial fraction 

isolated from goat adipose tissue and from CHOK1-V4 cells. But in case of mitochondria 

isolated from goat brain, TRPV4-specifc band is observed at around 72 kDa. However in case 

of synaptosomal fraction isolated from fore brain, TRPV4-specific immunoreactivity was 

observed at a size of expected molecular weight (~ 98 kDa) and a lower band (~ 72 kDa) is 

also visible. In recent study, it was observed that TRPV4 unusually localizes in the nucleus 

and TRPV4-specific band of around ~ 70 kDa size has been detected by Western blot 

analysis of nuclear fraction [207]. The unusual band of TRPV4 (~ 70 kDa) can be a splice 

variant of TRPV4 or it may be a truncated product due to specific proteolytic action. It was 

reported that hTRPV4 consists of 871 amino acids (full-length), and has five splice variants 

including TRPV4-A (full-length form, expected molecular weight is 98, 100 and 110 kDa), 

TRPV4-B (lacking exon 7, expected molecular weight is 91 and 96 kDa), TRPV4-C (lacking 

exon 5, expected molecular weight is  92 and 97 kDa), TRPV4-D (short deletion inside exon 

2, expected molecular weight is 98, 100 and 110 kDa) and TRPV4-E (lacking D237-284 and 

D384-444 amino acids, expected molecular weight is  86 and 90 kDa) [48]. The appearance 

of TRPV4-spepfic bands at different sizes can be due to the post-translational modification 

such as phosphorylation and glycosylation [137, 273]. Another possibility which can actually 

give rise to these smaller fragments is the specific proteolytic cleavage of TRPV4. Full-length 

TRPV4 can be subject to proteolytic cleavage inside the mitochondria or nucleus and this 

cleavage seem to be at the N-terminal region of TRPV4 as the lower molecular weight 

fragment can be detected by the C-terminal specific antibody. In this context, it is important 
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to mention that mitochondria contain more than 25 types of different proteases and only few 

of these proteases are characterized and most of these are not well established. These 

mitochondrial proteases play important role in mitochondrial proteostasis, i.e. maintenance of 

protein quality within mitochondria [274, 275]. The results suggest for a possibility where 

during the entry or translocation of TRPV4 from ER to mitochondria, active mitochondrial 

proteases act on TRPV4 and specifically cleave at the N-terminal side which results in the 

formation of lower molecular weight fragment of TRPV4. 

 

3.1.2 Interaction of TRPV4 with mitochondrial proteins and its biological significance 

Till now the interaction of any mitochondrial protein with TRPV4 not has been 

reported. However, some protein kinases (such as PKCε) and/or several other cytoplasmic 

proteins (such as tubulin) which are occasionally present in the mitochondria (or at the 

mitochondrial surface) known to interact with TRPV4 [51].  Here in this work we have 

characterized a few mitochondrial proteins (Hsp60, Mfn1 and Mfn2) which interact with the 

C-terminal of TRPV4 irrespective of the presence or absence of Ca
2+

/GTP and ATP (Fig 21-

22). Since full-length TRPV4 is difficult to express in bacterial system, and the N-terminus 

fragment or the entire transmembrane (TM) region of TRPV4 do not show any colocalization 

with mitochondrial markers, it is justified to prioritize the interaction study (with 

mitochondrial proteins) with the C-terminus of TRPV4 (718-871 aa) only. The in vitro 

experiments conducted with MBP-TRPV4-Ct is suitable for this kind of studies as the fusion 

protein is expressed as a “MBP fusion protein” which offers expression in higher amount and 

also increases the solubility of the fusion proteins. 

Heat Shock Proteins (HSP) or stress proteins are the evolutionary conserved proteins 

present in almost all organism and are expressed in high quantity in response to physical and 

chemical stimuli. HSPs represent molecular chaperone proteins present in the mitochondrial 
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matrix which plays important role by facilitating the folding, intracellular transport, 

assembly, and disassembly of other proteins [276-278]. In this work we have demonstrated 

that Hsp60 interacts with MBP-TRPV4-Ct but how it helps in protein folding or assembly is 

not yet established. However previous studies suggested that TRPV1 agonist Capsaicin 

increased the level of different HSPs such as Hsp27, Hsp70 and Hsp90, though the same 

study has not characterized the level of Hsp60 [235]. It has been reported that Hsp60 is not 

present in mitochondria exclusively, as it is also present (about 20%) in ER luman and cell 

membrane [279-281]. It is possible that during tetramer assembly of TRPV4 in ER, Hsp60 

binds to tetrameric TRPV4 and translocase to mitochondria as well as to the cell membrane. 

Our results suggest that TRPV4-Ct binds with Hsp60 which goes well with previous studies 

in which TRPV4-Ct plays an important role in tetrameric assembly [208].   

The TRPV4-Ct interacts with two other mitochondrial fusion proteins, namely with 

Mfn1 and Mfn2, members of a GTPase family which are abundantly present in outer 

membrane of mitochondria and play a crucial role in mitochondrial fusion. Mfn2 is present in 

mitochondria and the mitochondria-associated membrane named as “MAM”. The MAM 

consists of a region of close contact points between ER and mitochondria which 

communicate with associated mitochondria for lipids and/or lipid derivatives, metabolites and 

Ca
2+

-exchange (Fig 65). It has been established that the contact site of ER and mitochondria 

regulates the mitochondrial dynamics through regulating the expression of Mfn1 and Mfn2 

fusion protein [282, 283]. Although Mfn2 is an outer membrane mitochondrial protein,  its 

amount is 14-fold higher in the region of MAM and helps in transiently tethering of ER 

towards mitochondria [284]. It seems that after tetrameric assembly of TRPV4 in ER, some 

of the tetrameric or monomeric TRPV4 undergoes leaky translocation and entered inside the 

mitochondria through MAM. Furthermore, we demonstrate the direct interaction of Mfn1 and 
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Mfn2 with TRPV4-Ct. This is demonstrated by using Mfn1 and Mfn2 as His-tagged fusion 

proteins which directly bind to the MBP-TRPV4-Ct (Fig 23).  

 

3.1.3. Importance of TRPV4 in mitochondrial structure-function regulations  

Mitochondrial dysfunction or mitochondrial abnormalities in the presence of TRPV4 

activator or inhibitor are mostly because of mitochondrial ROS production, as demonstrated 

in case of endothelial cells [102]. However, in this study we demonstrate that TRPV4 

activator 4αPDD regulates mitochondrial morphology and mitochondrial potentiality. 

Activation of TRPV4 induces mitochondrial aggregation or clustering in CHOK1-V4 stable 

cells as well as in HUVEC primary cell. However in presence of TRPV4 inhibitor 

mitochondrial morphology remains normal and reveals mostly tubular and/or elongated 

structure (Fig 24-26). Mitochondrial morphology is essential for continuous supply of ATP 

and mitochondrial metabolites to the cellular system. Mitochondria formed reticulate network 

radiating from nucleus to outer area and create a tubular network inside the cell [285]. This 

tubular network is precisely regulated by fusion and fission events in the cell mediated by 

several associated protein. Mitochondrial shape or morphology is not static in nature, because 

mitochondria divide and partition into daughter cells during cell division [286]. Altered 

mitochondrial morphology has also been linked with apoptosis and in this case fragmented 

mitochondria; altered cristae fusion and enlargement of cristae junctions are known [287, 

288]. Mitochondrial fusion events carried out by group of GTPase family protein Mfn1, 

Mfn2 (present in outer membrane or MAM) and Opa1 (present in inner mitochondrial 

membrane) while mitochondrial fission carried out by Drp1 protein (present in outer 

membrane). Here in this work we have demonstrated that TRPV4 interacts with 

mitochondrial fusion protein Mfn1 and Mfn2 and also demonstrate that TRPV4 positive 

mitochondria have altered mitochondrial morphology, which gives strong evidence that 
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TRPV4 activator or inhibitor largely regulates mitochondrial structure. It seems that TRPV4 

largely regulates the cristae curvature as in presence 4αPDD (activator of TRPV4), Ca
2+

-

influx inside the mitochondria is visible which may result in cristae aggregation and 

mitochondrial shape becomes spherical. Recent research indicates that mitochondrial 

morphology largely depended on the lipid composition or lipid signalling molecules present 

or associated with mitochondria [289]. Most of the mitochondrial lipids are synthesized in the 

MAM region and transported into the mitochondria for its metabolite requirements. 

Mitochondrial morphology is maintained by several lipids (which are present in lower 

eukaryotes to higher mammals such as in yeast and human) such as cardiolipin, phosphatidic 

acid, lysophosphatidic acid, diacylglycerol, and phosphatidylethanolamine and lipid related 

enzymes [289]. It seems that TRPV4 activator regulates or altered lipid composition or 

synthesis which is present in the mitochondria and because of that mitochondrial morphology 

change significantly. 

 

3.1.4. Importance of TRPV4 in mitochondrial Ca
2+

 homeostasis  

 It is well established that intercellular Ca
2+

 homeostasis is maintained by Ca
2+

-binding 

proteins present in cytoplasm, endoplasmic reticulum (ER) and mitochondria [290-292]. 

Mitochondria are important cellular organelles which can modulate both the amplitude and 

the spatio-temporal patterns of Ca
2+

-signals [226, 293, 294]. Our results strongly suggest that 

TRPV4 is present in the mitochondria and regulates mitochondrial Ca
2+

-influx. Although 

mitochondria plays an important role in Ca
2+

 homeostasis, but so far only very few calcium 

channels are known which are present in the mitochondria. Recently it has been reported that 

TRPC3 is present in the mitochondria and it regulates mitochondrial potentiality as well as 

Ca
2+

-influx. Ca
+2

-transport inside the mitochondria is mediated through outer mitochondrial 

membrane (OMM) and followed by inner mitochondrial membrane (IMM). The OMM is 



 
  Discussion 

146 
 

able to transport small molecule (> 5 kDa) but the IMM are not freely permeable for Ca
2+

. 

The permeability of divalent cations such as Ca
2+

 (but not anion) in OMM is known to be 

governed by Voltage Gated Anion Channels (VDAC) and its several isoforms [295, 296]. 

Once free Ca
2+

 ion crosses the OMM, it crosses further the IMM with the help of 

mitochondrial uniporters (MCU) abundantly present there [222]. However, the array of 

mitochondrial proteins involved in maintenance of mitochondrial Ca
2+

-levels and subsequent 

signaling and the actual mechanisms remain as enigma. It has been demonstrated that the 

distribution of mitochondria is mainly high in the area where the cytoplasmic Ca
2+

 

concentration is high (Heterogeneous in nature), because of different classes of Ca
2+

-selective 

ion channels present in ER (such as IP3 receptor), sarcoplasmic reticulum (Rhynodine 

receptor) and plasma membrane (Voltage operated channels and Store operated channels) 

[297-300]. Therefore, mitochondria has evolved with a sensitivity for recognizing 

microdomains of high cytoplasmic Ca
2+

 which dissipates high influx and efflux of Ca
2+

 

across the mitochondrial membrane. Because of this notion most of the mitochondria show 

close proximity with ER (in fact connected through MAM) and cause easy exchange of 

divalent cations such as Ca
2+

. Experimental observation and chemiosmotic theory suggests 

that energized mitochondria sequestered positively charged cations such as Ca
2+

 inside the 

mitochondrial matrix [301]. In this study we have characterized TRPV4 as a unique ion 

channel present in mitochondria which regulates mitochondrial Ca
2+

 homeostasis and 

morphology. It has been reported that excesses of Ca
2+

 leads to reduction in mitochondrial 

potentiality and this extra Ca
2+

 efflux through new opening in the mitochondria called MPT. 

Therefore, our results fit well with this observation in which TRPV4 activator increases Ca
2+

-

influx and results in reduction in mitochondrial potentiality as compared to TRPV4 inhibitor, 

and it also shows the formation of MPT in mitochondria which helps in efflux of extra Ca
2+

. 
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Fig 65: Role of MAM in mitochondrial dynamics and calcium regulation. Contact site between 

mitochondria-associated membranes (MAM) and mitochondria (mito) are increased when expression of the 

mitochondrial fusion protein, mitofusin-2 (Mfn2) is increased (left panel) and decreased by over-expression of 

the fission protein, Dynamin-related protein-1 (Drp1) (right panel). A reduction in MAM-mitochondria contacts 

(right panel) attenuates the import of phosphatidylserine (PS) into mitochondria via the MAM, thereby 

decreasing the mitochondrial production of phosphatidylethanolamine (PE) via PS decarboxylase (PSD). 

Reduction in the zones of contact between MAM and mitochondria reduces Ca
2+

 uptake into mitochondria from 

the ER and promotes mitochondrial fragmentation (Adapted from Jean E. Vance) [302].  

 

3.1.5. TRPV4 interaction with mitochondrial protein or regulation of mitochondrial 

function is relevant for neuropathic pain other pathophysiology  

TRPV4 is expressed in a broad range of tissues, including lung, spleen, kidney, testis, 

fat (Adipose tissue), brain, cochlea, skin, smooth muscle, liver, bone, cartilage and vascular 

endothelium where it regulates the physiology of the cellular system [53-58]. Not only does 

TRPV4 function as osmosensor, but also senses the mechano-transduction in A and C fibers 

of sensory neuron. It was demonstrated that in presence of nociceptive stimuli TRPV4 

promote the release of the neuropeptides substance P and CGRP from the central projections 

of primary afferents nerve terminal in the spinal cord which indicate that TRPV4 plays a 

major role in nociceptive pain [90]. TRPV4 also plays an important role in mechanical 

hyperalgesia in presence of inflammatory molecule or compound. It was demonstrated that 

TRPV4 activates downstream Protein Kinase A (PKA) and Protein Kinase C (PKCε), Protein 

Lipase C (PLCβ) pathways and different inflammatory molecule which in turn activate 
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TRPV4 and results in TRPV4-mediated hyperalgesia [90, 91]. Recent study suggests that 

PKCε, a cytoplasmic kinases  translocates to mitochondria and phosphorylates several other 

mitochondrial proteins or channel proteins such as Complex IV, glycogen synthatase kinase-

3β, ATP-sensitive K
+
 channel in case of mechanical hyperalgesia [92, 303-307]. Parallel 

study suggests that TRPV4 C-terminus binds to PKCε but how it regulates or effect 

mitochondrial function is not known [51]. Our results suggest that C-terminus of TRPV4 

translocates inside the mitochondria and it may binds with the mitochondrial PKCε but how it 

regulates the mitochondrial function is still elusive. It is well known that mitochondrial 

dysfunction in neuronal cells or others also, produce ROS, NOS and excesses of calcium 

influx which in turns leads to generation of neuropathic and chronic pain [308-311]. It seems 

that TRPV4 containing mitochondria increases the calcium level of mitochondria which in 

turns increased the production of ROS and NOS and ultimately results in neuropathic or 

chronic pain perception in neuronal cell. 

Mitochondrial number and its distribution is random in most of the cell but in case of 

differentiated cells like neuron and muscles cell  its distribution as well as number are very 

specific. In neuronal cells mitochondrial number and its position are higher in high energy 

demanding area such as pre-synapse or post-synaptic junctions, active growth cones or 

axonal branches, nodes-of-Ranvier and dendritic spine which maintain the plasticity of 

neuron [312]. Recent report suggests that in mitochondrial position and its morphology 

altered as compared to other cellular type in neuropathic or inflammatory pain condition 

[313]. In this study, inflammation inducing compound was administered with adjuvant into 

the right hind paw of mice and after fixation mitochondrial distribution and morphology were 

studied in spinal nerve. It was observed that mitochondria shows perinuclear aggregation or 

clustering in presence of inflammatory molecule induced neuropathic pain [313]. However in 

control condition mitochondrial morphology was normal and granular in nature (Fig 66). 
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Though it was established that persistent inflammatory pain and neuropathic pain are 

different, mitochondrial aggregation or clustering (increased in area) nature was observed in 

both conditions. Our result fits well here, since we have demonstrated that mitochondrial 

morphology altered in presence of TRPV4 activator 4αPDD and that its number reduces 

significantly in CHOK1-V4 cells and HUVEC primary cells. These results indicate that 

TRPV4 mediated neuropathic pain is largely regulated by mitochondrial morphology and 

dynamics and its dysfunction results in several pathophysiology. Mitochondrial transportation 

or movement in neuronal cells largely depends on axonal microtubule and actin cytoskeleton 

and its associated protein. Microtubule is made up of polymer of α- and β- tubulin which 

arranged in polarized way plus and minus end. Microtubules accessory motor proteins KIF 

family proteins and dynein protein (ATPase protein) helps in mitochondrial anterograde and 

retrograde movement across the microtubules [314, 315]. 

 

 

Fig 66: Mitochondrial morphology altered in case of neuropathic pain. Represented image shows the 

MitoTracker Red labelled mitochondrial morphology in spinal horn tissue after the induction of inflammatory 

molecule in the mice. Results indicate that mitochondrial distribution or morphology are strikingly different 

under normal and pain conditions: in normal control mice (left side), most of mitochondria exhibited granule; 

conversely, in mice of formalin -induced persistent inflammatory pain or Spared nerve injury (SNI) -induced 

neuropathic pain (right side), most of MitoTracker Red positive cells had a cluster and aggregated mitochondria. 

(Image adapted from Guo et al., 2013). [313] 
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The direct role of TRPV4 in mitochondrial transportation or movement is still elusive. 

However it has been reported that TRPV4 C-terminus binds with Microtubule Associated 

Protein (MAP7), soluble tubulin and polymerised tubulin and regulates the gating properties 

of channel (51, 149). It has been reported that Kif1b motor protein point mutation also leads 

to same CMT2A disease which was earlier shown with TRPV4 mutation. Same disease with 

two different genetic loci mutation indicates that TRPV4 involved in genetic-phenotypic 

interaction with same gene product. Several other proteins, namely Neurofilament L, Mfn2, 

Rab7a, Lamin A, Med25, GarS, Hsp 27, MPZ, GDAP1 and Hsp 22, which are also involved 

in CMT2 disease, are actually potential interacting partners of TRPV4 [209]. 

 

3.1.6. TRPV4 interaction and regulation of mitochondria is relevant for regulation of 

mitochondrial metabolite  

In cellular system mitochondria and ER are the major organelle for metabolite 

synthesis and its exchange with cytoplasmic metabolite. Metabolic processes in mitochondria 

are compartmentalized into various functional units spanning over the outer membrane and 

the inner membrane because of their specialized structural and biochemical make up. Most of 

the lipid synthesis occur in ER and transported to mitochondria for further modification 

through MAM [302]. It was suggested that lipid molecule acts as a secondary signalling 

molecule or intracellular transmitter and may help in TRPs channel regulations [316-318]. 

Phosphatidylinositol 4,5-bisphosphate (PIP2) is a lipid component found mostly in the plasma 

membrane (inner layer) and known to interacts various ion channel present in the membrane. 

PLC hydrolyses PIP2 into DAG and inositol 1,4,5-trisphosphate (IP3). PIP2 interacts with 

several TRPs family ion channels and regulates its gating property and sensitivity towards 

lipid signalling [319]. PIP2 interacts with the positively charged residue present in the TRPs 

channel and it was reported that mutation in the positive charged amino acid residue altered 
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the binding affinity of PIP2 and ultimately changed its gating property [320-322]. Recent 

report suggests that N-terminus of TRPV4 interacts with PIP2 protein and regulates its gating 

property. PIP2 binding site are closer to PASCIN binding site in N-terminus of TRPV4 [214]. 

In human, arachidonic acid oxidation carried out by three major enzymatic pathways: LOX, 

cyclooxygenase (COX) and cytochrome P450 epoxygenase. It was reported that 5,6-EET and 

8,9-EET (Epoxyeicosatrienoic acids) are the products of cytochrome P450 epoxygenase 

pathway and that they help in opening and closing of TRPV4 channel. 

Mitochondria are the major organelle for cholesterol biosynthesis pathway. 

Cholesterol biosynthesis starts from small carbon chain molecules through a series of chain 

reaction in the cytosol and the ER. The enzymes of cholesterol synthesis are located primarily 

on ER but the synthesis of steroids or its derivatives occurs in mitochondria [323, 324]. The 

main rate limiting step in the biosynthesis of steroid is the transport of cholesterol across the 

outer mitochondrial membrane (OMM) into the inner mitochondrial membrane (IMM) where 

cytchrome P450 enzyme converts all cholesterol into pregnenolone, the precursor of all 

steroids [323]. The direct role of cholesterol transportation into the mitochondria is not 

known but members of the StAR (steroidogenic acute regulatory) protein helps in cholesterol 

transportation into the inner membrane of mitochondria. Furthermore, it has been also 

proposed that transport of cholesterol across the IMM occurs through a complex of protein 

transporter called “transduceosome” which is primarily composed of OMM, VDAC and 

translocator protein [325]. Since mitochondria are the prime organelles whose role is reported 

in steroid biosynthesis, the alteration in mitochondrial dynamics or membrane potential might 

alter cholesterol biosynthesis. A recent study suggests that the levels of Mfn2, a 

mitochondrial fusion protein significantly increased during steroid synthesis [326]. It has 

been also reported that blocking mitochondrial fusion by knocking down Mfn2 expression 

has a negative impact on steroid synthesis [326]. It indicates that mitochondrial fusion is 



 
  Discussion 

152 
 

central for the formation of multiprotein complex at OMM which helps in transport of 

cholesterol. Recently we have shown that TRPV4 interacts with cholesterol and it regulates 

the channel localization in membrane [164]. It seems that TRPV4 channels were present in 

the cholesterol enriched membrane microdomains and was also involved in regulating the 

biosynthesis of cholesterol. In this regards our bioinformatics results showed that TRPV4 was 

conserved throughout the evolution, as in the case of histone and Cyt C gene. Synteny 

analysis also suggested that TRPV4 and MVK (Mevalonate kinase) were located on the same 

chromosome 12, which indicate that cholesterol biosynthesis pathway coevolved with 

TRPV4. Mevalonate pathway is an important metabolic pathway which provides cholesterol, 

sterol isoprenoids, steroids and its derivatives to the cells [327]. We have also characterized 

some small molecular weight mitochondrial metabolite changes in presence of TRPV4 

activator and inhibitor through NMR, and observed that TRPV4 activator significantly 

changes the metabolite molecular weight by adding or substituting the methyl or ethyl group 

in existing the mitochondrial metabolite. This indicates that TRPV4 directly or indirectly 

regulates the mitochondrial metabolite concentration or composition significantly. However 

the identity of the individual metabolite and its related or altered pathway are still not 

elucidated.   

 

3.1.7. Regulation of mitochondrial function/s by other TRP ion channels 

Recent studies suggested that mitochondrial dysfunction contributed to multiple 

diseases in cellular systems.  Few other TRPs other than TRPV4 also regulate the 

mitochondrial morphology and function. For example, capsaicin, a TRPV1-specific agonist 

induced apoptosis in rat thymocytes cells [328]. The effect of capsaicin on cell death seems to 

be either specific (TRPV1-mediated) or non-specific (not mediated by TRPV1) in nature. 

Capsaicin can cause apoptosis or necrosis depending on the dose applied. In cultured rat 
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DRG cells, Capsaicin causes apoptosis by increasing the intracellular Ca
2+

 concentration, 

enhancing mitochondrial Ca
2+

 accumulation, dissipation of the inner trans-membrane 

potential (∆ψm), activation of Ca
2+

-sensitive proteases and DNA fragmentation [329]. 

Capsaicin evokes similar signalling events in transformed and mitogen activated T- cells 

[330], and in human and rat glioblastoma cells [331, 332]. The intercellular Ca
+2

-homeostasis 

is maintained by Ca
+2

-binding proteins present in cytoplasm, endoplasmic reticulum (ER) and 

in mitochondria [290-292]. The elevated intracellular Ca
+2

 triggered by Capsaicin leads to 

activation of Ca
2+

-dependent enzymes such as different phospholipases, proteases, 

endonucleases that can cause apoptosis in neuronal cells as well as non-neuronal cells [333, 

334]. Though mitochondria are able to sequester intracellular Ca
+2

, excess Ca
+2

-influx into 

mitochondria leads to membrane permeability transition (MPT) pore in mitochondrial 

membrane [335]. This is considered as prototypical inducing factor. This MPT allows water 

and other small molecules to infiltrate inside the mitochondrial matrix which leads to osmotic 

swelling of mitochondria and may cause physical rupture of mitochondrial membrane [336-

339].   

However, several reports suggest that vanilloids may exert similar effects which are 

independent of Ca
2+

-influx and involve different TRPV channels. This is due to the fact that 

Capsaicin has significant effects in biological systems that are much lower in the 

phylogenetic tree and in many cases do not contain TRPV1. For example, Capsaicin acts as 

inhibitor for organisms such as Paracoccus denitrificans, Escherichia coli, and Thermus 

thermophilus HB-8 where it affects ubiquinone reduction by NADH [340]. Vanilloids other 

than capsaicin such as dihydrocapsaicin and RTX, can also act as inhibitor of NADH oxidase 

[341]. Recently it has been shown that capsaicin can act as an inhibitor of tyrosyl-tRNA 

synthetase, therebyinducing cell death in hippocampal astrocytes [342, 343].  
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The TRPV1-independent functions of Capsaicin mostly indicate the deleterious effect 

of Capsaicin on mitochondria. Earlier research suggests that after the systemic application of 

Capsaicin leads to mitochondrial swelling resulting in the formation of atypical hollow 

mitochondria in the Aδ-type sensory neuron of adult rat as well as neonatal rat [344-349]. 

However, the real molecular mechanism behind the formation of hollow mitochondria is not 

clear. It seems that Capsaicin can also exert receptor-independent effects in addition to the 

TRPV1 receptor-mediated effects. Due to its structure, Capsaicin can act as analogue of 

Coenzyme Q, a lipophilic mobile electron carrier present in plasma membrane and involved 

in maintaining the redox potential of membrane. Indeed, it has been reported that pre-

incubation of human lymphoblastoid cells with Coenzyme Q prevents Capsaicin-induced 

apoptosis [341, 350]. It suggests that Capsaicin competes for Coenzyme Q and alters the 

redox potential of plasma membrane. It has been also reported in transformed and activated 

T-cells, Capsaicin inhibits the plasma membrane NADH oxidoreductase (PMOR), an enzyme 

that transfers electrons from cytoplasmic NADH to external electron acceptors such as 

oxygen via Coenzyme Q (ubiquinone) [341, 350-352]. Capsaicin can also inhibit the 

NADH:Coenzyme Q oxidoreductase (Complex I) activity of the mitochondrial electron 

transport system [340, 353] which causes alteration on the mitochondrial membrane structure 

and its function [354, 355] (Fig 67). In vitro experiments in transformed cells as well as in 

activated T cells suggest that Capsaicin treatment enhances the generation of reactive oxygen 

species [330, 356, 357] causing depolarization of mitochondrial membrane and apoptosis 

[329]. Capsaicin suppresses the growth of cancer cells by NF-kB inactivation, reactive 

oxygen species (ROS) generation, cell-cycle arrest and modulating EGFR/HER-2 pathways 

[358-362].  
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Fig 67: Model representing TRPV1-mediated mitochondrial dysfunction. TRPV1 present in the plasma 

membrane of normal cell (a) and tumor cell (b) can be activated by different vanilloids with different affinities 

and binding kinetics (Steps 1-2). Potent vanilloids such as Capsaicin or RTX activate TRPV1 at very low 

concentration and cause Ca
2+

 influx (Step 3). Vanilloids at much higher concentrations can cross plasma 

membrane and can also act on electron transport chain complex 1 (ETC1) and electron transport chain complex 

3 (ETC3) (Steps 5–7). Vanilloids can also act on the Coenzyme Q and PMOR (Steps 8–9). All these factors 

result in production of ROS (indicated in red star). 

 

Similarly, RTX was also reported to inhibit the NADH oxidase located in plasma 

membranes, to generate reactive oxygen species, and to induce apoptosis in transformed cells 

[142, 330, 341, 350]. The exact molecular mechanism by which Capsaicin causes oxidative 

stress and apoptosis remains unclear [363]. However, it is reported that activation of TRPV1 

by Capsaicin increases mitochondrial fission, decreases mitochondrial membrane potential 

and reduces mitochondrial transport in the axons of murine DRG neurons [364]. Though it 

has been suggested that TRPV1 activity is involved in mitochondrial dysfunction, recent 

reports also suggest that other TRP channels also play significant role in mitochondrial 

function. For example, TRPA1 is stimulated by reactive oxygen species released during 

oxidative stress [365]. Diabetic Peripheral Neuropathy (DPN) and cancer are common 

comorbidities associated with Type I and Type II diabetes. DPN is characterized by increased 

sensitivity to cold pain as well as oxidative stress due to ROS overproduction. It has been 

already reported that TRPA1 mediates this enhanced sensitivity to cold and ROS in DPN 

patients.  
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Microtubule cytoskeleton is also involved in the development of atypical 

mitochondria. For example, Paclitaxel, an anti-cancer drug is associated with hypersensitity 

to cold, over expression of TRPA1, accumulation of atypical mitochondria and 

overproduction of reactive oxygen species in Diabetic subjects [309]. Cold hyperalgesia and 

production of ROS is significantly reduced in presence of TRPA1 inhibitors. Thus, TRPA1 

channel seem to be a potential drug target for alleviating such ailments associated with 

Diabetes or other neurological disorders where atypical mitochondria is involved [309]. In 

this context, it is known that Vagal sensory nerves that line up respiratory airways and lungs 

are enriched with mitochondria. These nerves selectively express considerable amounts of 

TRPV1 and TRPA1. Reactive oxygen species generated by dysfunctional mitochondria in 

these regions (caused by noxious stimuli) activate these nerves via TRPA1 and thereby 

protects respiratory tracts and airways through various reflexes like coughing, 

bronchospasms, etc. [366]. Mitochondria are one of the major cell organelles that produce 

Reactive oxygen species (ROS). In addition to producing ROS, mitochondria harbour 

enzymes that catalyse the synthesis of hydrogen sulphide, which in turn scavenges these 

ROS. In brain, this creates a cytoprotective function. TRPA1 gets activated by polysulphides 

(H2S derivatives) and thereby allows Ca
2+

-influx through astrocytes. Once activated, 

astrocytes release D-serine at the synaptic junctions in order to enhance the activity of 

NMDA receptors which in turn stimulates hippocampal long term potentiation [367]. 

Activation of TRPC3 and TRPC6 is important for mitochondrial migration in 

hippocampal neurons [368]. Formation of superoxide and hydrogen peroxide in mitochondria 

is increased upon 4αPDD treatment in endothelial cells [102]. Expression of TRPM2 splice 

variant in tumour cells leads to decreased mitophagy, resulting in accumulation of 

dysfunctional/damaged mitochondria and increased ROS accumulation, thereby contributing 

to cell death and reduced tumor growth [369]. A fraction of TRPC3 has been shown to 
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localize in mitochondria and regulates mitochondrial Ca
2+

-dynamics and mitochondrial 

membrane potential [255]. Mucolipidosis Type IV caused due to mutation in TRPML1 gene 

results in mitochondrial fragmentation and decreased mitochondrial Ca
2+

 buffering efficiency 

[370]. TRPM8 activation by menthol and icilin induces increase in mitochondrial membrane 

potential, glucose uptake and heat production in human white adipocytes [371]. Adult cardiac 

myocytes from TRPM2 KO mice show down-regulated levels of Complex I, III, and IV, and 

had lower mitochondrial membrane potential, mitochondrial Ca
2+

 uptake, ATP levels, and O2 

consumption but higher mitochondrial superoxide levels [372]. In mouse vagal neurons, 

Ca
2+

-influx induced by the mitochondrial complex III inhibitor antimycin A was significantly 

reduced by pharmacological inhibition or genetic knockout of either TRPA1 or TRPV1. This 

Antimycin A effect is completely abolished by combined inhibition of both TRPA1 and 

TRPV1, thereby indicating that both these channels are critical for mitochondrial functions 

[366]. TRPC6 activation by hyperforin in isolated brain mitochondria collapses the 

mitochondrial membrane potential and induces the release of Ca
2+

 and Zn
2+

 from there [373]. 

 

3.2. TRPV4 has a novel Mitochondrial Target Signal (MTS) 

Intracellular shorting of nucleus encoded mitochondrial protein depended on the N-

terminal sequence of protein Mitochondrial Target Signal (MTS). The length of MTS 

cleavable sequence varies from 20-40 amino acids and carry spotted positively charged 

residue (mostly Arginine or Lysine) which is sufficient for import into the mitochondria [249, 

216]. The positively charged residue of MTS formed α-helical structure which is amphipathic 

in nature, known to be important for recognition and translocation inside the mitochondria. 

However it was reported that some of the mitochondrial protein MTS, which do not form 

perfect amphipathic α-helical structure (low amphiphilicity index), also enter inside the 

mitochondria [249]. Though most of the MTS sequences localize at the N-terminus of 
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mitochondrial proteins, many mitochondrial proteins have been reported where MTS 

sequence lies either at the C-terminal or in the middle of the protein (Internal targeting 

signal). These mitochondrial proteins have unique targeting signal and the nature of this 

targeting signal is completely different from conventional MTS sequence (N-terminus) [46]. 

Among all TRPs family ion channel, only TRPC3 channel has been reported which is 

functionally present in the mitochondria. Nevertheless MTS sequence of TRPC3 has been not 

identified till date or its entry inside the mitochondria not clearly understood. Here in this 

thesis work we have identified a unique internal MTS sequence (39 aa) in TRPV4 which has 

potential to enter inside the mitochondria.  

 

3.2.1 Importance of conserved MTS sequence in vertebrate evolution 

We found that TRPV4 has originated at point of emergence of vertebrates between 

400 to 450 MYA, mostly during the transition of Silurian era from Devonian era. This 

analysis indicates that TRPV4 is evolutionary conserved though it is less conserved than 

histone H4 (highly conserved protein) and Cytochrome-C (semi-conserved protein) [245, 

374-376]. However box plot analysis of MTS (592-630aa) indicated that this region is 

conserved like the histone H4 throughout the vertebrate evolution. The hTRPV4 polypeptide 

is made of 871 amino acids, which contain 6 transmembrane regions, a pore domain and the 

N-terminal as well as C-terminal cytoplasmic domains [56]. Among all, Loop3, TM4, Loop4, 

TM5 and TRP-box reveal maximum degree of conservation [164]. In a similar manner, 

among all TM domains, the TM4 and TM5 regions are more conserved [164]. The TM4 

reveals highest level of conservation indicating the importance of this region in the channel 

function. Our results suggest that TRPV-MTS lying in the Loop4-TM5 region shows its 

functional significance during the course of TRPV4 evolution. However in some species 

namely Hyla japonica (Japanese Tree frog) and Oreochromis niloticus (Nile tilapia), TRPV4-
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MTS alignment was substituted with similar amino acids (Fig 40). Molecular evolution of 

TRPV4 suggests that it contains 1 ortholog and 5 paralogs gene isoform of TRPV4 in 

amphibian [164]. This indicates that amphibian passed through aquatic to terrestrial habitat 

transition and encountered with different osmotic environment during vertebrate evolution. It 

seems that TRPV4-MTS sequence also changed according to changing in the osmotic 

environment.  MTS sequence is conserved in all other TRPV family ion channels also 

indicating that all TRPV family members have the potential MTS sequence and it may go 

inside the mitochondria under specific condition.  However, characterization of MTS of all 

other TRPVs MTS has not been done so far. It has been reported that TM4-L4-TM5 of 

TRPV4 has potential to interact with cholesterol or cholesterol derivatives and lipid 

derivatives molecule (EETs and 17(S)-resolvin D1) and these interactions may regulates the 

channel activity [164, 377].  

   

3.2.2 TRPV4-MTS interacting mitochondrial protein 

TRPV4-MTS sequence (39 aa) enter inside the mitochondria; and our pull down 

results indicate that it interacts with mitochondrial protein Hsp60 and Cyt C but not interacts 

with outer membrane protein Mfn1 and Mfn2. Mitochondrial MTS enter inside the 

mitochondria with the help of "Mitochondria Import Stimulation Factor" (MSF) and 

"different translocase complex proteins". Mitochondrial Hsp60 is essential for the folding and 

assembly of newly imported proteins. Interaction of TRPV-MTS with Hsp60 shows that 

MTS sequence enter inside the mitochondria. TRPV4-MTS did not interact with outer 

membrane protein Mfn2 and Mfn1 indicating that MTS sequences may not localize in the 

outer mitochondria membrane. Furthermore, interactions of TRPV4-MTS with Cyt C 

(Cristae-associated protein) again confirm that this MTS sequence really enters inside the 

mitochondrial matrix. However results suggest that interaction of Cyt C (Oxidized form) with 
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TRPV4-MTS exclusively depends upon the presence of Ca
2+

, which indicates that a critical 

concentration of Ca
2+

 is required for strong interaction of TRPV4-MTS and Cyt C.  

Nevertheless, the interaction of Cyt C (reduced form) with TRPV4-MTS has not been done in 

this study. Though many other mitochondrial proteins may interact with TRPV4-MTS, we 

have not characterized all the possible interacting proteins in this study.  

 

3.2.3 Importance of TRPV4-MTS mutation in mitochondrial regulation and function 

 TRPV4-MTS sequence lies within the TM4-Loop4-TM5 segment of TRPV4 and this 

region has been reported to harbour more than 11 deleterious mutations which cause several 

pathophysiologies. Our results suggest that TRPV4-MTS-Wt colocalizes with mitochondrial 

marker protein but its mutants (R616Q, F617L, F618P and V620I) did not colocalizes with 

mitochondria. It is reported that MTS sequence contains positive charge and its hydrophobic 

residue which form α-helical structure which are important for the mitochondrial import 

[249]. Mitochondrial membrane potential (negative charge inside the outer membrane) also 

makes driving force for amphipathic MTS sequence and its import into the mitochondria. It 

seems that TRPV4-MTS point mutations may alter the amphipathicity index or α-helical 

structure of MTS sequence and ultimately prevent its import into the mitochondria. However 

detailed characterization of theses TRPV4-MTS mutants has been not done in this study.   

 

3.3. TRPV4 and mitochondrial cross talk is conserved in other primary cells (mature 

sperm)  

 Sperm cells are truly remarkable as these cells have highly condensed DNA, no 

transcriptional activity, high number of mitochondria and very less to negligible translational 

activity. The sperm proteome possess a limited number of proteins which are extremely 

essential and are required for sperm development, maturation, motility and/or fertility. In 

addition, these cells are highly mobile and show extreme response against a large number of 
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variable factors such as slight changes in temperature, pH, osmolality, presence of salts, and 

other factors at very low concentrations indicating that these cells are equipped to detect and 

integrate these multiple physical and chemical stimuli precisely [378-381]. Notably, sperm 

cells perform all these tasks due to the presence of multiple ion channels and receptors 

regulating very complex yet efficient Ca
2+

-signalling events [382]. In this work we report for 

the first time that TRPV4, a non-selective cation channel is endogenously present in the 

sperm cells of all vertebrate classes, ranging from fish to human and they play critical role in 

maintaining mitochondrial morphology and Ca
2+

-influx. In general this also suggests that 

TRPV4 is “pleotropic” in nature and other channels present in the sperm cells can 

compensate the lack of TRPV4. Indeed, so far only TRPV1 channel is reported to be 

expressed in sperm cells from vertebrate origin [383-388]. 

 

3.3.1. TRPV4 expression is evolutionary conserved in almost all vertebrate sperms 

The conserved expression of TRPV4 among all phyla of vertebrates strongly indicates 

that TRPV4 is probably involved in all vital functions of sperm. Presence of TRPV4 in the 

tail of the sperm of all vertebrates suggests that it could be a critical regulator of sperm 

motility. Immunostaining results suggest differential localization of TRPV4 in different 

species. Especially in human sperm, TRPV4 localizes in all the regions and it is significantly 

enriched in the head region. Different parts of the sperm cell, especially head, neck and tail 

region are the functionally important areas which regulates different specific functions. 

Sperms head is responsible for acrosomal reaction; neck region contains several mitochondria 

which continuously supply ATP and also act as the only available organelle for Ca
2+

-

buffering, and tail region is important for motility. In all conditions, Ca
2+

 plays an important 

role in all physiological conditions. 



 
  Discussion 

162 
 

However our Western blot results from two different fractions indicate that the 

TRPV4 band at ~130 kDa is more abundant in swim-down (Sd) sample with respect to swim-

up (Su) sample. On the other hand, the MFI values from FACS data suggest that the total 

TRPV4 immunoreactivity is more in swim-up fraction than that of the swim-down samples. 

These results in general may suggest that higher level of TRPV4 is present in the swim-up 

samples and the same is subject to more proteolytic degradation, probably due to higher level 

of Ca
2+

-influx and Ca
2+

-dependent proteolytic activity. Western blot analysis of β-tubulin (as 

an example of cytoplasmic protein) and Hsp60 (example of mitochondrial protein) from the 

same samples also suggest the same. Our Western blot results also suggest that in human 

sperm, TRPV4 migrates at 130 kDa, a size which is higher than the expected size and 

therefore suggest for the post-translational modification of TRPV4, such as glycosylation. In 

this context, it is worth mentioning that TRPV4 has also been reported previously at higher 

sizes (~110-120 kDa size) than expected 97 kDa [157, 389].  Interestingly, our results 

indicate that human sperm TRPV4 shows branched type of glycosylation, which is sensitive 

to PNGase F but resistant with Endo H glycosidase. It seems that TRPV4 does not contain 

any N-glyosidic linkage or due to the presence of branched oligosaccharides chain, the 

glyosidic bond is not freely accessible to the Endo H.  

Precise localization of certain membrane and cytosolic proteins and their translocation 

in certain stages correlate well with the sperm function in general [390]. In this context, in 

swim-up fraction, TRPV4 localization is exclusively restricted in head region whereas it is 

mainly restricted to the neck region in swim-down cells. Similarly, 4αPDD-treated cells also 

show the presence of TRPV4 at the neck regions. This may also suggest for a possible and 

differential translocation or migration of TRPV4 upon capacitation. Similar translocation has 

also been observed in boar sperm where TRPV1 re-localizes from post-acrosomal region to 

apical region during capacitation process [384]. Re-localization of other membrane proteins 
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(such as TSC4 and OBF13 in mouse) has also been reported during capacitation [391, 392]. 

Another protein antigen from rat cauda epididymal spermatozoa has also been reported to 

relocalize from head to tail [393].  

 

3.3.2. TRPV4 precisely regulates the organization and structure of sperm mitochondria 

Sperm morphometry and molecular details of any organism is an indicator of several 

relevant factors such as reproductive uniqueness, energetics, adaptation, evolution, 

speciation, population structure, male-female ratio and other complex behaviours [394-399]. 

In sperm cell, mitochondrial mass and its number increases during its maturation stage from 

spermatogonia to spermatozoa. Fully differentiated sperm cells from vertebrates have ~ 22-75 

numbers of mitochondria, coiled around the axonemal microtubule [400, 401]. Mature 

spermatozoa have condensed, compact and metabolically active mitochondria which regulate 

critical functions of sperm such as fertilization and capacitation and act as the only organelle 

for Ca
2+

-homeostasis [401]. However our results suggest that TRPV4 activation (4αPDD, 1 

μM) for long time altered the mitochondrial morphology and its helical organization in bull 

sperm (Fig 51, 52). It was also observed that activation of TRPV4 causes reduction in the 

mitochondrial potential and degradation of Hsp60 in sperm cell (Fig 49, 50). The alteration in 

the mitochondrial morphology, potential and level of Hsp60 in sperm cell, showed similar 

trends which were observed in other neuronal or non-neuronal cell line.  

Long term activation of TRPV4 caused massive influx of Ca
2+

 and subsequently 

results in excess production of ROS and free radicals which may alter the mitochondrial 

morphology. In other cellular system (Endothelial cell) it was reported that TRPV4 activation 

increases Ca
2+

 level and leads to production of ROS and NOS [102]. Our results also suggest 

that TRPV4 is present in the mitochondria of sperm cell (Fig 46). Therefore it seems that 

massive intracellular Ca
2+

-influx, after TRPV4 activation, is the cumulative effect of both 
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sperm membrane and mitochondrial TRPV4, which may alter the mitochondrial morphology 

significantly.  

   

3.3.3. TRPV4 acts as a progesterone receptor and regulates Ca
2+

-homeostasis in sperm 

We show the importance of TRPV4 in progesterone-mediated Ca
2+

-signalling. 

Progesterone induces Ca
2+

-influx into spermatozoa and stimulates several Ca
2+

-dependent 

physiological events including Ca
2+

-waves which are essential for successful fertilization, 

such as sperm hyperactivation, acrosome reaction and chemotaxis towards the egg [402-409]. 

However the true identity of the progesterone receptor present in the sperm cell remains 

elusive. In case of sperm, the involvements of nuclear progesterone receptors (involved in 

genomic action of progesterone) can easily be ruled out by the fact that progesterone induced 

responses are rapid and sperm is transcriptionally inactive [403, 410, 411]. Besides, 

progesterone induced effects on sperm are not responsive to the antagonists of the classic 

progesterone receptor [411]. In addition, membrane impermeable BSA-conjugated 

Progesterone can also induce increased intracellular Ca
2+

 concentrations and acrosome 

reaction suggesting that  an  alternative progesterone receptor is most likely present on the on 

the sperm surface [411, 412]. In this context, involvement of voltage-sensitive or second 

messenger-operated channel-mediated Ca
2+

 entry in response to progesterone was ruled out 

by inhibitor based studies [413]. Recent papers have suggested that progesterone-induced 

effects could be (at least partly) due to direct activation of CatSper channels, mainly due to 

the fact that in human sperm, progesterone at nanomolar concentrations can potentiate 

currents which are similar to CatSper-activated currents [414, 415]. However, for several 

reasons, our results indicate that TRPV4 (in addition to CatSper as proposed) may also act as 

“the progesterone receptor” in higher mammalian sperms (Fig 59-60). Firstly, involvement of 

CatSper in progesterone signalling is not observed in all species, even in all mammals 
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whereas TRPV4 is present in all vertebrate sperms. In addition, progesterone does not induce 

CatSper-currents in mice although CatSper is essential for hyper-activation and fertility of 

mice sperm [411, 416-419]. Thirdly, it has been shown that nearly 27% of unselected and 

53% of swim up fraction of human sperm are positive for CatSper [420]. The fact that >90% 

of all spermatozoa bind to progesterone indicates that apart from CatSper, some other channel  

is also involved in the rapid signalling in response to progesterone [421]. Notably, so far the 

direct interaction of progesterone with CatSper has not been demonstrated. In the absence of 

direct physical interaction, it has been suggested that some other CatSper-associated 

progesterone receptor may be mediating the effect of progesterone in sperm [415, 422]. In 

this context, our results confirm that TRPV4 is also involved in progesterone-mediated 

signalling events and importantly, TRPV4 interacts directly with progesterone through its 

TM4-Loop4-TM5 region. Previously we have reported that this intracellular Loop4 of 

TRPV4 alone or in combination with TM 4 and/or with transmembrane 5 binds to cholesterol 

and cholesterol derived steroids [164]. For such interactions, Loop4 is sufficient and this 

region is highly conserved in all vertebrates. In this work we demonstrate that the same 

Loop4 region of human TRPV4 directly binds to progesterone (Fig 62). In addition, our 

observation confirmed that >95% of both the swim-up and swim-down cells are positive for 

TRPV4. These numbers also fit well with the overall responsiveness of cells towards 

progesterone reported before [421]. Therefore, our results strongly indicate that TRPV4 may 

also act as “the progesterone receptor” in human sperm. Indeed the localization of TRPV4 in 

human sperm also correlates well with the Ca
2+

-waves observed in cell. Progesterone induced 

Ca
2+

-waves move immediately, mostly within few seconds and such high level of 

intracellular Ca
2+

 is followed by a plateau phase lasting for several minutes. Progesterone 

treatment of spermatozoa induces wave-like increase in intracellular Ca
2+

 level in the sperm 

head, which initiates near the equatorial segment and then spreads throughout the rest of the 
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head [263]. Positioning of TRPV4 in the equatorial region and sperm tip correlates well with 

the unique position to mediate immediate progesterone induced Ca
2+

 signals. TRPV4 

activation-induced Ca
2+

-wave pattern is similar with the progesterone evoked Ca
2+

-waves 

also. In contrast, CatSper is reported to be located in the sperm tail [420].  

 We demonstrate that TRPV4 activation (by 4αPDD at 5 µM) increases the sperm 

motility suggesting that TRPV4 is an important regulator of sperm functions. Notably, 

addition of Progesterone (10 µM) or TRPV4 activator 4αPDD (5 µM) induced similar hyper 

activation of motility. Besides, progesterone (10 µM) induced hyper activated motility is 

completely arrested within ~5-10 minutes of RN1734 treatment and the cells float in single 

plane as aggregates suggesting that during progesterone-mediated hyper-activation stage, 

TRPV4 function is essential (Fig 60). We correlate TRPV4 with a possible Ca
2+

-buffering 

activity at the neck region, especially in case of progesterone-treated hyper active cells.  

In this work we demonstrate that there is a massive increase in Ca
2+

 levels upon 

addition of TRPV4 inhibitor RN1734 in progesterone pre-treated sperm cells. This could be 

attributed to sudden release of Ca
2+

-from the nucleus and the outer acrosomal membrane 

which act as the calcium storage sites [423, 424]. However, treatment with RN1734 alone 

(even at higher concentrations) did not increase intracellular calcium levels as such over a 

period of time and in fact reduce the intracellular Ca
2+

 at the head region (Fig 61). These 

probably suggest that TRPV4 is involved in the Ca
2+

-syphoning and thus maintenance of 

Ca
2+

-homeostasis in progesterone treated cells. As RN1734 treatment to progesterone-

pretreated cells blocks Ca
2+

-wave propagation to the tail (in most of the cells), involvement 

of TRPV4 in such Ca
2+

-buffering functions at the neck region is highly important. It seems 

that progesterone as well as many other steroids derivatives may interact (direct or indirect) 

with membrane bound TRP channel and regulates their gating mechanism significantly (Fig 

68).  
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Steroids can potentially induce complex conformational changes in the TRP channel 

leading to bidirectional changes such as channel opening or channel closing.  However 

further characterization of steroid-TRP interactions are required by systematic exploration of 

different steroids and TRP family members. 

 

 

Fig 68: Non-genomic action of different steroids and steroid-like molecules on TRP channels. The 

schematic diagram suggests that endogenous steroids readily diffuse to the plasmamembrane and binds to 

certain steroid-binding pockets (mainly located at the transmembrane and/or loop region) of the TRP channels. 

Such binding alters the channel conformation resulting in reversible regulation of ‘‘on-and-off’’ mode of TRP 

channels and thus regulate intracellular concentration of Ca
2+

 ions as well as cellular response leading to 

physiological functions (described in B–C). However excess steroids as well as different steroid-like molecules 

bind with different TRP channels with different kinetics leading to irreversible changes such as either 

constitutive on (described in D) or constitutive off (described in a) mode leading to abnormal intracellular Ca
2+

 

and defective cellular functions. Under this scenario, expected Ca
2+

-currents due to TRP channels are plotted at 

the bottom.  
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Conclusion and future prospect: 

Transient Receptor Potential Vanilloid sub-type 4 (TRPV4) is a non-selective cationic 

channel expressed broad range of cellular/tissue system where it regulates diverse cellular 

physiology. In last few decades, intracellular localization of TRP channels was investigated. 

Such studies have unravelled the intracellular localization of TRP ion channels and have also 

partly characterized their functions within these subcellular organelles. However sub-cellular 

localization and characterization of TRPV4 in context of cellular functions are largely 

rudimentary. Therefore, in this study we have delineated the presence of TRPV4 in the 

mitochondria of different cellular system (neuronal and non-neuronal) which potentially 

regulates different mitochondrial functions such as morphology, potentiality, dynamics 

(Fusion/Fission) and Ca
2+

- homeostasis.     

 

The salient findings from this thesis work: 

 Localization and characterization of TRPV4 in different subcellular organelles (in 

neuronal and non-neuronal cells). 

 TRPV4 is endogenously present in mitochondria (in neuronal and non-neuronal cells). 

 TRPV4 agonist or antagonist largely regulates mitochondrial function and 

morphology. 

 C-terminus of TRPV4 interacts with mitochondrial proteins (Mfn1, Mfn2 and Hsp60). 

 Natural occurring TRPV4 mutants (L618P, R616Q and V620I) also translocated in 

the mitochondria. 

 TRPV4 has a novel and conserved Mitochondrial Target Signal (MTS) which is 

conserved throughout the vertebrate evolution. 

 TRPV4 agonist or antagonist regulates mitochondrial metabolite and electron 

transport chain activity. 
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 TRPV4 physically interacts with progesterone/cholesterol and it shows parallel 

evolution with cholesterol biosynthesis pathway/ steroids synthesis pathway.  

 TRPV4 endogenously present in mitochondria of vertebrate sperm and it regulates 

mitochondrial organization or coiling. 

 TRPV4 agonist or antagonist regulates progesterone-mediated hyperactivation in 

human spermatozoa. 

 TRPV4 agonist or antagonist also regulates Ca
2+

- dynamics and its propagation from 

head to tail in human spermatozoa. 

This work established the functional and physical presence of TRPV4 in the mitochondria 

of diverse cellular system; and this not only regulates mitochondrial morphology but also 

regulates the mitochondrial calcium homeostasis, oxidative potentiality and metabolism. 

These findings will open a new avenue to understand several pathophysiological disorders 

where TRPV4 and/or mitochondrial abnormalities are involved. However future work will be 

aimed to understand the other interacting mitochondrial proteins with TRPV4 and how it 

regulates mitochondrial function as well as signalling events. Functional characterization of 

other TRPV4 mutants (more then 30) with mitochondria and with other subcellular organelles 

will reveal the mitochondrial associated pathophysiology at molecular level.  Other TRPV 

family ion channels also need to be endogenously characterized with respect to other 

subcellular organelle which will signify the contribution of TRPV4 with mitochondrial 

functions.
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5.1. Materials used  

5.1.1.   Chemicals      Source 

--------------------------------------------------------------------------------------------------------- ------- 

Acetic Acid       Merck Millipore 

Acrylamide       Sigma - Aldrich 

Agar        Himedia 

Agarose        Lonza 

Ampicillin       Sigma - Aldrich 

Amylose resin       NEB 

APS (Ammonium persulphate)     Sigma - Aldrich 

ATP        Sigma - Aldrich 

β-mercaptoethanol      Sigma - Aldrich 

Bis-acryalamide       Sigma - Aldrich 

Bromophenol Blue      Sigma - Aldrich 

BSA        Sigma - Aldrich 

Capsaicin       Sigma - Aldrich 

Cover Slip       Fisher  

Complete protease inhibitor     Sigma - Aldrich 

Coomassie Brilliant Blue G250     MP biomedical 

Cytochrome C (Purified)      Sigma - Aldrich  

Decylubiquinone       Sigma - Aldrich 

DCPIP        Sigma - Aldrich 

DAPI        Invitrogen 

Dipotassium phosphate      Sigma - Aldrich 

DMSO        Sigma - Aldrich 

dNTPs         NEB 

DTT         Sigma - Aldrich 

EDTA        Sigma - Aldrich 

EGTA         Sigma - Aldrich 

Endo H        NEB 

Ethanol        Merck 

Ethidium Bromide       Sigma - Aldrich 

Fluoromount G        Southern Biotechnology 

Glutamate       MP biomedical 

Glutathione sepharose      GE healthcare 

Paraformaldehyde       Sigma - Aldrich 

Glycerol        Sigma - Aldrich 

Glycine         Sigma - Aldrich 

GTP         MP biomedical 

Hydrogen Chloride       Merck 
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HEPES        Sigma - Aldrich 

Ionomycin       Sigma - Aldrich 

IPTG        MP biomedical 

JC-1        Sigma - Aldrich 

Kanamycin       MP biomedical 

LB powder       Himedia 

Maltose         Sigma - Aldrich 

Malate        MP biomedical 

Methanol       Merck 

MitoTracker Red        Invitrogen 

MgCl2         Sigma - Aldrich 

NADH         Sigma - Aldrich 

NaBH4        MP biomedical 

Ni-NTA Agarose       Qiagen  

4αPDD        Sigma - Aldrich 

PMSF        Sigma - Aldrich 

PNGase F       NEB 

Perchloric acid       ACS 

PIPES        Sigma - Aldrich 

Potassium phosphate monobasic     Sigma - Aldrich 

Progesterone       Sigma - Aldrich 

PVDF membrane                 Millipore 

Ponceau S        Sigma - Aldrich 

Potassium Hydroxide       Sigma - Aldrich 

RTX         Sigma - Aldrich 

RN1734        Sigma - Aldrich 

Skimmed milk powder      Himedia 

Sodium Chloride        Sigma - Aldrich 

Sodium Dodecyl Sulphate       Sigma - Aldrich 

Sodium Hydroxide       Sigma - Aldrich 

Sperm wash media      Sar clinic 

Succinic acid       MP biomedical 

Sucrose        Sigma - Aldrich 

TEMED        Sigma - Aldrich 

Tris base        Sigma - Aldrich  

Triton X100        Sigma - Aldrich 

Tryptone        Himedia 

Tween 20        Sigma - Aldrich 

Whatman paper        Whattman 

Xylene cyanol       Sigma - Aldrich 
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Yeast extracts       Himedia 

 

5.1.2.   

----------------------------------------------------------------------------------------------------------------  

Kits and markers       Source                   

---------------------------------------------------------------------------------------------------------------- 

Plasmid DNA isolation (maxi prep) kit    Qiagen 

Plasmid DNA isolation (mini prep) kit    Qiagen 

Gel extraction kit       Qiagen 

Lipofectamine Cell transfection kit     Invitrogen 

ECL         Thermoscientific 

Bradford protein estimation kit     Sigma 

Cytochrome C oxidase assay Kit     Sigma 

SDS-PAGE protein marker High range     Thermoscientific 

1 kb DNA ladder        Fermentas 

100 bp DNA ladder       Fermentas 

Restriction Enzyme      NEB, Fermentas 

T4 DNA ligase       NEB 

 

5.1.3. Primary antibodies 

Primary antibodies used 

----------------------------------------------------------------------------------------------------------------------------------- 

Antibodies  Host  Source  Application/s   Dilution
♠
 

----------------------------------------------------------------------------------------------------------------------------------- 

ATP5A   Mo  Abcam  WB    250 

Cyt C   Mo  Abcam  WB    500 

Drp1   Mo  Abcam  WB    250 

His   Mo  Sigma  WB    500 

Hsp60   Mo  Abcam  IHC, WB   500 

Mfn1   Mo  Abcam  WB    250 

Mfn2   Mo  Abcam  WB    250 

MBP   Mo  NEB  WB    10000 

Opa1   Mo  Abcam  WB    250 

TRPV4   Rb  Almone lab IHC, WB   500 

TRPV4   Rb  Sigma  IHC, WB   500 

β-Tubulin  Mo  Sigma  WB    500 

---------------------------------------------------------------------------------------------------------------- ------------------ 

Mo: mouse monoclonal; Rb: rabbit polyclonal; IHC: Immuno Histochemistry; WB: Western Blot; ♠ 

With respect to Western Blot analysis. 
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5.1.4. Secondary antibodies and related reagents 

Secondary antibodies and reagents for immunofluorescence: 

------------------------------------------------------------------------------------------------------------- ---------------------- 

Description     Host    Source           Dilution     

--------------------------------------------------------------------------------------------------------------- -------------------- 
Alexa-594-labelled anti-mouse   Chicken     Molecular Probe  500 

Alexa-594-labelled anti-rabbit   Chicken    Molecular Probe   500 

Alexa-488-labelled anti-rabbit   Chicken     Molecular Probe   1000 

Alexa-488-labelled anti-mouse   Chicken     Molecular Probe   1000 

Alexa-488-labelled anti-rabbit  Chicken     Molecular Probe   1000 

Alexa-488-conjugated streptavidin     Rabbit              Molecular Probe               500 

Secondary antibodies and reagents for western blot analysis: 

----------------------------------------------------------------------------------------------------------------------------------- 
Description     Host   Source            Dilution         

--------------------------------------------------------------------------------------------------------------- -------------------- 
HRP labelled anti mouse   Donkey         GE Healthcare                        5000 

HRP labelled anti rabbit   Donkey          GE Healthcare              5000 

 

Peptide: 

Sequence                           Blocking activity against                       Source  

--------------------------------------------------------------------------------------------------------------- ---------------------- 
CDGHQQGYAP                   Rabbit polyclonal anti-TRPV4antibody               Alomone 

KWRAEDAPL  
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5.1.5. Vectors 

Vectors       Source 

------------------------------------------------------------------------------------------------------------- 
pCDNA3.1   Prof. Jon D Levine (UCSF, San Francisco) 

pDSRed-Monomer    Invitrogen 

pEGFPN3     Prof. J. Berreiter-Hahn (Frankfurt, Germany) 

pGEX6P1     Dr. P V Alone (NISER) 

pMALc2x     NEB 

mitoDsRed     Clontech 

pmTurquoise2-Golgi (Golgi-CFP)   Addgene 

pmTurquoise2-ER (ER-CFP)   Addgene 

pmTurquoise2-Peroxi (Peroxisome-CFP)  Addgene 

pSEGFP-C1     Addgene 

mito-GFP  (AtNOS-GFP)    Prof. Stefan Mundlos (Berlin, Germany) 

5.1.6. Cell lines and Primary cells   

Cell lines and Primary cells                       Source 

--------------------------------------------------------------------------------------------------------------

F11       Prof. F. Hucho (FU, Berlin) 

HaCaT       Prof. F. Hucho (FU, Berlin) 

HeLa       Prof. F. Hucho (FU, Berlin) 

HEK       Prof. F. Hucho (FU, Berlin) 

Cos7       Prof. F. Hucho (FU, Berlin) 

CHOK1-V4      Prof. Jon D Levine (UCSF, USA) 

CHOK1-Mock      Prof. Jon D Levine (UCSF, USA) 

HUVEC       Lonza 

Fish sperm (Labeo rohita)*    CIFA, Bhubaneswar, India 

House Lizard sperm (Hemidactylus leschenaultii)*  NISER, Bhubaneswar, India 

Amphibian sperm (Duttaphrynus melanostictus)*  NISER, Bhubaneswar, India 

Duck sperm (Anas platrhyncos)*    CARI, Bhubaneswar, India 

Bovine sperm (Bos gaourus)*    FSB, Cuttack, India 

Human sperm (Homo sapiens)**    Kar clinic Pvt Ltd, Bhubaneswar, India 

*IAEC number: NISER-IAEC/SBS-AH/07/13/10,  **IEC numbers: KHPL-04/2013,  NISER/IEC/2015-11 

  

5.1.7. Bacterial cell lines 

Bacterial cell lines        Source 

----------------------------------------------------------------------------------------------------------------  

BL21DE3pLys,   DH5α         CG Lab  
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5.1.8. Constructs 

---------------------------------------------------------------------------------------------------------------- 

Constructs used    Vector        Expression system  Source 
-------------------------------------------------------------------------------------------------------------------------------------- 

 

GFP-TRPV4-TM              pSGFP2-C1 Mammalian  CG lab* 

GST-TRPV4-MTS             pGEX6P-1 E. coli   CG lab*  

GST-TRPV4-TM4-Loop4-TM5   pGEX6P-1 E. coli   CG lab* 

GST-TRPV4-Loop4            pGEX6P-1 E. coli   CG lab* 

His-Mfn1              PET28a  E. coli   Ishihara et al.; 2004     

His-Mfn2              PET28a  E. coli   Ishihara et al.; 2004     

MBP-TRPV4-Ct              pMALc2x  E. coli   Goswami et al.; 2010 

Mito Pericam              pEYFP  Mammalian  Nagai et al., 2001 

TRPV4-GFP              pEGFPN3  Mammalian  Becker et al.; 2005  

TRPV4-R616Q-GFP            pEGFPN3  Mammalian  CG lab* 

TRPV4-L618P-GFP            pEGFPN3  Mammalian  CG lab* 

TRPV4-V620I-GFP            pEGFPN3  Mammalian  CG lab* 

TRPV4-Nt-RFP            pDSRed-Monomer Mammalian   CG lab*  

TRPV4-Ct-RFP            pDSRed-Monomer Mammalian   CG lab*  

TRPV4-MTS-GFP           pEGFPN3  Mammalian  CG lab*  

TRPV4-MTS-L596P-GFP           pEGFPN3  Mammalian  CG lab*  

TRPV4-MTS-R616Q-GFP         pEGFPN3  Mammalian  CG lab*  

TRPV4-MTS-F617L-GFP           pEGFPN3  Mammalian  CG lab*  

TRPV4-MTS-L618P-GFP           pEGFPN3  Mammalian  CG lab*  

TRPV4-MTS-V620I-GFP           pEGFPN3  Mammalian  CG lab*    

---------------------------------------------------------------------------------------------------------------- ------------------ 

* = Generated in this study 
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5.1.9. Primers 

No. Sequence      Use  Construct 

1f. CCGCTCGAGCTATGGGTGAGACCGTGGGCCA      F/L  V4-Ct-RFP 

1r. CGCGGATTCCTACAGTGGTGCGTCCTCCG    R/L  V4-Ct-RFP 

 

2f. CCGCTCGAGCTATGGCAGATCCTGGTGATGT   F/L        V4-Nt-RFP 

2r. CGCGGATTCCTA ACGCCACTTGTCCCTCA   R/L  V4-Nt-RFP      

 

3f. GTTGAATTCTTCGGGGCCGTCTCCTTCTAC              F/L      V4-TM-GFP 

3r. GCCGTCGACTTAGAGGAGCAGCACAAAGGTGAG   R/L  V4-TM-GFP 

       

4f. GCAGCTAGCATGTTCACCCGTGGGCTGAAG               F/L       V4-MTS-GFP 

4r. GCAGGATCCTGAAGCGTAGCCGATCATGAA                    R/L        V4-MTS-GFP         

    

5f. GTAGGATCCATGTTCACCCGTGGGCTGAAG              F/L      V4-MTS-GST 

5r. GTTGTCGACTGAAGCGTAGCCGATCATGAA              R/L  V4-MTS-GST 

 

6f. GATGGATCCTTCACCCGTGGGCTGAAGCT                   F/L    V4-L4-TM5-GST 

6r. GATGTCGACTTAGTTGGCACACGGGTTCAGGA                R/L  V4-L4-TM5-GST 

 

7f. GATGGATCCTTCACCCGTGGGCTGAAGCT                   F/L  V4-L4-GST 

7r. GATGTCGACTTACCCGAGCAGGAATCGGAAAAGGT          R/L  V4-L4-GST 

 

8f. CCTTTACTTCACCCGTGGGCCGAAGCTGACGGGGACC       F/L     V4 (L596P) 

8r. GGTCCCCGTCAGCTTCGGCCCACGGGTGAAGTAAAGG      R/L  V4 (L596P) 

 

9f. CTCTTCAAGGACCTTTTCCGATTACTGCTCGTCTACTTG  F/L  V4 (F617L) 

   CTCTTCATG               

9r. CATGAAGAGCAAGTAGACGAGCAGTAATCGGAAAAGG  R/L  V4 (F617L) 

      TCCTTGAAGAG              

10f. CTTCAAGGACCTTTTCCGATTCCCGCTCGTCTACTTGCT  F/L     V4 (L618P) 

      CTTCATG              

10r. CATGAAGAGCAAGTAGACGAGCGGGAATCGGAAAAGGT  R/L  V4 (L618P) 

    CCTTGAAG                                                                

------------------------------------------------------------------------------------------------------------ --------------------------- 

Bold & Italics: Restriction enzyme in primer;   Only Bold: Point mutation in Primer                                           

------------------------------------------------------------------------------------------------------------ --------------------------- 
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5.2. Methods related to molecular biology 

5.2.1. Construct preparation 

DNA constructs were synthesized in the following manner: DNA fragments 

corresponding to the desired coding regions were secured by either performing PCR 

amplification with a specific pair of primer or by digesting them with suitable restriction 

enzymes. The specific vector and PCR amplified insert were subsequently digested by 

restriction enzyme/s to generate cohesive overhanging ends. Restriction-digested vector and 

insert were extracted from agarose gel, ligated and the ligated product was transformed into 

E. coli. Transformed E. coli cells were allowed to grow by antibiotic selection on LB plates. 

Plasmid DNA was isolated from those colonies by using commercially available DNA 

miniprep kits. Presence of desired insert in the vector was testified by subjecting the miniprep 

plasmid DNA to restriction digestion, PCR amplification using insert specific primers and 

eventually sequencing. 

 

5.2.2. Polymerase Chain Reaction (PCR) 

For preparation of different constructs in specific expression vectors, PCR reactions 

were executed to amplify the different coding regions with specific restriction sites at the 

ends. For the purpose of sub-cloning, specific inserts in different expression vectors were 

synthesized by digesting the PCR-amplified-DNA with restriction enzymes. Using miniprep-

DNA isolated from E. coli, PCR reaction was repeated to screen and confirm the existence of 

desired insert in particular colonies grown on transformed plates after ligation. All PCR 

reactions were carried out using the below-mentioned conditions and Taq DNA-polymerase 

(NEB) as the enzyme. All PCR-amplified DNA were further confirmed by agarose gel 

electrophoresis. 
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PCR components: 

Constituents Quantity 

DNA template 0.5 μl 

10 X buffer 2.5 μl 

dNTPs (10 mM) 2 μl 

Forward Primer (100 nM) 1 μl 

Reverse Primer (100 nM) 1 μl 

H2O 17 μl 

DNA polymerase 1 μl 

Total volume 25 μl 

 

PCR conditions: 

 

 

5.2.3. Restriction digestion of dsDNA 

For conducting restriction digestion, 20 μl of restriction digestion mixture containing 

approximately 1 μg of dsDNA was used. This mixture comprises of restriction enzyme-

compatible buffer of 1 X concentration, enzymes and doubly distilled autoclaved water. 

Based on the activity of restriction enzymes, the amount of enzyme added was in the ratio of 

1 unit/μg of DNA and the incubation time of the reaction mixture was either set to 37°C for 3 
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hours or for overnight. For restriction digestion using two different enzymes, a compatible 

buffer was selected according to the manufacturer’s (NEB) instruction. 

 

5.2.4. Ligation of dsDNA 

In order to ligate the restriction-digested insert and vector, the DNA was first run on 

an agarose gel and bands at desired sizes were excised from the gel. The dsDNA were 

subsequently purified from the gel by using Qiagen Gel Extraction kit according to the 

manufacturer’s instruction. The purified insert and vector dsDNA were mixed with doubled 

distilled autoclaved water and ligation buffer so that the final concentration of ligation buffer 

in the reaction mixture becomes 1 X. Finally T4-DNA ligase was added to the reaction 

mixture. The mixture was incubated over night at 16°C. For a better efficiency of ligation, 

insert and vector in the ligation mixture was maintained as molar ratio (3:1 for insert to 

vector). This enhances the probability of ligation reaction. 

 

5.2.5. Agarose gel electrophoresis 

A horizontal agarose-gel electrophoresis apparatus and 1 X TAE buffer was used for 

the purpose of electrophoretic separation of dsDNA. The procedure can be summarized as 

follows:  

Depending on the length of the dsDNA that needs to be separated, the desired percentage of 

agarose gel (0.8 - 1.2%) is casted by dissolving agarose powder in electrophoresis buffer (1 X 

TAE) by heating in a microwave oven. Ethidium bromide (EtBr, at a final concentration of 

0.1 to 0.5 μg/ml) was added to the liquefied gel solution at this point (when its temperature is 

approximately 60°C) to enable visualization of DNA after electrophoresis. The molten gel 

was then poured into a casting tray containing a sample comb and allowed to solidify at room 

temperature. Once solidified, the comb was removed from the gel without tampering the well 
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bases. The gel along with the casting tray was immersed into the electrophoresis chamber 

containing electrophoretic buffer. DNA samples mixed with loading dye were then loaded 

into the wells and the apparatus was connected to a constant electricity supply source. DNA 

migration was assessed by visualization of tracking dye. After adequate migration, DNA 

fragment/s are visualized on an ultraviolet trans-illuminator (during electrophoresis, due to 

intercalation of ethidium bromide in between DNA base pairs, DNA becomes fluorescent) 

and photographed by a camera attached with a gel-documentation system. 

Solutions and buffer required: 

(1 X) TAE buffer: 40 mM Tris/Acetic acid, pH7.8; 1 mM EDTA, pH 8.0 

(5 X) DNA loading buffer: 40% (w/v) Sucrose, 240 mM Tris/Acetic acid, pH7.8, 5 mM EDTA, pH 0.8, 0.25% 

(w/v) Bromophenol blue, 0.25% (w/v) Xylene cyanol FF 

 

5.2.6. Competent E. coli cell preparation 

a. CaCl2 method: 

Competent E. coli cells were prepared in the following manner. A single colony of E. 

coli bacteria (DH5α) was added to 3 ml of Luria-Bertani (LB) broth and allowed to grow 

over night. From this fully grown bacterial culture, 1 ml was added to 100 ml of fresh LB 

liquid medium and incubated at 37°C. The cells were grown until an OD of 0.4-0.5 was 

reached at 600 nm. The entire bacterial culture was then incubated in ice for 10 minutes and 

centrifuged at 3000 RPM for 5 minutes at 4°C. The pellet was re-suspended in 30 ml of ice-

cold CaCl2 (100 mM) solution and incubated for 30 minutes on ice. The suspension was 

further centrifuged for 5 minutes at 4°C. Finally the pellet was resuspended in ice-cold CaCl2 

(100 mM) solution supplemented with 10% glycerol, distributed in tubes and stored at -80°C. 
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b. RbCl method: 

Competent E. coli cells were prepared in the following manner. A single colony of E. 

coli bacteria (DH5α) was added to 3 ml of Luria-Bertani (LB) broth and allowed to grow 

over night. From this fully grown bacterial culture, 1ml was added to 100 ml of fresh LB 

liquid medium and incubated at 37°C. The cells were grown until an OD of 0.4-0.5 was 

reached at 600 nm. The entire bacterial culture was then incubated in ice for 10 minutes and 

centrifuged at 4500 RPM for 10 minutes at 4°C. The supernatant was discarded and the entire 

100 ml culture was pelleted by repeated centrifugation. The pellet was first resuspended in 30 

ml of TfbI buffer and incubated in ice for 15 minutes. This was followed by centrifugation at 

4000 RPM for 5 minutes at 4°C. The pellet obtained was again resuspended in 6 ml of TfbII 

buffer. Bacterial cells suspended in TfbII buffer were eventually aliquoted in microcentrifuge 

tubes. These competent cells containing tubes were snap-chilled in liquid nitrogen and stored 

in -80°C for further use. 

Solutions and buffer required: 

TfbI buffer: Rubidium Chloride (100 mM), Manganese Chloride (50 mM), Potassium Acetate (30 mM), 

Calcium Chloride (10 mM), Glycerol (15%). Adjust to pH 5.8 with dilute acetic acid (0.2%; 1.0 M). Filter 

sterilize (Do not autoclave) and store at 4
o
C. 

TfbII buffer: MOPS (10 mM), Rubidium Chloride (10 mM), Calcium Chloride (75 mM), Glycerol (15%). 

Adjust pH to 6.5 with KOH. Filter sterilize (Do not autoclave) and store at 4
o
C.  

 

5.2.7. Transformation of E.coli  

E. coli competent cells (DH5α or DE3 strain) were taken out from -80°C and thawed 

on ice for 10 minutes. Cells (100 μL) were taken in a 1.5mL tube and approximately 100 ng 

of plasmid DNA was added to the competent cells. The mix was incubated for 10 minutes on 

ice. After incubation, the mix was given a heat shock for 45 seconds by dipping the tube in 

water bath set at 42°C. Immediately after heat shock, the tube was kept on ice for 2 minutes 
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after which 800 μL LB media was added to the mix. The cells were allowed to grow for 1 

hour at 37°C in incubator-shaker with constant shaking. After 1 hour, the transformed cells 

were centrifuged at 13,500 RPM for 30 seconds, resuspended in 100 μL supernatant and 

plated on the LB plates containing the desired antibiotic and the plate was kept at 37°C for 14 

hours. Single colonies were obtained after 14 hour incubation.    

 

5.3. Methods related to protein and Biochemistry 

5.3.1. Separation of denatured proteins by SDS-PAGE 

For electrophoretic separation of proteins, SDS-PAGE was performed with 10-12% 

acrylamide gel using Biorad mini-apparatus. The nomenclature of this technique is based on 

the fact that sodium dodecyl sulphate (SDS), a strong anionic detergent is used to denature 

the proteins and a discontinuous polyacrylamide gel is used as a support medium to separate 

the denatured proteins according to their molecular size. The most commonly used system is 

also called the Laemmli method after U.K. Laemmli, who was the first to demonstrate SDS-

PAGE as a technique for separation of proteins [425]. 

Sample preparation for SDS-PAGE was done in the following manner. Protein 

samples were completely denatured by adding Laemmli protein loading buffer in 1:4 v/v 

(from a 5 X stock of Laemmli protein loading buffer) and then the mixture was heated at 

95°C for 5 minutes. SDS-PAGE cassettes were set by using a pair of clean glass plate (10 cm 

wide and 7 cm high) separated by spacer (1 mm thickness for thin gel or 1.5 mm thickness 

for thick gel). Approximately, 5 cm of the Cassettes were filled up with liquid resolving gel 

mixture and allowed to polymerize. Top-most surface of the resolving gel was smoothened 

by gradual addition of water on it to form a thin film coating the resolving gel. On completion 

of polymerization of resolving gel, stacking gel mixture was layered on top of the resolving 
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gel and a 15 or 10- well comb was inserted within. After polymerization of the stacking gel, 

the comb was removed carefully without disrupting the wells. Cassettes were inserted into the 

electrophoresis chamber vertically, filled with electrophoresis running buffer and denatured 

protein samples were loaded into the wells using a Hamilton syringe. The apparatus was 

connected to a constant power supply (10 mAmp for thin gel and 20 mAmp for thick gel) for 

electrophoresis. Protein migration within gel was assessed by visually tracking the movement 

of bromophenol blue added in the protein-loading buffer. As the dye front approached the 

end of the gel, electrophoresis was stopped and the gel was fixed with fixer. Separated 

proteins in the gel were visualized by Coomassie blue staining. In case of Western blot 

analysis, an unfixed gel was used to transfer the proteins on a PVDF membrane. 

Bis-Acrylamide stock solution (30%), APS stock solution (10%), TEMED solution (100%), 

SDS solution (20%) and Tris HCl solution (1.5 M, pH 8.8 for resolving gel; or 0.5M M, pH 

6.8 for stacking gel) were used to prepare separating and stacking solutions. APS and 

TEMED were added just prior to pouring the gels. 

Buffers required: 

SDS-PAGE running buffer (1 X): 196 mM glycine, 0.1% SDS, 50 mM Tris-HCl (pH 8.3) 

Laemmli protein loading buffer (5 X): 62.5 mM Tris HCl (pH 6.8), 5% β-mercaptoethanol (v/v), 50% 

Glycerol (v/v), 2% SDS (w/v), 0.1% (w/v) Bromo phenol Blue. Volume was adjusted by adding water. 

Resolving gel mixture: 10% Bis-Acrylamide (v/v), 375 mM Tris HCl (pH 8.8), 0.1% SDS (w/v), 0.1% 

ammonium persulfate, 0.005% TEMED in water. 

Stacking gel mixture: 4% Bis-Acrylamide (v/v), 125 mM Tris HCl (pH 6.8), 0.1% SDS (w/v), 0.1% 

ammonium persulfate, 0.005% TEMED in water. 

 

5.3.2. Coomassie staining of the protein bands in gel. 

Commonly 0.1% Coomassie blue dye, which is dissolved in 10% glacial acetic acid 

and 50% methanol, was used to stain the proteins in a gel separated by SDS-PAGE. Staining 
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was usually done over-night by agitating the gel in the above mentioned solution. Continuous 

agitation causes circulation of the dye, facilitates its penetration into the gel, and helps ensure 

uniformity of staining. Though the dye permeates into the entire gel, it only sticks to the 

proteins permanently. Excess dye was washed out by agitating the gel in a destaining solution 

containing acetic acid/methanol. The two steps that most efficiently destain the gel is done by 

initially washing the gel with 50% methanol and 10% acetic acid for 1-2 hours, followed by 

washing with 7% methanol, 10% acetic acid. The first solution causes the gel to shrink and 

extracts much of the liquid component whereas the second solution causes swelling and 

eventual cleaning of the gel. Properly stained - destained gels exhibited a pattern of blue 

protein bands against a clear background. The gels were scanned in a scanner attached to a 

computer. Coomassie blue dye may fail to stain proteins present in scanty amounts as well as 

those proteins having high carbohydrate content. 

 

5.3.3. Western blot analysis 

For Western blot analysis, proteins were first separated by SDS-PAGE and 

subsequently electro-transferred on a PVDF membrane by semi-dry method. Briefly, unfixed 

gels were shortly incubated in a transfer buffer. PVDF membranes and Whatman paper were 

also soaked in the same transfer buffer. At first, the gel was placed on the membrane. Then, 

in order to make the transfer set; two layers of Whatman paper were placed on either sides of 

the gel-membrane combination. Air bubbles were removed from the whole transfer-set by 

rolling a glass rod over it. Finally this set was placed on a transfer unit in such a way that the 

gel is connected to the cathode while the membrane is connected to the anode. The apparatus 

was connected to a power supply and the electro-transfer was done at a constant voltage 17V 

(for a single gel) for 1 hour. Transfer of proteins from the gel to the membrane was confirmed 

by staining the membranes with Ponceau Red dye solution. Next, the membranes were 
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blocked with 5% non-fat milk dissolved in TBS-T buffer. Blocked membranes were 

incubated with primary antibody in TBS-T buffer for 1 hour, washed 3 times with TBS-T 

buffer and then incubated with secondary antibody in TBS-T buffer for 1 hour. Finally, the 

membranes were washed with TBS-T again and Bound proteins were probed by enhanced 

chemiluminescence method (Super Signal™ West Femto Maximum Sensitivity Substrate, 

Thermo Scientific) and detected by chemidoc apparatus (Bio-Rad). In some experiments, 

blots were stripped-off by incubating the blots in a stripping buffer at 37°C for 30 minutes 

and re-probed again with a different primary antibody. 

Buffers and solutions required: 

Transfer buffer: 0.1% SDS, 20% (v/v) MeOH, 48 mM TRIS/HCl, 39 mM Glycine 

Ponceau Red solution: 5% (w/v) Ponceau S dye, 5% (v/v) Acetic acid 

TBS-T: 20 mM Tris, 150 mM NaCl. 0.1% (w/v) Tween-20 

Stripping buffer: 1% SDS, 20 mM TRIS/HCl (pH 6.8), 1% (v/v) β-Mercaptoethanol 

 

5.3.4.   Isolation of mitochondria from Goat brain and CHOK1 cell lines. 

Adult goat brains were obtained from a local slaughterhouse. The meninges were 

separated from the brain and the tissues were taken to the laboratory in isotonic mitochondrial 

isolating buffer (10 mM HEPES, 1 mM EDTA, 320 mM sucrose, pH 7.4). Isolation of 

mitochondria was based on the method established previously with some minor modifications 

[426, 427]. Briefly, goat brain was homogenized in mitochondrial isolating buffer containing 

a complete protease inhibitor cocktail (Sigma Aldrich). After homogenization, the 

homogenate was equally distributed in centrifuge tubes and centrifuged at 1000g for 10 

minutes. The supernatant (S1, which contain mitochondria and other cell organelles) was 

collected in a separate tube and the pellet was homogenized again in mitochondrial isolating 

buffer with 5-7 strokes of pestle. The homogenized sample was centrifuged again at 1000g 

for 10 minutes. The supernatant fractions (S1׳) was pooled and centrifuged at 10,000g for 20 
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minutes to get crude mitochondrial pellet fraction (P1, brown in colour) and supernatant 

fraction (S2). The pellet fraction (mitochondria) was washed twice with same buffer and 

centrifuged again at 10,000g for 20 minutes. The mitochondrial fraction was isolated as pellet 

(P2) and separated from wash fractions (W). Subsequently, the brown mitochondrial pellet 

was resuspended in isolating buffer, aliquoted and kept at -80°C for long-term storage. All 

isolation procedure and centrifugation steps were carried out at 4°C. For isolation of 

mitochondria from CHOK1 cells, 90% confluent cells were splitted and seeded in 100 mm 

dishes and grown for 24 hours. After that, seeded cells were treated with TRPV4 activator, 

inhibitor or only DMSO for 8 hours and then the cells were scrapped with media and 

centrifuged. Mitochondrial fraction and cytoplasmic fraction were isolated by using 

Mitochondrial isolation kit according to the manufacturer’s protocol (Sigma Aldrich, 

Bangalore).  

 

3.3.5.   Enzymatic assay for mitochondrial electron transport chain 

            All enzymatic activity analysis was done with freshly isolated goat brain 

mitochondria and performed at 30°C. Before starting the enzymatic assay, isolated 

mitochondria were pre-incubated with TRPV4-specific activator namely 4αPDD (5 µM) or 

specific inhibitor, namely RN1734 (10 µM). In each conditions changes in absorbance was 

recorded for 3 minutes. For electron transport chain complex I activity assays, NADH-based 

spectroscopic analysis was performed with some minor modification [428, 429]. 

Mitochondrial complex I oxidizes cellular NADH (NADH → NAD
+
 + H

+
), and the electron 

released due to oxidation of NADH (Extinction coefficient 5.4 mM
-1

cm
-1

) is captured by 

artificial electron acceptor decylubiquinone (DU). The electron subsequently transferred to 

2,6-dichloroindophenol (DCPIP). The absorbance of reduced DCPIP was measured 

spectrophotometrically at 600 nm.  This method is advantageous, as electrons produced by 
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other cellular NADH-dehydrogenases are not accepted by decylubiquinone, therefore 

reduction of DCPIP is almost completely caused by complex I activity, resulting in very high 

rotenone-sensitive activity. The reaction mixture (1 ml) consists of 20 mM potassium 

phosphate buffer (pH 7.2), 0.1 mM EDTA, 10 mM MgCl2, mitochondrial fraction (sonicated 

mitochondria) (30 µg protein), NADH (50 µM) and decylubiquinone (150 µM). In all cases 

NADH was added in the end to minimize variation due to handling. 

The electron transport chain Complex II activity was measured at 600 nm using 2,6-

Dichlorophenolindophenol {(DCPIP), extinction coefficient 21 mM
-1

cm
-1

} as acceptor [430, 

431]. After adding artificial substrate decylubiquinone (DU), it accepts electron from 

complex II and transfers to DCPIP. The reaction mixture (1 ml) consists of 20 mM potassium 

phosphate buffer (pH 7.2), 0.1 mM EDTA, 10 mM MgCl2, 20 mM succinate, 50 µM DCPIP, 

mitochondrial (sonicated mitochondria) protein (30 µg) and the reaction was started after 

addition of 50 µM DU.  

Mitochondrial Complex III activity was measured by monitoring the reduction of 

cytochrome C at 550-540 nm (extinction coefficient 19 mM
-1

cm
-1

) [432]. The reaction 

mixture (1 ml) consist of 20 mM potassium phosphate buffer (pH 7.2), 0.1 mM EDTA, 10 

mM MgCl2, 100 µM cytochrome  C, mitochondrial lysate (30 µg) and the reaction was 

started after addition of 100 µM reduced decylubiquinone (DUH2).  

Mitochondrial Complex IV activity was measured by the oxidation of reduced 

cytochrome C at 550 nm (Extinction coefficient 19 mM
-1

cm
-1

) [433]. Complex IV activity 

was measured by cytochrome C oxidase assay kit (Sigma Aldrich, Bangalore). Cytochrome C 

oxidase is located in the inner mitochondrial membrane that divides the mitochondrial matrix 

from the intermembrane space and it has been used as a specific marker for this membrane. 

The reaction mixture (1 ml) consists of Mitochondrial isolating buffer, 50 µM cytochrome C 
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and the reaction was started after adding 20 µg mitochondrial lysate and the decrease in 

absorbance at 550 nm were recorded for 3 minutes. 

 

5.3.6.   Assay for mitochondrial permeability transition pore 

Mitochondrial swelling or membrane permeability transition pore induced by influx 

of excesses of calcium inside the mitochondria which can be detected as a decrease in light 

scattering property in isolated mitochondria at 540 nm [434]. Briefly, Mitochondria (100 μg) 

were treated with TRPV4 activator and inhibitor drug for 15 minutes in the same 

mitochondrial isolating buffer in ice. Subsequently, treated mitochondria were transferred to 

mitochondrial swelling buffer (final volume 1 ml) and decay in absorbance was taken at 540 

nm wavelength by spectrophotometer in time kinetics mode (5 minutes interval) for 1 hour. 

Mitochondrial swelling buffer: HEPES (20 mM), KH2PO4 (2 mM), KCl (125 mM), EGTA (1 μM), MgCl2 (1 

mM), Malate (5 mM), Glutamate (5 mM), pH: 7.4 

 

5.3.7.   Metabolite extraction from isolated mitochondria  

The protocol for metabolite extraction from isolated mitochondria and sample 

preparation was done following previously published research methodology [435]. Briefly, 

freshly isolated mitochondria were incubated with TRPV4 specific drugs such as 4αPDD (5 

µM), RN1734 (10 µM), 4αPDD (5 µM) and Ca
2+

 (1 mM), Ionomycin (5 µM) for 30 minutes 

in the same mitochondria isolating buffer at room temperature. After drug incubation, 

mitochondria were centrifuged at 8000 RPM for 10 minutes and the supernatant was taken 

out as S1. In the remaining mitochondrial pellet, 12% perchloric acid was added to extract the 

acid soluble metabolite and centrifuged at 10000 RPM for 10 minutes. After centrifugation 

supernatant S2 was taken out and mixed with previously extracted fraction S1, now the 

resultant metabolite solution is S3. To neutralize perchloric acid in fraction S3, 5 M NaOH 
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was added which gave a white precipitate of sodium perchlorate. The titrated fraction S3 was 

again centrifuged at 10000 RPM for 10 minutes and supernatant S4 was taken out. 

Furthermore, the pH of metabolite fraction S4 was adjusted to 7.2 by adding 1-2 µL NaOH (5 

M). Finally pH of metabolite fraction S4 was measured by using litmus paper.  

 

5.3.8.    Glycosidase enzymatic treatment in sperm lysate 

Equal amount of protein lysate of Swim-down (Sd) and Swim-up (Su) sperm sample 

was taken for Endo H and PNGase F glycosidase treatment according to manufacture 

instruction (New England Biolabs) with minor modifications. Briefly, sperm protein lysate 

were mixed with glycoprotein denaturing buffer (1 X) and subsequently denaturation reaction 

was carried out at 100°C for 5 minutes. After that sample (denatured glycoprotein) were chill 

in ice for 5 minutes. Subsequently Glyco buffer (1 X) and NP-40 was added for proper 

enzymatic activity. The sample mixture was incubated in the presence or absence of Endo H 

and PNGase F at 37°C for 6 hours. Subsequently sample was separated on one-dimensional 

SDS-PAGE and Western blot with anti-TRPV4 antibody. 

        

 5.3.9.   Protein estimation by Bradford method   

Quantification of the purified protein or isolated mitochondrial protein was done 

using Bradford protein estimation method [436]. For standard curve preparation, different 

concentrations of BSA protein (20, 40, 60, 80 and 100 μg) were made in 100 μL of PBS 

solution. Subsequently 900 μL of Bradford reagent (Sigma Aldrich) was added to the tubes 

containing different BSA concentrations and incubated for 5 minutes after which the OD was 

measured at 595 nm. Blank solution was made by adding 100 μL of PBS and 900 μL of 

Bradford reagent. 
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5.4. Method related protein expression, purification and protein interaction 

 

5.4.1.   MBP-Pull-down assay for identifying TRPV4 interacting proteins 

            Expression and purification of the C-terminal cytoplasmic domain of TRPV4 fused 

with MBP (MBP-TRPV4-Ct) as well as LacZ fused with MBP (MBP-LacZ) are based on the 

protocol described previously [437]. In brief, the expression constructs were introduced into 

Escherichia coli strain BL21DE3 by heat shock method of transformation. Expression of 

fusion proteins were induced by addition of isopropyl thiogalactoside (IPTG) for 2 hours. 

Cells were lysed by either rapid-freezing and thawing (by using Liquid N2 and 37°C water 

bath) or by sonication (60 Hz, 10 cycle with 5 sec pulse interval) cycles or freezing and 

thawing method in lysis buffer (PBS pH 7.4, lysozyme and protease inhibitor cocktail). The 

lysed extracts were cleared by centrifugation (35000 RPM for 2 hours) and applied to 

amylose resin for binding. The resins with bound proteins were washed thoroughly and 

finally the proteins were eluted with 20 mM maltose in elution buffer (50 mM PIPES, pH 

6.8, 150 mM NaCl, 1 mM EGTA and 0.2 mM MgCl2). 

For TRPV4-Ct interaction study, approximately 50 µL of amylose resin per tube with 

the bound fusion protein was used for further pull-down experiments. Depending on the 

respective experiments, the resin with coupled fusion protein (MBP-TRPV4-Ct and MBP-

LacZ) were incubated with 50 µL of mitochondrial protein (0.7 mg/ml protein) for 2 hours at 

4°C in the presence or absence of Ca
2+

 (1 mM) or a mixture of GTP and ATP (1 mM). The 

amylose resin present in each tube was washed three times (each time with 500 µL) with 

PEM-S buffer. The proteins were eluted by using 100 µL elution buffer (PEM-S 

supplemented with 20 mM maltose). Eluted samples were analysed by 10% sodium dodecyl 
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sulphate polyacrylamide gel electrophoresis (SDS–PAGE) and Western blot analysis with 

candidate specific antibodies. 

 

5.4.2.   GST-Pull-down assay for identifying TRPV4-MTS interacting protein 

GST-TRPV4-MTS and only GST were expressed in E. coli strain BL21DE3 and the 

cleared cell lysates were applied to amylose resin (NEB) and incubated for 2 hours at RT. E. 

coli cells were induced to express the proteins by isopropyl thiogalactoside (IPTG) (0.25 

mM) for 2 hours at 37°C. Thereafter, the pelleted cells were lysed by incubating in lysis 

buffer (1 X PBS pH 7.4, lysozyme, protease inhibitor, PMSF) followed by sonication. The 

lysed extracts were cleared by spinning at 35000 RPM at 4°C for 2 hours. For purification, 

the cleared lysate containing the desired expressed proteins were incubated with Glutathione 

sepharose beads for 12 hours at 4°C with constant rotation after which the beads were 

washed thrice with GST wash buffer (50 mM Tris pH 7.4, 0.25 M NaCl, 1 mM EDTA) 

followed by elution of bound proteins from the beads using elution buffer (20 mM 

Glutathione reduced, 50 mM Tris-Cl pH 8.0). Protein estimation was done using Bradford 

estimation method immediately after protein purification. 

For interaction study with GST-TRPV4-MTS with mitochondrial protein, expressed 

protein were coupled with sepharose beads for 2 hours at 4°C. Subsequently washed with 

GST wash buffer and mitochondrial protein 50 µL of mitochondrial protein (0.4 mg/ml 

protein) were added into the sepharose beads bound with GST-TRPV4-MTS protein in the 

presence or absence of Ca
2+

 (1 mM) or a mixture of GTP and ATP (1 mM), and incubated for 

2 hours at 4°C. Thereafter washed 3 times with GST wash buffer and all bound protein eluted 

in 100 µL of elution buffer (20 mM Glutathione reduced 50 mM Tris-Cl pH 8.0). Further 

eluted samples were analysed by 12% sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS–PAGE) and Western blot analysis with candidate specific antibodies. 
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5.4.3.   His-Tagged Pull down assay for Mfn1 and Mfn2 with MBP-TRPV4-Ct 

His-tagged Mfn1 and His-tagged Mfn2 constructs were received as a gift from Prof. 

Naotada Ishihara (Dept. of Protein Biochemistry, Institute of Life Science, Kurume 

University) [438]. His-Mfn1 and Mfn2 were freshly transformed into BL21-DE3 and a single 

colony of each type was inoculated in 3 ml of 2 X YT media. The culture was grown in 

presence of 25 μg/ml kanamycin (in each steps same concentration of antibiotic was used) 

overnight. The next day, 1 ml of this overnight grown culture media was transferred to 100 

ml of 2 X YT media and was allowed to grow overnight under same conditions. From this 

100 ml, 50 ml of overnight grown culture was transferred to 200 ml of 2 X YT media in a 1 L 

conical flask and incubated for 3 hours in shaker at 37°C and 220 RPM till the OD reached to 

1.2. Subsequently 0.3 mM IPTG was added and kept for 2 more hours until the OD reached 

2.4. Thereafter, the culture was kept in cold room for 30 minutes. The culture was then 

pelleted at 8000 RPM for 5 minutes and kept at -80°C for further use. Next day, the pellet 

was suspended in lysis buffer (20 mM HEPES, pH 7.4, 250 mM NaCl, 1 mM PMSF and 1 X 

EDTA free protease inhibitor) for 2 hr in ice. The cells in this solution were disrupted by 

sonication (60 Hz, 10 cycle with 5 sec pulse interval) in ice cold condition. The sonicated 

lysate was then centrifuged at 15000 RPM for 2 hours and the supernatant was discarded as 

Mfn2 and Mfn1 appears inside the inclusion body. The pellet was again resuspended in lysis 

buffer and made up to 30 ml by sonication. This was followed by the addition of 1 ml 20% 

Triton X 100 and was then rotated in cold room for 30 minutes. Thereafter, it was centrifuged 

at 15000 RPM for 40 minutes and the collected supernatant was incubated with Ni-NTA 

beads (pre-washed with pre-equilibration buffer: 20 mM HEPES, pH 7.4, 250 mM NaCl, 10 

mM imidazole) for 2 hours in cold room. It was then washed thrice with washing buffer (20 

mM HEPES, pH 7.4, 250 mM NaCl, 20 mM imidazole) and then centrifuged at 2000 RPM 
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for 3 minutes. Thereafter all His-tagged Mfn2 and Mfn1 were eluted in 50, 100 and 250 mM 

imidazole solution. 

2 X YT Media (1L): Tryptone- 16 g, Yeast Extract- 10 g, NaCl- 5 g. Adjust pH to 7 by adding 5N NaOH. 

 

5.4.4.   MBP-TRPV4-Ct binding assay with isolated mitochondria 

Freshly isolated mitochondria (30 µg) from goat brain were incubated with equal 

concentration of purified MBP-TRPV4-Ct and MBP-LacZ at 25°C in the same mitochondrial 

isolating buffer. The isolated mitochondria were kept for binding with MBP-TRPV4-Ct and 

MBP-LacZ in presence or absence of Ca
2+

 or a mixture of GTP and ATP (1 mM each). After 

30 minutes of incubation, mitochondria were washed two times (centrifuged at 8000 RPM 

for 5 minutes) with mitochondrial isolating buffer which separated most of the unbound 

protein of MBP-TRPV4-Ct and MBP-LacZ. The mitochondrial pellet was suspended in 

PEMS buffer which breaks the intact mitochondrial membrane by osmotic shock. The 

complete protease inhibitor cocktail was added in each fraction and the sample was boiled 

with (1 X) Laemmli buffer for preparation of SDS-PAGE gel samples. 

 

5.4.5.   Blot overlay 

PVDF membrane was cut and charged in 100% methanol followed by rehydrating 

and washing with 1 X PBS. Membrane was arranged in a dot blot apparatus and fixed 

volumes of progesterone solutions of different concentrations was applied into the wells and 

suctioned through a vacuum pump. The membrane was blocked with 3% BSA solution for 1 

hour. After blocking, the membranes were incubated with GST, GST-TRPV4-TM4-L4-TM5 

and GST-TRPV4-L4 purified protein solutions made in 3% BSA and 1 X PBS for 12 hours 

at 4°C without shaking. Membranes were then washed thrice for 5 minutes with 1 X PBS and 

incubated with primary anti-GST antibody (1:750 in blocking buffer and 1 X PBS) for 6 
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hours at 4°C and then washed with 1 X PBS thrice for 5 minutes each. Secondary antibody 

conjugated to horseradish peroxidase (1:10,000, GE healthcare) was applied to the 

membranes for 1 hour at room temperature and washed thrice with 1 X PBS. Bound protein 

was visualized by adding equal amount of substrate and luminol solution to the membranes 

and detecting on the chemidoc apparatus (Bio-Rad). 

 

5.5. Method related to cell biology 

5.5.1.   Cell culture and transfection 

Chinese hamster ovary (CHO-K1) cells stably selected for TRPV4 (cloned in 

pCDNA5.1 vector) and CHOK1-Mock cells (which contains pCDNA5.1 empty vector only) 

[51] were grown in F-12 HAMES medium containing 10% (v/v) of FBS, 2mM L-glutamine, 

100 µg/ml streptomycin, 100 U/ml penicillin, in a humidity controlled incubator maintained 

with 5% CO2 and at 37°C. HaCaT, HEK, Cos7 and F11 cells were cultured in DMEM media 

supplemented with 10% (v/v) FBS, 2mM L-glutamine, 100 µg/ml streptomycin, 100 U/ml 

penicillin, in a humidity controlled incubator with 5% CO2 and at 37°C. The growing cells 

were splitted and grown further for 24 hours in suitable flasks and dishes. Similarly, Human 

Umbilical Vein Endothelial cells (HUVEC) (purchased from Lonza) were cultured in 

endothelial cell growth media (EGM, Lonza) containing heat-inactivated 2% fetal bovine 

serum (FBS), human VEGF, epidermal growth factor (EGF), insulin-like growth factor-1 

(IGF-1), basic fibroblast growth factor (FGFB) and amphotericin-B. All cells were 

maintained at 37°C incubator with 5% CO2 in a humid atmosphere. For transient over 

expression of the cells with desired constructs, purified DNA plasmids were used. Transient 

over expression was performed by using Lipofectamine 2000 and Plus reagent according to 

the manufacturers protocol (Invitrogen). Generally 24-36 hours after transfection, the cells 

were used for live cell imaging and for immunocytochemistry cells were fixed by 4%PFA.  
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 5.5.2. TRPV4 activation/inhibition in stable cell line and primary HUVEC cells 

CHOK1-V4 / CHOK1-Mock / HUVEC cells were seeded on coverslip in 24 well 

plates for 12 hours. Subsequently TRPV4 activator 4αPDD (1 μM or 5 μM) and inhibitor 

RN1734 (10 μM) were added for 8 hours. To explore the changes in the mitochondrial 

morphology and potentiality, cells were labelled with MitoTracker Red FM (1 μM) or J-C1 

dye (5 μM) for 30 minutes in incubator. Thereafter, MitoTracker Red FM labelled cells were 

fixed with 4% paraformaldehyde for further imaging. JC-1-labelled cell were washed with 

PBS (1 X) and taken out gently from incubator for life cell imaging.  

 

5.5.3. Calcium imaging of adherent cells and floating cells 

Adherent cells such as CHOK1-V4 and CHOK1-Mock were seeded on 24 mm 

coverslip in 60 mm dishes and kept in incubator. After 24 hours, Ca
2+

-sensing dye Fluo-4 

AM (5 μM) was added in culture dishes for 40 minutes. Subsequently two wash was given 

with PBS (1 X) and the cells were used for live cell imaging.  

Floating cells such as sperm cells and others were incubated with Fluo-4 AM (1 μM) 

at 37°C in water bath (For sperm cells) or in incubator (for other Primary cells) for 30 

minutes. Subsequently two times washing was performed with 1 X PBS through 

centrifugation at 2000 RPM for 4 minutes and cells were pelleted in 1.5 ml Eppendorf tube. 

Thereafter cells were resuspended in respective media for live cell imaging. All steps of 

washing and resuspension were carried out at 37°C. Approximately 20 μL of suspended cells 

were dropped onto the live cell chamber which contain optimum number of floating cells and 

live cell imaging was performed with confocal microscope with 488 nm argon laser.  
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5.5.4. Mitochondrial Calcium imaging 

Mitochondrial Ca
2+

 imaging was performed with ratiometric mitochondrial pericam 

construct (A gift from Dr. Atsushi Miyawaki, RIKEN Brain Science Institute, Wako City, 

Saitama, Japan) [439]. Ratiometric pericam is a Ca
2+

-indicator fusion of two permuted 

protein yellow fluorescent protein (YFP) and Calmodulin which goes inside the 

mitochondria. Binding of single molecule of calcium with Mito-pericam changes their 

excitation wavelengths from 415 nm to 494 nm while its emission spectra at 515 nm. 

CHOK1-V4 and CHOK1-Mock cells were transfected with Mito-pericam construct in live 

cell dishes and after 24 hours cells were imaged with confocal microscope. 

 

5.5.5. JC-1 (Ratiometric dye) staining in floating and adherent cells 

Mitochondrial potential staining in floating cell such as sperm cells were performed 

with 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) cationic 

dye. JC-1 dye exhibits potential-dependent accumulation inside the mitochondria and also has 

fluorescence emission properties that shift from green (525 nm) to red (590 nm) region [440]. 

After TRPV4-specific drug treatment, floating cells were incubated with JC-1 (1 µM) for 20 

minutes at 37°C. Subsequently cells was pelleted down at 2000 RPM for 4 minutes and 

resuspended in media. Resuspendend cells at high density were placed onto the live cell 

chamber and images were acquired by confocal microscope (Zeiss LSM780) in the respective 

excitation and emission regions. 

In adherent cells line such as CHOK1-V4 and CHOK1-Mock, cells were seeded in 25 

mm coverslip for overnight. TRPV4 specific activator 4αPDD (5 μM) and inhibitor RN1734 

(10 μM) was added for 6 hours and after that JC-1 (5 µM) was added for 40 minutes and kept 

at incubator. Subsequently cells were washed by 1 X PBS and coverslip were taken for live 

cell imaging by confocal microscope (Zeiss LSM780). 
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5.5.6.    MitoTracker Red staining in adherent and floating cells 

Adherent cells were grown and transfected on 12 mm glass cover slips. Two days 

after seeding or transfection, cells were incubated with MitoTracker Red (1 μM) for 20 

minutes in cell culture incubator. Subsequently cells were washed with 1 X PBS and fixed by 

4% PFA at RT. Similarly for sperm cells (floating cell) after drug treatment, MitoTracker 

Red (2 μM) was added in sperm incubating media and kept at 37°C in water bath for 20 

minutes. Subsequently incubated cells were diluted in 3 ml of 1 X PBS to avoid any 

clumping or aggregation during PFA fixation and immediately equal volume of 3 ml PFA 

(4% PFA) were added in diluted sperm for fixation.    

 

5.6. Method related Immunocytochemistry and microscopy 

 5.6.1.    Immunocytochemistry 

Cells were grown and transfected on 12 mm glass cover slips. Two days after seeding 

or transfection, the cells were fixed either with 4% paraformaldehyde at room temperature 

(RT). Cells were permeabilized with 0.1% Triton X 100 in PBS for 5 minutes, followed by 

two times washing with 0.1% PBS-T (0.1% Tween 20 in 1 X PBS). The cells were blocked 

with 5% bovine serum albumin (BSA) prepared in PBS-T. Subsequently cells were incubated 

with primary antibody for overnight (Dilution varies depending upon primary antibody type) 

at cold room. Thereafter cells were washed three times with PBS-T (PBS supplemented with 

0.1% Tween 20). The cells were further incubated for 1 hour with Alexa dye labelled 

secondary antibody (anti-mouse or anti-rabbit) diluted (1: 1000) in PBS-T and 5% bovine 

serum albumin (BSA) in 1:1 ratio. After incubation with secondary antibody/ies, the cells 

were washed three times with PBS-T buffer. Further for nucleus staining cells were incubated 

with DAPI (5 μM) in PBS-T for 30 minutes at RT. Subsequently cells were washed with PBS 
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two times and cover slips were finally mounted onto glass slides with Fluoromount G 

(Southern Biotech). 

 

 5.6.2.    Live cell imaging 

Live cell imaging were performed to see the changes in mitochondrial potentiality, 

mitochondrial calcium, total Ca
2+

-influx and mitochondrial morphology in different adherent 

(CHOK1-V4, CHOK1-Mock, HaCaT cells) and floating cell (sperm cell). Depending upon 

the requirements, cells were transfected with respective construct or labelled with relevant 

mitochondrial dye (MitoTracker Red FM, JC-1) and coverslip were imaged with Zeiss 

confocal microscope (1.4 NA, 63X objectives). TRPV4-specific pharmacological agents were 

gently added to the live cell imaging chamber during the imaging and care was taken to avoid 

any focal drift due to pipetting or vibration of microscope stage. Since sperm cells are motile, 

therefore to visualize the changes in calcium level across the head to tail region, live cell 

imaging was done with minimum time gap between image acquisitions.   

 

 5.6.3.    Image processing, analysis and quantification by different software 

All confocal images were processed with LSM 510 and Zen 2010 software. Live cell 

time series images, movies depicting sperm motility and spatio-temporal changes in the Ca
2+

-

levels calculation and image processing were performed with Image J and Fiji software. To 

see the changes in mitochondrial area, Aspect ratio, perimeter, Form Factor and all parameter 

related to mitochondrial morphology were quantified by mitochondrial morphology plugin by 

using Image J software [225]. Image resolution and labelling was done by Adobe Photoshop 

software.
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Introduction

In spite of sharing high degree of homology and identity, mem-
bers of TRPV channels retain their uniqueness in terms of struc-
ture, function and ability to recognize different physical and 
chemical stimuli. Among all TRPV channels, TRPV4 is unique 
as it can be activated by temperature, pressure and also by specifi c 
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Transient Receptor Potential Vanilloid sub type 4 (TRPV4) is 
a member of non-selective cation channel that is important 
for sensation of several physical and chemical stimuli and 
also involved in multiple physiological functions. Recently 
it gained immense medical and clinical interest as several 
independent studies have demonstrated that mutations in the 
TRPV4 gene can results in genetic disorders like Brachyolmia, 
Charcot-Marie-Tooth disease type 2C, Spinal Muscular Atrophy 
and Hereditary Motor and Sensory Neuropathy type 2. Close 
analysis of the data obtained from these naturally occurring as 
well as other TRPV4 mutants suggest that it is not the altered 
channel activity of these mutants per se, but the involvement 
and interaction of other factors that seem to modulate 
oligomerization, traffi  cking and degradation of TRPV4 channels. 
Also, these factors can either enhance or reduce the activity of 
TRPV4. In addition, there are some potential signaling events 
that can also be involved in these genetic disorders. In this 
review, we analyzed how and what extent certain cellular and 
molecular functions like oligomerization, surface expression, 
ubiquitination and functional interactions might be aff ected 
by these mutations.

TRPV4-mediated channelopathies
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chemical ligands.1 TRPV4 is functionally conserved throughout 
the evolution as mammalian TRPV4 can rescue the mechanosen-
sitive defects observed in OSM9 mutants in C. elegans,2 suggest-
ing that the functional and interacting network related to TRPV4 
may be conserved to a large extent and TRPV4 functionality is 
important for some organism. Recent studies demonstrated that 
missense mutations result in either constitutively-active or con-
stitutively-inactive TRPV4 channels,3-7 which leads to inheritable 
genetic disorders. To make it more complicated, point mutations 
at the same position generates different mutant TRPV4 channels 
that not only exhibit different electrophysiological properties in 
vitro but also reveals different level of surface expression. Based 
on the available data, we summarize the latest understanding of 
the structure—function relationship of TRPV4 and critically 
analyze how different mutations can affect the structure, func-
tion as well as the regulation of TRPV4 at the cellular level. Our 
analysis also indicates some other factors that may act as a miss-
ing link and probably also contributing in these genetic disorders 
and involved in TRPV4 functions.

Structure of TRPV4 and Different Interacting 
Proteins

At the functional level, four subunit of TRPV4 assemble in 
proper order to form a functional channel which can conduct 
ionic infl ux.8 At present, no crystallographic or nuclear magnetic 
resonance (NMR) data is available that can shed light on the 
fi ne atomic structure of functional TRPV4. However, recently, 
structure of Rat TRPV4 was analyzed at a resolution of 3.5 nm by 
cryo-electron microscopy.9 This electron microscopic (EM) study 
was conducted on His-tagged TRPV4 expressed in Baculovirus 
infected Sf9 cells, solubilized with detergents and further puri-
fi ed by several chromatography columns. This study reveals that 
functional TRPV4 forms a “hanging basket”-like structure, which 
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be responsible for cellular transport and surface expression of 
TRPV4.22

Naturally Occurring TRPV4 Mutants and Genetic 
Disorder

Recently, few naturally occurring TRPV4 mutants have been 
identifi ed. Interestingly, most of these missense and nonsense 
point mutations are linked with the development of genetic disor-
ders in human and a detailed list of naturally occurring TRPV4 
mutations and related disease is documented (Table 1). Here we 
briefl y discuss some of these mutations gained importance in 
terms of genetic disease.

Brachyolmia. Using a linkage analysis and candidate gene 
sequencing, Rock et al. have identifi ed that some patients affected 
with brachylomia have missense mutation in TRPV4, specifi cally 
at position R616Q or V620I respectively.7 These mutations are 
located at the 5th-transmembrane region which is a part of the 
functional pore. Each of these two mutations increases basal 
level activity when compared to the wild type TRPV4. Also the 
response to 4αPDD (a TRPV4 specifi c agonist) is more in the 
mutants when compared with the wild type. This result also 
indicates that these two mutations preferably stabilize TRPV4 in 
its “open stage” resulting in constitutive activity of the channel.

Spinal muscular atrophy (SMA). SMA is a heterogeneous 
disorder of peripheral nervous system. Patients with SMA have 
been reported to have several missense mutations in the TRPV4, 
namely at R316C, R269H and R315W.4 These mutations are 
located at the ARD of TRPV4. These (mutants R316C, R269H 
and R315W) reveal loss of function when challenged by hypos-
motic solution and 4αPDD.4

Hereditary motor and sensory neuropathy type 2 
(HMSN2C). Charcot Maries Tooth disease type 2C (CMT2C) 
and Scapuloperoneal Spinal Muscular Atrophy (SPSMA) are 
also known as HMSN2C. SPSMA patients are characterized by 
weakness of scapular muscle and bone abnormalities. CMT2C 
leads to weakness of distal limbs, vocal cords and often impairs 
hearing and vision. Genetic analyses of these patients have shown 
the presence of missense mutations at the TRPV4, especially at 
the R269H, R315W and R316C positions.4

Spondylometaphyseal dysplasias (SMDK) and metatropic 
dyplasia. SMDK is an autosomal dominant dysplasia. Genetic 
mapping of the patients affected with this disease have shown 
missense mutation in TRPV4, either at R594H, D333G or 
A716S.27 Any of these mutations seems to alter the basal level 
activity. In addition, I331F and P799L mutations are known to 
induce metatropic dysplasia.27

As all these above mentioned mutants are naturally occur-
ring, these mutants are not embryonically lethal (as most lethal 
mutants will be naturally excluded from the population). It is 
also important to note that none of these mutants show complete 
loss of their prime function, i.e., the ionic conductivity. Indeed, 
experimental results suggest that some of these mutants even have 
enhanced channel opening.7 As most of the patients are heterozy-
gous, it can be concluded that it is not only the ionic conduc-
tivity of the TRPV4 per se, but also the signaling events which 

is approximately 130 Å in length (from top to bottom) and 85 Å 
in width respectively. Approximately 30% volume of the func-
tional channel lies in the plasma membrane and 70% of the total 
volume remains hanging from the plasma membrane. This 3D 
structure indicates that trans-membrane and/or membrane-inte-
gral proteins as well as several cytoplasmic proteins can interact 
with the TRPV4 and these interactions can modulate the struc-
ture—function relationship of TRPV4. As TRPV1 and TRPV4 
share a high-degree (∼41%) of sequence identity and functional 
TRPV1 also forms a similar “hanging basket”-like structure,10 it 
is justifi ed to assume that TRPV4 and TRPV1 share similarity in 
structure—function relationship to some extent.

In addition to this EM structure, certain structural infor-
mation can also be extracted on the basis of characterizations 
performed on smaller fragments of TRPV4. The mammalian 
[based on Rat (gi62901120), Mice (gi62901468) and Human 
(gi62901470) sequence] TRPV4 polypeptide is 871 amino acid 
long with both the N- and C-terminal domains located at the 
cytoplasmic side. The N-terminal cytoplasmic domain con-
tains six Ankyrin Repeat Domains (ARD) that are specifi cally 
located between amino acid residues 132–383.5 These ARDs are 
predicted to be involved in the interaction with several proteins 
(Discussed later). These ARDs are also the key molecular deter-
minants assumed to be important for subunit assembly and inter-
action with different molecules.11,12 Apparently, the C-terminal 
cytoplasmic region of TRPV4 does not have any specifi c domain 
or motifs that can impart some especial structure-function pre-
diction related to TRPV4. However, the C-terminal cytoplasmic 
domain of TRPV4 contains a conserved TRP motif, which is 
a specifi c characteristic signature present in many other TRP 
channels.13

At present, only few proteins have been identifi ed which are 
known to interact with TRPV4. The C-terminus of TRPV4 is 
known to interact with IP3 receptor and Calmodulin.14,15 The 
Calmodulin interaction seems to regulate the self interaction of 
N- and C-terminal of TRPV4 in a Ca2+-dependent manner.16 In 
addition, C-terminus of TRPV4 shares a high homology with the 
tubulin-binding motif sequence of TRPV1 which suggests that 
TRPV4 can also be a part of microtubule cytoskeleton.17 Indeed, 
MAP7, a microtubule binding protein and soluble tubulin as well 
as polymerized microtubule interact with TRPV4, especially at 
the C-terminal region of TRPV4.18,19 In a similar manner, close 
proximity of TRPV4 and actin fi laments has been demonstrated 
by using fl uorescence resonance energy transfer (FRET).20

As TRPV4 is involved in the Charcot-Marie-Tooth disease 
type 2 (CMT2), it suggests that TRPV4 is genetically linked 
with other genes which are also involved in the same disease 
and thus TRPV4 share a special genotype-phenotype correlation 
with this gene products.21 Thus, several proteins, namely Kif1b, 
Neurofi lament L, Mfn2, Rab7a, Lamin A, Med25, GarS, Heat 
shock protein 27, MPZ, GDAP1 and Heat Shock Protein 22, 
which are also involved in CMT2 disease, are actually potential 
TRPV4 interacting partners.21 Indeed, our recent study confi rmed 
that Neurofi lament protein physically interacts with TRPV4.19 In 
the same context, Kif1B, which is also involved in the CMT2 
disease and/or peripheral neuropathic pain development, may 
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A better and further understanding of TRPV4 structure, 
interaction and function can also be derived from studies that 
have generated and characterized several artifi cial TRPV4 muta-
tions (Table 2). All these mutations mostly alter single amino 
acids or cause deletion of specifi c regions. The change (or loss) 
of these residues (or regions) correlates well with the change in 

is relevant with the development of pathophysiology. This is in 
agreement with the observation that TRPV4 knock out animals 
do not reveal embryonic lethality but develop some pathophysi-
ological disorders like hearing loss, impaired pressure sensation, 
reduced osmoregulation, defective bladder function and impaired 
release of antidiuretic hormone.2,28-31

Table 1. Naturally occurring TRPV4 mutations

Mutation Residue Change in charge
Domain/motif 

effected
Effects on ion 
 conductivity

Genetic disorder Ref

1 - P19S Nonpolar to polar N-terminal Less conductivity hyponatermia 23

2 C366T (exon 2) T89I
Polar (uncharged) to 

nonpolar
N-terminal Not done Metatropic dysplasia 24

3 G547A (exon 3) E183K Negative to plus ARD1 Not done SEDM-PM2 25

4 A590G (exon 4) K197R Plus to plus ARD2 Not done Metatropic dysplasia 24

5 - L199F Nonpolar to aromatic ARD2 Not done Metatropic dysplaisa 26

6 G806A (exon 5) R269H Plus to plus ARD3 Less conductivity SMA 4

7 G806A (exon 5) R269H Plus to plus ARD3 More conductivity CMT2C, SPSMA 6

8 G806A (exon 5) R269H Plus to plus ARD3 More conductivity CMT2C 5

9 G806A (exon 5) R269C Plus to polar un charged ARD3 More conductivity CMT2C 5

10 - E278K Negative to plus ARD3 Not done SMDK 26

11 - T295A
Polar (uncharged) to 

nonpolar
ARD4 Not done Metatropic dysplaisa 26

12 C943T (exon 6) R315W Plus to aromatic ARD4 Less conductivity HMSN2C 4

13 C946T (exon 6) R316C Plus to polar (uncharged) ARD4 Less conductivity HMSN2C 4

14 A1080T (exon 6) I331F Nonpolar to aromatic ARD5 Not done Metatropic dysplasia 27

15 - I331T
Nonpolar to polar 

(uncharged)
ARD5 Not done Metatropic dysplasia 26

16 A992G (exon 6) D333G Negative to nonploar ARD4 More conductivity SMDK 27

17 - V342F Nonpolar to aromatic ARD5 Not done Metatropic dysplasia 26

18 - F592L Aromatic to nonpolar TM4 Not done Metatropic dysplasia 26

19 G1781A (exon 11) R594H Plus to plus TM4 More conductivity SMDK 27

20 A1805G (exon 11) Y602C Aromatic to polar TM4-TM5 Not done SEDM-PM2 25

21 C1812G (exon 11) I604M Nonpolar to nonpolar TM4-TM5 Not done Metatropic dyslpasia 24

22 G1847A (exon 12) R616Q Plus to polar uncharged TM5, pore region More conductivity Brachylomia 7

23 C1851A (exon 12) F617L Aromatic to nonpolar TM5, pore region Not done Metatropic dysplasia 24

24 T1853C (exon 12) L618Q
Nonpolar to polar 

(uncharged)
TM5, pore region Not done Metatropic dysplasia 24

25 G858A (exon 12) V620I Nonpolar to nonpolar TM5, pore region More conductivity Brachylomia 7

26 - M625I Nonpolar to nonpolar TM5, pore region Not done SMDK 26

27 - L709M Nonpolar to nonpolar TM5, pore region Not done SMDK 26

28 C2146T (exon 13) A716S Nonpolar to polar
Cytoplasmic side 

of TM6
Same as wild type SMDK 27

29 - R775K Plus to plus C-terminal region Not done Metatropic dysplasia 26

30 - C777Y
Polar (uncharged) to 

aromatic 
C-terminal region Not done SMDK 26

31 - E797K Negative to plus C-terminal region Not done SEDM-PM2 26

32 - P799R Nonpolar to plus C-terminal region Not done Metatropic dysplasia 26

33 - P799S
Nonpolar to polar 

(uncharged)
C-terminal region Not done Metatropic dysplasia 26

34 - P799A Nonpolar to non polar C-terminal region Not done Metatropic dysplasia 26

35 C2396T (exon 15) P799L Nonpolar to nonpolar C-terminal Not done SMDK 27
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Table 2. Other artificially generated TRPV4 mutations

No Mutation Domain Change Effects Species Refs

1 P142A Proline-rich domain Nonpolar to nonpolar PASCIN binding abolished Murine 32

2 P143L Proline-rich domain Nonpolar to nonpolar PASCIN binding abolished Murine 32

3 R151D Proline-rich domain Plus to negative No change in response to 4αPDD Murine 33

4 R151A Proline-rich domain Plus to nonpolar No change in response to 4αPDD Murine 33

5 R151Q Proline-rich domain Plus to polar (uncharged) No change in response to 4αPDD Murine 33

6 R151K Proline-rich domain Plus to plus No change in response to 4αPDD Murine 33

7 P152A Proline-rich domain Nonpolar to nonpolar No effect Murine 32

8 K178A ARD 2 Plus to nonpolar Reduced binding to CAM and ATP Chicken 34

9 K183A ARD2 Plus to nonpolar Reduced binding to CAM and ATP Chicken 34

10 K185A ARD2 Plus to nonpolar Reduced binding to CAM and ATP Chicken 34

11 Y253F TM3 Aromatic to aromatic
No response in Ca2+-permeability to 

hyopotonic swelling
Mouse 35

12 N456H TRP box Polar (uncharged) to plus Marginal response to APB Mouse 36

13 Y555A TM3 Aromatic to nonpolar
Strongly impaired permeability, lower 

basal level
Mouse 35

14 Y555F TM3 Aromatic to nonpolar Same as wild type Mouse 35

15 S556A TM3 Polar to nonpolar Lower basal level activity Mouse 35

16 Y566A TM4 Aromatic to nonpolar Increased basal level Activity Murine 37

17 L584M TM4 Nonpolar to nonpolar Increased basal level Activity Murine 37

18 W586A TM4 Aromatic to nonpolar Increased basal level Activity Murine 37

19 M587A TM4 Nonpolar to nonpolar Marginal response Murine 37

20 N588A TM4
Polar (uncharged) to 

polar
Marginal response Murine 37

21 Y591A TM4 Aromatic to nonpolar Marginal response Murine 37

22 R594Q TM4 Plus to polar (uncharged) No response Murine 37

23 R594A TM4 Plus to nonpolar No response Murine 37

24 R594K TM4 Plus to plus Increased response to 4αPDD Murine 37

25 L619P TM5 Nonpolar to nopolar
Iincrease in response to 4αPDD (Gain 

of function)
Rat 38

26 L623P TM5 Nonpolar to nonpolar Not done Rat 38

27 N651Q TM5-TM6, pore region
Polar (uncharged) to 

polar (uncharged)
Increase at surface expression and 

increase in response (Gain of function)
Murine 39

28 D672A Pore region Negative to nonpolar Reduced Ca2+-permeability Mouse 40

29 D672K Pore region Negative to plus Decreased osmotic response Rat 2

30 K675A
Cytoplasmic pore 

region
Plus to nonpolar 

(uncharged)
No change Mouse 40

31 M680A Pore region Nonpolar to nonpolar Decreased Ca2+-selectivity Mouse 40

32 M680K Pore region Nonpolar to plus Lack of channel activity Rat 2

33 M680D Pore region Nonpolar to negative Complete loss of Ca2+-selectivity Mouse 40

34 D682A Pore region Negative to nonpolar Decreased Ca2+selectivity Mouse 40

35 D682K Pore region Negative to plus Decreased osmotic response Rat 2

36 F707A TM6 Aromatic to nonpolar Increased response to 4αPDD Murine 33

37 F707K TM6 Aromatic to plus Resulted in non-functional channel Murine 33

38 F707D TM6 Aromatic to negative Resulted in non-functional channel Murine 33

39 M713V TM6 Nonpolar to nonpolar Not done Rat 38

40 M713I TM6 Nonpolar to nonpolar Gain of function Rat 38

41 W733R C-terminal region Aromatic to plus Not done Rat 38

42 W737R TRP-BOX Aromatic to plus
Increased sensitivity to APB (Gain of 

function)
Mouse 36
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proposed that ARD3 and ARD5 form a molecular zipper that 
stabilizes the channel assembly.56 In case of TRPV4, both N- and 
C-terminal domains as well as transmembrane regions contribute 
to overall assembly and functionality of TRPV4 channel.53

Within the N-terminus, the ARD regions (amino acid residues 
132–383) seem to be important for assembly and maturation of 
TRPV4.57,58 This conclusion is drawn on the basis of the fact that 
TRPV4 splice variants namely B, C and E isotypes cannot assem-
ble into functional channel.57 These isotypes lack regions located 
at the N-terminal region, are sequestered in endoplasmic reticu-
lum and thus cannot reach to the plasma membrane. In contrast, 
A and D isotypes are transported to the membrane and can form 
functional channels. Thus cells expressing A and D isotypes can 
response against TRPV4-specifi c stimuli.57 This result is in line 
with another study which demonstrated that the N-terminal 
region of TRPV4 is responsible for homotetramer formation.53 
In the agreement with the role of ARDs in the oligomerization 
and surface expression, mutations namely R269H, R315W and 
R316C result in loss of function due to reduced surface expres-
sion, at least when expressed in HeLa cells.4 This conclusion is 
drawn from the reduced Ca2+-peaks observed after activation 
with 4α-PDD in cells expressing TRPV4 mutants. Cells express-
ing these mutants also contain aggregated patches distributed 
all over the cytoplasm.4 As all these mutations are located at the 
ARDs, these results strongly suggest that ARDs located at the 
N-terminal region play important role in subunit assembly and 
act as prime site for binding auxiliary proteins.

How the N-terminal region contributes and regulates all 
these properties is currently unknown. The ARDs can possibly 
act as scaffold or adaptor and helps the interaction of TRPV4 
with other proteins. In a bigger context, these results suggest 

certain interaction and function attributed for TRPV4. All these 
mutational analysis indicate that the structure—function rela-
tionship is determined by whole TRPV4 sequence. However, two 
“hot spots” in TRPV4 sequences are prominent, one at the pore 
region and the second one in the ARDs.

Can these Mutations Affect TRPV4 Oligomerization?

Recently a number of studies have characterized the assem-
bly and oligomerization of TRP channels.45,46 Members of TRP 
family can also form homo- or hetero-tetramer.47-50 It has been 
also postulated that the assembly and oligomerization can occurs 
in phases to get functional conformation of the channel. For 
example, in TRPC, tetramerization occurs through interac-
tion of association domain 1 (AD1) (N-terminal region) fol-
lowed by interaction with AD2 (putative pore region S4-S5 and 
C-terminal region).13,51 However, in spite of several studies, the 
molecular mechanism underlying the assembly of TRPV mono-
mers into functional tetramer is still at infancy. In addition, the 
regions of TRPV channels and the sequence specifi city, which 
regulates the homo- or hetero-tetramer formation, are not well 
understood.52,53

In spite of some sequence similarity, all TRPV members 
prefer to form homo-tetramer and different regions like ARD, 
colied coil domain and transmembrane regions are important 
for oligomerization.53,54 For example, a small region located at 
the C-terminus of TRPV1 is important for homotetramer for-
mation55 while TRPV5 and TRPV6 can form a hetero tetramer 
due to interaction at the N- and C-terminus.47 The N-terminal 
region, especially the ARD3 and ARD5 have been shown to play 
an important role for oligomerization of TRPV6.56 It has been 

Table 2. Other artificially generated TRPV4 mutations

43 E797K C-terminal Negative to plus Gain of function Murine 33

44 E797A C-terminal Negative to nonpolar Gain of function Murine 33

45 S824A C-terminal
Polar (uncharged) to 

nonpolar
No significant difference in channel 

activity
Mouse 41

46 S824D C-terminal
Polar (uncharged) to 

negative
Increased channel activity than wild 

type
Mouse 41

47 TRPV4 Δ1–410 N-terminal Deletion Decreased channel activity Rat 2

48 TRPV4-Δ40–112 N-terminal region Deletion
Not retained in ER and detected at 

cell periphery
Mouse 42

49 TRPV4-Δ40–235 ARD Deletion Retained in ER Mouse 42

50 TRPV4-Δ132–144
Loss of Proline-rich 

domain (PRD)
Deletion Less channel activity Human 14

51 TRPV4-Δ226–437 Ankyrin repeats Deletion Retained in ER Mouse 42

52 TRPV4-Δ235–398 Ankyrin repeats Deletion Less channel activity Murine 43

53 TRPV4-Δ411–437 PY-motif Deletion
No effect on ubiquitination in 

 presence of AIP4
Mouse 44

54 TRPV4-Δ741–871 C-termianl region Deletion Decreased channel activity Rat 2

55 TRPV4-Δ812–831
Deletion of CAM-

binding region
Deletion Prevent IP3 binding, Loss of function Human 14

56 TRPV4-Δ868–871
Deletion of C- terminal 

PDZ domain
Deletion Same as wild type Human 14
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reveal important clues about the surface expression of TRPV4 
and also raise an important and interesting question: how the 
surface expression of TRPV4 is regulated? As the R residues at 
the position of 269 and 315–316 cannot act as potential phospho-
rylation sites, altered functions of the relevant mutations cannot 
be explained by direct phosphorylation-mediated regulation on 
TRPV4. Preliminary bioinformatic analysis (AGADIR predic-
tion algorithm, available at http://agadir.crg.es/) with human 
TRPV4 sequence (NCBI number gi62901470) indicate that sub-
stitution of R to H (R269H) or R to C (R269C) at the position 
of 269 and substitution of R to W (R315W) or R to C (R316C) 
at the position of 315–316 can potentially change the structure 
of these regions, especially the alpha-helical propensity and/or 
helical percentage of that region to some extent. These changes 
might be important if compared in case of permissive tempera-
ture (T = >37°C to 45°C, a temperature range in which TRPV4 
can be activated) with in non-permissive temperature (T = <37°C 
to 15°C, a temperature range in which TRPV4 should not be acti-
vated). R to K substitutions (R269K and R315K) in these posi-
tions is known to rescue the functions of the mutants (R269H 
and R315C) respectively.4 Interestingly, the bioinformatic analy-
sis reveals that these rescue mutants may have helical properties 
in these regions that are similar to the wild type. However, at 
present, the true helicity of these two important regions are not 
known and further experimental proof is required to confi rm if 
these mutations can indeed alter the helicity/secondary structure 
of these regions.

Interestingly, R269 is located within the ARD-helix and 
brings a positive charge at the surface of the ARD3 and thus may 
be crucial for interaction with other protein. Though R269K 
mutation rescue the effect of R269H mutation,4 critical analysis 
of relevant mutations reveal few important clues: fi rst, a specifi c 
positive charge at the position of 269 is neither very important 
nor plays the prime determining factor. This is due to the fact 
that substitution of polar R (10.75) with another polar residue 
H (7.59, though having a different side chain and size) results 
in abnormal traffi cking and accumulation of mutant TRPV4 at 
the cytoplasm.4 Secondly, substitution of polar R (10.75) with a 
non-polar residue C (5.07) does not alter the surface expression.5 
Also substitution of R with K (9.74) can rescue the effect. Thus, 
a change in the size and/or at the side chain of the residues at 269 
and mutation-induced local yet minute change in the structure 
seems to be more important than the positive charge. The contra-
dictory results from Auer-Grumbach et al. and Deng et al. may 
also suggest a differential interaction and/or regulation of surface 
expression of TRPV4 even in different cell lines of Human origin 
(HeLa and HEK).44 As most of the point mutations are observed 
in the N-terminal region, specifi cally at the position of ARDs 
(R269H, R315W, R316C), a loss or at least a different route of 
traffi cking seems to be relevant. Considering that constitutive 
activation of any ion channel is harmful and in general, most 
of the ion channels stay in their closed state, it seems logical to 
assume that proteins interacting with TRPV4 may act as inhibi-
tory complex and thus stabilize TRPV4 in its closed state, ther-
modynamically most stable state. Thus, it is tempting to speculate 
that substitution of R with other amino acids (like H, C and W) 

that oligomerization of TRPV4 is important not only for its 
 traffi cking and surface expression but also for functional proper-
ties like selectivity and gating mechanisms. Like all other mem-
brane proteins, assembly of TRPV4 also occurs in endoplasmic 
reticulum and it undergoes diverse modifi cations like disulfi de 
bond formation and glycosylation.59 Coiled-coil domain (protein 
oligomerization unit), ARDs and transmembrane domains of 
TRPV4 seem to be important for tetrameric assembly.52 Thus, 
any mutation in these regions can potentially result in abnormal 
channel assembly and/or activity. Within endoplasmic reticulum, 
proper folding of TRPV4 and further tetramer formation seems 
to be facilitated by interaction with OS-9 which has chaperone-
like activity.42 Though the exact position where OS-9 interacts 
with monomeric TRPV4 is not known, it is known to interact 
at the N-terminus of TRPV4 and especially within amino acid 
40–235.42 This interaction can prevent misfolding of TRPV4 
and further polyubiquitination of misfolded monomeric TRPV4. 
Therefore this interaction can potentially reduce the degrada-
tion of TRPV4 by endoplasmic reticulum-associated degradation 
(ERAD) pathway and/or by 26S proteasome.42,60

How These Mutations can Affect Function and 
Surface Expression of TRPV4? 

Previously it has been shown that deletion of extreme 
C-terminal 16 amino acid residues does not alter the surface 
expression as truncated TRPV4 having 1–855 amino acids can 
exported to the membrane and this surface expression is equiva-
lent to the wild type TRPV4 (amino acid 1–871).61 However, the 
same study revealed that the deletion of 16 amino acids at the 
region of 828–844 results in accumulation of TRPV4-Δ828-844 
in the ER. Another report demonstrate that deletion of amino 
acid residue 132–144 (located at the N-terminal cytoplasmic 
domain), i.e., deletion of Proline-rich domain (PRD) results in 
loss of channel function despite having proper traffi cking at the 
membrane.14 It has also been demonstrated that interaction of 
PACSIN 3, a cytoskeletal protein to the N-terminal region of 
TRPV4 enhances the membrane localization.32 Though all these 
studies characterized the traffi cking of TRPV4 to a large extent, 
the understanding of surface expression of TRPV4 and actual 
regulation/s underlying this is still fragmented. As both N- and 
C-terminal regions seems to be important, the reported self 
interaction between N- and C-terminal of TRPV4 mediated by 
Calmodulin and Ca2+ might play an important role here.16

TRPV4-R269H mutant mostly accumulated in the cyto-
plasm, indicating that amino acid R269 located at the 3rd ARD 
is important for the surface expression, at least in case of HeLa 
cells.4 However, using a different cellular system, namely HEK 
cell, another group has reported that the same TRPV4-R269H 
mutant has proper cell surface expression.6 A similar study 
revealed that a different mutation at the same position, i.e., 
TRPV4-R269C does not have an altered surface expression in 
HeLa cells.4 In contrast, R316C reveals a loss of function (com-
pared to the wild type) when expressed in HeLa cells4 while the 
same mutation reveals a gain of function in HEK cells.6 Though, 
these results appear as contradicting to each other, these data 
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Sequence analysis also shed light on the differential  distribution 
of the wild type and mutant TRPV4. Both carboxyl-terminal 
dilysine KKXX motif which interacts with coat protein I (CopI 

at the position of 269 and 315–316 might result 
in either weak or strong interaction of at least one 
molecular component that works as a inhibitory 
complex for TRPV4 (Fig. 1).

Signifi cant information can be imparted from 
these results: How is the surface expression of 
TRPV4 regulated? Generally, surface expression 
of TRP channels is an important aspect regulated 
in several manners. Depending on the signaling 
events, new functional channels are recruited to 
the plasmamembrane when required.44,62,63 The 
pre-existing channels will be either recycled by 
endocytosis and exocytosis or internalized and 
degraded by 26S proteasomal pathway if not 
required.64 These regulations are essential and 
form the basis of channel homeostasis at the 
plasma membrane. In that context, multi vesicu-
lar body (MVB) pathway is important as it regu-
lates the level of surface expression by degrading 
the internalized transmembrane protein at lyso-
some.65 Surface expression of transmembrane 
proteins can also be regulated by Ubiquitin, a 76 
amino acid long chain that serves as a degradation 
signal in Ubiquitin-mediated Proteasomal degra-
dation pathway.66 Ubiquitin attachment is carried 
out by three enzymes E1 (Ubiquitin activating 
enzyme), E2 (Ubiquitin conjugating enzyme) 
and E3 (Ubiquitin ligase) and internalized ubiq-
uitinated proteins are known to be degraded at 
lysosome.67 However, recent studies demonstrated 
that Ubiquitin can also be used as a sorting signal 
for MVB pathway.68-70

In case of TRPV4, surface expression seems 
to be regulated by Ubiquitination, at least in 
parts. Atrophin-1-interacting protein 4 (AIP4) 
is a member of HECT ligases which acts as an 
E3 ligase.71 AIP4 is known to add Ubiquitin on 
TRPV4, especially within amino acid residues 
411–437 located at the N-terminal cytoplasmic 
domain.44 It has been demonstrated that AIP4 
actually promotes endocytosis and thus increases 
the intracellular pool of TRPV4.44 These inter-
nalized TRPV4 containing vesicles effi ciently 
recycles to the plasma membrane.44 However, it 
has been observed that in spite of tagged with 
Ubiquitin, some of the TRPV4 does not get 
degraded, but become accumulated beneath 
plasma membrane.44 Thus, AIP4 seems to plays 
a role which is not only relevant in the context of 
Ubiquitination of the TRPV4 but also can direct 
the TRPV4 under regulation by MVB pathway. 
As AIP4 binds to the N-terminal region of the 
TRPV4,44 mutations in this region can leads to 
altered Ubiquitination. This altered Ubiquitination might affect 
the surface expression and Ca2+-infl ux via TRPV4 that is relevant 
in the context of cellular function (Fig. 2).

Figure 1. A hypothetical model demonstrating how mutations in the ARD region can 
alter the TRPV4 function. (A) Interaction of the inhibitory complex (indicated by gray 
object) can stabilize the TRPV4 in its closed conformation and dissociation of this com-
plex can be a pre-requisite for TRPV4 channel opening. Diff erential interaction of TRPV4 
mutants with this inhibitory complex can stabilize the TRPV4 channel either in closed 
state or in open state. (B) Altered characteristics of wild type and mutant TRPV4 can be 
explained if the interaction of this inhibitory complex with TRPV4 can be stabilized and/or 
regulated by two key positions, namely by R269 and RR315-6. A change in these positions 
can alter the association-dissociation of this inhibitory complex with TRPV4 as indi-
cated in the fi gure. The biophysical properties of this inhibitory complex, like structure, 
association-dissociation kinetics seems to be diff erent in HEK (indicated by Red) and HeLa 
cells (indicated by Green). The cartoons represent the interaction of the TRPV4 with the 
inhibitory complex in the closed-state mainly.
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on the N-terminal region (122RWR and 269RGR) and two at 
the C-terminal (816RLR and 819RDR) cytoplasmic domain. 
Interestingly, mutation at R269 (R269C and R269H) can destroy 

complex) and the internally positioned RXR motif  regulate 
the retention of any protein within endoplasmic reticulum.72 
Apparently, TRPV4 polypeptide contains four RXR motifs, two 

Figure 2. A hypothetical model depicting how surface expression of TRPV4 can be regulated. (A) Surface expression of wild type TRPV4. OS9 protein 
with a chaperone-like activity assists TRPV4 monomer (indicated by red) to form tetramer. Misfolded TRPV4 is targeted for Ubiquitin-dependent 
26S Proteasomal degradation pathway (ERAD, shown in steps 1a–d). Perfectly folded TRPV4 tetramer are inserted in vesicles and recruited to the 
plasma membrane (steps 2a and b). Most of the membrane inserted TRPV4 can be recycled (steps 3a–d). A fraction of the membrane inserted TRPV4 
is regulated by AIP4, an E3 ligase and become monoubiquitinated (step 4a). This monoubiquitinated TRPV4 can be either degraded by lysosomes 
by multi-vesicular-body pathway (MVB pathway, indicated in steps 4a–d) or they get recycled back and become part of the recyclable vesicular pool 
located just beneath the plasma membrane. (B) Reduced surface expression of TRPV4 mutant. In case of mutant (for example R269H, R316C and 
R315W in HeLa cell, indicated by yellow), a major fraction of total synthesized TRPV4 is misfolded and thus degraded by ERAD pathway as a quality 
control mechanism (steps 1a–d). Only a minor fraction of synthesized TRPV4, which is fully assembled and functional will be transported by vesicles 
and recruited to the plasma membrane (steps 2a and b). The other steps related to MVB pathway (steps 4a–d) and recycling of vesicles (steps 3a–d) are 
expected to be operational in case of mutants also. But for simplicity it is not shown in (B).
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The proteins which are actually involved in insertion of 
TRPV4-containing vesicles to the plasma membrane and for rec-
ognizing Ubiquitin-tagged TRPV4 as sorting signal has not been 
identifi ed yet. In this regard, recent studies on other TRP chan-
nels indicate that membrane traffi cking of TRPs are complex 
and different Rab-GTPase, dynamin, 80KH, annexins and kine-
sins might be involved.74-77 Based on the structural information 
available and existing sequence homology among other TRPs, 
especially with TRPV members and the manner by which the 
surface expression of TRP channels are regulated, it can be spec-
ulated that proteins like Signal Transducing Adaptor Molecule 
(STAM), Hrs (which downregulate TRPP2 in C. elegans) and 
Recombinase Gene Activator (RGA, which regulates cell surface 
expression of TRPV2) may also be involved in the surface expres-
sion of TRPV4.78-80 However, further detailed studies are needed 
to confi rm if these proteins really interact and are involved in the 
surface expression of TRPV4.
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the function of one RXR motif located at the N-terminal domain 
and thus regulate the surface expression signifi cantly. However, 
this possibility needs to be verifi ed experimentally in future.

Future Direction and Conclusion

The relation between assembly, traffi cking, surface expres-
sion and functionality of TRP channels is poorly understood and 
seems to be specifi c for each TRP channels. In many cases the 
TRPV channel can assemble and expressed at the plasma mem-
brane but remain non functional. For example, substitution of 
TRP domain (684–721, which is highly conserved in all TRP 
family and known as TRP box) from TRPV1 to TRPV2-TRPV6 
results assembly of TRP channels and proper surface expression 
also. However, these TRPV chimeras remain non functional.73 
In case of TRPV4, OS-9 seems to be important for its surface 
expression. In this regard it is important to mention that ecto-
pic expression of TRPV4 causes deformities in body and bone in 
zebra fi sh embryos.42 Interestingly, expression of OS-9 can rescue 
these TRPV4-mediated defects in zebra fi sh.42 Therefore, similar 
lethal phenotype observed in patients suffering from Brachyolmia 
and in the zebra fi sh embryos largely suggest that the fi ne regula-
tion of the basal level activity of TRPV4 is extremely important 
for normal bone function.7-42 This similarities in human as well 
as zebra fi sh may also hint that the OS-9-mediated regulation 
of TRPV4 is conserved throughout the evolution.7-42 However, 
further experimental proof is needed to validate this.
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1. ABSTRACT

Though stress is an integrated part of the modern
life, defining stress in biological systems is difficult.
Anxiety, medication, metabolic disorder, neuro-
endocrinological abnormalities, immunological responses,
neuro-immune interaction and several other internal and
external factors are important which induce stress and pain
in higher organisms. Stress and pain are often synonymous
and overlapping to a large extent, but these two responses
are different at the behavioral, cellular and molecular
levels. Importance of Transient Receptor Potential (TRP)
group of non-selective cation channels in the development
and regulation of different forms of pain is well established.
However, recent studies confirmed that TRPs can regulate
neuroplastic changes through neuro-endocrine signaling,
neuro-immune interactions and psychological state
variables suggesting that abnormalities in TRP-signaling
can indeed affect the hypothalamic-pituitary-adrenal (HPA)
axis and several other metabolic pathways and thus may
generate stress at various levels. Therefore, TRPs are
important factors that can link stress with pain. This review
summarizes the role of TRPs, their effects and clinical
implications in the context of different types of pain which
can be relevant for stress too.

2. STRESS AND PAIN: OVERLAPPING YET
DIFFERENT GAME?

Due to changes in the modern life style and other
associated factors, increased level of stress and pain has
become a prominent clinical, social and economic problem
(1). An increasing number of individuals worldwide suffer
from chronic stress and pain. Both life quality and duration
are adversely affected in these conditions. It has been
predicted that chronic stress and pain-related problems are
going to be the next biggest epidemic outbreak which
makes the need to understand stress and pain at the
molecular and cellular level. Understanding the relation
between pain and stress at the behavioral context is a high
priority and developing effective methods to nullify these
responses are clinically important.

Apparently stress and pain seems to be
synonymous and often overlap in many situations, mostly
at the gross behavioral level. Stress can be defined as the
nonspecific response of the body to any demand made upon
it (2). Commonly, stress is referred to as any adverse
condition observed at the cellular, organelle and/or
individual behavioral level and is often associated with
negative situations and settings (Box 1). Every individual



TRP channels in stress and pain

20

Figure 1. “Mind-body”- and HPA-axis are involved in
feedback amplification of stress and pain. In altered
conditions, physical, psychological and metabolic stimuli
initiates individual perception of chronic stress and pain. If
prolonged, stress and pain influence each other and forms a
noxious cycle of negative events. This cycle is linked to the
HPA-axis and affects the individual adversely. In addition,
the HPA-axis also affects the physical, psychological and
metabolic status of the individual and thus modulates the
vicious cycle of stress and pain.

can handle stress to an optimal level which has been
referred to as “eustress”. In contrast, the stress which
becomes harmful is referred to as “distress”. The
International Association of Study of Pain (IASP) has
defined “pain” as an unpleasant sensory and emotional
experience associated with actual or potential tissue
damage, or described in terms of such damage (Box 1).
Pain is a sensation in a part or parts of the body, but it is
also always unpleasant and therefore triggers an emotional
experience. Pain is partly contextual. For example, it has
been shown that pain sensitivity may or may not differ
within the context of a conditioned fear response (3).

There are several common factors that correlate
well with the development of stress and pain. In most cases,
the causes, the outcomes and the symptoms of these two
conditions are similar. Indeed, an increasing number of
studies indicate that stress and pain often share a common
“cause-effect” vicious cycle of events (Figure 1). This is
because prolonged stress can be considered as an upstream
event for the development of a chronic painful condition. In
reverse, chronic pain can also induce severe stress at the
physical and psychological level (4). Interestingly, both
stress and pain seem to have a shared evolutionary origin.
Certainly, pain is advantageous as it warns the body of
potential damages. Similarly, a stress-free life may also be
detrimental as an individual may lose his/her ability to react
to the different challenges in a stress-free life. At present
our understanding of stress, pain and their crosstalk is
rudimentary, but these two seems to be different at the
molecular, cellular and behavioral level. Thus, it might be
possible to mark the boundary between stress and pain.
Indeed, studies indicate that mis-regulation of ion channels

is a key factor behind the development of chronic pain and
other pathophysiological conditions. Therefore pain has
been recently considered as a channelopathy (5-11).

So far stress and pain has been analyzed in terms
of several factors/stimuli with different properties. Most of
these factors can be categorized as physical or chemical
stimuli (either endogenous or exogenous component). In
addition, psychological stimuli are also involved in
modulation of stress and/or pain (discussed later). As
several studies have already identified the different
physical and chemical stimuli contributing to pain
development, this review will not repeat such information
in further details. In contrast, this review will highlight the
different psychological, neurobiological and biochemical
factors and involvement of TRP channels that are relevant
in the context of stress and pain.

3. FACTORS THAT GENERATE STRESS AND PAIN

It is known that certain physical stimuli like
noxious temperature (hot as well as cold) and mechanical
pressure can cause pain. However, the molecular basis of
how different physical stimuli induce pain remains poorly
understood. Molecular characterization of temperature-
induced pain effectively started with the cloning of
Vanilloid Receptor sub-type 1 (VR1) (12). This is
commonly known as capsaicin receptor and now named as
Transient Receptor Potential Vanilloid sub-type 1,
(TRPV1) which can conducts a Ca2+-influx in response to
noxious temperature like 42°C (12). Subsequently, several
other Transient Receptor Potential (TRP) channels were
cloned and many of these are activated by noxious stimuli
(like high or low temperatures, mechanical pressure) (13).
TRPs were previously considered to be molecular detectors
for physical noxious stimuli and associated with the
transmission of pain signals. Therefore, TRPs are involved
in the execution of noxious temperature- and pressure-
induced deleterious effects. All these results in general
indicate that TRPs are involved in thermosensation and
mechanosensation (14). However, later studies confirmed
that animals lacking these channels (knockout studies) have
normal sensation suggesting the existence of functional
redundancy among these closely related ion channels (15-
17). For example, TRPV1 knockout mice have no thermal
selection when tested against temperature gradients.
However, the same animals reveal enhanced mechanical
responses. Similarly, TRPV3 and TRPV4 knockout animals
reveal a similar thermal preference comparable to wild type
animals (18). These contradictory results indicate that TRPs
may have overlapping yet different functions and signaling
events relevant in the context of physiological sensation
and pain.

In contrast to physical stimuli, chemical stimuli-
induced acute and chronic pain development is relatively
well-studied. So far a large number of studies have been
conducted to identify and characterize several compounds
(as exogenous or endogenous stimuli) that can induce and
modulate acute or chronic pain (19-21). The endogenous
components include different steroids and their derivatives,
lipid metabolites, inflammatory and immune secretary
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compounds (like histamine, interleukins, prostaglandins,
bradykinin and others), growth factors (like NGF, BDNF,
EGF), neuropeptides/ neurotransmitters (like GABA, SP,
NPY), different hormones, other metabolic products, low
pH and many other biomolecules (Table 1). These arrays of
nociceptive molecules are recognized by a set of molecular
detectors present in the nociceptive neurons and thereby
induce pain (20). In most cases, different transmembrane-
receptors, ion channels (including TRP channels) and pro-
nociceptive kinases are the first set of target molecules that
are stimulated by these nociceptive stimuli. Availability of
these stimuli, expression and activity of these molecular
detectors, and changes in the neuronal contacts are the
prime factors that regulate the pain transmission and the
degree of pain perception (21-23). In last few years
significant progress has also been made to unearth the
signaling pathways and cellular changes leading to the
development of hyperalgesia and allodynia (Box 1).
However, the detailed molecular mechanisms and pathways
remain unclear and these pathways seem to vary depending
on species and the stimuli used (21, 24).

In spite of extensive studies conducted to
characterize different factors, still only few have been
currently identified that can be considered as key
effectors/modulators of pain (21, 25). TRPs not only act as
key molecules that integrate several pain producing
signaling events but also play a much bigger role as
molecular regulators (26). Apart from their role in ionic
conductance, these channels interact with several proteins
and form dynamic signaling complexes at the membrane
alternatively known as the signalplex (27). Further studies
are needed to understand how different factors and stimuli
can alter the organization, regulation and function of these
complexes. A detailed biochemical and cellular
understanding of these signalplexes has clinical and
pharmacological interest too.

So far a magnitude of work has also been done to
characterize stress-inducing physical and chemical factors
(termed as stressors) and their effects. In contrast to
different forms of pain, understanding the physical and
biochemical basis of stress at the molecular level is just at
its beginning and remains largely undefined. Though, the
number of stressors is large, our understandings about the
stressors, their mode of action and effects remain largely
fragmented. Often the effects of different stressors differ
largely in quality, quantity and from subject to subject. For
example, changes in the day-light cycle perceived by
individual can also be stressful for some while others may
remain unaffected (27). So far very few endogenous bio-
molecules have been identified in higher animals that can
be considered as stress markers. The correlation of these
markers with the actual development of stress also remains
disputed. Thus, the outcome of all these studies can largely
be categorized in parts: the effect of stressors at the level of
metabolism and development of stressor-mediated
abnormalities at the level of cell, tissue and/or behavior.

Interestingly, altered levels of a few bio-
molecules (such as higher level of steroid hormones)
correlate well with the development of stressed conditions.

However, the reasons behind this altered level of steroids
are not clear (28). It has been demonstrated that school
boys who are occasionally bullied have higher levels of
cortisol (Box 1) than their peers who are not bullied (29). In
contrast, bullied girls seem to have cortisol at low levels
(29). Similarly, elevated corticosterone in the amygdala
increases anxiety-like behavior and pain sensitivity (30).
Similarly, higher level of blood cholesterol positively
correlates with the conditions characterized by
hypertension, stress and depression (31-32). It has been
demonstrated that depressed female primates have higher
total plasma cholesterol (TPC) and lower level of high
density lipoprotein cholesterol (HDLC) than non-depressed
female primates (31). A contribution by the immune system
in stress-response has also been demonstrated (33-34).
However, it is difficult to make general conclusions based
on these studies for several reasons. First, the molecular
mechanisms behind the individual to individual differences
are not clear. Second, the variability observed in these
studies is generally large and often differs from species to
species and population to population.

4. PHYSICAL, BIOCHEMICAL AND CELLULAR
BASIS OF PSYCHOLOGICAL STRESS AND PAIN

Recent studies have confirmed that psychological
state contributes robustly to the manifestation of pain and
thus is referred to as psychogenic pain (35). Psychogenic
pain has some common symptoms like headache, back
pain, or stomach pain. Previously, this type of pain was
considered an emotional phenomenon which is exclusively
independent of stimulation or damage of the peripheral
nervous system. However, later studies indicate that
psychogenic pain is more complex in nature. Functional
magnetic resonance imaging (fMRI) confirmed that sadness
enhances the experience of pain via neural activation in the
anterior cingulate cortex and amygdala (36). In a similar
context, “Phantom pain” and “emotional pain” have a large
degree of psychological association and these forms of pain
can affect physiology too. “Phantom limb pain”, is a kind
of neuropathic pain which is common in almost 85% of the
amputees who report this type of pain in their amputated
limb after surgery (37). Emotional pain is also another form
of pain where psychological contribution is significant (38).
High blood pressure, pain in the chest and heart, an
abnormally elevated mood, inflated self esteem, acute
insomnia, obsessive-compulsive disorder, anorexia,
depression, loss of concentration, and tearfulness, are some
of the commonly considered symptoms of stressful
situations which are often brought by a romantic break up
or by a "crush".

In contrast to pain, understanding the
psychological contribution in stress is even more difficult
as it affects the “mind-body” correlation by several
complex mechanisms. Although a correlation (either
positive or negative) exists between “mind-body
interaction” and the development of stress and/or pain, how
psychological states actually contribute to these conditions
remains poorly understood. Why and how different
individuals perceive stress with a different threshold level
and gradually build or avoid stressed conditions also
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Table1. Cross-talk between several stress-related factors and TRP channels
Compound TRP channel Effect(s)

Neuropeptides Neuropeptide-Y TRPV1 Suppresses Ca+2-influx via TRPV1
TRPV1 Inhibits activity of capsaicin-sensitive nociceptors and decrease capsaicin-induced CGRP release

Substance-P TRPV1
& TRPV4

Contributes in vasodilation regulated by Substance-P  during osmotic stress

TRPV1 TRPV1 activation results in release of Substance-P from capsaicin -sensitive spinal cord afferent terminals
CGRP TRPV1 &

TRPV4
Contributes in vasodilation regulated by CGRP  during osmotic stress

Neurotransmitters Dopamine TRPV1 Activation of TRPV1 excites dopaminergic neurons and increases dopamine release
NADA (Dopamine-
derivative)

TRPV1 Activates TRPV1 and causes retraction of TRPV1 positive neuronal growth cones

N-acyldopamines TRPV1 Activate TRPV1 and causes Ca2+-influx
OLDA TRPV1 Activate TRPV1,  causes Ca2+-influx and pain
Oleic acid, NAE TRPV1 Activate TRPV1,  causes Ca2+-influx

Linoleic acid TRPV1,
TRPV3 &
TRPM8

Increases open channel block (OCB) activity in which metal ion binds to receptor and decreases its ionic
conductivity

GABA TRPC4 TRPC4 controls the GABA release from dendrites
Glutamate TRPV1 TRPV1 activation induces glutamate release from spinal cord synaptosomes
Noradrenaline TRPV1 TRPV1 activation stimulates release of noradrenaline
Serotonin TRPV4 Activates TRPV4 and results in Ca2+-influx

Steroids and
derivatives

Estrogen TRPV1 Enhances the expression of TRPV1 channel in c-fibres

Androgen
TRPV4 Reduces the expression of TRP4 in bovine aortic endothelial cells
TRPV5 Activates TRPV5 and induces Ca2+-influx
TRPV1 TRPV1 activation induces expression of androgen receptor in prostate LNCaP cells

Testosterone
TRPM8 Androgen regulates the expression of TRPM8
TRPC3 Increases Ca2+-influx in muscles cells

Progesterone TRPV4 Decreases the cationic current and Ca2+-influx in human airways, mammary gland epithelial cells and vascular
smooth muscle cells

Insulin
TRPC5 Decreases activity of channels and Ca2+-influx
TRPV1 Present in islet beta cells and promotes  insulin secretion and  Ca2+-influx

Protein hormones
Klotho

TRPC3 Interacts with GLUT4 and promotes glucose uptake
TRPV5 Klotho, a β-glucuronidase hydrolyzes extracellular sugar residues on TRPV5 and increases Ca2+-influx, prevents

internalization and inactivation of the channels in Kidney cells
Leptin TRPC1 &

TRPC4-7
TRPV1

Activates POMC neuron by generating action potential and causes Ca2+-influx
Activation of TRPV1 blocks Leptin-CCK regulation

NGF TRPV1 Increases expression of TRPV1, CB2, Leptin receptor and attenuate the ischemetic injury in brain
TRPV4 Activates TRPV4 and sensitizes bladder for urine filling

Growth factors BDNF TRPV1 Sensitizes TRPV1 and causes Ca2+-influx
EGF TRPC5 Effects rapid translocation, insertion of channels in the plasma membrane and causes Ca2+-influx
Transforming growth factor
 (TGF-α)

TRPV3 Activates channels (in keretinocytes) and regulates proliferation, differentiation and also controls hair
morphogenesis

Transforming growth factor
-β1 (TGF-β1)

TRPM7 Induces differentiation of fibroblasts cells and increases the expression of TRPM7

Immuno-secretory
compounds

IL2 TRPM4 Prevents in T-lymphocytes  and induces  Ca+2-influx and IL-2 production during T-cells activation
IL4 TRPA1 Increases the production of inflammatory molecule during allergic condition in airway lungs
IL5 TRPA1 Increases the production of inflammatory molecule during allergic condition in airway lungs
IL6 TRPV1 Sensitizes TRPV1 via PKCδ pathway and produces pain
IL13 TRPA1 Increases the production of inflammatory molecule during allergic condition in airway lungs
Histamine TRPV1/

TRPV4
Activates  and excites sensory neurons by producing 12-HPETE, a downstream metabolite of PLA2 and LO
(lipoxygenase)

Bradykinin TRPA1/
TRPV1

Activates TRPA1 which acts via GPCR and phospholipase-C pathways
Causes excitation of vagal sensory airway pathways via  nitration of TRPV1

Prostaglandin TRPV1,
TRPV3
TRPA1

Sensitizes and activates  TRPV1
Influences acute nociception and hyperalgesia by activating TRPV3
Directly activates TRPA1

Macrophage Inflammatory
Protein-2 (MIP-2)

TRPC6 Present in neutrophil granulocytes and promotes fast cell migration via rearrangement of actin filament

IFN-γ TRPV1 Increases intracellular Ca+2 due to production of inflammatory molecule in microglial cells
NO TRPV1 &

TRPA1
Increases intracellular Ca+2 and expression of ion channels in DRG-neurons that helps in nociception

Other metabolites
and byproducts

Reactive Oxygen TRPA1 Increases intracellular Ca+2 and membrane current in lung sensory neuron
Arachodonic acid TRPV3

&
TRPV4

Directly potentiates responses via TRPV3 expressing cells

Activates TRPV4 and regulates cell swelling and metabolism of epoxyeicosatrienoic Acid,
Acetaminophen TRPV1 Induces analgesic effect by activating TRPV1 at the brain
Epoxyeicosatrienoic acid
(AA-derivative)

TRPC5 &
TRPC6

Increases intracellular Ca+2 and also helps in translocation of channels to membrane in endothelial cells

20-HETE
(AA-derivative)

TRPC6 Activates TRPC6 channels

12-(S)-HPETE
(lipoxygenase product)

TRPV1 Activates TRPV1 and causes nociception

15-(S)-HPETE
(lipoxygenase product)

TRPV1 Activate TRPV1 and cause nociception

5-(S)-HETE
(lipoxygenase product)

TRPV1 Activates TRPV1 and causes nociception

Leukotriene B4
(lipoxygenase product)

TRPV1 Activates TRPV1 and causes nociception

LPS TRPV2 Increases mobilization of intracellular Ca+2 via TRPV2 and IP3 receptor in macrophage cells

remains unclear. However, the psychological contribution
in manifestation of stress and pain can further be explained
on the basis of biochemical pathways. For example certain
forms of pain can be reduced by using placebo and/or

certain psychotropic drugs (23, 39-42). Interestingly, the
placebo-induced analgesic effect is often gender specific
suggesting that sex hormones might also be involved in this
process (43). These placebo-induced analgesic effects can
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be reversed by using Naloxone (a competitive antagonist of
opioid receptors) suggesting that placebo, which is
equivalent to a positive expectation, stimulates opioid
pathways (44-48). In a similar fashion, Duloxetine (a
balanced serotonin and noradrenaline reuptake inhibitor) is
used for the treatment of major depressive disorders,
urinary stress, incontinence and the management of
neuropathic pain associated with diabetic peripheral
neuropathy (42). Post-operative Phantom-pain can also be
blocked by tricyclic antidepressants, namely by
Milnacipran and Venlafaxine (a class of novel serotonin
and noradrenaline reuptake inhibitors) (37, 41, 49-51).
These indicate that psychology and neuro-chemical
signaling events involving serotonin receptors play a role in
case of phantom pain. Notably, memantine, milnacipran
and ketamine (inhibitors of NMDA-receptor) effectively
block phantom pain indicating that the involvement of
NMDA-receptor in this process (41, 50, 52-53).
Neuropathic and chronic pain inducing stimuli are known
to increase the neuronal secretion of -endorphin and down
regulate transmission through the central µ-opioid and
dopaminergic neurons (54). Often more than one pathways
may interact functionally. For example, corticotropin-
releasing factor and serotonin together contribute to the
anxiety-related disorders (55).

A few studies have indicated that genetic factors
contribute in the perception and amplification of stress and
pain. Due to genetic variation, individual responses to local
and changing environments varies and often initiates
psychological and/or physical stress (56). For example, it is
well-characterized that people exhibit changes in mood and
behavior with changing seasons which are often
characterized by anxiety, depression and stress. These
changes are known as “seasonality problem” and termed as
“seasonal affective disorder” (SAD) which is mostly
hereditary. Indeed, gene variants of GABA (A) receptor,
the µ-opioid receptor, the serotonin transporter, catechol O-
methyltransferase (COMT), monoamine oxidase (MAOA),
alpha (2)-adrenergic receptor, brain-derived neurotrophic
factor and the anginotensin-converting enzymes are known
to affect the HPA-axis in a different manner (57). The
involvement of genetic factors in psychological stress and
in schizophrenia (and several other psychological
disorders) is best illustrated by the serotonin metabolism
and signaling pathways (58). A few studies have indicated
that promoter repeat length polymorphism of serotonin
transporter (5-HTT, which is encoded by a single gene
SLC6A4) correlates well with the onset of the mood and/or
seasonal affective disorders (59-61). The promoter is
characterized by insertion/deletion of 44-bp which
generates either long or short allele of 5-HTT respectively.
This shorter allele is a well-established risk factor for
stress, anxiety, disorder in mood changes, food uptake and
obesity in adolescents (54-64). In agreement with the
involvement of serotonin in several disorders, enzymes
involved in serotonin biosynthesize and factors involved in
recognition and/or uptake of serotonin are also important
genetic factors that contribute in psychological,
physiological disorder (65). For example, mutations in the
gene encoding for the tryptophan hydroxylase (TPH, the
rate-limiting enzyme involved in serotonin biosynthesis)

reveal psychological and physiological abnormalities
including stress (65-66).

5. HPA-AXIS IN STRESS AND PAIN: IMPORTANCE
OF TRP CHANNELS

Involvement of HPA-axis in stress was first
demonstrated experimentally by H.F. Harlow. His
experiments confirmed that physical separation of infant
from mother induce strong stress to the infant as well as to
the mother (67). Interestingly, prolong stress perceived in
the early phase of development seems to have a long-
lasting effect on learning and memory formation and seem
to affect neural circuit like HPA-axis and limbic system
(hippocampus, amygdala, prefrontal cortex etc.). At the
behavioral level, attachment of infants with mother helps
them to develop their learning circuit which is induced by
maternal odor and nursing. Thus separation of infants from
mother during early life shows several abnormalities in the
later part (68-70). Often, the stress perceived by mother can
be transmitted to the next generation too. For example,
stress applied to rodents in the form of a physical exercise
during pregnancy results in transient increases in postnatal
hippocampal neurogenesis in the offspring after birth (71).
Nevertheless, several studies indicate that psychology plays
an important role in development or reduction of stress and
pain. The exact nature, extent and pathways by which
psychology modulates the mind-body interaction are
different. Notably, the underlying mechanisms are not clear
yet though the involvement of HPA-axis in stress and pain
seems to be prominent (33, 72).

The altered behavior and function during stressful
and painful conditions can partly be explained by changes
in synaptic adaptations, neuronal structure, function,
networking and alteration in the brain structures. Different
forms of stress and pain can induce changes in the neuronal
density (brain volume), number, subtype, connectivity,
function, synaptic plasticity, neuro-immune interactions,
neuro-endocrine secretion and regulation too. In that
regard, changes in neuronal plasticity have been identified
as a major link between stress and mood disorders (73).
Stress seems to have a direct effect on the structure –
function – regulation of the brain. For example, the
amygdala plays a role in processing of anxiety and threat-
related stimuli which are crucial in stress responses (74). A
change in gray matter density within the bilateral amygdala
has been associated with a stress response. In this context,
reductions in stress correlate positively with decreases in
right basolateral amygdala gray matter density (75). In a
similar manner, acute psychosocial stress reduces cell
survival during adult hippocampal neurogenesis (76).
Similarly, stress-induced prefrontal cortical impairment has
been linked with the development of mental illness. In
addition, chronic stress induces contrasting patterns of
dendritic remodeling in hippocampal and amygdaloid
neurons and results in changes in the neuronal contacts as
well as synaptic connectivity (77). In contrast, stress
reduction correlates with structural changes in the
amygdala (75). Reductions in stress also correlate
positively with decreases in right basolateral amygdala gray
matter density (75).
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Similar to several stress-related disorders,
changes in the brain structure and hypocortisolism seem to
also occur during several painful conditions and thus have
been considered as common characteristics of some
functional pain syndromes (78-80). For example, patients
with chronic pain perform impaired emotional decision-
making tasks (79). By using Magnetic Resonance Imaging
(MRI) technology, it was observed that patients with
chronic back pain (CBP) had a reduction in the outer layer
of the brain and have 5–11% less neocortical gray matter
volume than control subjects (80). The magnitude of loss after
normalization with the skull volume is equivalent to the loss
observed following 10-20 years of normal aging. These studies
strongly indicate that CBP is accompanied by brain atrophy
and involves thalamocortical processes. It is noteworthy to
mention that hippocampus plays a role in learning and spatial
memory formation which is vulnerable in stressed conditions.
Similarly, impairment in the prefrontal cortical has been linked
with the development of mental illness induced by stress. A
complementary effect on gray matter volume has also been
observed by studying subjects who perform meditation
regularly (81). It is well accepted that meditation has several
positive effects and it improves psychological and
physiological states (82). By using MRI it has been shown that
long-term meditation correlates well with anatomical changes
of the brain, especially in the right orbito-frontal cortex (as
well as in the right thalamus and left inferior temporal gyrus. In
addition, people performing regular meditation show
significantly larger volumes of the right hippocampus. It is
important to mention here that these regions are involved in
emotional regulation and response control.

Noteworthy, TRPs can play a significant role in all
these above-mentioned processes. Recent studies confirmed
the physical and functional presence of different TRP channels
(especially TRPVs and TRPCs) in specific regions of brain,
namely in the thalamic and hypothalamic nuclei, locus
coeruleus, periaqueductal gray, cerebellum, cortical and
limbic structures which regulate the neuronal functions and
networking in presence of stressor (83-86). In the same
notion, involvement of TRP channels in schizophrenia and
other neuropsychiatric problems have been suggested (87).
Several endogenous and small molecules (such as
endovanilloids, anandamide, estrogen, other steroids) have
also been identified in the brain and other regions of central
nervous system suggesting that these compounds can
activate several TRPs either in a specific or non-specific
manner (Table 1). For example, NADA, an endovanilloid
can regulate neuronal structure, function and synaptic
transmissions by activating TRPV1 (88). It has been
reported that under stressed conditions, endocannabinoids
within the paraventricular nucleus of the hypothalamus
decreased excitatory inputs to HPA and cause release of
corticotropin hormone into the portal blood at high levels
as well as ACTH from anterior pituitary and corticosterone
from adrenal gland. Similar results in general suggest that
endogenous ligands of TRPs can regulate the behavioral
responses and synaptic effects.

It is well established that TRPs regulate neuronal
differentiation, networking and synaptic functions.

Differential expression of TRP channels in DRG neurons
helps in development of Isolectin-B4 (IB4) positive neuron
(89). This in turn contributes to the maintenance of
functional heterogeneity in sensory neurons involved in
perception of touch (mechanoreceptors), temperature
(thermoreceptors) and pain (nociceptor) (89). TRP channels
are also involved in the regulation of neuronal functions
which are related to cognition, pain perception and in
neuropsychiatric disorders (90-91). For example, TRPV
and TRPC channels are involved in neuronal survival,
regulation of growth cone migration and neuronal
networking (92-96). TRPC channels are involved in the
migration of the growth cone and neuronal connection
formation (93). Activation of TRPV1 also results in
shortening of the IB4-positive nociceptive neurons and in
the protection of hippocampal neurons against oxidative
stress (97). In the same notion, TRPV1, TRPV4 and several
other TRPC channels are localized in the synaptic sites (88,
98-99). At the synaptic sites, TRPs can modulate the
synaptic organizations, regulations and transmissions and
are involved with the release as well as uptake of several
neurotransmitters and neuropeptides (Table 1). For
example, recently we demonstrated that TRPV1 activation
increases spine lengths (88). TRPV1 regulates
metabotropic glutamate receptor and thereby regulate the
function of dopaminergic neurons in rat (100). Activation
of TRPV1 also induces release of substance-P and
glutamate from synaptic sites. In the same notion, TRPC4
contributes to the control of GABA release from dendrites
and can modulate the synaptic output. TRPV1 present in
hippocampus neuron is known to increases long-term
potentiation (LTP) and decrease long-term depression
(LTD) (101). Genetic and behavioral experiments also
confirmed that TRPV1 knockout animals (trpv1 -/-) have
reduced anxiety, conditioned fear, and hippocampal LTP
(102). The increased LTP prevents the synaptic plasticity in
hippocampus area and helps in learning in acute stress.
However, the exact involvement of TRPV1 in LTP and
LTD in CNS is still unclear. This is due to the fact that
endogenous presence of TRPV1 in the microglia cells may
add complexity under stressed conditions.

6. PHYSIOLOGICAL EFFECT OF CHRONIC
STRESS AND PAIN

Stress is known to alter behavioral responses to
certain stimuli which correlate with changes at the cellular
and/or molecular level. As a result, neuronal connections,
morphology as well as function are altered. These neuronal
changes seem to be more prominent at the level of dendritic
spines. While detailed characterizations of the biochemical
and metabolic pathways that underlie these changes are still
fragmentary, these changes have largely been analyzed at
the level of gene expression and proteome. However, it is
difficult to conclude if these changes in gene expression
and the proteome are cause or effect of stress and/or painful
conditions. Here we describe some of these changes in
details.

6.1. Changes in the proteome and local protein synthesis
Few studies confirmed that the total proteome of

tissues and cells, especially neurons are altered drastically
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when subjects are exposed to chronic (both physical as well
as psychological) stress and/or pain. Such studies have
identified key proteins that show differential expression in
normal and stressed/painful conditions (103-105). For
example, 17 proteins were identified which are involved in
anti-nociception (105). These proteins mostly represent
factors involved in signal transduction, vesicular trafficking
and neurotransmitter release, energy metabolism, and ion
transport. Another study addressed the proteome changes of
the synaptosome (isolated from spinal cord dorsal horn),
especially after peripheral nerve injury (104). This study
identified 27 proteins that are involved in transmission and
modulation of noxious information, cellular metabolism,
membrane receptor trafficking, oxidative stress, apoptosis,
and degeneration. Another study indicated that nearly 200
proteins (representing cytoskeletal proteins, enzymes and
proteins associated with oxidative stress) are up-regulated
in hyper-excitable nerves (105). Notably, this work
indicated that the differential expression was due to local
protein synthesis which was altered in hyper-excitable
nerves, a condition which correlates well with peripheral
nerve injury-induced neuropathic pain.

Apart from direct regulation at the transcript
level, post-transcriptional regulation seem to be another
major mechanism by which chronic stress and pain can
alter the proteome. Indeed, a proteomic study has revealed
changes in the protein but not in the mRNA level of some
proteins (unc-18 protein homolog 67K, CRMP-2 and
CRMP-4) which are involved in the neurotransmitter
release and/or axon elongation (105). The abundance of
these proteins is regulated by post-translational regulation
like proteolysis and/or phosphorylation. Similarly, another
report confirmed the involvement of stress-granules, P-
bodies and other transcript-related regulatory factors in
stress and pain (106). For example, formation of stress-
granules and P-bodies in DRG-neurons is regulated by
many stress-related signaling events (106-107). In
summary, these recent studies indicate that total protein
synthesis at the cellular level and specific protein synthesis
in sub-cellular regions like in dendritic spine have a
profound role in stress and pain. Recently this hypothesis
has gained credibility as it can explain many of the
observed changes in the proteome in response to stress and
pain.

Recent studies have demonstrated the
involvement of microRNAs in the different forms of pain
and stress (106-113). DRG-neurons of adult rats express
three micro RNAs, namely miR-96, miR-182, and miR-183
which are involved in the regulation of mechanical
hypersensitivity (106). Interestingly, miR-96, miR-182, and
miR-183 are down-regulated in case of spinal nerve
ligation, an experimental condition which correlates
strongly with the development of neuropathic pain (106).
MicroRNA-mediated regulation of dopaminergic neuron
differentiation, expression of nociceptor-associated mRNA
transcripts like Nav1.8, P2xr3, and Runx-1 and -opioid
receptor has been linked with the regulation of pain (107-
110). Regulation of TRPs by micro-RNA has also been
reported recently. It has been shown that in kidney, the
expression of PC2 is regulated by mir17 and RNA-binding

protein Bicaudal C (114). However very little has been
investigated in this aspect and certainly more studies are
needed to demonstrate the involvement of microRNAs in
the regulation of stress and pain. The small RNA and
microRNA-mediated regulation of stress and pain might be
of pharmacological interest also.

6.2. Changes in the novel PKCs-mediated signaling
events

Stress and different forms of pain have strong
effects on the peripheral and central nervous system
through several neuro-chemical pathways. However,
among all distinct pathways, activation of different PKCs,
mostly atypical and/or novel PKCs (this group of PKCs are
activated in a Ca2+-independent manner) are the common
pathways reported in several stress and pain conditions (21,
115-117). Interestingly, the activation of these novel PKCs
in response to different stressors and types of pain
correlates well at the behavioral level as well as the cellular
level. For example, the level of PKC increases in stress
and pain (mechanical as well as thermal), and modulates
NGF and mitogen activated protein kinases (MAP kinase)-
mediated signaling events (117). Mechanical stress can also
activate PKC and thus activate the Smad pathway in
osteoblasts present in bone. This in turn enhances
interleukin-11 (IL-11) expression and this may affect
several other systems (116). Mechanical stress also induces
sarcomere assembly which alters the morphology of
cardiac muscles, a process where PKCs are involved (117).
In the same notion, up-regulation and redistribution of
PKC is observed in chronically hypoxic heart (115). PKC-
mediated pathways are also involved in other stress
signaling, such as oxidative stress.

6.3. Changes in the neuronal organization
Chronic stress induces transient plastic changes

and may even induce long-term changes in the dendritic
spine and neuronal patterns in the amygdala. For example,
chronic unpredictable stress had little effect on CA3
pyramidal neurons and induced atrophy only in BLA-
bipolar neurons (75-76). Thus chronic stress can induce
contrasting patterns of dendritic remodeling in neurons of
the amygdala and hippocampus. In addition the structures
of neuronal ends and dendritic spines are altered. Even the
distribution of neuronal ends in the peripheral tissue and
spinal cord can be altered in response to stress/pain (22).
Stress is known to induce synaptic changes. For example,
stress-induced changes in synaptic connectivity have been
shown in the neurons of the basolateral amygdala.

Stress and pain may have a role in “unsilencing
of dendritic spines”, a mechanism by which activation of
“silent synapse” can occur and result in activity- and
sensory-dependent refinement of neuronal circuits. Silent
spines are morphologically similar to other dendritic spines
though these entities do not contribute to the total neuronal
communications. Thus activation of silent spines can be
one of the key phenomena involved in chronic
manifestation of the stress and/or pain. This notion is
supported by observations that -estradiol, heat and
mechanical pressure increase the neuronal output via
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sensory neurons per unit area of the skin (118-119).
However, further work is needed to confirm this.

7. TRPS AS DETECTORS AND MEDIATORS OF
STRESS AND PAIN

As TRPs can be activated by different physical
and endogenous chemical stimuli (Table 1), these channels
have role in the regulation of several physiological and
metabolic functions. The expression of TRPs is often
tissues-specific which correlate well with the development
and functions of specialized organs. Indeed, TRPs are
critical elements that define the regulation, structure,
development and function of certain organs, tissues and
cells. For example, endogenous activity of TRPs are
important for proper Ca2+-signaling and functioning of
brain, spinal cord, liver, immune cells, pancreatic cells,
skin cells, keratinocytes, retinal cells, cardiac mayocytes,
gut and many other specific organs and cells. So far several
studies have confirmed (or indicated a strong correlation)
that altered expression, function and/or regulation of TRPs
are key changes which induce patho-physiological
conditions like stress, neuropathic pain and cancer. For
example, TRPV1 and TRPA1 participate in visceral
hyperalgesia in chronic water avoidance stress (120).
TRPM2 and TRPV4 are involved in oxidative stress-
induced cell death of hippocampal neurons (121). TRPs are
also involved in programmed death of different type of
cells in response to stress-signaling. Rats exposed to
chronic stress reveal reciprocal change in TRPV1
expression induced by corticosterone (122).

In a defined cellular system, TRPs mainly act as
molecular detectors of stress- and pain-inducing stimuli
(physical and chemical). TRPs also recognize several
endogenous noxious compounds and their different
metabolites that are often associated with the development
of stress and pain (123). For example, a number of lipid
derivatives can activate a battery of TRPs (Table 1). So far
the effects of only limited lipid derivatives on few TRPs
have been explored and the effect of the entire array of
these lipid derivatives on all the TRPs remains untested. A
better understanding of the effect of different lipid
derivatives on all TRPs has medical and pharmacological
importance. Apart from the lipid derivatives, several TRPs
can also be activated by estrogen, endrogen, testosterone,
cortisol and many other steroids (Table 1). In addition, the
expressions of TRPs are often under the regulation of these
steroids, neurotransmitters and neuropeptides (Table 1).
These studies may explain why most of the steroids that are
often used as pharmacological drugs exert side effects like
pain and stress. Cholesterol, which may be up-regulated
during stress, seems to have a regulatory effect on the
function of TRPs too. This is due to the fact that most of
the TRPs are located in the lipid raft regions (defined as
cholesterol-rich lipid micro-domains) and function/behave
differently when they are present in the lipid raft. In the
same notion, recent studies confirmed that TRPs may have
specific cholesterol-binding motif sequences and the
cholesterol binding has regulatory roles on the ion channel
properties (124-125). All this studies suggests that effects
of neurotransmitters, neuropeptides, steroids and other

noxious compounds on TRPs are relevant in the context of
stress and pain and these effects are conserved to some
extent throughout the evolution.

Activation of TRPs induces influx of Ca2+ and
other cations. Thus TRPs act as mediators of different
cellular signaling events and can have direct and opposite
effects related to stress and pain. While the basal
expression and endogenous activation of TRPs are involved
in maintaining homeostasis for several ions, over-activation
and constitutive inactivation seems to have major setbacks
on the cellular system and are linked with the development
of stress and pain. For example, over-stimulation of TRPs
leads to an influx of excess Ca2+ which is generally
associated with the cell death (126). Therefore deletion of
certain cell types may have an adverse effect on tissue
homeostasis. TRPs are also important for cellular uptake of
Co, Fe, Ni and other important metal ions that are essential
for several physiological and metabolic functions like bone
formation, vitamin synthesis and maintenance of urine
composition.

8. HOW TRPS REGULATE METABOLIC
PATHOGENESIS IN STRESS AND PAIN?

TRPs are ubiquitously expressed in many tissues
and cell types and have considerable functional and/or
regulatory diversities. The distribution of TRPs in several
tissues, like kidney, pancreas, and lungs is important for
tissue specific metabolism and physiological functions.
Recently, involvement of TRPs in different types of cancer
and cancer pain has been demonstrated (127). As there are
few reviews which already have addressed the involvement
of TRPs in cancer, this review will not repeat the same.
While cancer cells can certainly a factor for stress at the
gross level, if secretion of noxious components from cancer
cells are specifically regulated by and/or act on TRPs that
remain to be explored. In addition to cancer, TRPs are
regulated by a number of exogenous and endogenous
components including several metabolic byproducts (Table
1). Therefore, misregulation of TRP’s function leads to
various pathophysiological disorders. Indeed, TRPs are
involved in disorders like diabetes, obesity, dyslipidaemia,
metabolic syndrome, atherosclerosis, metabolic bone
diseases, male sterility and electrolyte disturbances which
are linked with stress and pain (Figure 3) (128). TRPs are
also involved in addiction and thus in behavioral responses.
Therefore, the link between metabolic pathogenesis and the
deregulation of TRPs are of pharmacological, clinical,
social and economic importance as this will help to identify
and develop potential means for better treatment (128).
Here we discuss in detail the involvement of TRPs in
metabolic disorders.

8.1. Involvement of TRPs in obesity
Whole genome scanning analysis for obesity

genes implicated few TRPs, namely TRPC3, TRPC4,
TRPM8, TRPP2, TRPML and TRPV6 which may play
important roles in obesity (129). The best example of the
involvement of TRPs in obesity was provided by TRPV1
and involvement of other TRPs in obesity needs further
characterization. It has been reported that the consumption
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Figure 2. Stress is an altered state of mind and body which threatens biochemical and cellular balance, equilibrium and/or
behavioral harmony which eventually disturbs the physiological, psychological and metabolic homeostasis of individual.
Individual’s function and behavior in stressed and painful conditions can be explained in terms of an organized set of signaling
events controlled by cellular and molecular complexes. These can be best portrayed as multiple pulleys and levers connected to
each other where each pulley denotes a key event essential at biochemical, cellular or tissue context. In stressed condition, the
organized setup is challenged fully or partially but still remains functional. This setup may come back to its initial condition in
absence of the prolonged and/or strong challenge. However, further challenges and stretching of the system results in an altered
state where further adjustment is not possible. As a result of this prolonged stress and/or pain, the mind-body balance becomes
minimum.

of chili in food increases the oxidation of fat present in
adipose tissue of both mice and humans suggesting a
potential role for TRPV1 in that process (130). Indeed,
capsaicin decreases obesity in a dose-dependent manner by
increasing oxidation of fat molecules (131). TRPV1
regulates food absorption, emesis, colitis and also regulates
the gut - brain axis mainly by responding to endovanilloids
and endocannabinoids (132-133). Pancreatic sensory nerves
as well as pancreatic cells express TRPV1 and activation of
TRPV1 induces preadipocyte differentiation, obesity-
induced chronic inflammation and fat distribution (134-
136). TRPV1-null mice are smaller and exhibit
significantly greater thermogenic capacity compared to
wild-type mice when supplemented with 11% fat diet
(136). Interestingly, genetic deletion of TRPV1 is
protective against obesity only in young animals. Aged
TRPV1 knockout mice are more obese than their wild-type
littermates (137). The reasons for this specific effect in the
young stage are not clear. This probably indicates that
factors, which are different in juvenile and adult stages,
may control obesity through TRPV1. However, further
studies are needed in this context.

The TRPV1-positive sensory nerves present in
the intestine are activated by capsaicin and other spices and
cause increased blood flow in intestinal region. This in turn
reduces visceral adiposity but exerts very little effect on
body weight (138). However the role of oral capsaicin on
visceral adipogenesis is debatable as the oral capsaicin get
metabolized before absorption from the gut lumen and thus
very little remains available for circulation in adipose tissue
(138). Capsaicin can also modulate energy balance and
obesity by modulating signaling pathways. Recently, Kang
et al. showed that capsaicin can suppress obesity-induced
inflammation through nuclear factor (NF)-κB inactivation
and/or PPAR-γ activation in the adipose tissues of obese
mice (139). Taken together it suggests that TRPV1 and
other TRPs are involved in food absorption and obesity
regulation. These results are in agreement with the fact that
in case of chronic stress, eating behavior is altered and
appetite is reduced due to persistent high level of cortisol in

circulating blood which activate the ob gene that causes
obesity (140). Involvement of TRPV1 in obesity can also
be explained by the crosstalk between TRPV1 with
Cholecystokinin (CCK, released postprandially and elicits
satiety signals) and the leptin (a circulating protein
involved in the long-term regulation of food intake and
body weight by inhibiting the food uptake) (141-144).
Capsaicin-sensitive vagal primary afferents control the
release of CCK. In reverse, leptin also affects capsaicin
sensitive nerves. This feedback mechanism is supported by
the fact that capsaicin stimulates electrical vagal nerve
which in turn control the food intake and body mass (141).
TRPV1 activation also blocks Leptin-CCK action,
abolished the inhibitory effects of leptin and metabolic
response to abdominal sepsis (142-144).

8.2. Involvement of TRP channels in diabetes mellitus
Diabetes mellitus is a life-style related metabolic

disorder in which level of blood glucose, insulin secretion
and insulin sensitivity are defective. Several TRP channels
act as mediators of oxidative stress and have been
associated with these disorders (126, 145). For example,
TRPC, TRPV and TRPM channels are expressed in the
pancreas and are involved in the regulation of insulin
secretion and maintenance of Ca+2-homeostasis (146).
However, among all TRPs, TRPV1 seems to play an
important role in diabetes. The TRPV1 containing sensory
nerve fibres present in the pancreas regulate insulin
secretion (147-148). Apart from the sensory nerve ending,
TRPV1 is also present in islet -cells, in the RIN and INS1
-cell lines where activation of TRPV1 promotes insulin
secretion by increasing Ca2+ concentration. Interestingly,
either a TRPV1 inhibitor or EDTA (a Ca2+-chelator)
prevents this secretion (148). Secreted insulin binds to
insulin receptors in the brain and TRPV1-positive sensory
neuronal junctions and lowers the activation threshold of
TRPV1. Subsequently, Ca2+-influx mediated by TRPV1
induces local release of neuropeptides (e.g. substance-P,
CGRP). In that context, recent studies have also shown that
insulin not only sensitizes TRPV1 on sensory nerve
endings but also increases the release of calcitonin gene-
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Figure 3. Involvement of TRP channels in stress. TRPV1, a member of TRP channel is present in different cells, like in neurons,
pancreatic- cells and immune cells. TRPV1 can regulate the secretion of neurotransmitters, neuropeptides, hormones,
immnuochemicals and many other substances respectively. These substances in turn can induce altered synaptic activity,
metabolic disorders, diabetes, obesity, anxiety, depression and many other physiological and psychological abnormalities
relevant in stress and pain.

related peptide (CGRP) from pancreatic islets (149-150).
The released CGRP provides a negative feedback
regulation by reducing insulin release from islet -cells.
Razavi et al. demonstrated a pivotal role for TRPV1 in
type-1 diabetes (151). In this case, T cell-mediated death of
pancreatic -cells results in insulin deficiency (152).
TRPV1-positive sensory neurons in the pancreas also
control islet inflammation and insulin resistance. It has
been reported that elimination of these neurons in non-
obese diabetic mice (NOD-mice) prevents insulitis and
diabetes, despite systemic persistence of pathogenic T-cells
(152). It seems that TRPV1 regulates insulin level in
stressed condition and this regulation also involves cortisol
and epinepherin, which are present in high-level in stressed
conditions.

Apart from TRPV1, TRPV5 and TRPV6 are also
involved in diabetes by regulating insulin secretion under
the control of vitamin-D level (153). Earlier studies suggest
that Vitamin-D is essential for normal insulin secretion and
dietary intake of Ca+2 in pancreatic tissue. This is evident
as insulin secretion is impaired in vitamin D-deficient rats
but can be restored by 1,25 (OH)2D3 supplementation
because the expression of TRPV5 and TRPV6  is low in

case of vitamin-D deficient rat (153). In a similar manner,
TRPM2 is activated by hydrogen peroxide causing Ca2+-
influx and thereby regulating insulin secretion in rodent and
human -cells (154- 155). TRPM3 also regulates -cell
activity in response to steroids (156). However, detailed
research is required to elucidate how these TRPs regulate
insulin secretion and determine their roles in the
pathogenesis of diabetes.

8.3. Involvement of TRPs in addiction and neuropathy
TRPs are extensively involved in alcoholism,

smoking and other addictions which are life-style and
stress-related phenomena that lead to several metabolic
changes subsequently. Consumption of alcohol is a chronic
and clinical problem that gives rise to several physiological
manifestations like liver disease, pancreatitis,
gastrointestinal and neurological disorder e.g.
polyneuropathies which are common in alcohol addicted
patients (157). Ethanol-induced peripheral neuropathy
develops in as many as 48% of chronic alcoholics and often
involves the development of painful hyperalgesia via
mechanisms that are largely unclear (158-160).
Interestingly, TRPs seem to be involved in these addictions
and alter the state of physiology by several mechanisms.
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Endogenous TRPs are also present in various parts of the
brain, namely in substantia nigra, hippocampal pyramidal
neurons, hypothalamus, brainstem and cortex (83-86).
These endogenous TRPs can affect the HPA-axis and thus
may account for these addictions. TRPs share a functional
cross talk with other receptors including opioid receptors
that are involved in addiction. For example, blockade of
opioid receptor affects the processing of thermal stimuli by
neurons (161).

Interestingly, some of addictive agents directly
activate TRPs at pharmacological concentrations. For
example, ethanol can directly activate as well as potentiates
TRPV1 (162). In the presence of ethanol the threshold for
heat activation of TRPV1 decreases from 42°C to 34°C, at
which spontaneous activation of TRPV1 can occur in the
tongue and skin (163). Other TRPs are also involved in the
development of addictive behavior. For example, TRPM8
is also involved in ethanol-induced behavioral response
(164). TRPs are also involved in nicotine addiction (165).
Interestingly, the effect of nicotine on TRPs seems to be
conserved throughout the animal kingdom. Xu et al.
showed that the TRP1 and TRP2 in C. elegans are involved
in nicotine sensitivity (166). Similarly, Nilius et al. also
showed that nicotine directly activates TRPA1 (167). These
studies may explain why nicotine patches produce some
burning sensation, itching and skin irritation.

Alcoholism apparently changes lipid metabolism
and signaling events via opioid receptors, µ-opioid
receptors and other TRPs which in turn modulates the
synaptic structure and functions leading to ethanol-induced
metabolic disorders (168). Indeed, regular ethanol uptake
increases the levels of endocannabinoids in brain, decreases
AEA (169-170) and the expression of CB1 receptors during
chronic ethanol-induced dependence and withdrawal (171).
Thus it is possible that addictive ethanol intake modulates
the endocannabinoid levels which in turn alter the behavior
through actions on both CB1 and TRPV1. It was also
reported that the µ-opioid receptor (MOP) agonist
morphine can inhibit ethanol-activated TRPV1 responses
by decreasing cAMP-dependent PKA pathway (172).
However, recent studies indicate that potentiation of
TRPV1 by ethanol can modulate the PIP2 interaction with
TRPV1 and this potentiation is not sensitive to opioids
(173). Consistent with these observations, TRPM8 reveals
less ionic conductance in response to ethanol by regulating
the PIP2 interaction with TRPM8 (164). How ethanol,
nicotine and other addictives modulate different TRPs
requires more studies and these studies may help to further
understand addiction and other related physiological
problems.

Progress has also been made to understand the
role of TRPs in chemotherapy-induced neuropathy. This is
particularly important for cancer treatment where Taxol, a
microtubule stabilizer-based drug is routinely used as a life-
saving chemotherapeutic agent. Why administration of
Taxol produces strong neuropathy including other
psychological and physical stress is not clear (174).
However, TRPs, especially TRPV1 and TRPV4 seem to be
involved in this Taxol-induced neuropathy. For example,

administration of TRPV4-specific antisense
oligodeoxynucleotides to the spinal cord reduces the
expression of TRPV4 in sensory nerves and also abolishes
Taxol-induced mechanical hyperalgesia and attenuates
hypotonic hyperalgesia by 42% (175). This indicates that
TRPV4 is involved if not essential in Taxol-induced
neuropathic pain. This is in full agreement with the fact that
TRPV4 and TRPV1 interacts with polymerized
microtubules and with soluble tubulin dimer by their C-
terminal cytoplasmic region (176). Though the exact
mechanism is not clear, TRPV-tubulin complexes seem to
be involved in multiple signaling events including
neuropathy. Further detailed studies are required to clarify
this aspect.

8.4. Involvement of TRPs in ageing
Aging is influenced by complex factors such as

circumstances, living habits and genetic backgrounds.
Though the exact molecular mechanism of aging has not
been elucidated yet, premature aging has been considered
as a stress-related problem. Recent studies have pointed
that TRPs are involved in the aging process by several
means. In case of chronic stress, endogenous corticosteroid
level is high and the expression of respective receptor is
low. This results in imbalance in Ca+2-homeostasis and
causes ageing of hippocampous neuron, a process where
involvement of TRPs is plausible. Similarly, the ageing
of human skin is induced by both intrinsic ageing and
photo-ageing processes (176-177). It has been reported
that TRPV1 channels play an important role in heat
shock-induced MMP-1 expression in human
keratinocytes in which the expression of some matrix
metalloproteinases (MMPs) is up-regulated (178-179).
Enhanced MMPs cause degradation of dermal collagen
during UV-induced photo-ageing.

TRPs are also involved in aging process by
regulating the anti-aging hormone, namely Klotho, a
type I membrane glycoprotein. The extracellular domain
of Klotho has two tandem copies of a -glucuronidase-
like sequence, which can be released as soluble factor
after cleaved by metalloproteinases such as ADAM10
and ADAM17 (180). It has been demonstrated that
Klotho regulates TRPV5 (181). The α-Klotho co-
localizes with TRPV5 in the distal convoluted tubule in
the kidney. Moreover, Ca2+-uptake is increased in cells
that are positive for both TRPV5 and Klotho as
compared to cells that express only TRPV5.
Interestingly, sugar residues seem to be important for
TRPV5 activation. This is evident by the fact that
salicydase, endo-F or Klotho treatment results in the
activation of TRPV5 (181). Extracellular soluble Klotho
induces deglycosylation of TRPV5. This retains TRPV5
at the plasma membrane for a longer time and also
prevents its recycling. Therefore Klotho not only
stimulates TRPV5 but also accumulates more TRPV5 in
the plasma membrane. In agreement with the regulation
of TRPV5 by Klotho, age-related disorders are observed
in many TRPV5 expressing tissues like kidney, lung,
bone, gastric wall and in the skin of Klotho knockout
mice. It remains to be explored whether other TRPs are
also involved in the aging process.
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8.4. Involvement of TRPs in male sterility
It is well known that emotional and psychological

stress has deleterious effect on reproductive abilities and
results in decreased conception (182-183). But how stress
actually modulates these aspects are not clear. Recent
studies indicate that TRPs are involved in this process. So
far several TRPs have been detected in the spermatozoa
and in mature sperm cells. Notably, the localization of
TRPs in the sperm cells is conserved throughout the
evolution and thus somewhat functionally important. The
involvement of TRPs in the sperm motility and fertility
seem to be important as these channels allow Ca2+-influx.
In Drosophila, TRPC homolog (TRP-3) is present in
intracellular vesicles of spermatids and after activation these
vesicles translocate to the cell membrane (184). In human
sperm cells, TRPV1 is located in the post-acrosomal area and
in the mid-piece (185). In addition, several endogenous
stimulators have been identified in the seminal plasma and
other reproductive fluids. For example, N-acylethanolamides
(NAEs) and lipid derivatives able to activate TRPs are present
in seminal plasma as well as in other reproductive fluids (186).
There are several other endogenous lipid ligands like
arachidonylethanolamide (AEA; also known as anandamide),
palmitoylethanolamide (PEA), and oleoylethanolamide (OEA)
that are present in seminal plasma and oviductal fluid and can
therefore regulate the localization of the TRPV1 in sperm cells
(187). Activities of TRPs seem to be important for the sperm
acrosomal reaction as inhibition of TRPV1 inhibits sperm
fusion with oocytes (185). Excess production of reactive
oxygen species (ROS) (a condition relevant in oxidative stress
situations when superoxide anion, hydroxyl radical, nitric
oxide, peroxides, and peroxynitrile are produced more
and/or antioxidant enzymes are insufficient) can also exert
deleterious effect on sperm cells via TRPs (188-189). In
normal conditions, ROS have an important physiological
role and are required for sperm capacitation and acrosomal
reaction. Excess ROS generation may results in immature
and abnormal spermatozoa leading to male sterility.

9. CONCLUSION AND FUTURE OUTLOOK

In the last few years’ significant progress has
been made in understanding pain and stress at the
molecular, cellular, psychological and behavioral level.
Interestingly, both stress and pain seem to have a shared
evolutionary origin as these processes help individuals to
avoid unpleasant environments and cope better with
different adverse situations. Ultimately, this leads to better
adaptation. As stress and pain are complex disorders having
environmental, genetic, physical and/or psychological
backgrounds, a more “tailor-made” approach to cure stress
and pain is required. It is relevant to mention here that so
far there is no effective and tailor-made treatment available
for stress and/or chronic pain (1). In this context,
meditation and mental capacity to cultivate positive
emotion seems to activate certain neuronal circuitries
which may prove helpful. For example, it has also been
demonstrated that zen practitioners display a reduced
duration of neural responses linked to certain functions
(190). In a similar manner, central and autonomic nervous
system interactions are also altered by short-term
meditation (191).

Tough the present understanding of how TRPs
are involved in different forms of stress and pain are just at
their beginning stage, involvement of TRPs in stress and
pain has gained tremendous medical attention. This is
mainly due to the fact that TRPs represent key yet diverse
pharmacological targets which can be useful to treat
different forms of stress and pain in a systematic manner.
At presently very little is known about the identity of
different endogenous small molecules that can either act as
modulators of these TRPs or are secreted due to activation
of TRPs. Also how these components and their derivatives
act on and modulate arrays of TRPs remains to be
characterized. The fact that certain TRPs can be modulated
by physical stimuli like temperature, mechanical pressure,
osmolarity and different odors gives hope that certain form
of stress and pain can be cured by physical stimuli without
the use of chemical agents (192). This is particularly
fascinating as TRPs can modulate the HPA-axis at the
upstream as well as the downstream direction. Indeed,
commonly practiced analgesic, anxiety- and stress-removal
methods like meditation, body massage, acupuncture, water
and music therapy, etc most likely to affect the HPA-axis
via modulating relevant TRPs in the peripheral tissues
(193). For example, it has been shown that activation of
TRPV1 in the brain contributes to the analgesic effect of
acetaminophen. However, more studies are needed to and
future research should address to explore these possibilities.
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Abstract A distinct subset of primary sensory neurons is distinguished by their

unique sensitivity to capsaicin, the pungent ingredient in hot chili

peppers. The initial excitation by capsaicin of these neurons is followed

by a long-lasting, but fully reversible, refractory state (traditionally

termed as desensitization) or under certain conditions, like neonatal

treatment, frank neurotoxicity. This neurotoxic action was extensively

used to identify capsaicin-sensitive neuronal pathways and to explore

their physiological function. In 1997, a specific receptor for capsaicin and

related compounds (collectively referred to as vanilloids) was identified

as transient receptor potential cation channel subfamily V member

1 (TRPV1), a multifunctional channel involved in thermosensation

(heat) and taste perception (e.g., peppers and vinegar). Importantly,

TRPV1 also functions as a molecular integrator for a broad range of

seemingly unrelated noxious stimuli including venoms from spiders

and jellyfish. Indeed, TRPV1 is thought to be a major transducer

of the thermal hyperalgesia that follows inflammation and/or tissue

injury. Ablation of sensory neurons by vanilloids is, however, not only

a research tool but also has a clear therapeutic potential. Currently,

site-specific resiniferatoxin (an ultrapotent capsaicin analog) injections

are being evaluated as “molecular scalpels” to achieve permanent

analgesia in cancer patients with chronic, intractable pain. In this chapter,

we review our knowledge of the molecular mechanisms underlying



vanilloid-induced neurotoxicity, which includes both TRPV1-mediated

and independent signalling pathways.
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19 but fully reversible, refractory state (traditionally termed as desensitization)

20 or under certain conditions, like neonatal treatment, frank neurotoxicity.

21 This neurotoxic action was extensively used to identify capsaicin-sensitive

22 neuronal pathways and to explore their physiological function. In 1997,

23 a specific receptor for capsaicin and related compounds (collectively

24 referred to as vanilloids) was identified as transient receptor potential cation
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25 channel subfamily V member 1 (TRPV1), a multifunctional channel

26 involved in thermosensation (heat) and taste perception (e.g., peppers and

27 vinegar). Importantly, TRPV1 also functions as a molecular integrator for

28 a broad range of seemingly unrelated noxious stimuli including venoms

29 from spiders and jellyfish. Indeed, TRPV1 is thought to be a major trans-

30 ducer of the thermal hyperalgesia that follows inflammation and/or tissue

31 injury. Ablation of sensory neurons by vanilloids is, however, not only

32 a research tool but also has a clear therapeutic potential. Currently, site-

33 specific resiniferatoxin (an ultrapotent capsaicin analog) injections are being

34 evaluated as “molecular scalpels” to achieve permanent analgesia in cancer

35 patients with chronic, intractable pain. In this chapter, we review our

36 knowledge of the molecular mechanisms underlying vanilloid-induced neu-

37 rotoxicity, which includes both TRPV1-mediated and independent signalling

38 pathways.
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43 CCK-B Cholecystokinin receptor-B
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56 PALDA N-palmitoyldopamine
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58 PKC Protein kinase C
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61 ROS Reactive oxygen species

62 RTX Resiniferatoxin
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66 TiTX Tinyatoxin

67 TRPV1 Transient receptor potential cation channel subfamily

V member 1

1 Introduction: Historical Perspectives

68 Natural products provide a window of opportunity to identify new targets for phar-

69 macological intervention. Capsaicin, the active principle in hot chili peppers

70 (Capsicum annum), is a prime example. Connoisseurs of hot spicy food are intimately

71 familiar with the predominant pharmacological actions of capsaicin from personal

72 experience: it induces profuse perspiration (known as gustatory sweating) as well as

73 a hot, burning sensation that dissipates upon repeated challenge (desensitization).

74 Evolutionary selective pressure seems to have maximized the pungency of capsaicin.

75 It was speculated that the compound’s pungency is able to deter ambulatory animals

76 from eating chili pepper fruits, favoring those plants whose seeds were dispersed

77 widely by birds. Indeed, the avian TRPV1 receptor is not activated by capsaicin, and

78 hence birds are undeterred from ingesting chili pepper fruits and can excrete the

79 pepper seeds large distances away. This forms the basis of the development of hot

80 pepper-flavored “squirrel-free” bird feed. It is still a mystery, however, why the same

81 pungency that repels squirrels is perceived as pleasurable by many human beings.

82 Although topical capsaicin has been used in folk medicine to relieve pain for

83 centuries, it took the genius of the late Miklós (Nicholas) Jancsó to ask the obvious

84 question: how can an irritant molecule paradoxically cause analgesia? Jancsó noticed

85 that the initial transient irritation by capsaicin was followed by a long-lasting refractory

86 state inwhich the neurons not only did not respond to a repeated capsaicin challenge but

87 were also insensitive to various unrelated stimuli, and he termed this state as

88 “desensitization” (Jancsó and Jancsó 1949; Jancsó-Gábor et al. 1970). Per definition,

89 capsaicin-mediated desensitization is reversible. However, following neonatal treat-

90 ment or when sufficiently high doses are used in adult animals, capsaicin induces

91 neuronal death and causes permanent analgesia (Jancsó et al. 1984). This forms the

92 experimental foundation for the use of site-specific resiniferatoxin (an ultrapotent

93 capsaicin analog) injections to achieve permanent relief of otherwise intractable pain

94 in cancer patients. Furthermore, chemical ablation of sensitive neurons by capsaicin

95 turned out to be an invaluable tool to dissect capsaicin-sensitive pathways and to explore

96 their physiological function. Generally speaking, these neurons comprise a functional

97 subset of peptidergic primary sensory neurons with unmyelinated (C-type) fibers that

98 respond to noxious stimuli and initiate the cascade of neurogenic inflammation.

99 The molecular mechanisms underlying capsaicin-mediated desensitization are

100 poorly understood, and the line between desensitization and neurotoxicity is most

101 likely ill defined and arbitrary. The sensitization of TRPV1 by different kinases

102 and involvement of different pathways also remain unclear (Vellani et al. 2006;
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103 Otten et al. 1983; Negri et al. 2006). The cloned capsaicin (vanilloid) receptor

104 TRPV1 is an inwardly rectifying cation channel with limited selectivity for Ca2+,

105 and Ca2+-overload is a well-established cause of neurotoxicity (Chard et al. 1995;

106 Caterina et al. 1997; Sugimoto et al. 1998; Czaja et al. 2008). Indeed, neurochem-

107 ical calcium and other ions such as cobalt stains were historically used to visualize

108 sensitive neurons in capsaicin-treated animals (Winter 1987). At the ultrastruc-

109 tural level, neuronal calcium staining is coupled to swollen mitochondria, but it is

110 still hotly debated if this reflects a buffering of cytoplasmic Ca2+ by the mito-

111 chondria (a direct TRPV1-mediated effect) or an indirect, TRPV1-independent

112 interference of capsaicin with the mitochondrial electron transport chains (ETCs)

113 (Szolcsányi et al. 1971).

114 The first vanilloids to be identified were pungent phytochemical compounds

115 that typically contain a vanillyl (4-hydroxy-3-methoxybenzyl) moiety essential

116 for bioactivity (hence the name “vanilloid”) and are present in nature, mainly as

117 plant resources (Table 1). Prime examples include capsaicin (the pungent ingre-

118 dient in chili peppers), piperine (responsible for the piquancy of black pepper),

119 resiniferatoxin (isolated from the latex of the cactus-like plant Euphorbia
120 resinifera), curcumin (from Curcuma longa), eugenol (in clove), and zingerone

121 (from ginger). Subsequently, vanilloids (so-called endovanilloids) were isolated

122 from animal tissues (e.g., N-arachidonoyl-dopamine, NADA, isolated from rat

123 brain) or were obtained via chemical synthesis to explore structure-activity

124 relations (Huang et al. 2002). Few more examples are N-oleoyldopamine

125 (OLDA), N-palmitoyldopamine (PALDA), and N-stearoyldopamine

126 (STEARDA) (Chu et al. 2003). Indeed, the existence of a specific capsaicin

127 receptor was first postulated based on the fairly strict structural requirements

128 for capsaicin-like bioactivity.

2 Capsaicin-Sensitive Neurons

129 In culture, capsaicin kills �35 % of dorsal root ganglion (DRG) neurons. It was

130 postulated that capsaicin destroys these neurons due to influx of excess Ca2+

131 (Chard et al. 1995). Indeed, capsaicin causes a drastic increase in basal intracel-

132 lular Ca2+ concentration when applied to the cultured DRG neuron. This in vitro

133 toxicity correlates with the observation that application of capsaicin in vivo for

134 prolonged periods can cause irreversible toxic effect leading to loss of pain-

135 sensing neurons (Holzer 1991; Maggi 1991). The DRG neurons abolished by

136 capsaicin are small in size, possess either unmyelinated C- or thinly myelinated

137 Ad–fibers, and show large inward intracellular Ca2+ currents in response to

138 capsaicin. Both Ca2+ current and the neurotoxic effect of capsaicin were

139 prevented by pre-treating the cells with ruthenium red, currently recognized as

140 a general, nonspecific blocker of TRP channels. The neurotoxic action of capsa-

141 icin can also be prevented by chelating extracellular Ca2+ and/or by blocking Ca2

142
+-activated proteases like calcineurin (Docherty et al. 1996). Taken together, these

143 results imply that capsaicin exerts its neurotoxic effects predominantly due to

614 A. Kumar et al.



Comp. by: THAMIZHVEL V Stage: Revises3 Chapter No.: 94 Title Name: HbNT
Date:7/11/13 Time:12:13:00 Page Number: 615

t1
:1

T
a
b
le

1
E
x
am

p
le

o
f
so
m
e
v
an
il
lo
id
s

V
an
il
lo
id
s

C
h
em

ic
al

st
ru
ct
u
re

M
o
le
cu
la
r

fo
rm

u
la

O
ri
g
in

P
ro
p
er
ti
es

an
d
ac
ti
o
n

R
ef
er
en
ce

t1
:2

C
ap
sa
ic
in

H
O O

H N

O

C
1
8
H
2
7
N
O
3

C
ap

si
cu
m

g
en
u
s

A
n
al
g
es
ic
,
an
ti
ca
n
ce
r,
an
ti
o
b
es
it
y
,

an
ti
-i
n
fl
am

m
at
o
ry
,
an
ti
o
x
id
an
t

ac
ti
v
at
es

T
R
P
V
1
at

1
0
–
8
to

1
0
–
6
M

C
at
er
in
a
et

al
.
1
9
9
7
;

L
u
o
et

al
.
2
0
1
1
;

K
n
o
tk
o
v
a
et

al
.
2
0
0
8
.

R
es
in
if
er
at
o
x
in

M
e

M
e

M
e

H

H
O

O
H

M
eO

H
H

O

O
O O

O O

C
3
7
H
4
0
O
9

E
up

ho
rb
ia

re
si
ni
fe
ra

In
h
ib
it
s
in
fl
am

m
at
o
ry

h
y
p
er
al
g
es
ia
,

ac
ti
v
at
es

T
R
P
V
1
at

1
0
–
1
0
to

1
0
–
8
M

N
eu
b
er
t
et

al
.
2
0
0
8
;

C
at
er
in
a
et

al
.
1
9
9
7
.

P
ar
ad
o
l

H
O

O

O
C

H
3

C
1
7
H
2
6
O
3

A
fr
am

om
um

m
el
eg
ue
ta

A
n
ti
o
x
id
at
iv
e,
an
ti
tu
m
o
r,
ac
ti
v
at
es

T
R
P
A
1
an
d
T
R
P
V
1

C
h
u
n
g
et

al
.
2
0
0
1
;

R
ie
ra

et
al
.
2
0
0
9
.

(c
on

ti
nu

ed
)

TRPV1 Activators (“Vanilloids”) as Neurotoxins 615



Comp. by: THAMIZHVEL V Stage: Revises3 Chapter No.: 94 Title Name: HbNT
Date:7/11/13 Time:12:13:01 Page Number: 616

t1
:3

T
a
b
le

1
(c
o
n
ti
n
u
e
d
)

V
an
il
lo
id
s

C
h
em

ic
al

st
ru
ct
u
re

M
o
le
cu
la
r

fo
rm

u
la

O
ri
g
in

P
ro
p
er
ti
es

an
d
ac
ti
o
n

R
ef
er
en
ce

t1
:4

C
u
rc
u
m
in

H
O C

H
3

O

O
H

C
H

3

O

O
O

H

C
2
1
H
2
0
O
6

Z
in
gi
be
ra
ce
ae

fa
m
il
y

U
se
d
fo
r
p
ai
n
re
li
ef
,
an
ti
ca
rc
in
o
g
en
ic

an
d
fo
o
d
ad
d
it
iv
e

K
u
p
tn
ir
at
sa
ik
u
l
et

al
.

2
0
0
9
;
A
g
g
ar
w
al

an
d

S
h
is
h
o
d
ia

2
0
0
4
.

R
o
te
n
o
n
e

H
3C

O

O
C

H
3

O
O

H H
O C

H
3C

C
H

2

O

C
2
3
H
2
2
O
6

L
o
nc
h
oc
a
rp
u
s

n
ic
ou

U
se
d
as

p
es
ti
ci
d
e,
in
se
ct
ic
id
e,

p
is
ci
ci
d
e,
an
d
n
eu
ro
to
x
in

S
w
ar
n
k
ar

et
al
.
2
0
1
2
;

C
ab
ez
a-
A
rv
el
ai
z
an
d

S
ch
ie
st
l
2
0
1
2

C
o
en
zy
m
e
Q

H
3C

O

H
3C

O
C

H
3

O O

C
H

3 10

C
5
9
H
9
0
O
4

M
o
st

eu
k
ar
y
o
ti
c

ce
ll
s

A
n
ti
o
x
id
an
t

L
it
ta
rr
u
an
d
T
ia
n
o

2
0
0
7
;
H
o
p
p
e
et

al
.

1
9
9
9

616 A. Kumar et al.



Comp. by: THAMIZHVEL V Stage: Revises3 Chapter No.: 94 Title Name: HbNT
Date:7/11/13 Time:12:13:02 Page Number: 617

144 consequences of both increased Ca2+ concentration inside the cell and cascades of

145 cellular signalling events (Chard et al. 1995).

146 Capsaicin-sensitive sensory neurons are bipolar neurons with somata in dorsal

147 root and trigeminal ganglia. The peripheral fibers innervate the skin as well as the

148 viscera, whereas the central axons enter the central nervous system (CNS) where

149 they form synapse at second-order neurons in the dorsal horn of the spinal cord and

150 the spinal nucleus of the trigeminal tract, respectively. The vagal nerve also

151 supplies capsaicin-sensitive innervations to some visceral organs: the cell bodies

152 of these neurons are in the nodose ganglia, and they centrally project to the area

153 postrema. The presence of TRPV1 in these neuronal pathways is firmly established

154 by a combination of [3H]-labeled resiniferatoxin (RTX) autoradiography, TRPV1

155 immunostaining, and other molecular methods (Szallasi and Blumberg 1999). The

156 existence of TRPV1-expressing brain nuclei is, however, controversial.

157 In 1988, using a silver impregnation method, Ritter and Dinh described

158 unexpected neuronal degeneration in several discrete forebrain and hindbrain

159 areas of adult rats following i.p. capsaicin administration (50 or 90 mg/kg)

160 (Ritter and Dinh. 1988). Subsequently, the presence of TRPV1 receptors was

161 reported in corresponding (and also in additional) rat brain nuclei (and also in

162 other parts) and the cortex in [3H]RTX-binding experiments as well as by

163 polymerase chain reaction (PCR), in situ hybridization (ISH), Western blot

164 analysis, and immunostaining studies targeting to detect TRPV1 at RNA and

165 protein level (Acs et al. 1996; Tóth et al. 2005; Doyle et al. 2002; Valtschanoff

166 et al. 2001; Caterina et al. 1997; Goswami et al. 2010; Sasamura et al. 1998).

167 Recordings obtained from rat brain slices implied that these TRPV1 receptors

168 were functional and might be involved in learning and memory formation.

169 Indeed, TRPV1 has been linked to the pathogenesis of Alzheimer disease

170 (Micale et al. 2010; Pákáski et al. 2009). An additional important role for

171 brain TRPV1 in anxiety and fear was postulated based on studies in TRPV1

172 knockout animals (Marsch et al. 2007). Most recently, however, only weak and

173 minimal TRPV1 expression was found in rodent brain using a sensitive and

174 selective reporter-mouse model (Tóth et al. 2005). This discrepancy is puzzling.

175 Furthermore, relevant to the topic of this review, it clearly questions

176 the value of capsaicin-induced toxicity to dissect “capsaicin sensitive”

177 (i.e., TRPV1-expressing) pathways.

3 Plant-Derived Vanilloid Toxins

178 Though there are handful examples of vanilloids from plant origin, in this chapter,

179 only vanilloids, namely, capsinoid and resiniferanoids, will be discussed in details.

180 Capsinoids: Capsaicin, the archetypal vanilloid, is responsible for the piquancy of
181 hot chili peppers (Buck and Burks 1986). Capsaicin and related compounds are

182 collectively called capsinoids. Naturally occurring capsinoids include capsiate,

183 dihydrocapsiate, and nordihydrocapsiate. Like capsaicin, capsinoids activate TRPV1

184 (Iida et al. 2003), yet, they were reported to be sweet-tasting. Of synthetic capsinoids,
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185 in the past olvanil and nuvanil had attracted attention as “improved” (candidate

186 molecules that can be given per os to achieve desensitization) in preclinical models

187 of chronic pain. The synthetic capsaicin, civamide (cis-capsaicin), is under clinical
188 development by Winston Pharmaceuticals for indications like cluster headache.

189 Resiniferanoids: Resiniferatoxin (RTX) is a naturally occurring ultrapotent

190 capsaicin analog isolated from the dried latex of the cactus-like perennial Euphor-
191 bia resinifera, a native of the Anti-Atlas Mountains in Morocco (Appendino and

192 Szallasi 1997). The closely related tinyatoxin (TiTX) is present in the soap of

193 Euphorbia poissonii, a succulent plant in Nigeria, which is traditionally used as

194 a pesticide. TiTX is somewhat (approximately threefold) less potent than RTX.

195 Although a method for the full synthesis of RTX is available, the molecule is still

196 isolated from its natural host or obtained semi-synthetically from its parent

197 diterpene, resiniferonol 9,13,14-orthophenylacetate (ROPA). Attempts to recapit-

198 ulate the ultra potency of RTX by synthesizing phorbol-based vanilloids (phorbol is

199 inexpensive and its chemistry is well known) met limited success. Of note, ROPA is

200 a potent activator of protein kinase C (PKC) and acts as a tumor promoter (Frey

201 et al. 2004). At nanomolar concentrations RTX activates TRPV1, but does not

202 activate PKC, and does not promote the formation of tumor either in the mouse skin

203 model of two-stage carcinogenesis (Driedger and Blumberg 1980). RTX, however,

204 did show unexpected activity against various cancer cell lines in a most likely

205 TRPV1-independent manner (discussed later in details).

4 Venoms as Toxins for Vanilloid Receptors

206 Venomous creatures such as spiders, scorpions, snakes, and snails contain a wealth

207 of peptide toxins which can activate or block different ion channels including

208 vanilloid receptors and produce shock, paralysis, or death (Escoubas and Rash

209 2004; Miller 1995; Terlau and Olivera 2004). Often such venoms and toxins and

210 their activity on ion channels define the pray-predator relationship and exert

211 selection pressure of certain species in specific environmental niches (Fry et al.

212 2006). Some venoms contain toxins which act on somatosensory neurons and

213 provoke a noxious sensation, primarily in mammals (Siemens et al. 2006; Bohlen

214 and Julius 2012). Somewhat unexpectedly, bites or stings by such venomous

215 creatures were shown to activate the TRPV1 receptor and produce inflammatory

216 pain (Siemens et al. 2006; Cuypers et al. 2006).

217 Venom from a Tarantula sp., Psalmopoeus cambridgei, commonly found in the

218 West Indies, has three inhibitory cystine knot (ICK) peptides present in one peptide

219 (Siemens et al. 2006). Previously, it was shown that venoms and toxins from

220 spiders, snakes, and scorpions mainly target three members of the TRP channel

221 family, namely, TRPV1, TRPA1, and TRPM8 (Siemens et al. 2006). By reverse

222 phase chromatographic technique, the Tarantula venom was purified and fraction-

223 ated further. When testing the bioactive fractions on HEK-293 cells heteroge-

224 neously expressing different TRP channels, it was demonstrated that the toxin

225 was selective to TRPV1 (Siemens et al. 2006). Edman sequencing revealed the
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226 presence of three closely related peptides named vanillotoxin 1, vanillotoxin 2, and

227 vanillotoxin 3, all of which can act as agonists for TRPV1. Similar to the ICK

228 peptide, these vanillotoxins have six cysteine residues in each toxin sequence (Zhu

229 et al. 2003). Recently, another tarantula, namely, Ornithoctonus huwena, from
230 China has been reported to produce a toxin that functions as a TRPV1 agonist

231 (Bohlen et al. 2010). Interestingly, this toxin is similar to the vanillotoxin 1–3. This

232 toxin is named double knot toxin because it has two ISK motifs repeated in tandem

233 (Bohlen et al. 2010).

234 For the sake of completeness, it should be mentioned that there are venoms

235 which contain inhibitory components against TRPV1. For example, extract from

236 a nematocyte (sea anemone Heteractis crispa) contains a peptide, named APHC1,

237 which blocks TRPV1 (Andreev et al. 2008). Furthermore, venom from a funnel web

238 spider (Agelenopsis aperta) has two toxin components (AG489 and AG505) which

239 inhibit TRPV1 (Kitaguchi and Swartz 2005).

5 The Diversity of Vanilloid Actions

240 The spectrum of vanilloid actions depends not only on the pharmacophore but also

241 on the species and the route of administration. One has to carefully consider all

242 these factors before selecting the appropriate compound for the studies.

243 Pharmacophore: RTX functions as an ultrapotent capsaicin analog with

244 a peculiar spectrum of pharmacological activities. For example, in the rat, RTX is

245 several thousandfold more potent than capsaicin in inhibiting the xylene-induced

246 neurogenic inflammatory response or in causing twitch inhibition in the vas

247 deferens (Wardle et al. 1996). By contrast, RTX is only similar in potency to

248 capsaicin in evoking the eye-wiping response upon intraocular instillation. RTX

249 also has unique actions: unlike capsaicin which repeatedly evokes the pulmonary

250 chemo-reflex with no evidence of desensitization, RTX desensitizes this reflex

251 without causing any detectable prior activation. Interestingly, RTX and capsaicin

252 congeners showed distinct structure-activity relations for receptor binding and Ca2+

253 uptake, respectively. Resiniferanoids displayed high affinity in the binding assay

254 and low activity in the Ca2+ uptake assay, whereas capsinoids showed the opposite

255 pattern. Based on these observations, the existence of two types of vanilloid

256 receptor was postulated, an R-type (presumably metabotropic) vanilloid receptor

257 responsible for desensitization and a C-type (most likely) ionotropic receptor

258 mediating irritation. This hypothesis, however, turned out to be not true: following

259 the cloning of TRPV1, it was recognized that the same receptor mediates both

260 R-type binding and C-type calcium responses (Caterina et al. 1997). Pharmacoki-

261 netics appears to play an important role in determining RTX-like and capsaicin-like

262 activities. In most cases, capsaicin-evoked Ca2+ current is rapid in onset, large in

263 magnitude, and short in duration. By contrast, RTX induces sustained, slowly

264 developing and long-lasting currents. This observation might explain why RTX

265 treatment shows a better desensitization-to-excitation ratio than capsaicin for most

266 end-points examined.
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267 Species Differences: Evolutionary, heat, and capsaicin sensitivity seems to have

268 developed over a time in different species. However, different species reveal

269 differences in responsiveness against heat and capsaicin (Nagy and Rang 2000;

270 Phillips et al. 2004; Jordt and Julius 2002; Sardar et al. 2012). Even mammalian

271 species show striking differences in the way they react to capsaicin challenge

272 (Gavva et al. 2004). Reptiles, such as snakes, seem to be insensitive to capsaicin

273 as trigeminal ganglion (TG) neurons from snakes do not respond to capsaicin

274 (Gracheva et al. 2010). Birds do not respond to capsaicin. In keeping with this,

275 chicken DRG neurons lack specific [3H]RTX-binding sites, and the treatment of

276 DRG neurons from chicken with capsaicin does not results in Ca2+ influx (Jordt and

277 Julius 2002; Goswami et al. 2007). Chicken, however, do possess TRPV1 but it is

278 resistant to capsaicin due to a point mutation at the position of S512 which confers

279 capsaicin sensitivity in mammals (Jordt and Julius 2002). Within mammals, rats

280 and rabbits are a good example for species-related differences in capsaicin sensi-

281 tivity (Gavva et al. 2004). In rats, application of 1 % capsaicin to the saphenous

282 nerve resulted in a 35 % decrease in the C:Ad fiber ratio (Pini et al. 1990), while the
283 same concentration of capsaicin administration to saphenous nerve of rabbits did

284 not change the C: Ad fiber ratio (Lynn and Shakhanbeh 1988). This implies the

285 existence of low density and/or low capsaicin-affinity TRPV1 receptors in the

286 rabbit. Indeed, no high-affinity RTX binding was detected in rabbit DRG neuron

287 membranes (Gavva et al. 2004). An intriguing species-related difference in RTX

288 actions was reported in the cat. Unlike in rats where, as described above,

289 RTX desensitizes the pulmonary chemoreflex without prior activation, in the cat,

290 RTX evokes the full reflex triad (Pórszász and Szolcsányi 1991–1992; Sculptoreanu

291 et al. 2005). Bat has two isoforms of TRPV1 of which one is responsive to infrared

292 (Gracheva et al. 2011). However, both isoforms are responsive to capsaicin and

293 high temperature.

294 Routes of Administration: The site of administration of vanilloids can be an

295 important factor in determining neurotoxicity. This is due to the fact that intrathe-

296 cal, perineural, intraganglionic, subcutaneous, intraperitoneal, and topical applica-

297 tion of vanilloids exposes different parts of sensory neurons to differential vanilloid

298 concentrations. For example, intraganglionic injections expose the cell bodies of

299 sensitive neurons to high vanilloid concentrations, leaving the peripheral terminals

300 intact. By contrast, topical vanilloid administration mainly targets the peripheral

301 nerve terminals with no detectable effect on perikarya. As an added complication,

302 different parts of the primary afferent neurons (central terminals, cell bodies, axons,

303 and peripheral terminals) have their own range of sensitivity to vanilloid agonists.

304 For example, peripheral sensory axons have different sensitivity to capsaicin, with

305 the most vulnerable part being the subepidermal part of the axon (Chung et al.

306 1990). Intrathecal or intraganglionic administration of RTX selectively deletes

307 TRPV1-expressing neurons and confers irreversible thermal, inflammatory, and

308 cancer pain relief (Brown et al. 2005; Karai et al. 2004; Tender et al. 2005). By

309 contrast, peripheral administration of a single dose of RTX produces a long-lasting

310 but reversible analgesia by ablating nociceptive nerve terminals (Karai et al. 2004;

311 Kissin 2008; Neubert et al. 2003; Goswami et al. 2007). This effect could last from
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312 few days to few weeks and is preceded by a rapid loss of specific [3H]RTX-binding

313 sites which is already apparent 1 h after RTX treatment. Similarly, a long-lasting

314 (up to 1 month) but fully reversible loss of TRPV1-like immunoreactivity was

315 observed in skin biopsies taken from volunteers following exposure to

316 a high-concentration capsaicin patch (Qutenza) (Inoue et al. 2002). Taken together,

317 these results imply that it is impossible to extrapolate vanilloid actions from one

318 species to another, especially if the route of administration is also changed.

6 Vanilloid Interaction with Receptors

319 Among all TRPV channels, TRPV1 represents the best characterized channel in

320 terms of the vanilloid-mediated activation. It has been demonstrated that the

321 temperature gating of TRPV1 is actually a voltage-dependent process (Voets

322 et al. 2005). In a similar manner, vanilloids also modulate the voltage dependency

323 of the TRP channel in ambient temperature and thus eliminates the requirement for

324 high temperatures. In a simplified manner, it can be said that at molecular level,

325 interaction of vanilloids with TRPV1 results in a conformational change which

326 reduces the requirements for high temperature and thus is suitable for channel

327 opening. However, information regarding the species-specific interaction of

328 vanilloids to TRPV1 remains insufficient and discrepancies in the vanilloid-binding

329 sites remain ambiguous.

330 Initially, it was demonstrated that capsaicin and capsazepine are competitive

331 inhibitors of RTX binding on membrane fraction suggesting that these compounds

332 probably bind at the same region (Szallasi et al. 1993). Capsaicin was originally

333 believed to activate TRPV1 by binding to its extracellular loops. However, use of

334 a membrane impermeable analog of capsaicin, i.e., DA-5018.HCl, reveals opposite

335 effect on the TRPV1 present in the inside-out patched membrane. This compound

336 activates TRPV1 when applied outside of the pipet, but failed to activate TRPV1

337 when applied from inside of the patch. This result confirms that capsaicin, being

338 lipophilic in nature, can cross the plasma membrane and thus can bind to an

339 intracellular/intramembranous region of TRPV1 (Jung et al. 1999). Indeed, it was

340 demonstrated that capsaicin binds to the TM regions of TRPV1. The capsaicin-

341 binding region was mapped down to a critical residue (Y511) located at the region

342 between the 1st intracellular loop joining TM2 and TM3 regions of rat TRPV1

343 (Jordt and Julius 2002). The same position is responsible for capsaicin sensitivity

344 too. In agreement with the involvement of that residues in capsaicin sensitivity, two

345 mutants, namely, TRPV1-Y511A and TRPV1-S512Y (rat TRPV1), abolished

346 capsaicin-mediated activation, while TRPV1-Y511A mutant failed to respond to

347 anandamide also (an endogenous vanilloid that activates TRPV1) (Jordt and Julius

348 2002). Functional studies with the capsaicin-insensitive orthologs of TRPV1 (avian

349 and rabbit) have demonstrated that capsaicin-mediated gating requires a small

350 region of the TRPV1 which includes residues at positions 511 and 512 (Jordt and

351 Julius 2002; Gavva et al. 2004). Interestingly, the mutant, namely, TRPV1-S512Y,

352 converted the activity of the antagonist 5’I-RTX into an intrinsic agonist, albeit
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353 with a lower potency than its parent compound, RTX (Sutton et al. 2005). Notably,

354 these two residues are present between transmembrane domain 3 (TM3) and the

355 first intracellular loop region. Based on these observations, it was proposed that

356 gating of this channel may involve a sequential movement of a paddle structure.

357 According to this concept, the TM3 and TM4 region of the channel is predicted to

358 form a gating paddle (Chou et al. 2004), with residues such as M547 (Rat) and L547

359 (human) forming a part of the key agonist-binding site which is accessible from the

360 intracellular interface (Johnson et al. 2006). However, this suggests that the critical

361 agonist-binding region is not buried deep within the transmembrane region as

362 suggested by the traditional homology models (Jordt and Julius 2002; Gavva

363 et al. 2004; Phillips et al. 2004). This concept is also supported by the recent

364 observation made in voltage-dependent potassium channel KvAP where X-ray

365 crystal structure confirmed that amino acids at position 512 and 547 are located

366 in close proximity (Jiang et al. 2003). In agreement with the joint action of TM3 and

367 TM4 in agonist recognition, residue M/L547 located at the TM4 mediates signif-

368 icant species differences in resiniferatoxin (RTX) sensitivity, and the S512 is

369 critical for discriminating between pH and capsaicin gating of TRPV1 (Jordt and

370 Julius 2002).

371 However, a number of studies indicated the involvement of additional residues

372 located within TM4, the putative S5–S6 pore region, and also at the N- and

373 C-termini of TRPV1 on vanilloid-mediated activities and capsaicin responsiveness

374 (Welch et al. 2000; Vlachova et al. 2003; Gavva et al. 2004; Phillips et al. 2004;

375 Jung et al. 2002). For example, involvement of residues (R114 and E761) located in

376 the N- and C-cytosolic tails of rat TRPV1 respectively has influence on the RTX-

377 binding and RTX-mediated response to TRPV1 (Jung et al. 2002). Similarly,

378 a number of critical residues located within the TM3 and TM4 (also considered

379 as voltage sensor) regions have been shown to be responsible for major species-

380 specific differences in vanilloid activity (Chou et al. 2004; Gavva et al. 2004;

381 Phillips et al. 2004). In agreement with the involvement of TM3 and TM4 in the

382 capsaicin activity in different species, M547 and T550 located in TM3 and TM4

383 region of TRPV1 (rat as well as human) confer vanilloid sensitivity, [3H]RTX-

384 binding and capsazepine-binding, parameters which are different in rabbit TRPV1

385 (Gavva et al. 2004). Changing the single residue at 550 in rabbit TRPV1 to the

386 corresponding residue found in rat and human TRPV1 (I550T) was sufficient to

387 confer gain of function for activation by capsaicin (Gavva et al. 2004). Further-

388 more, TRPV1 (rat as well as in human) mutants, namely, TRPV1-T550I and

389 TRPV1-Y511A, demonstrate a loss of sensitivity to capsaicin (Gavva et al.

390 2004). A single mutation embedded in the TM4 region of TRPV1 (human), namely,

391 TRPV1-L547M, produced a 30-fold increase in sensitivity to [3H]RTX, whereas

392 the reverse mutation in the rat isoform caused a decrease in sensitivity of equal

393 amplitude (Chou et al. 2004). These critical residues affect ligand recognition

394 to some extent and also affect channel function in response to ligand binding

395 (Gavva et al. 2004).

396 Three amino acid residues located near the pore region of the rat TRPV1 are also

397 involved in the capsaicin responsiveness. This is confirmed by the TRPV1 mutants,
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398 namely, TRPV1-E636Q, TRPV1-D646N, and TRPV1-E648Q mutants, which

399 affects capsaicin-mediated gating but not the heat or proton-mediated activation

400 of TRPV1 (Welch et al. 2000). In addition, mutation of three residues located in

401 TM6 (NML676FAP) also abolished capsaicin-mediated activation with little effect

402 on ligand binding to rat TRPV1 (Kuzhikandathil et al. 2001). Similarly, another

403 mutant, namely, TRPV1-L547M (Human) located at the 4th TM region, causes

404 a decrease in capsaicin potency (Johnson et al. 2006).

7 Vanilloid-Induced Messenger Plasticity

405 It was postulated that vanilloids do not affect non-nociceptive neurons and/or

406 mechanosensitive nociceptive neurons (Karai et al. 2004). This is important

407 because, unlike local anaesthetics which target ubiquitous sodium channels in all

408 axons, vanilloids selectively block heat-sensitive TRPV1-positive nociceptors and

409 thus leave other sensory modalities intact, rendering these molecules a better choice

410 for pain relief. In the rat spinal cord, RTX treatment ameliorated the so-called

411 “wind-up” phenomenon after repeated peripheral C-fiber stimulation that is

412 believed to correspond to central sensitization (Xu et al. 1997). This effect on the

413 “wind-up” response correlated to the time course of the thermal hypoalgesia in the

414 hot plate test (Xu et al. 1997). Unexpectedly, RTX treatment also resulted in

415 reduced sensitivity to mechanical stimulation (Pan et al. 2003). The mechanical

416 hypoalgesia was, however, transient (a few days) compared to the thermal

417 hypoalgesia (several weeks). Since TRPV1-expressing C-fiber neurons do not

418 respond to mechanical stimuli (and mechanosensitive A neurons do not express

419 TRPV1), it is unclear how RTX treatment elevates the threshold for mechanical

420 stimulation. One might wonder, however, if this is somehow part of the “messenger

421 plasticity” that follows vanilloid administration.

422 Paradoxically, RTX treatment can cause mechanical allodynia. Pan et al. injected

423 200 mg/kg RTX i.p. to rats and observed rapid increase in the paw withdrawal latency

424 to a heat stimulus, while profound tactile allodynia developed in 3 weeks (Pan et al.

425 2003). This unexpected increase in mechanical sensitivity lasted for at least 6 weeks

426 (Pan et al. 2003). In the RTX-treated rats, IB4-labeled unmyelinated C-fiber terminals

427 in the dorsal horn were significantly reduced, and cholera toxin subunit B (CTB)-

428 labeled myelinated fiber terminals appeared to sprout into lamina II of the spinal dorsal

429 horn (Pan et al. 2003). Electron microscopic examination of the sciatic nerve also

430 revealed significant loss of unmyelinated fibers and extensive ultrastructural damage

431 of myelinated fibers in RTX-treated rats (Pan et al. 2003). Immunofluorescence

432 labeling showed diminished TRPV1-like immunoreactivity in DRG neurons and the

433 spinal dorsal horn following RTX administration. This study suggests that systemic (i.

434 p.) RTX administration diminishes the thermal pain sensitivity by depletion of

435 unmyelinated afferent fibers. At the same time, RTX damages the myelinated afferent

436 fibers and causes their abnormal sprouting in lamina II of the spinal dorsal horn.

437 The latter anatomical change might be the reason behind delayed tactile allodynia

438 (Pan et al. 2003).
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439 As discussed above, desensitization to vanilloids is reversible and thus contrasts

440 to irreversible neurotoxicity. For example, it has been reported that a single topical

441 application of RTX to the rat cornea reduces the capsaicin-evoked eye-wiping

442 response in a dose-dependent manner for 3–5 days, while the normal nociceptive

443 responses return by 5–7 days (Bates et al. 2010). Importantly, RTX administration

444 did not impair epithelial wound healing and blink reflex or cause detectable

445 histological damage to the cornea (Bates et al. 2010). Immunohistochemistry

446 experiments revealed that RTX treatment caused a temporary loss of calcitonin

447 gene-related peptide (CGRP) expressing nociceptive fibers: the majority of fibers

448 reappeared within 12 days and full recovery was attained within 4 months (Bates

449 et al. 2010). Systemic (s.c.) RTX treatment also inhibits the capsaicin-induced eye-

450 wiping response and depletes CGRP-like immuoreactivity in the dorsal horn of the

451 spinal cord: these effects last much longer (months) than those observed after

452 topical administration (less than 2 weeks) but are fully reversible. Subcutaneous

453 RTX, however, causes skin ulcerations (that can be severe in some animals) in the

454 head (mostly in the facial skin and around the ears), the cause of which is unclear. It

455 was suggested that RTX may cause paradoxical itch and the ulcers are secondary to

456 the scratching behavior of the animals. This effect of RTX is somewhat different

457 than other vanilloids such as capsaicin and curcumin which reveal anticarcinogenic

458 and antitumor activity (Surh et al. 1995; Park and Surh 1997; Limtrakul et al. 1997;

459 Jang et al. 1989; Huang et al. 1997; Tanaka et al. 2002). Also, high-concentration

460 RTX (leaking from the injection site) may damage the epithelium, either directly

461 (there are reports that keratinocytes may express functional TRPV1 receptors) or

462 indirectly (Li et al. 2007). Finally, intraganglionic RTX injection (into the trigem-

463 inal ganglion) was reported to abolish eye wiping in response to capsaicin in an

464 irreversible fashion; this was associated with a loss of TRPV1/CGRP-positive

465 neurons (Karai et al. 2004).

466 The effect of RTX-induced denervation on TRPV1 expression in surrounding

467 tissues has been recently examined. Surgical removal of both the sciatic and

468 saphenous nerves from rat right hind legs and a parallel setup administration of

469 RTX to the rat leg subcutaneously were performed (Kun et al. 2012). Two weeks

470 after administration, the dorsal and plantar paw skin samples of hind legs, as well as

471 the oral mucosa, were excised. Neither chemical nor surgical denervation

472 influenced the level of TRPV1 receptor mRNA and protein expression in non-

473 neural cells of either skin regions or mucosa (Kun et al. 2012). This indicates that

474 RTX pretreatment is cytotoxic only to TRPV1-positive neurons and does not affect

475 surrounding non-neural tissues.

476 As discussed above, vanilloid treatment depletes the proinflammatory neuropep-

477 tides substance-P (SP) and CGRP from capsaicin-sensitive sensory neurons. It was

478 proposed that capsaicin blocks centripetal intra-axonal transport and thereby

479 starves the cell bodies of nerve growth factor (NGF) which is produced in the

480 periphery and is important for neuropeptide synthesis. Indeed, RTX treatment

481 causes a marked decrease in pre-protachykinin mRNA levels encoding SP (Szallasi

482 et al. 1999). Subsequently, it was discovered that vanilloid-induced changes in

483 neuropeptide levels are, in fact, bidirectional: while SP and CGRP are
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484 downregulated after capsaicin or RTX treatment, the expression of an endogenous

485 analgesic peptide galanin is increased. Moreover, increased neuronal nitric oxide

486 synthase (nNOS) and cholecystokinin receptor-B (CCK-B) levels were observed in

487 the RTX-treated animals (Burliński et al. 2011). Collectively, these changes were

488 termed “vanilloid-induced messenger plasticity” (Szallasi and Blumberg 1999).

489 It was postulated that vanilloid treatment alters the phenotype of sensory neurons

490 from proinflammatory to analgesic/anti-inflammatory. Thus, vanilloid-induced

491 messenger plasticity may represent a major mechanism of desensitization.

8 Vanilloids and Mitochondrial Dysfunction

492 In cultured DRG neurons, there is a clear separation between concentrations at

493 which capsaicin activates TRPV1 (ED50<100 nM) and at which it becomes neu-

494 rotoxic (30–100 mM) (Chard et al. 1995; Wood et al. 1988). Moreover, capsaicin

495 was reported to kill a variety of non-neuronal cells such as in human B-cells, mouse

496 myeloid cell lines, and Jurkat T-cells as well as squamous cell carcinoma cell lines

497 (Wolvetang et al. 1996; Macho et al. 1999; Lee and Surh. 1998; Hail and Lotan.

498 2002). Capsaicin-induced apoptosis was also described in rat thymocytes

499 (Amantini et al. 2004). It is still hotly debated if these non-neuronal cells express

500 functional TRPV1. For example, in dendritic cells, both the presence and absence

501 of TRPV1 were reported (O’Connell et al. 2005; Tóth et al. 2009).

502 The effect of capsaicin on cell death seems to be either specific (TRPV1

503 mediated) or nonspecific (not mediated by TPV1) in nature. Capsaicin can cause

504 apoptosis or necrosis depending on the dose applied. In cultured rat DRG cells,

505 capsaicin causes apoptosis by increasing the intracellular Ca2+ concentration,

506 enhancing mitochondrial Ca2+ accumulation, dissipation of the inner transmem-

507 brane potential (Dcm), activation of Ca2+-sensitive proteases, and DNA fragmen-

508 tation (Dedov et al. 2001). Capsaicin evokes similar signalling events in

509 transformed and mitogen-activated T-cells (Macho et al. 1999) and in human and

510 rat glioblastoma cells (Bı́ró et al. 1998; Lee et al. 2000).

511 The intercellular Ca2+ homeostasis is maintained by Ca2+-binding proteins

512 present in cytoplasm, endoplasmic reticulum (ER), and mitochondria (Kostyuk

513 and Verkhratsky 1994; Svichar et al 1997; Verkhratsky and Petersen 1998). The

514 elevated intracellular Ca2+ triggered by capsaicin leads to activation of Ca2+-

515 dependent enzymes such as different phospholipases, proteases, and endonucleases

516 that can cause apoptosis in neuronal cells as well as non-neuronal cells (McConkey

517 and Orrenius 1996; Wood et al. 1988). Though in general mitochondria are able to

518 sequester intracellular Ca2+, excess Ca2+-influx into mitochondria causes mem-

519 brane permeability transition (MPT) pore in mitochondrial membrane (Wong et al.

520 2012). This is considered as prototypical inducing factor. This MPT allows water

521 and other small molecules to infiltrate inside the mitochondrial matrix which leads

522 to osmotic swelling of mitochondria and may cause physical rupture of

523 mitochondrial membrane (Green and Reed 1998; Bernardi 1992; Crompton 1999;

524 Kroemer and Reed 2000).
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525 However, several reports suggest that vanilloids may exert effects which are

526 independent of Ca2+-influx and TRPV1 receptors. This is due to the fact that

527 capsaicin has significant effects in biological systems that are much lower in the

528 phylogenetic tree and do not contain TRPV1. For example, capsaicin acts as

529 inhibitor for organisms such as Paracoccus denitrificans, Escherichia coli, and
530 Thermus thermophilus HB-8 where it affects ubiquinone reduction by NADH (Yagi

531 1990). Not only pure capsaicin, other vanilloids such as dihydrocapsaicin and RTX

532 can also act as inhibitor of NADH oxidase (Wolvetang et al. 1996). Indeed, these

533 inhibitors are able to induce apoptosis in human B-cell and mouse myeloid cell line

534 (Wolvetang et al. 1996). In contrast, it was shown that in organisms which do not

535 have the energy transducing site, such as in Saccharomyces cerevisiae mitochon-

536 dria and Bacillus subtilismembranes, capsaicin does not inhibit NADH-ubiquinone

537 reductase, suggesting that mitochondria can be a potential target of capsaicin action

538 (Yagi 1990). In addition to mitochondria, recently it has been shown that in

539 hippocampal astrocytes capsaicin can act as an inhibitor of tyrosyl tRNA synthetase

540 and by inhibiting this enzyme, it induces cell death (Cochereau et al. 1996, 1997).

541 The TRPV1-independent functions of capsaicin mostly indicate the deleterious

542 effect of capsaicin on mitochondria. Earlier research suggests that after the sys-

543 temic application of capsaicin in the Ab-type sensory neuron of adult rat as well as
544 neonatal rat leads to mitochondrial swelling and results in the formation of atypical

545 hollow mitochondria (Joó et al. 1969; Szolcsányi et al. 1975; Jancsó et al. 1977;

546 Jancsó and Király 1981; Szöke et al. 1998, 2002). However, the real molecular

547 mechanism behind the formation of hollow mitochondria is not clear. In addition to

548 the TRPV1 receptor-mediated effects, it seems that capsaicin can also exert recep-

549 tor-independent effects on the mitochondria. Due to its structure, capsaicin can act

550 as analog of coenzyme Q, a lipophilic mobile electron carrier present in plasma

551 membrane and involved in maintaining the redox potential of membrane. Indeed, it

552 has been reported that preincubation of human lymphoblastoid cells with coenzyme

553 Q prevents capsaicin-induced apoptosis (Wolvetang et al. 1996; Macho et al. 2000).

554 It suggests that capsaicin competes for coenzyme Q and alters the redox potential of

555 plasma membrane. Apart from that it has been also reported in transformed and

556 activated T-cells; capsaicin inhibits the plasma membrane NADH oxidoreductase

557 (PMOR), an enzyme that transfers electrons from cytoplasmic NADH to external

558 electron acceptors such as oxygen via coenzyme Q (ubiquinone) (Morré et al. 1995,

559 1996; Wolvetang et al. 1996; Macho et al. 2000). Capsaicin can also inhibit the

560 NADH:coenzyme Q oxidoreductase (complex I) activity of the mitochondrial

561 electron transport system (Shimomura et al. 1989; Yagi 1990) which causes

562 alteration on the mitochondrial membrane structure and its function (Aranda et al.

563 1995; Tsuchiya 2001). In vitro experiments in transformed cells as well as in

564 activated T-cells suggest that capsaicin treatment enhances the generation of

565 reactive oxygen species (Macho et al. 1998, 1999; Garle et al. 2000) and depolar-

566 ization of mitochondrial membrane (Dedov et al. 2001) and apoptosis. Capsaicin

567 suppresses the growth of cancer cells by NF-kB inactivation, reactive oxygen

568 species (ROS) generations, cell-cycle arrest, and modulating EGFR/HER-2
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569 pathways (Hail 2003; Kang et al. 2003; Lee et al. 2004; Min et al. 2004; Surh 2002;

570 Thoennissen et al. 2010). Similarly, RTX was also reported to inhibit the NADH

571 oxidase located in plasma membranes, to generate reactive oxygen species, and to

572 induce apoptosis in transformed cells (Wolvetang et al. 1996; Macho et al. 1999,

573 2000; Garle et al. 2000). The exact molecular mechanism by which capsaicin

574 causes oxidative stress and apoptosis remains rudimentary (Pramanik et al. 2011).

9 Conclusions and Future Research Directions

575 Historically, capsaicin and RTX proved to be invaluable tools in defining

576 a fundamental subdivision of the peripheral nervous system (Appendino and

577 Szallasi 1997; Buck and Burks 1986). Capsaicin-sensitive neurons are peptidergic

578 nociceptive (primary sensory) neurons that express the vanilloid (capsaicin) recep-

579 tor TRPV1. The activation of these neurons not only transmits painful stimuli to the

580 CNS but also initiates the neurogenic inflammatory response. In turn, neurogenic

581 inflammation was postulated to play a pivotal role in the pathogenesis of diverse

582 diseases states, ranging from migraine through asthma to irritable bowel disease.

583 What makes capsaicin unique among naturally occurring irritant agents is that

584 the initial stimulation of these neurons is followed by a lasting but fully reversible

585 refractory state (traditionally termed desensitization) or irreversible neurotoxicity.

586 Desensitization to capsaicin has a clear therapeutic potential. Indeed, capsaicin-

587 containing creams and patches have clinical application for decades for indications

588 like diabetic polyneuropathy. Irreversible neurotoxicity can also be exploited for

589 therapeutic purposes. Indeed, at present site-specific RTX injections are undergoing

590 clinical trials to achieve permanent analgesia in cancer patients with chronic,

591 intractable pain secondary to metastatic disease.

592 Despite the tremendous progress that has been made after the identification and

593 molecular cloning of TRPV1 in understanding capsaicin mechanisms, several

594 outstanding questions remain unsolved. Most important, the exact molecular mech-

595 anisms underlying reversible desensitization versus irreversible toxicity are yet to

596 be established. At high concentrations, the specificity of vanilloids for TRPV1 is

597 lost, and the distinction between specific (TRPV1-mediated) and nonspecific (non-

598 TRPV1-mediated) vanilloid actions becomes problematic. As an added complica-

599 tion, the existence of functional TRPV1 receptors in cells other than capsaicin-

600 sensitive primary sensory neurons remains controversial. For example, TRPV1

601 knockout mice show altered behavior (e.g., reduced fear response) and capsaicin

602 causes extensive neurodegenerative changes in the rat brain; yet, reporter mice

603 show essentially no TRPV1 expression in the brain (Cavanaugh et al. 2011; Marsch

604 et al. 2007; Tóth et al. 2005; Roberts et al. 2004; Starowicz et al. 2008; Goswami

605 et al. 2010). In this context it is worth to mention that involvement of TRPV1 in the

606 regulation of spine morphology and synaptic transmission has been demonstrated

607 (Goswami et al. 2010). Another puzzling example is the keratinocytes present in

608 skin. Keratinocytes were reported to express TRPV1 (both mRNA and protein) and
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609 respond to capsaicin with Ca2+-uptake (Southall et al. 2003; Lee et al. 2008; Pecze

610 et al. 2008). Yet, capsaicin evokes no responses in the rat skin after skin denervation

611 (Fig. 1).

612 The mechanisms responsible for the marked species-related differences in

613 vanilloid actions are only partially understood. It is now clear that birds do not

614 respond to capsaicin because the avian TRPV1 receptor lacks the functional

615 vanilloid-binding motif of mammalian TRPV1 receptors. However, it remains

616 a mystery why the pulmonary chemoreflex is differentially regulated by RTX in

617 rats (desensitization without prior excitation) and cats (repeatable excitation with

618 no desensitization). However, much more and detailed studies are needed to

619 characterize vanilloids for therapeutic applications in near future.
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Fig. 1 TRPV1-dependent

and TRPV1-independent

vanilloid actions in normal

cell (a) and tumor cell (b).
TRPV1 present in the plasma

membrane can be activated by

different vanilloids with

different affinities and

binding kinetics (Steps 1–2).
Potent vanilloids such as

capsaicin or RTX activate

TRPV1 at very low

concentration and cause Ca2+

influx (Step 3). Vanilloids at
much higher concentrations

can cross plasma membrane

and can also act on electron

transport chain complex 1

(ETC1) and electron transport

chain complex 3 (ETC3)
(Steps 5–7). Vanilloids can
also act on the coenzyme

Q and PMOR (Steps 8–9). All
these factors result in

production of ROS (Step 10)
relevant for neurotoxicity
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974 Szolcsányi, J., Jancśo-Gábor, A., & Joo, F. (1975). Functional and fine structural characteristics of

975 the sensory neuron blocking effect of capsaicin. Naunyn-Schmiedeberg’s Archives of Phar-
976 macology, 287, 157–169.
977 Tanaka, T., Kohno, H., Sakata, K., Yamada, Y., Hirose, Y., Sugie, S., & Mori, H. (2002).

978 Modifying effects of dietary capsaicin and rotenone on 4-nitroquinoline 1-oxide-induced rat

979 tongue carcinogenesis. Carcinogenesis, 23, 1361–1367.
980 Tender, G. C., Walbridge, S., Olah, Z., Karai, L., Iadarola, M., Oldfield, E. H., & Lonser, R. R.

981 (2005). Selective ablation of nociceptive neurons for elimination of hyperalgesia and neuro-

982 genic inflammation. Journal of Neurosurgery, 102, 522–525.
983 Terlau, H., & Olivera, B. M. (2004). Conus venoms: A rich source of novel ion channel-targeted

984 peptides. Physiological Reviews, 84, 41–68.
985 Thoennissen, N. H., O’Kelly, J., Lu, D., Iwanski, G. B., La, D. T., Abbassi, S., Leiter, A., Karlan,

986 B., Mehta, R., & Koeffler, H. P. (2010). Capsaicin causes cell-cycle arrest and apoptosis in ER-

987 positive and -negative breast cancer cells by modulating the EGFR/HER-2 pathway. Onco-
988 gene, 29, 285–296.

TRPV1 Activators (“Vanilloids”) as Neurotoxins 635



Comp. by: THAMIZHVEL V Stage: Revises3 Chapter No.: 94 Title Name: HbNT
Date:7/11/13 Time:12:13:11 Page Number: 636
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Introduction

Continuation of life depends on the reproductive success of 
individual species. In this context, the fertilization ability of the 
male gametes, i.e., sperm cells, is important. The spermatozoa of 
oviparous fishes become motile after being discharged into the 
aqueous environment while, in viviparous and ovoviviparous fishes, 
their sperms acquire motility after being discharged into the female 
genital tract.1-3 In either case, sperm cells have to locate the female 
gamete in order to ensure the fertilization. This requires complex 
tactic yet efficient molecular signaling events that guide the sperm 

cells movement towards the egg.4 Ion concentrations, osmolarity 
and pH of the media into which they are released are crucial for 
initiation of sperm motility.5-7 The regulatory mechanisms involved 
in these functions and the molecules involved in such movements 
are not well established. So far, it has been established that Ca2+-
signaling play important role in such events.8-12 Though in general 
this suggests the importance of different Ca2+ channels in the 
context of sperm functions, the molecular identities and nature of 
the different Ca2+ channels involved in such functions are not well 
understood. Different complex Ca2+ signaling events in general are 
required for the proper functioning and survival of the sperm cells. 
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Sperm cells exhibit extremely high sensitivity in response to slight changes in temperature, osmotic pressure and/
or presence of various chemical stimuli. In most cases throughout the evolution, these physico-chemical stimuli trigger 
Ca2+-signaling and subsequently alter structure, cellular function, motility and survival of the sperm cells. Few reports 
have recently demonstrated the presence of Transient receptor Potential (TrP) channels in the sperm cells from higher 
eukaryotes, mainly from higher mammals. In this work, we have explored if the sperm cells from lower vertebrates can 
also have thermo-sensitive TrP channels. In this paper, we demonstrate the endogenous presence of one specific thermo-
sensitive ion channel, namely Transient receptor Potential Vanilloid family member sub type 1 (TrPV1) in the sperm cells 
collected from fresh water teleost fish, Labeo rohita. By using western blot analysis, fluorescence assisted cell sorting 
(FaCS) and confocal microscopy; we confirm the presence of this non-selective cation channel. activation of TrPV1 by 
an endogenous activator NaDa significantly increases the quality as well as the duration of fish sperm movement. The 
sperm cell specific expression of TrPV1 matches well with our in silico sequence analysis. The results demonstrate that 
TrPV1 gene is conserved in various fishes, ranging from 1–3 in copy number, and it originated by fish-specific duplication 
events within the last 320 million years (My). To the best of our knowledge, this is the first report demonstrating the 
presence of any thermo-sensitive TrP channels in the sperm cells of early vertebrates as well as of aquatic animals, which 
undergo external fertilization in fresh water. This observation may have implications in the aquaculture, breeding of 
several fresh water and marine fish species and cryopreservation of fish sperms.
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However, the nature and spatio-temporal requirements of the Ca2+ 
signaling is variable and depends largely on several internal and 
external factors.13,14 In addition to the internal factors, the Ca2+-
signaling experienced by the sperm cells is directly modulated 
by the environment into which the sperms are released, thus 
affecting their survival and fertilizing ability. Sperm cells exhibit 
extreme selectivity and sensitivity towards proper environment, 
which promotes their survival, whereas slight changes in the 
environment is detrimental for these cells. For example, sperm 
cells demonstrate extreme sensitivity for minute changes in pH, 
temperature, osmolarity of the media and presence of very low 
level of elements etc.7-15 The Ca2+ channels present in the sperm 

cells play an important role 
in these processes.16 The Ca2+ 
channels present in the sperm 
cells are potential molecular 
targets, which respond to several 
stimuli in order to modulate the 
intracellular Ca2+ levels.16 Ca2+-
signaling also plays an important 
role in several sperm cell-specific 
functions such as acrosomal 
reaction, capacitation, hyper 
motility etc.17 Notably, the Ca2+-
signaling experienced by the 
sperm cells is variable and this 
variability often correlates with 
species differences, morphology 
of the sperm cells and the 
environment where the sperms 
are released.4,18

Recently, a number of 
studies have demonstrated that 
Transient Receptor Potential 
(TRP) family of channels 
present in neurons can conduct 
Ca2+ influx in response to 
different physical factors 
such as temperature, osmotic 
pressure, pH and light.19 In 
addition, these channels can 
detect a battery of signaling 
molecules and thus contribute 
to the chemosensory processes 
relevant for neuronal guidance 
and contact formation.20 As 
TRP channels act as molecular 
sensors of physical and chemical 
factors and are able to conduct 
Ca2+-influx, we explored if 
thermosensitive TRP channels, 
especially the members of TRPV 
subfamily are present in the 
sperm cells of early vertebrates. 
In that context, we explored 
sperm cells from fresh water 

teleost fish species, namely Labeo rohita (Common name Rahu). 
Here we report the presence and functional role of TRPV1 in the 
fish sperm cells.

Results

In order to understand if fish sperm cells contain thermosensitive 
TRPV channels, we performed western blot analysis of freshly 
collected sperm cells with a TRPV1-specific antibody (Sigma 
Aldrich) (Fig. 1A). A band specific for TRPV1 at around 95 
KDa, the expected size of the TRPV1 was noticed. This indicates 
the endogenous expression of TRPV1 in fish sperm cells. FACS 

Figure 1. endogenous expression and immunodetection of TrPV1 channel in fish (Labeo rohita) sperm cells. 
(A) western blot analysis of sperm cells by a TrPV1-specific antibody. The arrow indicates a TrPV1-specific 
band at the position of 95 KDa. (B) Fluorescence activated cell sorting analysis of fish sperm cells by a TrPV1 
specific antibody. a large number of cells react to an antibody recognizing the N-terminus of TrPV1 (Sigma 
aldrich) (lower panel) when compared with the other unstained samples (upper panel). (C) Fluorescence 
activated cell sorting analysis of fish sperm cells by another antibody recognizing the C-terminus of TrPV1 
(alomone) and the respective blocking peptide. a large number of cells react to this TrPV1-specific antibody 
(lower panel) when compared with the other unstained samples (upper panel, left side) or peptide blocked 
sample (upper panel, right side). The comparative mean fluorescent intensity is provided in the lower panel 
(right side). (D) Not all sperm cells express TrPV1. This box-plot diagram represents the percentage of sperm 
cells that reveal TrPV1 staining. after 1 h, less number of cells remains positive for TrPV1. * = Significant, *** = 
highly significant, ns = non-significant. (E) Time-dependent decay of TrPV1 in sperm cells. This box-plot dia-
gram reveals the mean fluorescence intensity (MFI) of TrPV1 present in the sperm population. The MFI-value 
for TrPV1 reduces after 1 h. *Significant, ***highly significant. 
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analysis was performed to determine 
the number of fish sperm cells 
expressing TRPV1 channels. It was 
noted that in an individual sample, 
the antibody recognizing N-terminus 
of TRPV1 (Sigma Aldrich) reacts with 
nearly 20% sperm cells compared 
with unstained cells (Fig. 1B). To 
further confirm that the sperm cells 
indeed express TRPV1 endogenously, 
another antibody recognizing the 
C-terminus of TRPV1 (Alomone) 
was used in presence as well as in 
absence of a specific blocking peptide 
(Alomone). Nearly 13% of the sperm 
cells are detectable with this antibody. 
However, when the same antibody 
(Alomone) was used along with a 
specific blocking peptide, only 1.82% 
cells were detected (Fig. 1C). The mean 
fluorescence intensity also reduces 
in presence of this blocking peptide. 
The comparable immunoreactivities 
obtained by these 2 different 
antibodies and effective reduction 
in the respective immunoreacitivity 
due to the presence of a blocking 
peptide show the specificity of the 
antibodies used and hence strongly 
support the endogenous expression 
of TRPV1 in these sperm cells. The 
FACS analysis also indicates that the 
endogenous expression of TRPV1 in 
fish sperm cells is not uniform and a 
large number of cells express TRPV1 
below detection limit or these cells do 
not express TRPV1 at all. In several 
cases, time-dependent changes in 
the protein profiles in sperm cells 
have been co-related with the sperm 
functions. Therefore, we compared the 
endogenous expression of TRPV1 in 
beginning and after 1 h of incubation 
in 37°C temperature. To get an 
estimation of the percentage of cells 
expressing TRPV1, sperm cells from 
3 individual fishes in 2 different time points (0 h and 1 h) were 
analyzed by FACS. Data showed that only 20–40% cells express 
TRPV1 in the beginning (p = 0.01183; unstained 0 h vs. 0 h 
sample stained for TRPV1). Interestingly, the expression level 
reduces slightly with time. After 1 h, approximately 20% cells 
show detectable TRPV1 indicating a possible time-dependent 
decay of TRPV1 (p = 0.0002417; unstained 0 h vs. 1 h sample 
stained for TRPV1) (Fig. 1D). However, the difference 
between 0 h and 1 h time points become non-significant (p 
value = 0.2147). To confirm if TRPV1 really decays with time, 

the mean fluorescence intensity (MFI) values were measured 
and compared. This reduction in the number of TRPV1-
positive cells also correlates with the reduction in the mean 
fluorescence intensity of TRPV1 when freshly isolated samples 
were compared with 1-h-old samples (Fig. 1E). Reduction in 
the MFI-values after 1 h becomes highly significant (p value 
= 0.000005621; 0 h vs. 1 h sample stained for TRPV1). This 
indicates that though the number of sperms expressing TRPV1 
does not significantly decrease over time, the expression levels 
may drop down with time.

Figure  2. Immunolocalization of TrPV1 channel in Labeo rohita sperm cells. (A) Shown are the 3D 
confocal images of clustered sperm cells immunostained with TrPV1-specific antibody either in pres-
ence (lower panel) or in absence (upper panel) of a blocking peptide. (B) Confocal images depicting an 
enlarged area of a single sperm cell head region are shown here. The arrows indicate the regions that are 
enriched with TrPV1. Scale bars are indicated in the respective images. (C) Confocal image of sperm cells 
present in a cluster (upper panel), or an enlarged area of a single sperm cell (middle panel) or a single 
head region (lower panel) is shown here. The arrows indicate the regions that are enriched with TrPV1. 
Scale bars are indicated in the respective images. D
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To visualize the expression pattern of TRPV1 channels in 
fish sperms, we performed immunolocalization followed by 
confocal microscopic analysis of freshly collected sperm cells. 
When probed with TRPV1 specific antibody (Alomone), we 
noted the presence of TRPV1 in the sperm cells (Fig. 2A, 
upper panel). This immunoreactivity was abolished when we 
used a specific blocking peptide (Alomone) suggesting the 
immunoreactivity was indeed specific for TRPV1 (Fig. 2A, 
lower panel). Notably, TRPV1 specific immunoreactivity was 
observed primarily in the head and neck regions. Some faint 
staining was detected in the tail regions too (Fig. 2B). To 
confirm further, we used another antibody specific for TRPV1 
(Sigma Aldrich). The second antibody also reveals similar 
pattern of immunoreactivity in the sperm cells (Fig. 2C). In 
agreement with the FACS data, many of the TRPV1 containing 
cells reveal differences in the immunoreactivity, both in terms 
of amount as well as their exact localization. Taken together, 

these results suggest that fish sperm 
cells contain TRPV1 endogenously.

Next, we tested the importance 
of TRPV1 in the sperm functions. 
For that purpose, we tested 
the sperm motility and a series 
of motility experiments were 
performed. Immediately after 
coming in contact with water, the 
initial sperm motility is generally 
high (approximately 90% or 
higher percentage of the cells 
reveal motility in most cases), 
but it turned out to be variable in 
individual samples. The initial 
motility in general reduces with 
respect to the storage duration also, 
i.e., the duration of milt stored in 
4–8°C after collection. Based on 
a series of experiments, a general 
trend becomes prominent (Fig. 3). 
We observed that in control 
conditions (i.e., no drugs added 
to the water), these cells move fast 
for a very short duration (2–5 min 
only) and afterwards majority of 
these cells become absolutely static 
and/or start f loating (Video 1). In 
contrast, presence of NADA (50 
μM added at the beginning) causes 
majority of the cells to move for a 
prolonged time (even more than 60 
min in some experiments) (Video 
2). In the same notion presence 
of 5′I-RTX (50 μM) results in 
reduction of sperm movement in the 
early points (Video 3). Similarly, 
presence of higher concentration 
of NADA (1 mM added at the 

beginning) also reveals higher motility, especially in the early 
time points (data not shown). We also observed that addition of 
NADA (1mM) after 6–8 min (at a point when sperm cells do 
not move at all in control conditions) restores the cell movement 
further (Video 4). This NADA-induced movement sustained 
for a prolonged time and we noted movement till 75 min or 
more. Addition of Ruthenium-Red (1 mM), a general inhibitor 
of TRP channels results in sharp decline of sperm movement, 
even in the NADA-treated samples (Video 4). Taken together, 
these results strongly suggest a functional role of TRPV1 in 
regulating fish sperm motility.

Next, we attempted to reconstruct the TRPV1 phylogenetic 
history, especially with respect to fish lineages. For that 
purpose, we compiled a list of TRPV1 orthologs (Table 1) 
by confirming orthology with help of a standard method of 
orthology assessment using bi-directional BLAST, assisted by 
BLAST2GO tool21 with E-value lower than 1e-6. Bayesian 

Figure 3. Involvement of TrPV1 in fish sperm motility. The trend of a series of motility experiments with 
fish sperms are schematically represented here. (A) The percentage cell motility of the fish sperm in con-
trol conditions (red line and shaded regions) and in presence of NaDa (50 μM, indicted by green line and 
shaded region) or 5′I-rTX (50 μM, indicated by blue line and shaded region) are shown. While the sperm 
movements in control conditions stop quickly, presence of NaDa results in sperm motility for a prolonged 
time. (B) application of NaDa (1mM) in static sperm cells (when cells become static after initial move-
ment), results in further stimulation and sustained movement of the cells for a prolonged time. addition 
of ruthenium-red (1 mM) results in sharp decline of the motility. For details see Supplemental Movies. 
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phylogeny constructs a posterior distribution for a parameter 
using a phylogenetic tree and a model of evolution, based on 
the prior for that parameter and the likelihood of the data 
composed by the multiple alignments. Using this Bayesian 
phylogenetic method, we reconstructed phylogenetic history 
of TRPV1 within different vertebrate genomes (Fig. 4) from 
TRPV1 sequences listed in Table 1. Tetrapods have single 
copy of TRPV1 gene. In contrast, fishes demonstrate copy 
number variation in TRPV1/2 genes with three copies in 
Atlantic cod, Gadus morhua (GmoTRPV1/2a-c) and two 
copies TRPV1/2a-b in the following 3 fishes: Takifugu rubripes 
(TruTRPV1/2a-b), Tetraodon nigroviridis (TniTRPV1/2a-b) 
and Oreochromis niloticus (OniTRPV1/2ab). However, some 
fishes have single copy only, such as Danio rerio (DreTRPV1/2), 
Latimeria chalumnae (LchTRPV1/2), Xiphophorus maculatus 
(XmaTRPV1/2), Gasterosteus aculeatus (GacTRPV1/2) 
and Oryzias latipes (OlaTRPV1/2). This suggests that after 
separation of tetrapods and fishes, some of these teleost fishes 

had duplication of TRPV1 gene. Absence of duplicated 
TRPV1/2 genes in Danio rerio and Latimeria chalumnae, 
corroborates with the timing of origin of copy number variation 
which happens within 320 MY after separation of D. rerio from 
other teleost fishes.22

Taken together, our work strongly suggests for the sperm-
specific expression of the thermosensitive TRPV1 in fresh water 
living fish (Labeo rohita). Such findings may have implications 
in cryopreservation of fish sperm cells and artificial breeding 
of common food carps as well as conservation of rare species.

Discussion

Conservation of different domains and motifs in ion 
channels often correlates with the prime function of respective 
ion channels. In fact, the conservation of different domains 
and motifs as well as tissue and cell-specific expression of ion 
channels are crucial for the survival of any species as these 

Table 1. List of TrPV1 sequences collected from ensembl (release 69, October 2012) and GenBank databases

Sequence name Species Accession id Protein length E-value Mean similarity (%)

HsaTrPV1 Homo sapiens eNSP00000382661 839 0 97.00

MmuTrPV1 Mus_musculus eNSMUSP00000099585 839 0 94.95

rnoTrPV1 Rattus norvegicus eNSrNOP00000026493 838 0 94.65

GgaTrPV1 Gallus gallus eNSGaLP00000007393 843 0 81.45

MgaTrPV1 Meleagris gallopavo eNSMGaP00000006764 843 0 81.55

TguTrPV1 Taeniopygia guttata eNSTGUP00000007211 844 0 82.20

XtrTrPV1 Xenopus tropicalis eNSXeTP00000012743 838 0 77.55

DreTrPV1/2 Danio rerio eNSXeTP00000012743 819 0 70.30

LchTrPV1/2 Latimeria chalumnae eNSLaCP00000005090* 363 6.73e‐136 73.75

TruTrPV1/2a Takifugu rubripes eNSTrUT00000001736 653 0 72.45

TruTrPV1/2b Takifugu rubripes eNSTrUP00000011132 684 0 70.20

TniTrPV1/2a Tetraodon nigroviridis eNSTNIP00000011373 690 0 70.45

TniTrPV1/2b Tetraodon nigroviridis eNSTNIP00000009206 683 0 70.50

OniTrPV1/2a Oreochromis niloticus eNSONIP00000016114 775 0 72.95%

OniTrPV1/2b Oreochromis niloticus eNSONIP00000001735 733 0 67.15

GmoTrPV1/2a Gadus morhua eNSGMOP00000015245 705 0 67.95

GmoTrPV1/2b Gadus morhua eNSGMOP00000014152 661 0 69.70

GmoTrPV1/2c Gadus morhua eNSGMOP00000002023 651 5.76e‐159 60.65

XmaTrPV1/2 Xiphophorus maculatus eNSXMaP00000005454 787 0 64.05

GacTrPV1/2 Gasterosteus aculeatus eNSGaCP00000026761 739 0 71.90

OlaTrPV1/2 Oryzias latipes eNSOrLP00000014367 698 0 70.30

SfoTrPV1/2 Salvelinus fontinalis eV390862.1*$ 141 6.22e‐35 69.95

OmyTrPV1/2 Oncorhynchus mykis BX884280.3*$ 171 8.84e‐106 78.65

IpuTrPV1/2 Ictalurus punctatus CF262177.1*$ 336 5.73e‐137 69.75

SsaTrPV1/2 Salmo salar aCI34236.1$ 804 0 72.30

CIN‐homolog Ciona intestinalis XP_002130280$ 1150 0 61.40

Orthology of TrPV1 genes are confirmed by bidirectional BLaSTP using BLaST2GO tool with e-value lower than 1e-6.25 resulting e-value and mean similar-
ity are shown. eNS, ensembl; $GenBank; *Partial
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aspects are indicative of the selection pressures, and thus, 
function of the ion channels throughout evolution. Recently, 
we have reported that TRPV1 is a highly conserved protein 
throughout the evolution.23 Endogenous expression and 
involvement of TRPV1 in the sperm cells from different species 
is in full agreement with its conservation at the protein as well 
as in the genome level.

In this work, we have explored the physical and functional 
presence of thermo-sensitive channel, namely TRPV1 in the 

sperm cells from teleost fish and demonstrate the endogenous 
presence as well as importance of TRPV1 in the sperm cells of 
Labeo rohita. The motility experiments with the fish milt also 
shed light on the general nature of fish sperm motility. The fish 
milt that we used is mainly a complex suspension of biologically 
active but uncharacterized lipids. In absence of water, the 
sperms remain static and start moving vigorously only after 
encountering with water, though their movement lasts for a 
very short duration. Though the exact molecular mechanism 

Figure 4. Phylogenetic history of the TrPV1 gene. The Bayesian phylogenetic history demonstrates that there is a single copy of this gene is conserved 
across different vertebrates with some ray-finned fishes have 2 copies (TrPV1/2a-b). Bayesian phylogenetic tree of TrPV1 proteins from mammals 
(yellow), birds (cyan), and fishes was generated using Mrbayesversion V3.2.1.58 Fish-specific TrPV1/2b is marked in red shade. Putative TrPV like gene 
(GenBank id XP_002130280) from Ciona intestinalis served as the out-group in this Bayesian tree. Percentage posterior probabilities are shown at the 
node of the branches. Has, Homo sapiens; Mmu, Mus musculus; rno, Rattus norvegicus; Gga, Gallus gallus; Mga, Meleagris gallopavo; Tgu, Taeniopygia gut-
tata; Xtr, Xenopus tropicalis; Dre, Danio rerio; Lch, Latimeria chalumnae; Tru, Takifugu rubripes; Tni, Tetraodon nigroviridis; Oni, Oreochromis niloticus; Gmo, 
Gadus morhua; Xma, Xiphophorus maculates; Gac, Gasterosteus aculeatus; Ola, Oryzias latipes. 

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l I
ns

tit
ut

e 
of

 S
ci

en
ce

 E
du

ca
tio

n 
&

 R
es

ea
rc

h]
 a

t 2
2:

51
 2

2 
Fe

br
ua

ry
 2

01
6 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

489 Channels Volume 7 Issue 6

is poorly understood, we noted that absolutely metal/ion-free 
water is extremely lethal to the fish sperm cells as all cells die in 
double distilled water, whereas in waters with trace of ions (such 
as pond water or tap water) is suitable. This is in accordance 
with the requirement of other ions and thus ion channels in the 
fish sperm motility. This result also fits well with the previous 
reports demonstrating the endogenous presence of TRP 
channels in sperm cells from diverse organisms. For example, 
endogenous expression of TRPV1 in boar spermatozoa has been 
linked with endocannabinoid and anandamide signaling, which 
have implications in capacitation and acrosomal reaction.24,25 In 
case of human also, endogenous expression of TRPV1 has been 
detected in sperm and linked with sperm functions. In human 
sperm cells, both hot and cold-sensitive TRP ion channels are 
present and regulate several functions related to motility and 
fertility.26-28 In boar sperm cells, TRPV1 function is important 
for fertilization.29-31 In mouse sperm cells, TRPP2 is present at 
the anterior sperm head region and it is essential for the zona 
pellucida induced Ca

2+

entry into mouse sperm and subsequent 
acrosomal exocytosis during fertilization.32 In mouse sperm 
cells, TRPM8 is involved in the detection of temperature 
changes and is important for acrosome reaction regulation.33,34 
In the same context, involvement of TRPV6 in male fertility 
and sterility has been demonstrated.35,36 Involvement of TRP 
channels in reproduction may have more important roles and is 
not limited just to sperm cell survival and movement required 
for fertilization. TRP channels may even have roles in the 
spermatogenesis as well, an important aspect which might be 
evolutionary conserved as well.37-39 While these reports confirm 
the endogenous expression and function of TRP channels in the 
sperm cells of only higher vertebrates, presence of TRP channels 
in the sperm of any aquatic animals and/or lower vertebrates have 
not been shown yet. In this work we demonstrated that presence 
of NADA generally induces a sustained sperm movement (at 
least for Labeo rohita). Interestingly, this NADA-induced 
sperm movement can be blocked to some extent by 5′-IRTX, 
a well-established antagonist of mammalian TRPV1. Also we 
noted that further application of Ruthenium-Red (1 mM) in 
NADA-treated samples results in sharp decline of the sperm 
movements suggesting that NADA-induced sperm movements 
are due to the involvement of TRP channels mainly. However, 
we noted that application of capsaicin (a very specific agonist of 
TRPV1 in several species, mainly in mammals) did not alter the 
motility fish sperms and cells remain mostly non-responsive to 
capsaicin (data not shown). Though the relative responsiveness 
of NADA, 5′IRTX and capsaicin to fish sperm indicates the 
involvement of TRPV1 in fish motility, the species-specificity 
of these compounds and involvement of other TRP channels 
cannot be ruled out completely.

Altogether, our results confirm the endogenous expression 
and functional importance of TRPV1 in the sperms of lower 
vertebrates, at least in teleost fishes. TRPV1 is present in various 
teleost fishes with copy numbers ranging from 1–3 (Table 1; 
Fig. 4). The copy number variation of TRPV1 gene in teleost 
fishes originated by duplication events after separation of fishes 
from last common ancestor of tetrapods and fishes is evident from 

synteny analysis of TRPV genes.40 These duplication events are not 
older than 320 MY, as it happened after separation of D. rerio from 
other teleost fishes.22

Recently, presence of TRP channels in the sperm cells have been 
detected in some lower eukaryotic organisms too. For example, in 
C. elegans, TRP channels are required for sperm-egg interactions 
during fertilization.41 Polycystin channels localize to cilia and 
activate Drosophila sperm cells by mediating Ca2+-influx.42,43 In 
Drosophila, a polycystin-2 homolog channel localized in flagella 
and is required for male fertility.44 Our results are in full agreement 
with the previous reports, which demonstrated that temperature 
is an important regulatory factor for maturation and motility in 
fish sperm cells.45-47 Indeed it is known that carp sperms take more 
time for acquiring motility when incubated in cold water (15°C) 
vs. warm water (20°C).47 This thermo sensitivity of sperms could 
be due to presence of thermosensitive TRP channels in the sperms.

In this work, we demonstrated that a fraction of fish sperm 
cells express TRPV1 and it localizes mainly in the neck region 
of the cells. In some cases, TRPV1 localizes in head and tail 
region also. The differential level of expression and localization 
of TRPV1 may be a correlative of differential response of sperm 
cells in response to temperature and other factors. The other 
functional roles of TRPV1 in fish sperms need to be explored 
in details.

Materials and Methods

Collection of fish sperm
Male broods of Labeo rohita were collected from the 

experimental pond of Physiology Division, Central Institute 
of Freshwater Aquaculture (CIFA). Milters were induced with 
“Ovaprim” at the rate of 0.2–0.3 ml/kg body weight of the 
fish during peak breeding season (in the time of early August). 
Milters were stripped into separate plastic tubes held over ice. 
Extreme care was taken to avoid contamination of water, blood, 
urine, feces, etc. After that, milt samples were processed for 
further analysis.

SDS PAGE and western blot analysis
Freshly collected milt was diluted in 1× PBS and quickly 

centrifuged at 8000 RPM for 5 min in 25°C. After that the 
pellet fraction was diluted in 1× PBS supplemented with 
protease inhibitor cocktail (Sigma Aldrich) and sonicated 
(pulse rate 50Hz for 5 min, 5 s intervals) in ice. 5× Laemmli gel 
sample buffer was added directly to the sonicated samples. The 
samples were boiled and subsequently analyzed by 10% sodium 
dodecyl sulfate PAGE (SDS-PAGE) according to Laemmli.48 
Due to the high lipid and DNA content, the samples were 
separated by SDS-PAGE for around 12 h in a mini-gel (BioRad). 
The proteins were electrophoretically transferred to PVDF 
membrane (Milipore) according to the procedure described 
elsewhere.49 After blocking for 1 h in TBST (20 mM Tris [pH 
7.4], 0.9% (w/v) NaCl, and 0.1% (v/v) Tween 20) containing 
5% (w/v) dry skim milk, the membranes were incubated with 
mouse monoclonal antibody directed against C-terminus of 
TRPV1 (Dilution 1:200; Sigma Aldrich) for overnight. After 
extensive washing in TBST, the membranes were incubated with 
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horse-radish peroxidase-conjugated secondary antibody raised 
against mouse (GE Healthcare) for 1 h at room temperature 
(25°C). Again, the membranes were extensively washed in 
TBST and bands were visualized on chemi-doc (BioRad) by 
enhanced chemiluminescence according to the manufacturer’s 
instructions (Thermo scientific).

Immunofluorescence analysis and microscopy
For immunocytochemical analysis, immediately after 

collection, sperm cells were diluted in PBS and fixed with 
paraformaldehyde (PFA) (final concentration 2%). After fixing 
the cells with PFA, the cells were permeabilized with 0.1% Triton 
X-100 in PBS (5 min). Subsequently, the cells were blocked 
with 5% bovine serum albumin for 1 h. The primary antibodies 
were used at the following dilutions: mouse monoclonal anti-
TRPV1 (1: 200, Sigma Aldrich), rabbit polyclonal anti-TRPV1 
(1: 200, Alomone Lab). In some experiments, blocking peptide 
[EDAEVFKDSMVPGEK, corresponding to amino acid 
residues 824–838 of rat TRPV1 (Accession O35433)] was used 
to confirm the specificity of the immunoreactivity. The blocking 
peptides were used at 1:1 dilution. The blocking peptides were 
used against rabbit polyclonal anti-TRPV1 (Alomone Lab).

All primary antibodies were incubated for overnight at 4°C 
in PBST buffer (PBS supplemented with 0.1% Tween-20). 
AlexaFluor-488 labeled anti rabbit or anti mouse antibodies 
(Molecular probes) were used as secondary antibodies and 
were used at 1:1000 dilutions. All images were taken on a 
confocal laser-scanning microscope (LSM-780, Zeiss) with a 
63X-objective and analyzed with the Zeiss LSM image examiner 
software and Adobe Photoshop.

Motility assay for fish sperm
Freshly collected water free neat milt from Rohu fishes were 

collected from the pond and the milt from different individual 
fishes were brought to lab within 30–40 min. Temperature of 
the milt was strictly maintained at 15–20°C and subsequently 
the milt was stored at 4–8°C freezer for a 96 h during which 
all the motility experiments were done. A spot of 4 µL water 
was made on microscopic slide (Globe Scientific, 1304) and 
then a small quantity (0.1–0.2 μl) of Rohu milt was added 
to the spot. Immediately after adding the milt to the water, a 
coverslip (Fisher Scientific) was gently placed above the water 
spot and the sperm movement was visualized/captured by using 
Olympus (BX51) microscope. The approximate percentage of 
cell motility was estimated as described previously.50-53 The 
movements of rohu spermatozoa were recorded as movies (400-
500 frames/minute) for 1 minute. The original movies were 
processed using Movie-maker software. For modulation of 
TRPV1, specific activator (NADA, Sigma Aldrich) or inhibitors 
such as (5′I-RTX, Sigma Aldrich) or RutheniumRed (Sigma 
Aldrich) at different concentrations was added to the water and 
these solutions were used for spotting. In some experiments 
aimed to add activators or inhibitors after a fixed time, the 
drug containing water solution (5×) was made and 1 µL of this 
5× solution was added from the side of the coverslip (after the 
required time on a control sample). Due to the capillary action, 
the drug solution added to the side goes inside quickly. For this 

assay, we used normal tap water as double distilled water turned 
out to be extremely lethal for the cells.

FACS analysis
Expression of thermo-sensitive TRPV1 channel in fish sperm 

cells was assessed by Flow cytometry. Single cell suspensions 
of fish sperm cells were made in presence and absence of 
TRPV1 specific blocking peptide (EDAEVFKDSMVPGEK, 
corresponding to amino acid residues 824–838 of rat TRPV1 
[Accession O35433]) and used for f low cytometry on a FACS 
Calibur instrument (BD Biosciences). The cells were washed, 
blocked (with 5% bovine serum albumin) and incubated with 
rabbit polyclonal anti-TRPV1 antibodies (1:200, Alomone 
Lab) or mouse monoclonal anti-TRPV1 (1: 200, Sigma 
Aldrich) for overnight followed by washing by PBST buffer 
(PBS supplemented with 0.1% Tween-20). The cells were then 
incubated with AlexaFluor-488 labeled anti-rabbit or anti-
mouse antibodies (1:1000 dilution, Molecular probes) for 1 h. 
After washing, the cells were re-suspended in PBS supplemented 
with 2% BSA, 0.1% sodium azide. Unstained cells were used as 
a negative control. The labeled cells were washed, detected by 
Flow Cytometry using a FACS Calibur and analyzed by Cell 
Quest Pro software (BD Biosciences). Around 10,000 cells were 
analyzed for each sample.

Sequence collection and phylogenetic analyses
TRPV1 sequences were collected using Ensembl54 from 

following species: Latimeria chalumnae, Takifugu rubripes, 
Tetraodon nigroviridis, Oreochromis niloticus, Gadus morhua, 
Danio rerio, Gallus gallus, Meleagris gallopavo, Taeniopygia 
guttata, Xenopus tropicalis, Mus musculus, Rattus norvegicus and 
Homo sapiens. Furthermore, TRPV1 homologs were collected 
using GenBank from following species: Salvelinus fontinalis, 
Oncorhynchus tshawytscha, Oncorhynchus mykiss, Ictalurus 
punctatus, Salmo salar and Ciona intestinalis. All these sequences 
were scanned by BLAST tool55 with E-value lower than 1e-6. 
Collected sequences were annotated and orthologous status of 
these sequences were confirmed by using bi-directional blast 
with the help of BLAST2GO software21 with E-value lower than 
1e-6. Result of this analysis is summarized in Table 1. Protein 
sequence alignment of collected TRPV1 was performed using 
MUSCLE software.56,57 Phylogenetic tree was constructed using 
this protein alignment by the well-accepted and most powerful 
Bayesian approach (5 runs, until average standard deviation of 
split frequencies was lower than 0.0098, 25% burn-in-period, 
WAG matrix-based model in the MrBayes version V3.2.1.58,59

Statistical test
The FACS data for 3 individual fishes (n = 3) were imported to 

“R” software for statistical analysis and graphical representation. 
Using R, box-plots were generated to represent the percentage 
of TRPV1 positive cells and their mean fluorescence intensities 
in arbit unit (au). The Annova test was done for each set of 
data to check the reliability and significance of the data points. 
P-values < 0.05 were considered as statistically significant.
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a b s t r a c t

While effects of different steroids on the gene expression and regulation are well established, it is proven
that steroids can also exert rapid non-genomic actions in several tissues and cells. In most cases, these
non-genomic rapid effects of steroids are actually due to intracellular mobilization of Ca2+- and other ions
suggesting that Ca2+ channels are involved in such effects. Transient Receptor Potential (TRP) ion
channels or TRPs are the largest group of non-selective and polymodal ion channels which cause Ca2+-
influx in response to different physical and chemical stimuli. While non-genomic actions of different
steroids on different ion channels have been established to some extent, involvement of TRPs in such
functions is largely unexplored. In this review, we critically analyze the literature and summarize how
different steroids as well as their metabolic precursors and derivatives can exert non-genomic effects
by acting on different TRPs qualitatively and/or quantitatively. Such effects have physiological repercus-
sion on systems such as in sperm cells, immune cells, bone cells, neuronal cells and many others.
Different TRPs are also endogenously expressed in diverse steroid-producing tissues and thus may have
importance in steroid synthesis as well, a process which is tightly controlled by the intracellular Ca2+ con-
centrations. Tissue and cell-specific expression of TRP channels are also regulated by different steroids.
Understanding of the crosstalk between TRP channels and different steroids may have strong significance
in physiological, endocrinological and pharmacological context and in future these compounds can also
be used as potential biomedicine.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Steroid actions can be both genomic and non-genomic (i.e.,
rapid effects produced within minutes and which are independent
of transcriptional or translational stimulation). In contrast to the
well-established genomic effects, these non-genomic and rapid
effects of steroids are poorly understood, although such effects
have been noted in several systems including neurons. For exam-
ple, very rapid effects of several neurosteroids on the neuronal sys-
tem is well established. Notably, it has been observed that fast and
non-genomic actions of steroids are dose-dependent, often revers-
ible, stereo-specific and can be blocked by other signaling com-
pounds suggesting that these steroids initiate specific biological
responses through specific signaling cascades (Gu and Moss,
1996; Falkenstein et al., 2000). While a handful of reports suggest
that these fast and non-genomic effects of steroids originate at the
plasma membrane, the molecular mechanisms and the signaling
events are not well understood. The molecular identities of the

receptors and ion channels involved in such responses are largely
unknown. Nevertheless, identification of molecular candidates
involved in rapid steroid signaling events and understanding of
the signaling events involved in such processes are important from
a physiological, pharmacological and clinical perspective. In this
context, Transient Receptor Potential (TRP) ion channels (TRPs)
are relevant.

TRPs are a group of non-selective ion channels which mediate
the transmembrane flux of Ca2+ (and other cations too) down an
electrochemical gradient, thereby increasing the intracellular Ca2+

and Na+ concentration and causing cell depolarization. TRP chan-
nels were first discovered in a Drosophila trp mutant, which had
a modified response to light (Minke, 1977; Montell et al., 1985).
Subsequently members of the TRP family have been identified in
vertebrates, and other invertebrates and in lower eukaryotes such
as yeast and fungi. However, so far TRPs or their exact homologs
have not been detected in plants. TRPs are classified on the basis
of their sequence homology and by the presence of specific signa-
ture domains and motifs such as the TRP-domain, TRP-box motifs,
ankyrin repeats, etc. (Clapham, 2003; Nilius and Owsianik, 2011).
The primary structure of all TRPs consists of six transmembrane
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regions with a pore domain between the fifth and sixth transmem-
brane region and both the N- and C-termini are intracellular. Based
on amino acid sequence, homology with other TRP channels, and
the presence of specific structural features, the TRPs have been
classified into 7 subfamilies, namely, TRPC (Canonical), TRPV
(Vanilloid), TRPM (Melastatin), TRPA (Ankyrin), TRPP (Polycystin),
TRPML (Mucolipin) and TRPN (No Mechanoreceptor Potential C,
NOMPC).

In animals, TRP channels are ubiquitously expressed in almost
all cell types and tissues, albeit at different levels. However,
involvement of TRP channels in physiological functions and sen-
sory processes are relevant in multi-cellular as well as in unicellu-
lar organisms also. Most of the TRPs are selectively activated by
specific ligands and are polymodal in nature (Baez-Nieto et al.,
2011). TRP channels are regulated by multiple stimuli, both phys-
ical and chemical and a few members of TRPs, namely TRPV1,
TRPV2, TRPV3, TRPV4, TRPM3, TRPM8, TRPA1 are thermosensitive.
In most cases the chemical ligands are hydrophobic in nature and
several endogenous hydrophobic compounds (such as different lip-
ids) have been reported to activate or inhibit TRP channels (Holzer,
2011). The complex polymodal regulation of TRP channels by intra-
cellular as well as extracellular components such as, specific lipids,
pH, ROS, NO, metal ions, interacting proteins, etc. and the multiple
routes of regulation by phosphorylation-dephosphorylation and
other post-translational modifications, suggest that these channels
integrate multiple signaling events at the plasma membrane. In
this context, TRPs have been investigated for rapid signaling med-
iated by different steroids and may be an important group of
molecular targets for the fast and non-genomic actions of different
steroids. Reports also suggest that expressions of TRPs are also con-
trolled by different steroids as long-term effects. The crosstalk
between steroids and TRPs may have crucial implications in sev-
eral spheres such as in clinical, pharmacological, endocrinology,
food safety, species conservation and several other aspects. The
present review will present the importance of TRPs in the signaling
of non-genomic responses to different steroids in different
systems. In case of multicellular organisms, involvement of TRP
channels in neuronal systems and in different sensory processes
is a well-studied topic, in this review we will not discuss it in
details and this review will mainly summarizes the steroids-TRP
crosstalk in the context of non-neuronal systems per se.

2. Steroid-mediated regulation (expression) of TRP channels
(Long term effects)

Steroid hormones trigger gene expression by directly binding to
intracellular steroid receptors which undergo homo- or hetero-
dimerization and bind to specific palindromic hormone response
elements (HRE) (Falkenstein et al., 2000). The classical cellular
actions of steroids provoke the typical ‘‘long-term effects’’ of ste-
roids that require hours to days and modify gene expression
(Gronemeyer, 1992). Indeed, human, rat and mouse genome data
suggest that promoter sequences (within 5 kb region) of several
TRP genes contain response elements indicative of steroid medi-
ated-transcriptional regulation. For example, the entire TRPM8
gene contains 10 putative androgen responsive elements (one in
the promoter region and the remaining 9 in the introns) and dihy-
drotestosterone (DHT) regulates the transcription of TRPM8 in
both smooth muscle and apical epithelial cells of the human pros-
tate (Zhang and Barritt, 2004; Bidaux et al., 2005). Similarly, in cul-
tured bovine aortic endothelial cells (BAECs), b-estradiol causes
significant down-regulation of Trp4 and modest up-regulation of
Trp1a and Trp3 expression whereas progesterone and dexametha-
sone seem to have a stimulatory effect (Chang et al., 1997). Various
oestrogens including 17b-estradiol can up-regulate renal TRPV5

mRNA and protein levels as well as duodenal TRPV6 expression
in rats (van Abel et al., 2002, 2003). In mice TRPV6 expression
was induced after 17b-estradiol treatment (Lee and Jeung, 2007)
and in pregnant rat, expression of TRPV6 transcription appeared
to be solely controlled by progesterone (Lee et al., 2009). Estrogen
in particular has also been shown to induce the expression of
TRPV1 channel in rats (Yan et al., 2007). In MCF-7 which is a breast
cancer cell line, ERa has been shown to regulate the expression of
TRPM8 (Chodon et al., 2010).

Often the expressions of different TRP channels in a given
tissue/cell are tightly controlled by the serum levels of different
steroid hormones. For example, female sex hormones E2 and P4
alone or in combination can modulate the transcription of trp
genes involved in physiological functions linked to pregnancy.
The uterine expression of TRPV6 during the estrous cycle in
rodents is modulated by steroid hormones and TRPV6 transcripts
in the rat uterus is highly up-regulated by P4 at diestrus (Kim
et al., 2006), while in mouse uterus TRPV6 mRNA is up-regulated
by E2 at estrus (Lee and Jeung, 2007). Uterine TRPV6 has increased
expression during implantation and just prior to birth while it
declines sharply following birth and during lactation, and is mainly
regulated by serum concentrations of P4 or E2 in rat and mouse
respectively (Lee et al., 2009). In rodents TRPV6 expression in the
placenta initially follows the pattern of uterine expression, with
an induction in the middle of gestation but not at the end of gesta-
tion (Lee and Jeung, 2007). The species-specific regulation of TRPV6
transcription in the uterus and placenta may be a consequence of
the uterine calcium ion concentration required for successful
implantation of embryo and in rats P4 and PRs are important while
in mice E2 and ERs are regulatory (Lee et al., 2009).

Several other TRP channels are also regulated by E2 and P4. For
example, both E2 and P4 are involved in the regulation of trpm2
gene during the oestrous cycle of female rats. Changes in TRPM2
expression in stromal cells of the myometrium and endometrium
of mature rats during oestrous and in immature rats after E2 and
P4 treatment suggest that E2-induced TRPM2 expression is inhib-
ited by co-treatment with P4 (Ahn et al., 2014). A dramatic increase
in the TRPM2 mRNA levels is detected during proestrus, and it
drops to the baseline levels at metestrus, and levels are restored
at diestrus. Similarly E2 and P4 up-regulated the expression of
TRPC1 and enhanced store operated Ca2+ influx in cultured hESC
(human endometrial stromal cells) (Kawarabayashi et al., 2012).
All these effects may be implicated in decidualization, which is
an ovarian steroid-induced remodeling/differentiation of the
uterus essential for embryo implantation and placentation. In
contrast, in human airways, mammary gland epithelial cells and
vascular smooth muscle cells TRPV4 is down-regulated by P4
(Jung et al., 2009). Taken together, the results strongly suggest that
expression of TRPs in different cells and tissues are tightly
regulated by steroids.

3. Expression of TRP channels in specialized steroid-sensitive
tissues and cells

Almost all tissues and cells are responsive to different steroids
although the response kinetics to specific steroids differs and all
cells express different subsets of TRP channels and their spatio-
temporal expression and localization pattern differs. In general,
such a situation makes it very difficult to dissect out the effect of
specific steroids on specific TRP channel. However, the existing lit-
erature provides a strong correlation in terms of expression of spe-
cific TRPs in certain tissues (and cells) with the sensitive response
to specific steroids at very low concentrations. The expression of
TRPs in peripheral neurons and central neurons have already been
extensively described (Julius, 2013; Talavera et al., 2008;
Numazaki and Tominaga, 2004) and so the present review will
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focus on TRPs in non-neuronal tissue and their involvement in ste-
roid responsiveness.

3.1. Expression of TRPs in bone cells

It is well established that bone cell function, differentiation and
other processes are highly dependent on sex steroids and influ-
enced by the balance between internal as well as external Ca2+ con-
centration, and Ca2+ signaling (Karsenty, 2012; Kajiya, 2012). So far
a number of TRPs are known to be critically involved in these pro-
cesses, including intestinal Ca2+ absorption (TRPV6), renal calcium
re-absorption (TRPV5), osteoclastogenesis (TRPV1, TRPV2, TRPV4,
TRPV5), osteoblastogenesis (TRPV1), chondrocyte differentiation/
functioning (TRPV4), and bone pain sensation (TRPV1) (Lieben
and Carmeliet, 2012). A new splice variant of TRPC1 (termed as
TRPC1e that has its translation start site upstream of a non-AUG
site) was identified in early pre-osteoclasts (Ong et al., 2013).
Interestingly, phylogenetic analysis indicates that certain TRP
channels emerged during vertebrate evolution and this has been
associated with their role in the formation and/or regulation of
vertebra, i.e. in bone cells. For example, TRPM8 share close rela-
tionship with SPP2, a bone morphogen since vertebrate evolution,
circa 450 million years (Majhi et al., 2014).

A recent report has demonstrated endogenous expression and
the functional repercussion of TRPV1 in osteoclasts (Khan et al.,
2012). Human odontoblasts contain functional TRPV1, TRPA1 and
TRPM8 channels (El Karim et al., 2011). TRPV4 is expressed in oste-
oblasts, osteoclasts and synoviocytes and the absence of TRPV4
prevents disuse-induced bone loss (Abed et al., 2009; Masuyama
et al., 2008; Mizoguchi et al., 2008; Itoh et al., 2009; Kochukov
et al., 2006). TRPV4-mediated Ca2+-influx regulates terminal
differentiation of osteoclasts (Masuyama et al., 2008) and TRPV4
activation in osteoclasts increased the number of osteoclasts and
their resorption activity and increased bone loss (Masuyama
et al., 2012). In articular cartilage, TRPV4 exhibits osmotic sensitiv-
ity, controls cellular volume recovery and other physiologic
responses to osmotic stress (Phan et al., 2009). In addition, TRPV4
activation promotes chondrogenesis by inducing SOX9 transcrip-
tion (Muramatsu et al., 2007). Other TRPs detected in the skeletal
system include TRPV5 (in human osteoclasts) (Chamoux et al.,
2010), TRPM8 in rat synoviocytes and odontoblasts) (Zhu
et al., 2014) where it is involved in low-temperature stimulation
of the dentin surface together with TRPA1 (Tsumura et al., 2013).

3.2. Expression of TRPs in pancreatic cells

Steroids influence the development, regulation and secretion of
hormones from the pancreas (Islam, 2010; Morimoto et al., 2010).
So far, at least nine different TRP channels (TRPC1, TRPC4, TRPC6,
TRPV1, TRPV5, TRPM2, TRPM3, TRPM4 and TRPM5) that have dif-
ferent functions have been detected in pancreatic b cells (Colsoul
et al., 2011; Nilius et al., 2007). For example, TRPM3 is expressed
in whole pancreas (Grimm et al., 2003; Fonfria et al., 2006), mouse
pancreatic islets and even INS-1 cells (Klose et al., 2011; Wagner
et al., 2008). TRPM3 is directly activated by the neurosteroid hor-
mone pregnenolone sulfate (PS). PS increased glucose-induced
insulin secretion from pancreatic islets and INS-1E cells, an effect
which can be abolished by the selective and potent TRPM3 blocker
mefenamic acid (Klose et al., 2011; Wagner et al., 2008). TRPM2 is
expressed in insulin secreting cell lines, such as in the rat cell lines
CRI-G1 and RIN-5F, and in human and mouse pancreatic islets
(Hara et al., 2002; Qian et al., 2002; Inamura et al., 2003; Togashi
et al., 2006). TRPM2 has been suggested to contribute to insulin
release induced by heat, glucose and incretin hormones (Uchida
and Tominaga, 2011; Togashi et al., 2006) and inhibits heat- and
exendin-4-evoked insulin release from rat pancreatic islets

(Togashi et al., 2008). These functions are specific to TRPM2 as ani-
mals lacking this gene (Trpm2�/� mouse) have impaired insulin
secretion in response to glucose and GLP-1 (Uchida and
Tominaga, 2011). TRPM2 has been reported to have an additional
role as an intracellular Ca2+ release channel in pancreatic beta cells
(Lange et al., 2009). In addition, TRPM4 expression and TRPM4-like
channel activity is found in the beta cell lines INS-1, HIT-T15,
RINm5F, b-TC3 and MIN-6 and the alpha cell line INR1G9 (Cheng
et al., 2007; Marigo et al., 2009). Inhibition of TRPM4 decreases
the magnitude of the Ca2+ signal and insulin release in INS-1 cells
(Cheng et al., 2007; Marigo et al., 2009).

3.3. Expression of TRPs in immune cells

Importance of different steroids on immune system is well
established. Many processes in the immune response such as mac-
rophage migration, phagocytosis and T-cell activation are depen-
dent on Ca2+ and thus Ca2+-channels are important regulators
(Vig and Kinet, 2009). Some immune functions are temperature-
dependent as well as steroid-sensitive (Knippertz et al., 2011;
Hatzfeld-Charbonnier et al., 2007) and theromosensitive TRP chan-
nels in these immune cells are important. The expression of the
TRPV subfamily is notable and murine dendritic cells express
TRPV1 and activation of TRPV1 by capsaicin leads to maturation
of dendritic cells (Basu and Srivastava, 2005). TRPV2 mediates
the effect of transient heat shock on endocytosis by human mono-
cyte-derived dendritic cells (Szöll}osi et al., 2013). TRPV2 also plays
a major role in particle binding and phagocytosis in murine perito-
neal macrophages (Link et al., 2010). Transcripts for TRPV2, TRPV3
and TRPV4 are found in thymocytes, splenocytes, lymphocytes or
purified B-cells and T-cells of C57BL/6 mice (Inada et al., 2006)
and TRPV1 and TRPV2 are detected in human PBMCs (Saunders
et al., 2007, 2009). Strong and prolonged activation of TRPV1 by
capsaicin induces apoptosis in CD5+ thymocytes (Amantini et al.,
2004) and TRPV6 in Jurkat cells are involved in store operated
Ca2+-entry, an essential process involved in T-cell activation (Cui
et al., 2002; Yue et al., 2001). Both transcript and proteins of TRPV5
and TRPV6 have been detected in Jurkat and human T-lymphocytes
(Vasil’eva et al., 2008). Expressions of TRPC1, TRPC3 and TRPV2
have been implicated in macrophage survival and apoptosis
(Berthier et al., 2004; Tano et al., 2011; Yamashiro et al., 2010).
TRPC3, TRPC6, TRPV1 have been implicated in monocyte migration
(Zhao et al., 2012; Schilling and Eder, 2009), whereas TRPC3, TRPV2
and TRPM8 have been implicated in macrophage migration (Tano
et al., 2011; Nagasawa et al., 2007; Nagasawa and Kojima, 2012;
Wu et al., 2011). Some TRPC and TRPM subfamily members have
also been detected in immune cells and in neutrophils TRPC6 reg-
ulates their migration (Damann et al., 2009). Expression of TRPC6
has been detected in human alveolar macrophages, lung tissue
macrophages, monocytes and in monocyte-derived macrophages
(Finney-Hayward et al., 2010). TRPM4 channel controls monocyte
and macrophage, but not neutrophil functions (Serafini et al.,
2012). Several members of the TRPC family have also been
reported in T-cells (Philipp et al., 2003). In both Jurkat and periph-
eral blood-derived T-lymphocytes, importance of TRPC1, TRPC3,
TRPC6 and TRPM4 have been shown (Gamberucci et al., 2002;
Philipp et al., 2003; Wenning et al., 2011; Rao and Kaminski,
2006; Takezawa et al., 2006). Expression and channel function of
several TRPs are steroid-dependent, and this may be a mechanism
of steroid-mediated changes in immunity and immune
suppression.

3.4. Expression of TRP channels in sperm cells

Sperm cells are transcriptionally inactive yet extremely sensi-
tive to different steroids. These sensitivities are mainly due to
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the direct regulation of different ion channels by steroids (dis-
cussed later). In this context, expression of different TRPs and their
homologs are relevant. Indeed several of these channels have been
detected in testis and particularly in mature sperm cells. Often
these TRPs are localized in very specialized regions of the sperm.
During the late 1990s, it was demonstrated that a homolog of
the drosophila Trp gene, named bTrp2 is expressed in bovine testis,
spleen and liver (Wissenbach et al., 1998). In the testis bTrp2 mRNA
is restricted to spermatocytes suggesting that this channel may be
important in sperm cell formation, a sex steroid dependent
process.

In human sperm the flagella express TRPC1, TRPC3 and TRPC6
(Castellano et al., 2003) while mouse sperm flagella express TRPC1,
TRPC3, TRPC4 and TRPC6 (Trevino et al., 2001). TRPC2 is present in
the overlying region of the mouse sperm acrosome (Jungnickel
et al., 2001; Trevino et al., 2001) and additional forms of TRP
detected in mouse sperm include TRP1 and TRP3 in the flagellum
and TRP6 in the postacrosomal region (Trevino et al., 2001). Phar-
macologic suppression of TRPC activity impairs the motility of
human sperm and this illustrates their importance in sperm func-
tion (Castellano et al., 2003). In mature mammalian sperm (such as
in boar), TRPV1 has been located in the post acrosomal area and
these channels re-localize to the anterior region of the sperm head
after capacitation (Bernabò et al., 2010a,b). In this context, it is
important to note that steroids like estrogen and progesterone play
an important role in the capacitation process (Baldi et al., 2009).
Activation of TRPV1 results in an increase in intracellular Ca2+ con-
centrations and these ionic events promote actin cytoskeletal
depolymerization and a loss of acrosome structure integrity
(Bernabò et al., 2010a). Interestingly, inhibition of actin polymeri-
zation and cholesterol depletion prevents this re-localization of
TRPV1 during capacitation suggesting that membrane cholesterol
controls membrane dynamics of TRPV1 (Bernabò et al., 2010b).
The expression of TRPV1 in sperm cells seems to be conserved in
all vertebrates ranging from human to fish (Majhi et al., 2013). In
addition to TRPV1, the cold-sensitive ion channel TRPM8 has also
been detected in human, murine and other vertebrate sperm cells
(De Blas et al., 2009; Martínez-López et al., 2011; Majhi et al.,
2014). TRPM8 activation by menthol does not alter human sperm
motility although it induces acrosome reaction (De Blas et al.,
2009). Notably, progesterone and ZP-induced acrosomal reaction
can be inhibited in murine but not in human sperm (Martínez-
López et al., 2011).

Endogenous expression of TRPs is also detected in invertebrate
sperm cells which lack or have impaired steroid biosynthesis path-
ways. For example, in Caenorhabditis elegans; TRPC homolog
namely, TRP3 is an important regulator of sperm-egg interactions
during fertilization (Xu and Sternberg, 2003). In Drosophila, polycy-
stin-2 homolog localizes to the distal tip of the sperm flagella.
Mutation in this gene induces infertility as the sperms fail to enter
the female sperm storage organs (Watnick et al., 2003). Thus
sperm-specific expressions of TRPs and likely responsiveness to
different steroids are of evolutionary significance.

4. Non-genomic rapid actions of steroids on TRP channels

Steroids are now recognized to also exert rapid non-genomic
effects on tissues and cells and most of these responses are very
specific, often stereo-specific, extremely fast and generally reach
their maxima within minutes. Since, rapid effects are most likely
to be mediated by membrane proteins; this means that ion chan-
nels and receptors are prime molecular targets of steroids
(Kousteni et al., 2001). Steroids are known to induce sudden
increases in intracellular Ca2+ concentrations suggesting that these
compounds modulate different Ca2+ channels and such effects are

particularly prominent in neurons and specialized non-neuronal
cells such as in sperm cells. Indeed, several neurosteroids and also
some non-neuronal steroids can exert an immediate cellular
response by directly stimulating ion channels (Chen et al., 2007;
Unemoto et al., 2007; Seyrek et al., 2007; Scragg et al., 2007;
Harteneck, 2013). However, the mode-of-action of these steroids
and their specificities towards different Ca2+ channel are not clear.
In this context, TRPs are important though the entire range of
activity of different steroids against all the TRPs have not yet been
investigated. Nonetheless the present literature strongly suggests
that TRP channels are both direct and indirect molecular targets
of neurosteroids (Nilius and Voets, 2008). A concise summary of
such non-genomic effects of these steroids against different TRP
channels is listed (Table 1). Different steroids can potentially
induce complex conformational changes leading to bidirectional
changes such as channel opening or channel closing. Such confor-
mational changes correlate well with different cellular and physi-
ological functions. However, depending on the concentrations
and availability, different steroids and/or steroid like molecules
can also induce permanent conformational changes in the channels
leading to either ‘‘constitutively on’’ or ‘‘constitutively off’’ stages.
Such cases generally lead to pathophysiological manifestations.
Different steroids and steroid-like molecules therefore seem to
modulate TRP channels in a complex manner and modulate intra-
cellular Ca2+ levels leading to different cellular responses. Though
the exact molecular mechanism may differ for different TRP
channels and may also vary from steroids to steroids, a general
simplified mechanism can be summarized (Fig. 1).

Glucocorticoids and AEA can activate TRPV1 in a subset of gas-
tric-related preautonomic neurons of the rat hypothalamus and
modulate excitatory synaptic input (Boychuk et al., 2013).
Similarly, diacylglycerol-sensitive channels, especially TRPC3,
TRPC5 and TRPC6 can be inhibited by synthetic and natural ste-
roids as well as structurally related compounds such as norgesti-
mate (Miehe et al., 2012). TRPC5 is inhibited by steroids in a
stereo-specific manner (Majeed et al., 2011) and aldosterone
induces pro-inflammatory signaling through TRPM7/TRPM7a-
kinase and involves the mineralocorticoid receptor (MR) and ROS
(Yogi et al., 2013). Norgestimate and progesterone differentially
inhibit TRPC-mediated currents and Ca2+-influx in smooth muscles
(Miehe et al., 2012) and has been linked with the physiological
decrease in uterine contractility and immunosuppression during
pregnancy, and has been linked to the high levels of progesterone
during gestation. Another example is 17b-estradiol, which can
induce Ca2+-influx and activate Ca2+-currents in rat cortical collect-
ing duct cells by acting on TRPV5. This effect can be effectively
inhibited by pre-treatment with ruthenium red or by TRPV5-spe-
cific siRNA (Irnaten et al., 2009). In a similar manner, Ca2+-entry/
signaling by TRPV6 is also sensitive to 17b-estradiol (Irnaten
et al., 2008).

Pregnenolone sulfate (PS) has been considered as an endoge-
nous steroid as it has numerous neuropharmacological actions
(Lee et al., 2010a). Whole cell patch clump experiments reveal that
PS regulates the glutamatergic currents in pre- and post-synapses
in isolated dentate gyrus (DG), hilar neurons and these PS-induced
currents can be effectively blocked by inhibitors of TRPs (Lee et al.,
2010a). Molecular diffusion studies suggest that PS travels a long
distance and can act as a modulator of transporters, enzymes and
ion channels belonging to the TRPM superfamily, namely to TRPM1
and TRPM3 (Lambert et al., 2011). Among all TRPs, PS activates
TRPM3 directly at physiological concentrations and (Wagner
et al., 2008) extracellular application activates endogenous mouse
TRPM3 present in tissues and cells such as pancreatic b-cells which
leads to rapid Ca2+-influx and insulin secretion (Wagner et al.,
2008). In a similar study human TRPM3 was activated by PS but
not stimulated by progesterone, aldosterone, 17b-oestradiol or by
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Table 1
Non-genomic effects through TRP channel.

Steroid Channels Effect References

Progesterone TRPC3, TRPC4, TRPC5,
TRPC6

Channel inhibition Miehe et al. (2012)

TRPM3 Channel inhibition Majeed et al. (2011)
CatSper2 Rise in intracellular Ca2+ causing sperm hyperactivation,

acrosome reaction, and potential chemotaxis and thermotaxis
towards the
egg

Calogero et al. (2000), Lishko et al.
(2011),
Heath (2011) and Strünker et al.
(2011)

Norgestimate TRPC5, TRPC6, TRPC3 Channel inhibition Miehe et al. (2012)

Aldosterone TRPM7 Mg2+-influx and ROS production Yogi et al. (2013)

17b-estradiol TRPV5 Ca2+-currents in rat cortical collecting duct cells Irnaten et al. (2009)
TRPV6 Rapid Ca2+-influx (within 5 min) Irnaten et al. (2008)
TRPM3 Channel inhibition Majeed et al. (2012)
TRPV1 Channel inhibition in DRG sensory neurons by a non-classical

estrogen-signaling pathway downstream of intracellular ERb
affecting the vanilloid binding site targeted by capsaicin

Xu et al. (2008)

Pregnenolone sulfate TRPM3 TRPM3 activation cause rapid Ca2+-influx leading to insulin
release from mouse pancreatic b cells

Wagner et al. (2008)

TRPM3 Potentiation of glutamatergic transmission at cerebellar
Purkinje neurons from developing rats

Zamudio-Bulcock et al. (2011);
Zamudio-Bulcock and Valenzuela
(2011)

TRPV1 Inhibit capsaicin-induced currents rapidly and reversibly Chen et al. (2004)
TRPC5 Channel inhibition Beech (2012)

Dihydrotestosterone TRPM3 Channel inhibition Majeed et al. (2011) and Majeed
et al.
(2012)

Dehydroepiandrosterone
(DHEA)

TRPV1 Inhibits the capsaicin-induced current in isolated DRG
neurons rapidly and reversibly

Chen et al. (2004)

5-androsten-3a-ol-17-one (3a-
DHEA)

TRPV1 Potentiates capsaicin response Chen et al. (2004)

a-spinasterol TRPV1 A novel efficacious and safe antagonist of TRPV1 with
anti-nociceptive effect, derived from the leaves
of the medicinal plant Vernonia tweedieana Baker

Trevisan et al. (2012)

Fig. 1. Non-genomic action of different steroids and steroid-like molecules on TRP channels. The schematic diagram suggests that endogenous steroids readily diffuse to the
plasmamembrane and binds to certain steroid-binding pockets (mainly located at the transmembrane and/or loop region) of the TRP channels. Such binding alters the
channel conformation resulting in reversible regulation of ‘‘on-and-off’’ mode of TRP channels and thus regulate intracellular concentration of Ca2+ ions as well as cellular
response leading to physiological functions (described in b–c). However excess steroids as well as different steroid-like molecules bind with different TRP channels with
different kinetics leading to irreversible changes such as either constitutive on (described in d) or constitutive off (described in a) mode leading to abnormal intracellular Ca2+

and defective cellular functions. Under these scenario, expected Ca2+-currents due to TRP channels are plotted at the bottom.
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testosterone (Majeed et al., 2011). In fact, prior application of pro-
gesterone at a concentration of 10 nM to 10 lM can inhibit the
effect of PS-mediated Ca2+-influx in a dose-dependent manner sug-
gesting that progesterone actually inhibits TRPM3 activity in a
Pregnenolone sulfate-independent manner (Majeed et al., 2011).

Compounds with structural similarities to testosterone such as
dihydrotestosterone and 17b-oestradiol also inhibit TRPM3 activ-
ity but these effects were equivalent to or smaller than those of
progesterone (Majeed et al., 2011, 2012). Chen et al. and others
have provided useful information regarding the effect as well as
the mode of action of different steroids, their intermediates and
metabolites on TRPV1 as well as on other TRP channels (Chen
et al., 2004; Chen and Wu, 2004). For example, pregnenolone sul-
fate (PS) acts as an inhibitor of capsaicin induced currents via
TRPV1 (Chen and Wu, 2004). Electrophysiology data revels that
PS rapidly and reversibly inhibits the capsaicin response in a con-
centration dependent manner. Progesterone (100 lM) does not
exert a significant effect on the capsaicin induced currents via
TRPV1. Interestingly, one stereoisomer of DHEA, namely 5-andros-
ten-3a-ol-17-one (3a-DHEA), also fails to inhibit the capsaicin-
induced current, and instead potentiates the current. These
stereo-specificities indicate that neither a double bond at C-5 nor
stereochemistry at C-5 is critical for inhibition of capsaicin-
induced currents, whereas addition of a sulfate group at C-3b
results in weaker activity. Testosterone produces significantly less
inhibition of capsaicin-induced current than DHEA and the female
sex steroid hormone 17b-estradiol markedly alters the capsaicin
response. While some reports suggest that 17b-estradiol potenti-
ates capsaicin response, other reports suggest that it acts directly
on dorsal root ganglion (DRG) sensory neurons and reduces TRPV1
activation by capsaicin (Xu et al., 2008). However, the effect of 17b-
estradiol on TRPV1 is probably more complex and likely involves
G-protein coupled receptors and atypical PKCs (Goswami et al.,
2011). Another study has also confirmed that pregnenolone sul-
phate, pregnanolone (or its b-sulphated form) and progesterone
inhibit TRPC5 activity in HEK293 cells within 1–2 min and that
progesterone is a potent and reversible inhibitor (Beech, 2012).
17b-oestradiol has a weak inhibitory effect on TRPC5 activity com-
pared to other inhibitory steroids. The inhibitory concentration of
the steroids was within the micro-Molar range, which correlates
with normal physiological concentrations.

Compounds isolated from leaves of the medicinal plant
Vernonia tweedieana that have anti-nociceptive effects, can actually
exert antagonistic activity on TRPV1 (Trevisan et al., 2012). The
compounds a-spinasterol and stigmasterol present in the dichloro-
methane fraction, reduce the nociception and edema induced by
capsaicin injection. The action of a-spinasterol is most likely via
TRPV1 as it affects noxious heat-mediated nociception but does
not alter sensitivity to a mechanical stimulus that generally
involves TRPV4. Indeed, a-spinasterol displaces [3H]Resiniferatox-
in binding to TRPV1 in spinal cord membranes and diminishes Ca2+

influx mediated by capsaicin suggesting that it probably competes
for the same binding site. Notably, compounds with a similar struc-
ture to a-spinasterol such as a-amyrin, b-amyrin and Lupeol fail to
affect TRPV1 action. These properties indicate that a-spinasterol is
a specific, novel, effective and safe antagonist of TRPV1 with antin-
ociceptive effects.

The steroid-induced Ca2+-influx is not limited to neurons and
has also been observed in non-neuronal tissues and cells such
as pancreatic cells, immune cells, bone cells as well as cancer
cells (Xi et al., 2000). Another example of cells that respond to
steroids with a sudden rise in Ca2+-level is sperm characterized
by condensed chromatin and minimal transcription and transla-
tion suggesting the response is indeed independent of gene tran-
scription (Publicover and Barratt, 2011). Progesterone, a female
reproductive steroid hormone causes elevation of intracellular

Ca2+ leading to sperm hyperactivation, acrosome reaction, and
potential chemotaxis and thermotaxis towards the egg
(Calogero et al., 2000; Lishko et al., 2011). Progesterone causes
this effect by directly activating CatSper2, a close homolog of
TRP channels (Heath, 2011; Strünker et al., 2011) and it is perti-
nent to note that patients lacking CatSper2 activity are infertile
(Avidan et al., 2003).

In summary; steroids, their metabolites and precursors as well
as other steroid-like molecules can act directly on the TRPs and
exert inhibitory or stimulatory effects. However, much better char-
acterization of steroid-TRP interactions are required by systematic
exploration of different steroids and TRP family members.

5. Importance of TRP channels in steroid production and
secretion

In mammals, steroid production occurs in specialized tissues
such as in brain, adrenal glands, gonads (both male and female),
and the placenta (Compagnone and Mellon, 2000). In general,
Ca2+ is required for several steps of steroidogenesis. For example,
in Leydig cells, Ca2+-channel blockers inhibit steroidogenesis by
reducing the expression of the cholesterol transporting StAR pro-
teins in mitochondria which controls the rate-limiting step of ste-
roidogenesis (Dufau, 1988; Lee et al., 2010b, 2011). Ca2+ also plays
major regulatory roles in steroidogenesis in general (Cherradi et al.,
1998; Cooke, 1999; Davies et al., 1985; Rossier, 2006). In this con-
text, TRPs are relevant for several reasons. First, these channels
control total Ca2+-homeostasis by regulating the Ca2+ absorption/
reabsorption; complex physiological processes which are depen-
dent on endocrine and environmental factors including tempera-
ture. Secondly; TRP channels conduct large Ca2+-currents upon
activation and induce Ca2+-signaling as well as Ca2+-independent
signaling events within the cell. And lastly, TRPs are endogenously
expressed in steroid producing cells and can control both steroid
production as well as secretion. For example, TRP4 is endogenously
expressed in bovine adrenal cortex and specifically in adrenal cells
(Philipp et al., 2000). Similarly, the adrenal chromaffin derived cell
line, PC12, expresses TRP6 which is involved in diacylglycerol-
induced Ca2+-influx (Tesfai et al., 2001). Another steroid producing
organ is the testis and so far a battery of TRPs are known to be
expressed in testis and also in different cells representing different
stages of spermatogenesis indicating that TRPs may have specific
role in steroid production and response (reviewed in Kumar and
Shoeb, 2011). Similarly, transcripts of TRPV2 and TRPV3 have been
reported in mice ovary (Kunert-Keil et al., 2006). TRPV1 is
expressed constitutively in rat ovaries and is involved in follicle
development (Tutuncu and Özfiliz, 2010). Another steroid produc-
ing tissue is the placenta and so far a handful of reports indicate
that these are linked to specific physiological functions (Dörr and
Fecher-Trost, 2011; Stumpf et al., 2008). In the case of the human
placenta, TRPC1, TRPC3, TRPC4, TRPC5 and TRPC6 mRNAs are
present during the first and second trimester and at term in the
placenta (Sossey-Alaoui et al., 1999). In rat, TRPV1 is expressed
during placenta development during pregnancy (Fonseca et al.,
2009). The highly Ca2+-selective TRPV5 and TRPV6 are also
reported to be expressed in different cells of the placenta
(Wissenbach et al., 2001; Bernucci et al., 2006; Stumpf et al.,
2008; Moreau et al., 2002a,b; Peng et al., 2003; Lee and Jeung,
2007).

Apart from steroid production, TRPs also regulate steroid secre-
tion (Obukhov and Nowycky, 2002; Iwasaki et al., 2008). This effect
is basically due to the regulation of vesicle fusion in response to
Ca2+-influx. For example, secretion of testosterone from Leydig
cells is a process which is also controlled by Ca2+, mainly by cal-
cium-induced calcium release mechanism (Costa et al., 2010).
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6. Conclusion

Steroid-mediated regulation of calcium channels is of physio-
logical significance. For example, dihydrotestosterone affects
L-type calcium channels in human ventricular cardiomyocytes
(Er et al., 2009). Testosterone increases urinary Ca2+ excretion
and inhibits expression of renal Ca2+ transport proteins, namely
TRPV5 and maintains the Ca2+ homeostasis (Hsu et al., 2010). In
this context, it is interesting that the effects of steroid-induced
physiological responses and TRP channels act together and often
their effects are overlapping and reveal cross-talk occurs between
TRPs and steroid or sterol compounds. In this context, it is impor-
tant to note that natural and synthetic compounds structurally
similar to steroids or have sterol moiety have been termed as
‘‘endocrine-disrupters’’, although their exact mechanisms of
actions are unclear (Frye et al., 2012; Testai et al., 2013). The effect
of different sterols, steroids, their metabolic intermediates and pre-
cursors, and structurally similar compounds on TRP channels
strongly suggests that this group of compounds may physically
bind to specific regions of TRP channels (most likely in the trans-
membrane and loop regions) and modulate their functions. A
detailed and comparative analysis of the physical interaction, asso-
ciation and dissociation kinetics as well as biological response of
these compounds on different TRP channels is required in order
to use these compounds as a personalized bio-medicine. However,
experimental validation of physical interactions between TRP
channels and steroids (also steroid-like molecules), characteriza-
tion of the binding site/s and subsequent channel modulation is
required and will need new experimental and technological
approaches. The separation of general homeostatic responses of
TRP family members from steroid-specific ones remains a chal-
lenge due to difficulties in obtaining an ‘‘absolutely steroid-free
cell’’. The generation of reconstituted TRP channels in liposome-
based rafts may be a possible solution (Moiseenkova-Bell et al.,
2008). In silico approach may also minimize the experimental effort
and give in-depth theoretical analysis of likely interactions.
Recently resolved structures of TRP channels can also be helpful
for such in silico analysis (Cao et al., 2013; Liao et al., 2013).
Never-the-less, advances in understanding of TRP channel-steroid
interactions has both basic and clinical implications in the areas
of steroid-induced immunosuppression and altered immune func-
tions, steroid-induced osteoporosis (SIOP) and bone remodeling,
regulation of pituitary–gonadal axis, reproductive abnormalities,
regulation of core body temperature, gender differences in thermo-
regulation and other sensory processes. Failures/abnormalities in
TRP-steroid cross-talk may be behind the development of certain
rare diseases and/or syndromes. For example, development of
‘‘nephrotic syndrome’’ characterized by high levels of triglyceride
and cholesterol, have been linked with gene variations in TRPC6
(Mir et al., 2012). Similarly, ‘‘infantile hypertrophic pyloric steno-
sis’’ has been linked to gene variations in TRPC5 and TRPC6
(Everett et al., 2008; Ko et al., 2010). Another example is the disreg-
ulation of renal TRPM6/TRPM7 in aldosterone-induced hyperten-
sion and kidney damage in hereditary hypomagnesemia (Yogi
et al., 2011). Understandings the role of TRPs in these syndromes
may give rise to specific treatment policies. (Ciurtin et al., 2010).
Indeed, TRPM1 activation by pregnenolone sulfate has also been
considered as important for melanocyte function, melanin
synthesis, phototransduction, pain modulation, insulin secretion,
neuronal development (Harteneck, 2013). Progesterone and TRPs
are involved in Ca2+ deposition in egg shell which has commercial
implication in poultry industry (Bar, 2009). As abnormalities in TRP
channel functions and regulation are directly related to develop-
ment of different diseases and other pathophysiology, these
channels are potential pharmacological targets (Kumar et al.,

2013). So far a large number of TRP channel-modulatory com-
pounds have been projected and characterized as potential drugs
for different pathophysiological conditions (Moran et al., 2011).
In this context, understanding of the effect of different steroids
and/or steroid-like molecules which can act on specific TRP chan-
nels will be of immense interest as potential biomedicines.

Acknowledgments

Intramural support from NISER, Bhubaneswar is acknowledged.
AK, SK, RKM, NS, MY and CG wrote the manuscript. The authors
declare no conflict of interest.

References

Abed, E. et al., 2009. Expression of transient receptor potential (TRP) channels in
human and murine osteoblast-like cells. Mol. Membr. Biol. 26, 146–158.

Ahn, C. et al., 2014. Regulation and localization of transient receptor potential
melastatin 2 in rat uterus. Reprod. Sci. [Epub ahead of print].

Amantini, C. et al., 2004. Distinct thymocyte subsets express the vanilloid receptor
VR1 that mediates capsaicin-induced apoptotic cell death. Cell Death Differ. 11,
1342–1356.

Avidan, N. et al., 2003. CATSPER2, a human autosomal nonsyndromic male
infertility gene. Eur. J. Hum. Genet. 11, 497–502.

Baez-Nieto, D. et al., 2011. Thermo-TRP channels: biophysics of polymodal
receptors. Adv. Exp. Med. Biol. 704, 469–490.

Baldi, E., 2009. Nongenomic activation of spermatozoa by steroid hormones: facts
and fictions. Mol. Cell. Endocrinol. 308 (1–2), 39–46.

Bar, A., 2009. Calcium transport in strongly calcifying laying birds: mechanisms and
regulation. Comp. Biochem. Physiol. A: Mol. Integr. Physiol. 152, 447–469.

Basu, S., Srivastava, P., 2005. Immunological role of neuronal receptor vanilloid
receptor 1 expressed on dendritic cells. Proc. Natl. Acad. Sci. U.S.A. 102, 5120–
5125.

Beech, D.J., 2012. Integration of transient receptor potential canonical channels with
lipids. Acta Physiol. (Oxf) 204, 227–237.

Bernabò, N. et al., 2010a. Role of TRPV1 channels during the acquisition of fertilizing
ability in boar spermatozoa. Vet. Res. Commun. 34, S5–S8.

Bernabò, N. et al., 2010b. Role of TRPV1 channels in boar spermatozoa acquisition of
fertilizing ability. Mol. Cell. Endocrinol. 323, 224–231.

Bernucci, L. et al., 2006. Diverse calcium channel types are present in the human
placental syncytiotrophoblast basal membrane. Placenta 27, 1082–1095.

Berthier, A. et al., 2004. Involvement of a calcium dependent dephosphorylation of
BAD associated with the localization of Trpc-1 within lipid rafts in 7-
ketocholesterol- induced THP-1 cell apoptosis. Cell Death Differ. 11, 897–905.

Bidaux, G. et al., 2005. Evidence for specific TRPM8 expression in human prostate
secretory epithelial cells: functional androgen receptor requirement. Endocr.
Relat. Cancer 12, 367–382.

Boychuk, C.R. et al., 2013. Rapid glucocorticoid-induced activation of TRP and CB1
receptors causes biphasic modulation of glutamate release in gastric-related
hypothalamic preautonomic neurons. Front. Neurosci. 7, 3.

Calogero, A.E. et al., 2000. Effects of progesterone on sperm function: mechanisms
of action. Hum. Reprod. 15 (Suppl 1), 28–45.

Cao, E., Liao, M., Cheng, Y., Julius, D., 2013. TRPV1 structures in distinct
conformations reveal activation mechanisms. Nature 504, 113–118.

Castellano, L.E. et al., 2003. Transient receptor potential (TRPC) channels in human
sperm: expression, cellular localization and involvement in the regulation of
flagellar motility. FEBS Lett. 541, 69–74.

Chamoux, E. et al., 2010. TRPV5 mediates a receptor activator of NF-kappaB (RANK)
ligand-induced increase in cytosolic Ca2+ in human osteoclasts and down-
regulates bone resorption. J. Biol. Chem. 285, 25354–25362.

Chen, S.C., Wu, F.S., 2004. Mechanism underlying inhibition of the capsaicin
receptor-mediated current by pregnenolone sulfate in rat dorsal root ganglion
neurons. Brain Res. 1027, 196–200.

Chen, S.C., Chang, T.J., Wu, F.S., 2004. Competitive inhibition of the capsaicin
receptor-mediated current by dehydroepiandrosterone in rat dorsal root
ganglion neurons. J. Pharmacol. Exp. Ther. 311, 529–536.

Chen, X.L. et al., 2007. Testosterone could induce a rapid rise in intracellular free
Ca2+ concentration through binding to the membrane surface of bone marrow-
derived macrophages. Zhonghua Nan Ke Xue 13, 784–790.

Chang, A.S. et al., 1997. Concomitant and hormonally regulated expression of trp
genes in bovine aortic endothelial cells. FEBS Lett. 415, 335–340.

Cheng, H. et al., 2007. TRPM4 controls insulin secretion in pancreatic beta-cells. Cell
Calcium 41, 51–61.

Cherradi, N., Brandenburger, Y., Capponi, A.M., 1998. Mitochondrial regulation of
mineralocorticoid biosynthesis by calcium and the StAR protein. Eur. J.
Endocrinol. 139, 249–256.

Chodon et al., 2010. Estrogen regulation of TRPM8 expression in breast cancer cells.
BMC Cancer 10, 212.

A. Kumar et al. / General and Comparative Endocrinology 220 (2015) 23–32 29

http://refhub.elsevier.com/S0016-6480(14)00398-0/h0005
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0005
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0875
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0875
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0020
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0020
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0020
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0030
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0030
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0035
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0035
http://refhub.elsevier.com/S0016-6480(14)00398-0/h9000
http://refhub.elsevier.com/S0016-6480(14)00398-0/h9000
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0040
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0040
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0045
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0045
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0045
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0050
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0050
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0055
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0055
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0060
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0060
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0065
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0065
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0070
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0070
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0070
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0075
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0075
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0075
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0085
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0085
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0085
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0090
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0090
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0880
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0880
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0100
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0100
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0100
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0105
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0105
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0105
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0105
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0110
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0110
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0110
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0115
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0115
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0115
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0120
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0120
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0120
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0120
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0125
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0125
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0130
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0130
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0135
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0135
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0135
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0140
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0140


Ciurtin, C. et al., 2010. TRPM3 channel stimulated by pregnenolone sulphate in
synovial fibroblasts and negatively coupled to hyaluronan. BMC Musculoskelet.
Disord. 11, 111.

Clapham, D.E., 2003. TRP channels as cellular sensors. Nature 426, 517–524.
Colsoul, B., Vennekens, R., Nilius, B., 2011. Transient receptor potential cation

channels in pancreatic b cells. Rev. Physiol. Biochem. Pharmacol. 161, 87–110.
Compagnone, N.A., Mellon, S.H., 2000. Neurosteroids: biosynthesis and function of

these novel neuromodulators. Front. Neuroendocrinol. 21, 1–56.
Cooke, B.A., 1999. Signal transduction involving cyclic AMP-dependent and cyclic

AMP-independent mechanisms in the control of steroidogenesis. Mol. Cell.
Endocrinol. 151, 25–35.

Costa, R.R., Varanda, W.A., Franci, C.R., 2010. A calcium-induced calcium release
mechanism supports luteinizing hormone-induced testosterone secretion in
mouse Leydig cells. Am. J. Physiol. Cell Physiol. 299, C316–C323.

Cui, J. et al., 2002. CaT1 contributes to the stores-operated calcium current in Jurkat
T-lymphocytes. J. Biol. Chem. 277, 47175–47183.

Damann, N. et al., 2009. The calcium-conducting ion channel transient receptor
potential canonical 6 is involved in macrophage inflammatory protein-2-
induced migration of mouse neutrophils. Acta Physiol (Oxf). 195, 3–11.

Davies, E., Kenyon, C.J., Fraser, R., 1985. The role of calcium ions in the mechanism of
ACTH stimulation of cortisol synthesis. Steroids 45, 551–560.

De Blas, G.A. et al., 2009. TRPM8, a versatile channel in human sperm. PLoS ONE 4,
e6095.

Dörr, J., Fecher-Trost, C., 2011. TRP channels in female reproductive organs and
placenta. Adv. Exp. Med. Biol. 704, 909–928.

Dufau, M.L., 1988. Endocrine regulation and communicating functions of the Leydig
cell. Ann. Rev. Physiol. 50, 483–508.

El Karim, I.A. et al., 2011. Human odontoblasts express functional thermo-sensitive
TRP channels: implications for dentin sensitivity. Pain 152, 2211–2223.

Er, F. et al., 2009. Impact of dihydrotestosterone on L-type calcium channels in
human ventricular cardiomyocytes. Endocr. Res. 34, 59–67.

Everett, K.V. et al., 2008. Genome-wide high-density SNP-based linkage analysis of
infantile hypertrophic pyloric stenosis identifies loci on chromosomes 11q14-
q22 and Xq23. Am. J. Hum. Genet. 82, 756–762.

Falkenstein, E. et al., 2000. Multiple actions of steroid hormones–a focus on rapid,
nongenomic effects. Pharmacol. Rev. 52, 513–556.

Finney-Hayward, T.K. et al., 2010. Expression of transient receptor potential C6
channels in human lung macrophages. Am. J. Respir. Cell Mol. Biol. 43, 296–304.

Fonfria, E. et al., 2006. Tissue distribution profiles of the human TRPM cation
channel family. J. Recept. Signal Transduct. Res. 26, 159–178.

Fonseca, B.M. et al., 2009. Spatio-temporal expression patterns of anandamide-
binding receptors in rat implantation sites: evidence for a role of the
endocannabinoid system during the period of placental development. Reprod.
Biol. Endocrinol. 7, 121.

Frye, C.A. et al., 2012. Endocrine disrupters: a review of some sources, effects, and
mechanisms of actions on behaviour and neuroendocrine systems. J.
Neuroendocrinol. 24, 144–159.

Gamberucci, A. et al., 2002. Diacylglycerol activates the influx of extracellular
cations in T-lymphocytes independently of intracellular calcium-store
depletion and possibly involving endogenous TRP6 gene products. Biochem. J.
364, 245–254.

Goswami, C. et al., 2011. Estrogen destabilizes microtubules through an ion-
conductivity-independent TRPV1 pathway. J. Neurochem. 117, 995–1008.

Grimm, C. et al., 2003. Molecular and functional characterization of the melastatin-
related cation channel TRPM3. J. Biol. Chem. 278, 21493–21501.

Gronemeyer, H., 1992. Control of transcription activation by steroid hormone
receptors. FASEB J. 6, 2524–2529.

Gu, Q., Moss, R.L., 1996. 17b-Estradiol potentiates kainate-induced currents via
activation of the CAMP cascade. J. Neurosci. 76, 3620–3629.

Hara, Y. et al., 2002. LTRPC2 Ca2+-permeable channel activated by changes in redox
status confers susceptibility to cell death. Mol. Cell 9, 163–173.

Harteneck, C., 2013. Pregnenolone sulfate: from steroid metabolite to TRP channel
ligand. Molecules 18, 12012–12028.

Hatzfeld-Charbonnier, A.S. et al., 2007. Influence of heat stress on human
monocyte-derived dendritic cell functions with immunotherapeutic potential
for antitumor vaccines. J. Leukoc. Biol. 81, 1179–1187.

Heath, V., 2011. Reproductive endocrinology: CatSper solves mystery of
progesterone action on sperm. Nat. Rev. Endocrinol. 7, 316.

Holzer, P., 2011. Transient receptor potential (TRP) channels as drug targets for
diseases of the digestive system. Pharmacol. Ther. 131, 142–170.

Hsu, Y.J. et al., 2010. Testosterone increases urinary calcium excretion and inhibits
expression of renal calcium transport proteins. Kidney Int. 77, 601–608.

Inamura, K. et al., 2003. Response to ADP-ribose by activation of TRPM2 in the CRI-
G1 insulinoma cell line. J. Membr. Biol. 191, 201–207.

Irnaten, M., Blanchard-Gutton, N., Harvey, B.J., 2008. Rapid effects of 17beta-
estradiol on epithelial TRPV6 Ca2+ channel in human T84 colonic cells. Cell
Calcium 44, 441–452.

Irnaten, M. et al., 2009. Rapid effects of 17beta-estradiol on TRPV5 epithelial Ca2+

channels in rat renal cells. Steroids 74, 642–649.
Islam, M.S., 2010. Calcium signaling in the islets. Adv. Exp. Med. Biol. 654, 235–259.
Inada, H., Iida, T., Tominaga, M., 2006. Different expression patterns of TRP genes in

murine B and T lymphocytes. Biochem. Biophys. Res. Commun. 350, 762–767.
Itoh, Y. et al., 2009. An environmental sensor, TRPV4 is a novel regulator of

intracellular Ca2+ in human synoviocytes. Am. J. Physiol. Cell Physiol. 297,
C1082–C1090.

Iwasaki, Y. et al., 2008. TRPA1 agonists–allyl isothiocyanate and cinnamaldehyde–
induce adrenaline secretion. Biosci. Biotechnol. Biochem. 72, 2608–2614.

Julius, D., 2013. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 29, 355–384.
Jung, C. et al., 2009. The progesterone receptor regulates the expression of TRPV4

channel. Pflugers Arch. 459, 105–113.
Jungnickel, M.K. et al., 2001. Trp2 regulates entry of Ca2+ into mouse sperm

triggered by egg ZP3. Nat. Cell Biol. 3, 499–502.
Kajiya, H., 2012. Calcium signaling in osteoclast differentiation and bone resorption.

Adv. Exp. Med. Biol. 740, 917–932.
Karsenty, G., 2012. The mutual dependence between bone and gonads. J. Endocrinol.

213, 107–114.
Kawarabayashi, Y. et al., 2012. Critical role of TRPC1-mediated Ca2+ entry in

decidualization of human endometrial stromal cells. Mol. Endocrinol. 26, 846–
858.

Khan, K. et al., 2012. [6]-Gingerol induces bone loss in ovary intact adult mice and
augments osteoclast function via the transient receptor potential vanilloid 1
channel. Mol. Nutr. Food Res. 56, 1860–1873.

Kim, H.J. et al., 2006. Differential expression of uterine calcium transporter 1 and
plasma membrane Ca2+ ATPase 1b during rat estrous cycle. Am. J. Physiol.
Endocrinol. Metab. 291, E234–eE241.

Klose, C. et al., 2011. Fenamates as TRP channel blockers: mefenamic acid
selectively blocks TRPM3. Br. J. Pharmacol. 162, 1757–1769.

Knippertz, I. et al., 2011. Mild hyperthermia enhances human monocyte-derived
dendritic cell functions and offers potential for applications in vaccination
strategies. Int. J. Hyperthermia 27, 591–603.

Ko, J.S. et al., 2010. A novel DHCR7 mutation in a Smith-Lemli-Opitz syndrome
infant presenting with neonatal cholestasis. J. Korean Med. Sci. 25, 159–162.

Kochukov, M.Y. et al., 2006. Thermosensitive TRP ion channels mediate cytosolic
calcium response in human synoviocytes. Am. J. Physiol. Cell Physiol. 291, C424–
C432.

Kousteni, S. et al., 2001. Nongenotropic, sex-nonspecific signaling through the
estrogen or androgen receptors: dissociation from transcriptional activity. Cell
104, 719–730.

Kumar, A., Goswami, L., Goswami, C., 2013. Importance of TRP channels in pain:
implications for stress. Front. Biosci. (Schol. Ed.) 5, 19–38.

Kumar, P.G., Shoeb, M., 2011. The role of trp ion channels in testicular function. Adv.
Exp. Med. Biol. 704, 881–908.

Kunert-Keil, C. et al., 2006. Tissue-specific expression of TRP channel genes in the
mouse and its variation in three different mouse strains. BMC Genomics 7, 159.

Lambert, S. et al., 2011. Transient receptor potential melastatin 1 (TRPM1) is an ion-
conducting plasma membrane channel inhibited by zinc ions. J. Biol. Chem. 286,
12221–12233.

Lange, I. et al., 2009. TRPM2 functions as a lysosomal Ca2+-release channel in beta
cells. Sci. Signal 2, ra23.

Lee, G.S., Jeung, E.B., 2007. Uterine TRPV6 expression during the estrous cycle and
pregnancy in a mouse model. Am. J. Physiol. Endocrinol. Metab. 293, E132–E138.

Lee et al., 2009. Uterine and placental expression of TRPV6 gene is regulated via
progesterone receptor- or estrogen receptor-mediated pathways during
pregnancy in rodents. Reprod. Biol. Endocrinol. 7, 49.

Lee, J.H. et al., 2011. Effects of L- and T-type Ca2+ channel blockers on
spermatogenesis and steroidogenesis in the prepubertal mouse testis. J. Assist.
Reprod. Genet. 28, 23–30.

Lee, K.H. et al., 2010a. Pregnenolone sulfate enhances spontaneous glutamate
release by inducing presynaptic Ca2+-induced Ca2+ release. Neuroscience 171,
106–116.

Lee, J.H. et al., 2010b. Inhibitory actions of mibefradil on steroidogenesis in mouse
Leydig cells: involvement of Ca2+ entry via the T-type Ca2+ channel. Asian J.
Androl. 12, 807–813.

Liao, M., Cao, E., Julius, D., Cheng, Y., 2013. Structure of the TRPV1 ion channel
determined by electron cryo-microscopy. Nature 504, 107–112.

Lieben, L., Carmeliet, G., 2012. The involvement of TRP channels in bone
homeostasis. Front. Endocrinol. (Lausanne) 3, 99.

Link, T.M. et al., 2010. TRPV2 has a pivotal role in macrophage particle binding and
phagocytosis. Nat. Immunol. 11, 232–239.

Lishko, P.V., Botchkina, I.L., Kirichok, Y., 2011. Progesterone activates the principal
Ca2+ channel of human sperm. Nature 471, 387–391.

Majeed, Y. et al., 2011. Stereo-selective inhibition of transient receptor potential
TRPC5 cation channels by neuroactive steroids. Br. J. Pharmacol. 162, 1509–
1520.

Majeed, Y. et al., 2012. Pregnenolone sulphate-independent inhibition of TRPM3
channels by progesterone. Cell Calcium 51, 1–11.

Majhi, R.K. et al., 2013. Thermosensitive ion channel TRPV1 is endogenously
expressed in the sperm of a fresh water teleost fish (Labeo rohita) and regulates
sperm motility. Channels (Austin) 7.

Majhi, R.K., 2014. Sperm specific expression of temperature-sensitive ion channel
TRPM8 correlates with vertebrate evolution. In: Peer J. PrePrints 2, e440v1.

Marigo, V. et al., 2009. TRPM4 impacts on Ca2+ signals during agonist-induced
insulin secretion in pancreatic beta-cells. Mol. Cell. Endocrinol. 299, 194–203.

Martínez-López, P. et al., 2011. TRPM8 in mouse sperm detects temperature
changes and may influence the acrosome reaction. J. Cell. Physiol. 226, 1620–
1631.

Masuyama, R. et al., 2012. Calcium/calmodulin-signaling supports TRPV4 activation
in osteoclasts and regulates bone mass. J. Bone Miner. Res. 27, 1708–1721.

Masuyama, R. et al., 2008. TRPV4-mediated calcium influx regulates terminal
differentiation of osteoclasts. Cell Metab. 8, 257–265.

30 A. Kumar et al. / General and Comparative Endocrinology 220 (2015) 23–32

http://refhub.elsevier.com/S0016-6480(14)00398-0/h0145
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0145
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0145
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0150
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0155
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0155
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0160
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0160
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0165
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0165
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0165
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0170
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0170
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0170
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0175
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0175
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0180
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0180
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0180
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0185
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0185
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0190
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0190
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0195
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0195
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0200
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0200
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0205
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0205
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0210
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0210
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0215
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0215
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0215
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0220
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0220
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0225
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0225
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0230
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0230
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0235
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0235
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0235
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0235
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0240
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0240
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0240
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0245
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0245
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0245
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0245
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0250
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0250
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0255
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0255
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0260
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0260
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0265
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0265
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0270
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0270
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0275
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0275
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0280
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0280
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0280
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0285
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0285
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0290
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0290
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0295
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0295
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0300
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0300
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0305
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0305
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0305
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0305
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0310
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0310
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0315
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0320
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0320
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0325
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0325
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0325
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0330
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0330
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0335
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0340
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0340
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0345
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0345
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0345
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0350
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0350
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0355
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0355
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0360
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0360
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0360
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0360
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0365
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0365
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0365
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0370
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0370
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0370
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0370
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0375
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0375
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0380
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0380
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0380
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0385
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0385
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0390
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0390
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0390
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0395
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0395
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0395
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0400
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0400
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0405
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0405
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0410
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0410
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0415
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0415
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0415
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0885
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0885
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0885
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0425
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0425
http://refhub.elsevier.com/S0016-6480(14)00398-0/h9005
http://refhub.elsevier.com/S0016-6480(14)00398-0/h9005
http://refhub.elsevier.com/S0016-6480(14)00398-0/h9005
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0430
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0430
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0430
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0430
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0435
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0435
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0435
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0435
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0435
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0440
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0440
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0440
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0440
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0440
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0450
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0450
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0455
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0455
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0460
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0460
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0465
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0465
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0465
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0470
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0470
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0470
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0475
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0475
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0890
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0890
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0890
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0895
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0895
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0490
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0490
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0490
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0495
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0495
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0495
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0500
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0500
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0505
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0505


Miehe, S. et al., 2012. Inhibition of diacylglycerol-sensitive TRPC channels by
synthetic and natural steroids. PLoS ONE 7, e35393.

Minke, B., 1977. Drosophila mutant with a transducer defect. Biophys. Struct. Mech.
3, 59–64.

Mir, S. et al., 2012. TRPC6 gene variants in Turkish children with steroid-resistant
nephrotic syndrome. Nephrol. Dial. Transplant. 27, 205–209.

Mizoguchi, F. et al., 2008. Transient receptor potential vanilloid 4 deficiency
suppresses unloading-induced bone loss. J. Cell. Physiol. 216, 47–53.

Moiseenkova-Bell, V.Y. et al., 2008. Structure of TRPV1 channel revealed by electron
cryomicroscopy. Proc. Natl. Acad. Sci. U.S.A. 105, 7451–7455.

Montell, C. et al., 1985. Rescue of the Drosophila phototransduction mutation trp by
germline transformation. Science 230, 1040–1043.

Moran, M.M. et al., 2011. Transient receptor potential channels as therapeutic
targets. Nat. Rev. Drug Discov. 10, 601–620.

Moreau, R. et al., 2002a. Calcium uptake and calcium transporter expression by
trophoblast cells from human term placenta. Biochim. Biophys. Acta 1564, 325–
332.

Moreau, R. et al., 2002b. Expression of calcium channels along the differentiation of
cultured trophoblast cells from human term placenta. Biol. Reprod. 67, 1473–
1479.

Morimoto, S. et al., 2010. Sex steroids effects on the endocrine pancreas. J. Steroid
Biochem. Mol. Biol. 122, 107–113.

Muramatsu, S. et al., 2007. Functional gene screening system identified TRPV4 as a
regulator of chondrogenic differentiation. J. Biol. Chem. 282, 32158–32167.

Nagasawa, M., Kojima, I., 2012. Translocation of calcium permeable TRPV2 channel
to the podosome: Its role in the regulation of podosome assembly. Cell Calcium
51, 186–193.

Nagasawa, M. et al., 2007. Chemotactic peptide fMetLeuPhe induces translocation of
the TRPV2 channel in macrophages. J. Cell. Physiol. 210, 692–702.

Nilius, B. et al., 2007. Transient receptor potential cation channels in disease.
Physiol. Rev. 87, 165–217.

Nilius, B., Owsianik, G., 2011. The transient receptor potential family of ion
channels. Genome Biol. 12, 218.

Nilius, B., Voets, T., 2008. A TRP channel-steroid marriage. Nat. Cell Biol. 10, 1383–
1384.

Numazaki, M., Tominaga, M., 2004. Nociception and TRP Channels. Curr. Drug
Targets CNS Neurol. Disord. 3, 479–485.

Obukhov, A.G., Nowycky, M.C., 2002. TRPC4 can be activated by G-protein-coupled
receptors and provides sufficient Ca2+ to trigger exocytosis in neuroendocrine
cells. J. Biol. Chem. 277, 16172–16178.

Ong, E.C. et al., 2013. A TRPC1 protein-dependent pathway regulates osteoclast
formation and function. J. Biol. Chem. 288, 22219–22232.

Peng, J.B., Brown, E.M., Hediger, M.A., 2003. Epithelial Ca2+ entry channels:
transcellular Ca2+ transport and beyond. J. Physiol. 551, 729–740.

Phan, M.N. et al., 2009. Functional characterization of TRPV4 as an osmotically
sensitive ion channel in porcine articular chondrocytes. Arthritis Rheum. 60,
3028–3037.

Philipp, S. et al., 2003. TRPC3 mediates T-cell receptor-dependent calcium entry in
human T-lymphocytes. J. Biol. Chem. 278, 26629–26638.

Philipp, S. et al., 2000. TRP4 (CCE1) protein is part of native calcium release-
activated Ca2+-like channels in adrenal cells. J. Biol. Chem. 275, 23965–23972.

Publicover, S., Barratt, C., 2011. Reproductive biology: Progesterone’s gateway into
sperm. Nature 471, 313–314.

Qian, F. et al., 2002. TRP genes: candidates for nonselective cation channels and
store-operated channels in insulin-secreting cells. Diabetes 51 (Suppl 1), S183–
S189.

Rao, G.K., Kaminski, N.E., 2006. Induction of intracellular calcium elevation by
Delta9-tetrahydrocannabinol in T cells involves TRPC1 channels. J. Leukoc. Biol.
79, 202–213.

Rossier, M.F., 2006. T channels and steroid biosynthesis: in search of a link with
mitochondria. Cell Calcium 40, 155–164.

Saunders, C.I. et al., 2007. Expression of transient receptor potential vanilloid 1
(TRPV1) and 2 (TRPV2) in human peripheral blood. Mol. Immunol. 44, 1429–
1435.

Saunders, C.I., Fassett, R.G., Geraghty, D.P., 2009. Up-regulation of TRPV1 in
mononuclear cells of end-stage kidney disease patients increases
susceptibility to N-arachidonoyl-dopamine (NADA)-induced cell death.
Biochim. Biophys. Acta 1792, 1019–1026.

Schilling, T., Eder, C., 2009. Non-selective cation channel activity is required for
lysophosphatidylcholine-induced monocyte migration. J. Cell. Physiol. 221, 325–
334.

Scragg, J.L., Dallas, M.L., Peers, C., 2007. Molecular requirements for L-type Ca2+-
channel blockade by testosterone. Cell Calcium 42, 11–15.

Serafini, N. et al., 2012. The TRPM4 channel controls monocyte and macrophage, but
not neutrophil, function for survival in sepsis. J. Immunol. 189, 3689–3699.

Seyrek, M. et al., 2007. Testosterone relaxes isolated human radial artery by
potassium channel opening action. J. Pharmacol. Sci. 103, 309–316.

Sossey-Alaoui, K. et al., 1999. Molecular cloning and characterization of TRPC5
(HTRP5), the human homologue of a mouse brain receptor-activated
capacitative Ca2+ entry channel. Genomics 60, 330–340.

Strünker, T. et al., 2011. The CatSper channel mediates progesterone-induced Ca2+

influx in human sperm. Nature 471, 382–386.
Stumpf, T. et al., 2008. The human TRPV6 channel protein is associated with

cyclophilin B in human placenta. J. Biol. Chem. 283, 18086–18098.

Szöll}osi, A.G. et al., 2013. Transient receptor potential vanilloid-2 mediates the
effects of transient heat shock on endocytosis of human monocyte-derived
dendritic cells. FEBS Lett. 587, 1440–1445.

Takezawa, R. et al., 2006. A pyrazole derivative potently inhibits lymphocyte Ca2+

influx and cytokine production by facilitating transient receptor potential
melastatin 4 channel activity. Mol. Pharmacol. 69, 1413–1420.

Talavera, K., Nilius, B., Voets, T., 2008. Neuronal TRP channels: thermometers,
pathfinders and life-savers. Trends Neurosci. 31, 287–295.

Tano, J.Y. et al., 2011. Impairment of survival signaling and efferocytosis in TRPC3-
deficient macrophages. Biochem. Biophys. Res. Commun. 410, 643–647.

Tesfai, Y., Brereton, H.M., Barritt, G.J., 2001. A diacylglycerol-activated Ca2+ channel
in PC12 cells (an adrenal chromaffin cell line) correlates with expression of the
TRP-6 (transient receptor potential) protein. Biochem. J. 358, 717–726.

Testai, E. et al., 2013. A plea for risk assessment of endocrine disrupting chemicals.
Toxicology 314, 51–59.

Togashi, K. et al., 2006. TRPM2 activation by cyclic ADP-ribose at body temperature
is involved in insulin secretion. EMBO J. 25, 1804–1815.

Togashi, K., Inada, H., Tominaga, M., 2008. Inhibition of the transient receptor
potential cation channel TRPM2 by 2-aminoethoxydiphenyl borate (2-APB). Br.
J. Pharmacol. 153, 1324–1330.

Trevino, C.L. et al., 2001. Identification of mouse trp homologs and lipid rafts from
spermatogenic cells and sperm. FEBS Lett. 509, 119–125.

Trevisan, G. et al., 2012. Identification of the plant steroid a-spinasterol as a novel
transient receptor potential vanilloid 1 antagonist with antinociceptive
properties. J. Pharmacol. Exp. Ther. 343, 258–269.

Tsumura, M. et al., 2013. Functional expression of TRPM8 and TRPA1 channels in rat
odontoblasts. PLoS ONE 8, e82233.

Tutuncu, S., Özfiliz, N., 2010. Distribution of the vanilloid (capsaicin) receptor type 1
in the capsaicin treated rat ovaries on different sexual development periods.
Revue de Médecine Vétérinaire 6, 272–276.

Uchida, K., Tominaga, M., 2011. The role of thermosensitive TRP (transient receptor
potential) channels in insulin secretion. Endocr. J. 58, 1021–1028.

Unemoto, T. et al., 2007. Role of BK channels in testosterone-induced relaxation of
the aorta in spontaneously hypertensive rats. Biol. Pharm. Bull. 30, 1477–1480.

Van Abel, M. et al., 2002. 1,25-Dihydroxyvitamin D3-independent stimulatory effect
of estrogen on the expression of ECaC1 in the kidney. J. Am. Soc. Nephrol. 13,
2102–2109.

Van Abel, M. et al., 2003. Regulation of the epithelial Ca2+ channels in small
intestine as studied by quantitative mRNA detection. Am. J. Physiol. Gastrointest.
Liver Physiol. 285, G78–G85.

Vasil’eva, I.O. et al., 2008. TRPV5 and TRPV6 calcium channels in human T cells.
Tsitologiia 50, 953–957.

Vig, M., Kinet, J.P., 2009. Calcium signaling in immune cells. Nat. Immunol. 10, 21–
27.

Wagner, T.F. et al., 2008. Transient receptor potential M3 channels are ionotropic
steroid receptors in pancreatic beta cells. Nat. Cell Biol. 10, 1421–1430.

Watnick, T.J. et al., 2003. A flagellar polycystin-2 homolog required for male fertility
in Drosophila. Curr. Biol. 13, 2179–2184.

Wenning, A.S. et al., 2011. TRP expression pattern and the functional importance of
TRPC3 in primary human T-cells. Biochim. Biophys. Acta 1813, 412–423.

Wissenbach, U. et al., 2001. Expression of CaT-like, a novel calcium-selective
channel, correlates with the malignancy of prostate cancer. J. Biol. Chem. 276,
19461–19468.

Wissenbach, U. et al., 1998. Structure and mRNA expression of a bovine trp
homologue related to mammalian trp2 transcripts. FEBS Lett. 429, 61–66.

Wu, S.N., Wu, P.Y., Tsai, M.L., 2011. Characterization of TRPM8-like channels
activated by the cooling agent icilin in the macrophage cell line RAW 264.7. J.
Membr. Biol. 241, 11–20.

Xi, S.C. et al., 2000. Potential involvement of mt1 receptor and attenuated sex
steroid-induced calcium influx in the direct anti-proliferative action of
melatonin on androgen-responsive LNCaP human prostate cancer cells. J.
Pineal Res. 29, 172–183.

Xu, X.Z., Sternberg, P.W., 2003. A C. elegans sperm TRP protein required for sperm-
egg interactions during fertilization. Cell 114, 285–297.

Xu, S. et al., 2008. 17beta-estradiol activates estrogen receptor beta-signalling and
inhibits transient receptor potential vanilloid receptor 1 activation by capsaicin
in adult rat nociceptor neurons. Endocrinology 149, 5540–5548.

Yamashiro, K. et al., 2010. Role of transient receptor potential vanilloid 2 in LPS-
induced cytokine production in macrophages. Biochem. Biophys. Res. Commun.
398, 284–289.

Yan, T. et al., 2007. Estrogen amplifies pain responses to uterine cervical distension
in rats by altering transient receptor potential-1 function. Anesth. Analg. 104,
1246–1250.

Yogi, A. et al., 2013. Aldosterone signaling through transient receptor potential
melastatin 7 cation channel (TRPM7) and its a-kinase domain. Cell. Signal. 25,
2163–2175.

Yogi, A. et al., 2011. Dysregulation of renal transient receptor potential melastatin 6/
7 but not paracellin-1 in aldosterone-induced hypertension and kidney damage
in a model of hereditary hypomagnesemia. J. Hypertens. 29, 1400–1410.

Yue, L. et al., 2001. CaT1 manifests the pore properties of the calcium-release-
activated calcium channel. Nature 410, 705–709.

Zamudio-Bulcock, P.A. et al., 2011. Activation of steroid-sensitive TRPM3 channels
potentiates glutamatergic transmission at cerebellar Purkinje neurons from
developing rats. J. Neurochem. 119, 474–485.

A. Kumar et al. / General and Comparative Endocrinology 220 (2015) 23–32 31

http://refhub.elsevier.com/S0016-6480(14)00398-0/h0510
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0510
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0515
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0515
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0520
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0520
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0525
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0525
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0530
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0530
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0535
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0535
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0540
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0540
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0545
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0545
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0545
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0550
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0550
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0550
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0555
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0555
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0560
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0560
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0565
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0565
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0565
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0570
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0570
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0575
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0575
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0580
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0580
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0585
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0585
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0590
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0590
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0595
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0595
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0595
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0595
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0600
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0600
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0605
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0605
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0605
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0605
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0610
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0610
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0610
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0615
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0615
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0620
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0620
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0620
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0625
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0625
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0630
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0630
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0630
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0635
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0635
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0635
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0640
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0640
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0645
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0645
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0645
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0650
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0650
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0650
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0650
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0655
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0655
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0655
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0660
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0660
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0660
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0665
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0665
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0670
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0670
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0675
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0675
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0675
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0675
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0680
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0680
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0685
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0685
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0690
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0690
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0690
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0690
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0695
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0695
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0695
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0700
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0700
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0705
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0705
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0710
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0710
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0710
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0710
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0715
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0715
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0720
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0720
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0725
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0725
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0725
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0730
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0730
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0735
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0735
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0735
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0740
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0740
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0745
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0745
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0745
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0750
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0750
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0755
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0755
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0760
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0760
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0760
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0765
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0765
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0765
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0770
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0770
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0775
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0775
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0780
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0780
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0785
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0785
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0790
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0790
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0795
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0795
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0795
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0800
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0800
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0805
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0805
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0805
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0810
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0810
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0810
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0810
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0815
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0815
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0820
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0820
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0820
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0825
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0825
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0825
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0830
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0830
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0830
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0835
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0835
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0835
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0840
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0840
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0840
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0845
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0845
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0850
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0850
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0850


Zamudio-Bulcock, P.A., Valenzuela, C.F., 2011. Pregnenolone sulfate increases
glutamate release at neonatal climbing fiber-to-Purkinje cell synapses.
Neuroscience 175, 24–36.

Zhang, L., Barritt, G.J., 2004. Evidence that TRPM8 is an androgen-dependent
Ca2+channel required for the survival of prostate cancer cells. Cancer Res. 64,
8365–8373.

Zhao, Z. et al., 2012. Increased migration of monocytes in essential hypertension is
associated with increased transient receptor potential channel canonical type 3
channels. PLoS ONE 7, 32628.

Zhu, S. et al., 2014. Involvement of transient receptor potential melastatin-8 (TRPM8)
in menthol-induced calcium entry, reactive oxygen species production and cell
death in rheumatoid arthritis rat synovial fibroblasts. Eur. J. Pharmacol. 725, 1–9.

32 A. Kumar et al. / General and Comparative Endocrinology 220 (2015) 23–32

http://refhub.elsevier.com/S0016-6480(14)00398-0/h0855
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0855
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0855
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0860
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0860
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0860
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0865
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0865
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0865
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0870
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0870
http://refhub.elsevier.com/S0016-6480(14)00398-0/h0870


Influence of membrane cholesterol in the molecular evolution
and functional regulation of TRPV4

Shikha Kumari a,1, Ashutosh Kumar a,1, Puspendu Sardar a,1, Manoj Yadav a, Rakesh Kumar Majhi a,
Abhishek Kumar b, Chandan Goswami a,⇑
a National Institute of Science Education and Research, Bhubaneswar, Orissa, India
b Abteilung für Botanische Genetik und Molekularbiologie, Botanisches Institut und Botanischer Garten, Christian-Albrechts-Universität zu Kiel, Kiel, Germany

a r t i c l e i n f o

Article history:
Received 5 November 2014
Available online 28 November 2014

Keywords:
Gain-of-function mutations
Channelopathy
Steroids
Molecular evolution
CRAC-motif
Pain

a b s t r a c t

TRPV4 is involved in several physiological and sensory functions as well as with several diseases and
genetic disorders, though the molecular mechanisms for these are unclear. In this work we have analyzed
molecular evolution and structure–function relationship of TRPV4 using sequences from different
species. TRPV4 has evolved during early vertebrate origin (450 million years). Synteny analysis confirms
that TRPV4 has coevolved with two enzymes involved in sterol biosynthesis, namely MVK and GLTP.
Cholesterol-recognizing motifs are present within highly conserved TM4–Loop4–TM5 region of TRPV4.
TRPV4 is present in lipid raft where it co-localizes with Caveolin1 and Filipin. TM4–Loop4–TM5 region
as well as Loop4 alone can physically interact with cholesterol, its precursor mevalonate and derivatives
such as stigmasterol and aldosterone. Mobility of TRPV4-GFP depends on membrane cholesterol level.
Molecular evolution of TRPV4 shared striking parallelism with the cholesterol bio-synthesis pathways
at the genetic, molecular and metabolic levels. We conclude that interaction with sterols and
cholesterol-dependent membrane dynamics have influence on TRPV4 function. These results may have
importance on TRPV4-medaited cellular functions and pathophysiology.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

TRPs represent a group of non-selective channels that are
permeable to different cations. Among all, TRPV4 is unique as it
is activated by several physical and chemical stimuli such as
temperature, mechanical pressure, osmolarity, infrared, and
compounds like vanilloids, 4aPDD, Apigenin, dimethylallyl pyro-
phosphate and PUFAs [1–4]. A common aspect of TRPV4-specific
agonists is their high hydrophobicity, suggesting that these com-
pounds primarily act on the transmembrane regions. Membrane
deformation by stretch too causes rapid activation of TRPV4 [5].
All these suggest that TRPV4 function is dependent on the bio-
chemical composition, structure and by the biophysical nature of
the membrane. TRPV4 is specifically present in the cholesterol-
enriched detergent-resistant membrane fraction (lipid raft) [6].
At the molecular level, TRPV4 forms signaling complex, which

includes membranous components and sub-membranous cyto-
skeleton [7]. Such complexes are critical for proper function and
regulation.

TRPV4 is present in several animals and is involved in detection
of different physical and chemical stimuli. The primary function of
TRPV4 remains conserved across different species. For example,
hTRPV4 (but not hTRPV1) can rescue the defects in transduction
of osmotic and mechanical stimuli in osm-9 (but not ocr-2)
mutants in Caenorhabditis elegans and low sequence similarities
between hTRPV4 with osm-9 suggests that smaller regions are suf-
ficient to perform key tasks [8,9]. TRPV4-mediated sensory func-
tions significantly contribute to the natural selection in specific
habitats which favor organism’s survival as fittest. Therefore,
TRPV4 might have influence on the adaptation, speciation and evo-
lution of different species, especially in response to certain selec-
tion pressure where the above mentioned sensory processes are
involved. Indeed, TRPV4 can regulate certain behaviors that are
linked with adaptation [8]. In this work we tested the molecular
evolution of TRPV4 per se. TRPV4 physically interacts with sterols
and some of its functions are dependent on availability of the cho-
lesterol. We demonstrate that molecular evolution of TRPV4 has

http://dx.doi.org/10.1016/j.bbrc.2014.11.077
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been influenced by the cholesterol-biosynthesis pathway, an unex-
pected finding that may also explain the molecular mechanism of
TRPV4.

2. Materials and methods

2.1. Sequence retrieval and protein sequence analysis

All TRPV4 sequences were retrieved either from Ensembl or
NCBI database (provided in Tab:S1). These protein sequences were
aligned by using MUSCLE alignment tool with its default parame-
ters within MEGA5 software suite. Histone H4 and Cytochrome C
sequences were retrieved from ENSEMBL and NCBI databases as
described previously [10].

2.2. Fragmentation of TRPV4 into different domains and motifs

Conservation of different domains and motifs of TRPV4 were
analyzed separately (Table 1). In all cases, we used the hTRPV4
sequence (ENSP00000261740) as template. MUSCLE software
was used to align and find out the respective regions present in
other species. Distance Matrix generation and the statistical tests
using ‘‘R’’ software was done as described before [10].

2.3. Phylogenetic analysis

MUSCLE alignment program was used to align the amino acid
sequences for the purpose of phylogenetic analysis. The Bayesian
phylogenetic tree was constructed by the Bayesian approach (5
runs, 7,500,000 generations, 25% burn-in-period, WAG-matrix-
based model in the MrBayes 3.2 program.

2.4. Calculation of evolutionary time

The sequences among different classes were compared and
number of changes of amino acids/100 amino acids was calculated
by comparing birds with reptiles, fish with reptiles and reptiles
with mammals for available TRPV1 and TRPV4 sequences. The
hTRPV is considered as the most recent one (considered as
0 MY). The average changes were calculated and radiations of
mammalian TRPV4 sequences were plotted against million years.

2.5. Synteny analysis

We utilized Ensembl genome browser for building synteny of
TRPV4 loci from selected vertebrate genomes. We examined
Xenopus tropicalis genome using JGI genome browser.

2.6. Cell culture and cholesterol reduction/depletion

F11 cells were grown in Ham’s F12 media supplemented with
10% FBS (HiMedia) as described before [7]. For cholesterol deple-
tion/reduction, cells were maintained in serum-free media for
24 h and 1 lM pravastatin (Sigma–Aldrich) was added 12 h before
cell fixing by 4% PFA. In certain cases bMCD (5 mM) (Sigma–
Aldrich) was added to reduce membrane cholesterol 15 min before
fixing or performing FRAP experiments.

2.7. Caveolin1 and Filipin staining

Cells were seeded into a 24 well plate and TRPV4-GFP was
expressed as described before [7]. Cells were fixed 36 h after
transfection and immunostained with mouse monoclonal anti-
Caveolin-1 antibody (Sigma–Aldrich; 1:250) and subsequently
with anti-mouse Alexa-fluor-594-conjugated secondary antibody
(1:500). For visualization of the cholesterol directly, fixed cells
were probed by Flilipin (Sigma–Aldrich). Cells were imaged by
confocal microscope (LSM780, Zeiss) with a 63� oil immersion
objective (1.4 NA). Images were processed using LSM software
(Zeiss) and Adobe Photoshop.

2.8. FRAP

F11 cells were grown on a glass coverslip and hTRPV4-GFP was
expressed by transient transfection. Around 36 h after transfection,
the cells were used for FRAP experiments. In each case, at least 50
ROI values are measured.

2.9. Cloning of hTRPV4 fragments, protein expression-purification and
dot-blot assay

Different regions of hTRPV4 were cloned into the BamHI and
SalI site of pGEX-6P1 vector, expressed in Escherichia coli by IPTG
induction and purified further. The purified proteins were normal-
ized for molar concentrations and used for blot-overlay experi-
ments with mevalonate, cholesterol, stigmasterol and
aldosterone (Sigma Aldrich and Avantipolar).

3. Results

3.1. TRPV4 has evolved during Silurian era

We reconstructed the phylogenetic history of vertebrate TRPV4
using Bayesian phylogenetic method (Fig. 1A). TRPV4-mediated
functions in C. elegans can be rescued by hTRPV4, suggesting that
certain functional features of TRPV4 are conserved throughout
the evolution [16]. However, hTRPV4 protein shares less identity
(�20%) and homology (�36%) with Osm9 (TRPV4 homologue in
C. elegans). Similarly, NAN (homologue from Drosophila) also shares
less homology with hTRPV4. Invertebrate homologues show sev-
eral insertions and deletions (indels) (Fig:S1). In contrast, TRPV4
sequences are well conserved in vertebrates (Fig. 1A). TRPV4 pro-
tein from human and zebrafish share 68% identity and 79% homol-
ogy. Notably, frog genome have six copies (named as TRPV4a–f)
sharing more than 70% identity with each other and these paralogs
are branched out separately from TRPV4 orthologs (TRPV4a) in
Bayesian phylogenic tree (Fig. 1A). Our analysis suggests that

Table 1
Description of different domains and motifs.

Region Location (amino acid number) References

N-terminal 1–470 [9]
C-Terminal 732–871 [9]
Ank-1 149–189 [11,12]
Ank-2 190–236 [11,12]
Ank-3 237–283 [11,12]
Ank-4 284–319 [11,12]
Ank-5 320–368 [11,12]
Ank-6 369–396 [11,12]
TM-1 471–488 [9]
Loop-1 489–512 [9]
TM-2 513–530 [9]
Loop-2 531–550 [9]
TM-3 551–575 [9]
Loop-3 576–579 [9]
TM-4 580–597 [9]
Loop-4 598–614 [9]
Cholesterol binding domain 610–626 [13]
TM-5 615–632 [9]
Loop-5 633–665 [9]
Pore region 666–683 [9]
Loop-6 684–694 [9]
TM-6 695–731 [9]
TRP-box 732–737 [14]
Cam 812–831 [15]
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Fig. 1. Molecular evolution of TRPV4. (A) Bayesian phylogenetic tree illustrates six duplicates of TRPV4 in frogs (one ortholog: TRPV4a and five paralogs: TRPV4b–f, indicated
in gray) while a single copy is maintained in other vertebrates (mammals: red; birds: yellow, fishes: green). This tree was generated using MrBayes 3.2 and the percentage
posterior probabilities are marked at the node of the branches while mean branch length is marked in decimal on the respective branch. Putative TRPV4-like (TRPV4L) gene
(gw1.02q.1264.1) from Ciona intestinalis served as ‘‘out-group-control’’. (B) Conservation analysis of TRPV4. Histone-H4, Cytochrome-C and TRPV1 were used as controls. (C)
Two genes (MVK and GLTP) involved in cholesterol biosynthesis pathway have coevolved with TRPV4. This locus has maintained its organization since development of
vertebrates (450 MYA). Another locus in Xenopus contains five paralogous TRPV4 originated by tandem duplication. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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TRPV4 share high homology and identity during vertebrate
evolution.

Next we calculated the changes in the number of amino acids
per 100 amino acids in full-length TRPV4 from different species
[10]. We excluded the sequences from nematode and insects
(�36% and �33% homology with hTRPV4 respectively) due to
low sequence homology. TRPV4 has originated at point of verte-
brate emergence; ca 450 MYA (during the transition of Silurian
from Devonian era) (Fig. 1B). TRPV4 is less conserved than his-
tone-H4 (highly conserved) and Cytochrome-C (semi-conserved)
[10]. Similar comparison indicates that TRPV1 and TRPV4 have
been selected via different selection pressure during vertebrate
evolution (Fig. 1B) [10].

3.2. TRPV4 and cholesterol biosynthesis pathway have coevolved

We analyzed syntenic organization in different vertebrate gen-
omes. TRPV4 and mevalonate kinase (MVK) genes are clustered
into head-to-head orientation flanked by triad of potassium chan-
nel tetramerization domain containing 10 (KCTD10), ubiquitin pro-
tein ligase E3B (UBE3B) and methylmalonic aciduria (cobalamin
deficiency) cblB type (MMAB) on one side and a tetrad of glycolipid
transfer protein (GLTP), trichoplein, keratin filament binding
(TCHP), G-protein-coupled receptor kinase interacting ArfGAP 2
(GIT2) and ankyrin repeat domain 13A (ANKRD13A) in human
(chr12/600 kb) (Fig. 1C). This genomic architecture is conserved
in mammals (mouse: chr5/500 kb; rat: chr10/500 kb); in birds
(chicken: chr15/200 kb; zebrafinch: chr15/200 kb; turkey: chr17/
200 kb); in fishes (Takifugu: scaffold_50/140 kb, Tetraodon: chr12/
150 kb, Danio: chr5/300 kb, Medaka: chr9/190 kb, Stickleback:
group_XIII/200 kb), in amphibians (Xenopus: scaffold_17/600 kb
with single TRPV4 i.e. TRPV4a). However, there is another cluster
in frogs (scaffold_330/370 kb containing five paralogous
(TRPV4b–f), flanked by a diad of ectonucleotide pyrophospha-
tase/phosphodiesterase 2 (ENPP2) and nephroblastoma over-
expressed gene 2 (NOV2) in one side and a diad of T-cell differen-
tiation protein 2 (MAL2) and C-type lectin, collectin sub-family
member 10 (COLEC10) on the other side. Noteworthy point of this
analysis is that TRPV4 is located between two genes (MVK and
GLTP) involved in cholesterol biosynthesis and this synteny is
maintained throughout vertebrate evolution (since 450 MY).

3.3. Different regions of TRPV4 have evolved through different
selection pressure

To test the conservation of TRPV4 throughout the evolution, we
have compared the sequences from different vertebrates and used
statistical approach to quantify it. Analysis revealed that TRPV4 is
conserved throughout vertebrate evolution (p 6 0.0001; 17 spe-
cies) (Fig. 2A). We compared separately the conservation of differ-
ent domains, motifs and functional regions present in TRPV4
(Table 1) [9,11–15]. This reveals that functionally and structurally
important regions of TRPV4 are conserved, though at different lev-
els (Fig. 2A). Among all, Loop3, TM4, Loop4, TM5 and TRP-box
reveal maximum conservation. Among all TM, the TM4 and TM5
are more conserved. The TM4 reveals highest conservation indicat-
ing the importance of this region in the channel function. The TM2
is the least conserved indicating that TM4 and TM5 regions are
more important for the functional purpose. Among all ankyrin
repeat domains, ARD3 is most and ARD1 is least conserved. Our
results are in agreement with another report suggesting that the
TM regions are conserved [17]. This result fits well with the iden-
tification of several deleterious mutations that are located in two
regions, namely within the ARD3 and TM4–Loop4–TM5 of hTRPV4
[18]. In this regard, F592L, R594H, F596P, G600W, Y602C, I604M,
R616Q, F617L, L618P, V620I, and M625I are important as these

mutations cause pathophysiological disorders corroborating the
importance of TM4–Loop–TM5 region (where all these mutations
are clustered) of TRPV4 [19].

3.4. TM4–Loop4-TM5 of TRPV4 contains cholesterol recognition motifs

Since AA 576–632 is highly conserved in all vertebrates, we
explored the significance of this region. As this region mainly rep-
resent the membrane-spanning helices and loops, we predicted
that this region might be involved in interaction with lipids pres-
ent in the membrane and/or involved in channel function such as
channel gating. Indeed, this region contains sequence (KDLFRFLL,
in hTRPV4) that represent a cholesterol-binding CRAC-like motif
(L/V-X(1–5)-Y-X(1–5)-K/R) and spanning through Loop4–TM5 region
(Y is replaced by F) [20]. This motif is conserved strictly in all other
species including all 6 variants of Xenopus TRPV4 and thus suggest
for a positive selection (Fig. 2B and C, Fig:S2). The motif present in
the TM4-Loop4-TM5 of TRPV4 matches well with the reported
CRAC-like motif present in TRPV1 in inverted order [13]. Similarly,
there is an inverted CRAC-motif (LTGTYSIMIQK) present in the
TM4-Loop4 (upstream of the CRAC-like motif) which is highly con-
served in all vertebrates.

3.5. TRPV4 is present in the cholesterol enriched lipid rafts

We expressed hTRPV4-GFP in F11 cells and stained for lipid raft
markers. We noted that TRPV4 co-localizes with Caveolin-1
(Fig. 3A). However, after cholesterol depletion by bMCD, or by
Pravastatin only (8 h) or by both, Caveolin-1 as well as TRPV4
reveal altered distribution, membrane clustering and much lesser
colocalization (not shown). Still, some of the TRPV4 clusters
remain intact and colocalized with Caveolin1. This indicates that
TRPV4-enriched clusters can retain some cholesterol and resist
complete cholesterol depletion in certain patches (data not
shown). To confirm these results by another independent manner,
we stained hTRPV4-GFP expressing cells with Flilipin, which
directly detect cholesterol. We observed colocalization of TRPV4-
GFP with Flilipin (Fig. 3B). Similarly, reduction of membrane cho-
lesterol by bMCD and/or by Pravastatin (long-term treatment)
results in low or no colocalization at all (Fig. 3B).

3.6. Loop4 alone or along with nearby helices is sufficient for physical
interaction with cholesterol, its precursors and derivatives

To test, if the CRAC- and CRAC-like motifs present in the TM4–
Loop4–TM5 of TRPV4 indeed interact with cholesterol, we
expressed these sequences as different GST-tagged proteins and
purified further (Fig. 4A and B). Using blot overlay, we explored
if Loop4 alone or in combination with TM4 and/or TM5 can interact
with cholesterol. We noted that Loop4 only is sufficient to interact
with cholesterol, its precursor (mevalonate) and other cholesterol
derivatives (like stigmasterol; steroid hormone aldosterone)
(Fig. 4C). Similarly, TM4–Loop4, Loop4–TM5 and TM4–Loop4–
TM5 also interact with cholesterol, its precursor, and derivatives
though with variable extents. GST-only was used as a negative con-
trol which show no or very minimum interactions. This confirms
that Loop4 in combination of TM4- and/or TM5 can directly inter-
act with cholesterol, its precursors and derivatives and Loop4 is
sufficient for these interactions.

3.7. Membrane mobility of TRPV4 is regulated by cholesterol

Next we performed FRAP in order to visualize the recovery of
the hTRPV4-GFP (Fig. 4D). Mobility of TRPV4-GFP is significantly
lower (recovers �30% in 500 s) in control conditions (membrane
with cholesterol). When cells were treated with cholesterol
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Fig. 2. Conserved domains and motifs including cholesterol interacting sites are present in TRPV4. (A) The lower and higher values indicate more and less conservation
respectively. Different domains and motifs of TRPV4 are indicated by different colors. All values are significant (p < 0.0001, Kruskal–Wallis test). (B) The CRAC- and ‘‘CRAC-like
(green shade) motifs present within the TM4-Loop4-TM5 are conserved throughout the vertebrate evolution. (i) The crucial amino acids that form the signature of these two
motifs are labeled with red color. The positions of disease causing mutations (⁄) and amino acids that differ from hTRPV4 (blue) are indicated. (ii) A similar comparison of
xTRPV4 sequences with hTRPV4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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depleting drug Pravastatin or bMCD; the mobility of TRPV4
increases further indicating that that mobility of TRPV4 is depen-
dent on the membrane cholesterol.

4. Discussion

We have combined protein sequence, genomic data, structural
information, biochemical and cell-biological experimental results,
which demonstrate that TRPV4 is a highly conserved protein and
has evolved �450 MY before when vertebrate evolution started.
TRPV4 physically interacts with cholesterol, its precursor molecule
mevalonate and some of its derivatives through the Loop4 and
nearby helices, a region of TRPV4 which is 100% identical in all ver-
tebrates. In agreement with this physical interaction, in all verte-
brates TRPV4 gene is tightly linked with MVK and GLTP, two
genes which are involved in the cholesterol-biosynthesis. We show

that membrane mobility of TRPV4 depends on the availability of
the cholesterol. In vertebrates, TRPV4 seem to be regulated by
cholesterol as well as other metabolic components present in the
cholesterol biosynthesis pathway. Such molecular interactions of
TRPV4 with cholesterol, cholesterol-precursors/derivatives may
have importance in the context of several sensory functions which
are directly dependent on the TRPV4. Such physical and functional
crosstalk may also be relevant for several physiological functions
[21]. As TRPV4-mediated sensory and physiological functions can
largely influence the adaptation, such functions are crucial deter-
minants of natural selection, speciation and evolution. Therefore,
molecular evolution of TRPV4 is guided by availability of mem-
brane cholesterol and its intermediates/derivatives, i.e. metabo-
lites of cholesterol biosynthesis pathway in general which is very
much vertebrate-specific.

In this work we demonstrate that Loop3–TM4–Loop4–TM5
region (AA 576–632) of TRPV4 is highly conserved among

Fig. 3. TRPV4 localizes in cholesterol-enriched membrane microdomains. (A) Confocal images of F11 cells expressing GFP-TRPV4 (green) immunostained for endogenous
Caveolin1 (Red). (B) Confocal images of F11 cell expressing GFP-TRPV4 (green) stained with Flilipin (Red). After treating the cells with cholesterol depleting agent bMCD
(cholesterol biosynthesis blocker) Pravastatin, or with both. Cells were fixed in control conditions. In each case, the intensity plot is represented (right). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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vertebrates and have limited substitutions. Accordingly, different
point mutations which are clustered in this region of hTRPV4 are
linked with the development of several diseases and pathophysio-
logical situations commonly known as channelopathy [18]. We
correlate this conservation as a prerequisite for interaction with
cholesterol, its precursors and derivatives. There are several
CRAC-motifs present within the N- and C-termini of hTRPV4 and
few of these are conserved in most vertebrates (not shown). How-
ever, except the TM4–Loop4–TM5 region, we could not find any
other CRAC/CRAC-like motif(s) in other TM regions (in hTRPV4).
In TRPV1 and TRPV4, the CRAC-motif is 8AA long. Notably, AA
576–632 of TRPV4 is more conserved than that of the choles-
terol-binding region of TRPV1 [10]. Even this region is not highly

conserved when compared to other TRPVs where this motif is
absent (Fig:S3).

The cholesterol interaction seems to be important for
‘‘activation/inhibition’’ of TRPV1/TRPV4 by specific hydrophobic
compounds and for ‘‘thermo-gating’’. Indeed, experiments con-
firmed that TRPV1 function is altered in cholesterol-depleted/satu-
rated membranes [22–23]. Also, cholesterol interaction is needed
for temperature-induced activation of TRPV4. For example, when
rTRPV4 is expressed in yeast (which cannot synthesize choles-
terol); it can be activated by changes in osmolarity but not by tem-
perature [24].

The cross-talk between TRPV4 with sterol compounds is also
evident from genomic organization, genetic interaction and

Fig. 4. Physical interaction and functional regulation of TRPV4 by cholesterol. (A) Loop4 alone or in combination with TM4 and/or TM5 is sufficient for physical interaction
with cholesterol, its precursor and derivatives. (i) Schematic diagram of the GST-tagged TRPV4-fragments. (ii) SDS–PAGE (1) and Western Blot (2) analysis of purified GST-
only, GST–Loop4, GST–Loop4–TM5, GST–TM4–Loop4 and GST–TM4–Loop4–TM5. (iii) The respective blot-overlay of these TRPV4 fragments against mevalonate, cholesterol,
stigmasterol and aldosterone are shown. (B) Membrane mobility of TRPV4 depends on the cholesterol. FRAP pattern of cells expressing TRPV4-GFP in control (left), in
Pravastatin-treated (middle) and in b-MCD treated conditions (right) are shown. In each case at least 50 ROIs were analyzed (gray lines) and the average value is indicated
(bold black line). The fluorescence intensity (in % of the initial conditions) is plotted in Y-axis and frame numbers (time interval between each frame is 10 s) are plotted in X-
axis. Average recovery at the end of 50th frame are shown in bar diagram (⁄p < 0.002; ⁄⁄p < 0.0001).
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pharmacological evidences. Synteny analysis suggests that TRPV4
share tight linkage with MVK and GLTP, genes involved in choles-
terol biosynthesis pathway. Notably this linkage is conserved for
450 MY. In human too, MVK (a key enzyme catalyzing sterol syn-
thesis from mevalonate) gene is tightly linked with TRPV4 (located
very closely at 12q24.1) suggesting the dependency and fine regu-
lation of TRPV4 by metabolites of the cholesterol biosynthesis
pathway [25]. Common involvement of TRPV4 and sterols in same
functions is also prominent from genetic interaction studies.
Indeed, mutations in 3b-hydroxysterol D14-reductase, (involved
in cholesterol biosynthesis pathway) give rise to Greenberg skele-
tal dysplasia [26]. Similarly, point mutations present in the CRAC-
motif region of hTRPV4 give rise to ‘‘Skeletal dysplasia’’ [18].

Non-genomic regulation of TRPs by the metabolites present in
the sterol/steroid biosynthesis pathway is important for several
physiological, developmental, and endocrinological point of view
[21]. For example, while dimethylallyl pyrophosphate activate
TRPV4; isopentenyl pyrophosphate inhibits TRPV3 and TRPA1
[3,27,28]. Farnesyl pyrophosphate (FPP; precursor of sterol biosyn-
thesis pathway) activate TRPV3 [27]. While cholesterol inhibits
TRPM3, Pregnenolone (cholesterol precursor) can activate it
[29,30]. Progesterone (sex hormone) also inhibits TRPM3 [31].
Taken together, results suggest that TRPVs are the molecular tar-
gets of cholesterol, its precursors and derivatives, such as steroid
hormones. Though the effect of different steroids on TRPV4 has
not been fully characterized yet, the crosstalk between TRPV4
and steroid hormones has been established to some extent. For
example, progesterone can regulate TRPV4 expression [32]. TRPV4
is essential for mechanosensitivity in the aldosterone-sensitive dis-
tal nephron [33]. Steroid hormones also alter the mechanical
hyperalgesia where TRPV4 is involved [34–36]. Such aspects may
be relevant for vesicular recycling regulated by TRPV channels [37].

Taken together, our results reveal a strong dependency of
TRPV4 on sterol molecules indicating that sterol biosynthesis path-
way and TRPV4 function may have shared co-evolution. We con-
clude that TRPV4 structure and function has been determined by
the physical interaction with sterol compounds through highly
conserved motif sequences and such interactions may have diverse
and important physiological functions.
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SUMMARY
The morphology, ultrastructure, and functions of mature avian spermatozoa have been of immense commercial and scientific

interest for several reasons. This is mainly important in case of birds in poultry production, conservation, and in the use of sperm

morphometry as phylogenetic evidence. Avian spermatozoa share complex or no correlation of sperm morphometry with respect to

testis and/or body size as described before. In this work, we have isolated mature spermatozoa from White Pekin duck (Anas

platyrhynchos) by non-invasive methods and performed several immunostaining analysis as well as cytochemical analysis using elec-

tron and light microscopes. Here, we report the presence of different post-translationally modified tubulin such as tyrosinated-, dety-

rosinated-, acetylated-, polyglutamylated-, and glycylated-tubulin in specific regions of the mature spermatozoa. By using field-

emission scanning electron microscope, we confirm the presence of acrosome-like structure at the tip of the sperm head. However,

this structure remains non-reactive to common lectins such as Peanut Agglutinin (PNA) and cholesterol-sensitive dyes such as Fili-

pin. We report that this acrosomal structure is primarily made of lipid-based structures and is resistant to 0.1% Triton X100. Confocal

microscopy and super resolution structured illumination microscopy study indicates that the nucleus is bifurcated at the tip region.

By using specific markers, we report that the perforatorium structure present at the tip of the spermatozoa head contains specialized

organelles that is similar to atypical mitochondria. We propose that these ultrastructural and molecular parameters can be used as

species-specific features. The bifurcated nucleus and presence of atypical mitochondria within this structure may be relevant for the

complex mitochondrial inheritance and mitochondrial heteroplasmy observed in case of avian population.

INTRODUCTION
The morphology, ultra structure, and functions of mature male

gametes from different species are of immense commercial and

scientific interest for several reasons. This is particularly impor-

tant for avian spermatozoa which have direct implications in

poultry production, conservation, and in the use of sperm mor-

phometry as phylogenetic evidences. Current, literature suggests

that the avian spermatozoa are highly diverse in morphology,

complex in their molecular markers and also in terms of func-

tional regulations. The size of avian spermatozoa is highly vari-

able, ranging from 30 to 300 lm, with little or no correlation

between size of the bird and sperm dimensions (McFarlane, 1963;

Briskie et al., 1997; Mossman et al., 2009). Generally, avian sper-

matozoa possess long cylindrical nuclei, whereas the spermatozoa

of eutherian mammals have short and flat nuclei (Fawcett, 1970).

Certain key differences between passerine and non-passerine

birds in spermatozoon structure have also been documented

(Breucker, 1982). The spermatozoa of passerine birds are gener-

ally spiral-shaped with an external, helically wound undulating

membrane and a curved or spiral acrosome without a perforato-

rium, and a type of wavy membrane which is similar to amphib-

ian spermatozoa (Sim~oes et al., 2012). The spermatozoa of non-

passerine birds, like that of galliform, anseriform, and columbi-

form birds, correspond to the basic type of spermatozoa (rela-

tively simple in morphology, which are plain and elongated)

similar to those of reptiles, called sauropsid-type (Humphreys,

1972). These sauropsid spermatozoa are structurally characterized

by a small acrosome, perforatorium, well-defined midpiece con-

taining two centrioles and a long and mobile flagellum (Yasuzumi

& Sugioka, 1971; Humphreys, 1972; Baccetti et al., 1980).
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Recently, the ultrastructural details of the spermatozoa of the

domestic duck (Anas platyrhynchos sp.) have been described in

details (Sim~oes et al., 2012). As reported in this paper, the

mature spermatozoa contain a short and tapering head, short

midpiece, long principal piece, and a short end-piece. The

sperm head revealed a reduced acrosome (formed by a short

and tapering cephalic cap) located anteriorly to the nucleus

which contains homogenous and moderately electron-dense

materials and elliptical mitochondria (Sim~oes et al., 2012). In

this work, we have analyzed the morphological, structural, and

molecular details of the mature spermatozoa from White Pekin

duck Anas platyrhynchos. Our work suggests that White Pekin

duck spermatozoa has very specific features such as post-trans-

lationally modified tubulin at the tail region, a lipid-enriched

acrosome-like structure and atypical mitochondria at the tip

which can be used as species-specific features.

MATERIALS ANDMETHODS

Collection of mature spermatozoa from duck

White Pekin ducks (Anas platyrhynchos) were maintained in

the duck house of Central Avian Research Institute, Bhubanes-

war, India and semen collection was performed by trained pro-

fessionals as per the guidelines of the Institutional animal ethics

committee. Mature spermatozoa were collected by manual mas-

sage into clean sterile collection vials and were either fixed with

4% paraformaldehyde or incubated at 37 °C immediately after

ejaculation. All microscopic analysis was performed at the

NISER, Bhubaneswar, India.

Labeling of spermatozoa with JC1, Mitotracker-Red, and

Alexafluor 488-conjugated streptavidin

The freshly ejaculated spermatozoa were incubated with mito-

chondria-specific dye JC1 (5 lM; Life Technologies, Carlsbad,

California, USA) at 37 °C for 20 min and imaged under confocal

microscope in live condition (Leite et al., 2010). CCCP was pur-

chased from Sigma Aldrich (St Louis, MO, USA) and was used as

the un-coupler for mitochondrial oxidative potential. In separate

experiments, freshly ejaculated spermatozoa were incubated

with Mitotracker-Red (5 lM; Life Technologies) at 37 °C for

20 min and were fixed with 1 : 1 ratio (v/v) of 4% paraformalde-

hyde for 20 min at room temperature. Mitotracker-Red stained

samples were permeabilized with 0.1% Titron-X 100 and blocked

with 5% bovine serum albumin (BSA). AF488-labeled strepta-

vidin was incubated with permeabilized spermatozoa for 2 h at

room temperature. After washing thrice with PBS-T (Phosphate

Buffered Saline with 0.1% Tween20), the samples were stained

with DAPI (4’,6-diamidino-2-phenylindole) and were stored at

4 °C till further experiments.

Labeling of spermatozoa with lipid-specific dyes

The Paraformaldehyde (PFA) fixed cells were washed thrice

with PBS (pH 7.4) by centrifuging at 800 g for 5 min each time

and then incubated with DiI (5 lg/mL final concentration) for

20 min at room temperature (25 °C) to label the lipids. The

stained samples were washed thrice with PBS (pH 7.4) by cen-

trifuging at 800 g for 5 min each time and then visualized under

confocal microscope. For the detection of cholesterol present in

the sperm cells, Filipin staining was performed (B€ornig & Geyer,

1974; Sugii et al., 2003). For Filipin staining, the fixed cells were

washed thrice with PBS; background fluorescence was quenched

with 1.5 mg/mL glycine in PBS for 30 min, then incubated with

Filipin (125 lg/mL) in PBS for 1 h at room temperature (25 °C)
and washed three times with PBS to remove excess Filipin. The

cells were imaged soon after washing was complete.

Lectin and antibody staining

Paraformaldehyde-fixed spermatozoa were washed thrice with

PBS (pH 7.4) by centrifuging at 800 g for 5 min each time and

then incubated with FITC-PNA (purchased from Sigma Aldrich

and used at 1 : 200 v/v dilution) for 1 h and washed thrice with

PBS to remove un-incorporated FITC-PNA. To stain the modi-

fied tubulins, the fixed spermatozoa were washed thrice with

PBS (pH 7.4) by centrifuging at 800 g for 5 min each time and

then treated with 0.1% Titron-X100 for permeabilization for

5 min. The permeabilized spermatozoa were blocked with 5%

BSA for 1 h at room temperature (25 °C). The sperm cells were

then incubated overnight with primary antibodies for different

modified tubulins: acetylated tubulin (clone 6-11B-1; Sigma-

Aldrich); polyglutamylated tubulin (clone B3; Sigma-Aldrich)

and tyrosinated tubulin (clone TUB-1A2; Sigma-Aldrich), dety-

rosinated tubulin (clone GLU; Millipore, Darmstadt, Germany),

monoglycylated tubulin (clone TAP 952; Millipore), polyglycy-

lated Tubulin (clone AXO 49; Millipore), and alpha detyrosinated

tubulin (Millipore). Following Mouse monoclonal antibodies

were used to detect mitochondria of duck spermatozoa: HSP60

antibody (clone NAB11-13; AbCam, Cambridge, UK), Cyto-

chrome C antibody (clone 7H8.2C12; AbCam), ATP5A antibody

(clone 7H10BD4F9; AbCam), and Mitofusin2 (Mfn2; AbCam). All

these primary antibodies were used at 1 : 500 dilution and incu-

bated overnight at 4 °C in PBS buffer supplemented with 5%

BSA in 1 : 1 ratio (v/v). After washing thrice in PBST buffer (PBS

supplemented with 0.1% Tween-20), AlexaFluor-488 labeled

anti-mouse or anti-rabbit antibodies (Molecular probes) were

used as secondary antibodies at 1 : 1000 dilution. All images

were taken on a confocal laser-scanning microscope (LSM-780;

Zeiss, Goettingen, Germany) with a 63X-objective and analyzed

with the Zeiss LSM image examiner software and Adobe Photo-

shop as described previously (Majhi et al., 2013). Quantification

of the length of different parts of the cell was carried out using

Zeiss LSM image examiner software. The super resolution

images of duck spermatozoa were acquired using super resolu-

tion structured illumination microscopy (SR-SIM; Zeiss ELYRA

PS.1).

Sample preparation and FE-SEM

The PFA-fixed sperm cells were washed thrice with Milli-Q

water and then spotted on aluminum film coated on a glass cov-

erslip. The spots were dried within a desiccator and subse-

quently imaged on Zeiss field-emission scanning electron

microscope (FE-SEM) SIGMA at 15–75 KX magnification and

3 kV EHT (extra-high tension).

Western blot analysis

For western blotting, the fresh semen was collected as men-

tioned. The freshly collected cells were diluted in 1X-PBS and

quickly centrifuged at 800 g for 5 min in 25 °C. After that the

pellet fraction containing sperm cells was directly taken in a

sample preparation buffer containing protease inhibitors mixed

with 5X-Lammeli buffer. The samples were heated at 95 °C for

2 Andrology, 1–13 © 2016 American Society of Andrology and European Academy of Andrology
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5 min and subsequently separated by 10% sodium dodecyl sul-

fate PAGE (SDS-PAGE) as described before (Laemmli, 1970).

Owing to the high lipid and DNA content, the samples were sep-

arated by SDS-PAGE for around 12 h in a mini-gel (Bio-Rad,

Hercules, California, USA). The proteins were electrophoretically

transferred to PVDF (Polyvinylidene fluoride) membrane (Mili-

pore). After blocking for 1 h in TBST [20 mM Tris (pH 7.4), 0.9%

(w/v) NaCl, and 0.1% (v/v) Tween 20] containing 5% (w/v) dry

skimmed milk, the membranes were incubated with specific

antibodies. Mouse monoclonal anti-acetylated tubulin (clone 6-

11B-1; Sigma Aldrich), anti-polyglutamylated tubulin (clone B3;

Sigma Aldrich), anti-tyrosinated tubulin (clone TUB-1A2; Sigma

Aldrich), alpha-detyrosinated tubulin (Millipore) and rabbit

polyclonal detyrosinated tubulin (clone GLU; Millipore), mono-

glycylated tubulin (clone TAP 952; Millipore), and polyglycylated

Tubulin (clone AXO 49; Millipore), were used at 1 : 500 dilutions,

respectively. After extensive washing in TBST, the membranes

were incubated with horse-radish peroxidase-conjugated sec-

ondary antibody raised against mouse or rabbit (GE Healthcare,

Little Chalfont, UK) for 1 h at room temperature (25 °C). Subse-
quently the membranes were extensively washed in TBST and

immunoreactivities were visualized on chemidoc system

(BioRad) by enhanced chemiluminescence according to the

manufacturer’s instructions (Thermo Scientific, Waltham, Mas-

sachusetts, USA).

RESULTS

Morphological details of duck spermatozoa

To resolve the structural and molecular details of the sperma-

tozoa, we performed several Difference Interference Contrast

(DIC)-microscopic analysis as well as FE-SEM with the PFA-fixed

cells. The DIC-microscopic analysis clearly reveals the presence

of an elongated head, short midpiece, and long principal piece

as also reported for other avian species (Fig. 1A). The quantita-

tive morphometric analyses (n = 20) reveal that the total length

of the spermatozoa is 67.04 � 2.93 lm. The sperm head is elon-

gated and the size is approximately 13.56 � 0.67 lm. The princi-

pal piece (tail) of White Pekin spermatozoa is also elongated

(50.10 � 2.71 lm) and is at-least three times the length of the

head. The midpiece is coiled in shape, is about 3.37 � 0.25 lm
in length and reveals a distinct morphology. To understand the

morphological features in more details, we performed FE-SEM

analysis which reveals the distinct presence of an elongated

head, short midpiece, and long principal piece (Fig. 1B). The

midpiece contains on an average 6–12 units of mitochondrial

coiling as revealed by the FE-SEM images. FE-SEM images also

revealed that the White Pekin sperm head is elongated and cylin-

drical in shape and ends with a tapering tip (Fig. 1). Notably the

FE-SEM images reveal the presence of a prominent cone-like

structure resembling perforatorium followed by acrosome-like

structure which is present in all the mature sperm head tips

(Fig. 1). Interestingly, this acrosome-like structure is not prop-

erly visible in DIC images.

Duck sperm head contains bifurcated nucleus and atypical

mitochondria at the tip

Although DIC microscopy as well as FE-SEM images revealed

that the White Pekin duck sperm head is elongated and cylindri-

cal in shape and ends with a tapering tip (Fig. 1), we aimed to

visualize the DNA organization at the sperm head and the orga-

nization of the mitochondria in these cells. For that purpose, we

labeled the cells with Mitotracker-Red and stained the head with

DAPI as well. We analyzed the head portion and in particular the

nucleus and the midpiece by laser-based imaging techniques,

namely by confocal and SR-SIM (Fig. 2). While confocal micro-

scopy reveals the presence of elongated and cylindrical nucleus

within the head, the super resolution microscopy clearly

revealed that the nucleus is actually bifurcated at the tip (Fig. 2B

Zoom). The midpiece can be labeled with Mitotracker-Red sug-

gesting that this region actually contains functional mitochon-

dria. However, both confocal and SR-SIM images reveal that the

Mitotracker-Red labeling can also be observed at the very tip of

the sperm head (Fig. 2).

Labeling of these sub-cellular organelles by Mitotracker-Red

located at the tip of the sperm nucleus indicates that these struc-

tures have high oxidative potential and thus can be mitochon-

dria. The sperm tip also showed staining for other important

mitochondrial markers such as Mitochondrial membrane ATP

synthase (F1F0 ATP synthase or Complex V, mentioned in this

paper as ATP5A) and mitochondrial outer membrane protein

Mitofusin2 (Mfn2) (Fig. 3A,B). Surprisingly while ATP5A stained

(A)

(B)

(C) (D)

Figure 1 Unusual structures of mature spermatozoa of White Pekin duck.

(A) DIC image of the single sperm cell. Head and midpiece region of the cell

in indicated separately. (B–D) Field-emission scanning electron microscopy

images of a sperm cell and its enlarged regions demonstrating the structural

and morphological details. The mitochondrial region (indicated by arrow in

C) and the acrosome-like structure (marked by asterisk in D) are shown in

details. The fine tip of the acrosome-like structure is indicted by an arrow

(D).
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the sperm head region, it did not stain the neck region (Fig. S1a).

In a similar manner, Mitofusin2 stains the sperm head and tail,

but does not show staining at the neck region which is enriched

with mitochondria (Fig. S1b). We confirmed the specificity of

these two antibodies against duck spermatozoa by western blot

analysis where these two antibodies detect bands at expected

sizes (Fig. S1a,b). Another antibody raised against mitochondrial

protein, namely anti-HSP60 reveals punctate staining in the

head region of the duck spermatozoa, but such staining is absent

in the tip as well as in the neck region (Fig. S1c). However, this

antibody also detects a specific band of right size in western blot

analysis suggesting that HSP60 is not present in the neck regions

(Fig. S1c). Another antibody raised against Cytochrome-C does

not detect any signal from duck spermatozoa, neither in

immunofluorescence analysis not in western blot analysis, most

likely because of unmatched epitopes (Fig. S1c). Taken together,

results obtained from specific antibodies raised against different

mitochondrial proteins strongly suggest the unique distribution

of these proteins in the head and absence of these markers in

the neck region of the spermatozoa of White Pekin duck. These

in general therefore suggest that the distribution of mitochon-

drial markers in avian spermatozoa is complex and need further

in-depth analysis.

In absence of suitable antibodies which can detect mitochon-

dria present in spermatozoa of avian species reliably, we tested

indirectly if the tip of the sperm nucleus indeed reveals other

mitochondrial properties. To test that, we stained Mitotracker-

Red labeled sperm cells with Alexa flour-488 conjugated strepta-

vidin, which binds to biotin (Hollinshead et al., 1997). Indeed,

the streptavidin-AF488 diffusely detects the head of spermatozoa

and co-localized with the Mitotracker-Red stained regions at the

midpiece and also the tip of head (Fig. 3C). To confirm that the

tip of White Pekin duck spermatozoa actually contains mito-

chondria, we stained the freshly collected live spermatozoa with

JC-1 dye and imaged the JC1 dye-labeled live spermatozoa under

confocal microscope. We noted that JC-1 stained both the mid-

piece and the tip of the head confirming that the tip actually

contains functional mitochondria (Fig. 3E). The JC1 staining was

completely diminished (both in tip as well as in neck regions)

when live sperm cells were treated with the CCCP, an agent

which is known to work as mitochondrial uncoupler (Fig. 3F).

Taken together, these results strongly indicate that the tip of the

sperm head contains mitochondria with high oxidative

potential.

Duck sperm head contains lipid based yet Triton X-100

resistant acrosome-like structures

Acrosomal structures are known to contain several glycopro-

teins which can be detected by specific lectins. To characterize

the nature of the acrosome-like tip of duck spermatozoa in

details, we stained it with the conventional acrosome marker

namely FITC-PNA (Horrocks et al., 2000; Ashizawa et al., 2006).

Although FITC-PNA faithfully stained the acrosome of Bull sper-

matozoa, it failed to react with the acrosome-like tip of White

Pekin duck spermatozoa (Fig. 4). This indicates that the acroso-

mal tip of White Pekin duck spermatozoa is not enriched with

the specific carbohydrates generally observed in almost all

mammals.

Next we probed for the enrichment of lipids at the acrosome-

like structures by staining the spermatozoa with lipid-sensitive

dye DiI. While the entire head of the duck spermatozoa showed

DiI labeling, the acrosomal tip displayed a very strong labeling

(Fig. 5). Next we tested the biochemical extraction property of

this structure against detergents. We noted that this lipid-

enriched acrosome-like structure is partially resistant to extrac-

tion by ionic detergent such as 0.1% Triton X100 (Fig. 5). As

acrosomal regions of mammalian spermatozoa are enriched

with cholesterol, we tested the distribution and enrichment of

cholesterol in the duck spermatozoa too. For that purpose, we

stained the duck spermatozoa with cholesterol sensor dye Fili-

pin, which binds to cholesterol (B€ornig & Geyer, 1974). We noted

Filipin labeling at the entire head of the duck spermatozoa.

However, the tip of duck spermatozoa remained devoid of Fili-

pin staining, indicating that this region is not cholesterol

enriched (Fig. 6). Also, we noted that the extraction of cells with

0.1% Triton X100 results in decreased intensity of Filipin staining

all over the head regions. However, we also noted that even after

0.1% Triton X100 treatment, the shape of the tip, that is, the

acrosome-like structure remains intact (Fig. 6).

Duck spermatozoa contains different post-translationally

modified tubulins

To understand the molecular details of the duck spermatozoa,

we immunostained the sperm cells with different post-transla-

tionally modified tubulins, namely with tyrosinated tubulin,

de-tyrosinated tubulin, acetylated tubulin, polyglutamylated

tubulin, mono- and polyglycylated tubulin. These post-

(A)

(C)

(D)

(B)

Figure 2 White Pekin duck spermatozoa contains bifurcated nucleus and

atypical mitochondria at the tip. (A,B) Confocal image of duck spermatozoa

labeled with Mitotracker-Red (red) and DAPI (blue) merged with DIC is

shown, scale bar 5 lm. (C,D) Super resolution structured illumination

microscopy (SR-SIM) revealed the presence of a bifurcated nucleus in the

head and the presence of Mitotracker-Red labeled organelles which are

embedded within the bifurcated tip. The asterisk indicates the start of bifur-

cation and arrow points out to the tip of bifurcated head. The enlarged

image of the midpiece region is shown in set (scale bar 500 nm).
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translationally modified tubulins were primarily detected at the

tail regions (Fig. 7). By confocal microscopy, we could detect a

faint expression of tyrosinated tubulin at the tail region. How-

ever, same antibody fails to detect the presence of tyrosinated

tubulin in the White Pekin duck spermatozoa extract by western

blot analysis (Fig. 7A, lane 1), although the same antibody could

detect the tyrosinated tubulin present at the goat brain extract

on the same blot (Fig. 7A, lane 2). This in general suggest low

abundance of tyrosinated tubulin. Next we probed for detyrosi-

nated tubulin and we have used two different antibodies. Both

Figure 3 White Pekin duck sperm tip contains atypical mitochondria-like organelle. (A) Confocal images of a duck spermatozoa labeled with anti-ATP5A

(green) and Mitotracker-Red (Red). The enlarged portion of its head is shown in right side. The tip structure is indicated by an arrow. (B) Confocal images of

a duck spermatozoa labeled with anti-Mfn2 (green) and DAPI. The enlarged portion of its head is shown in right side. The staining at tip region is indicated

by arrows. (C) Confocal images of the midpiece and head of White Pekin duck spermatozoa stained with Mitotracker-Red (Red) and Alexa flour 488 conju-

gated streptavidin (Green). DNA-enriched region is counterstained with DAPI (blue). (D) Intensity plot (of the same cell as shown in C) corresponding to

white arrow region (shown in right side) is shown. Both Mitotracker-Red and Alexa flour 488 conjugated streptavidin co-localize well at the midpiece and

also at the tip of the head. (E) Confocal images of the head portion (upper panel) and the enlarged portion of the tip (lower panel) of the live spermatozoa

labeled with JC1 dye (green) are shown. The tip of the sperm head (indicated by blue arrow) revels specific labeling with JC1 dye. (F) Application of CCCP

to the live sperm cell results in loss of JC1 dye staining. Intensity of JC1 fluorescence in the presence and absence of CCCP is provided in right side.

Figure 4 White Pekin duck sperm acrosome-like tip is unreactive to conventional acrosome marker PNA (A). Confocal images of Duck sperm cells stained

with the conventional acrosome marker FITC-PNA (green) and counterstained with DAPI (Blue). (B) Enlarged confocal image of FITC-PNA (green) and DAPI

(blue) labeled single acrosome-like structure if duck spermatozoa. Scale bar 1 lm. (C) Confocal image of a cluster of mammalian sperm (bovine sperm) cells

labeled with FITC-PNA (green) is shown. Scale bar 10 lm.
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antibodies strongly stained the tail region (Fig. 7B). Western blot

analysis also confirms the presence of detyrosinated tubulin in

the duck spermatozoa. As tyrosinated tubulin is used as a sub-

strate to form detyrosinated tubulin in a biochemical pathway,

the presence of detyrosinated tubulin confirms the presence of

tyrosinated tubulin and the existence of the regulatory enzymes

as well (MacRae, 1997; Westermann & Weber, 2003). Next, we

probed for acetylated tubulin which is present exclusively in the

tail and below the midpiece region (Fig. 7C). The presence of

acetylated tubulin is also confirmed by western blot analysis.

Similarly, polyglutamylated tubulin is present at the tail region

and also to some extent in the head region. The midpiece region

is exclusively devoid of polyglutamylated tubulin (Fig. 7D). Wes-

tern blot analysis detect bands at ~55 kD size confirming the

presence of polyglutamylated tubulin in duck spermatozoa.

Next, we probed for monoglycylated tubulin (detected by

TAP952 antibody) and polyglycylated tubulin (detected by

AXO49 antibody). Monoglycylated tubulin is exclusively present

the tail region and its intensity gradually increased toward the

end-tip of the sperm tail (Fig. 7E). Polyglycylated tubulin also

shows strong staining in the middle region of sperm tail, but is

not enriched at the tail end region (Fig. 7F). The presence of

both mono- and polyglycylated tubulin was confirmed by west-

ern blot analysis. Taken together our results present morphologi-

cal and molecular details of the White Pekin duck sperm cells.

DISCUSSION
The morphometry and molecular details of sperm cells of any

organism is an indicator of several relevant factors such as

reproductive uniqueness, energetics, adaptation, evolution, spe-

ciation, population structure, male-female ratio, and other com-

plex behaviors (Korn et al., 2000; Bjork & Pitnick, 2006; Bjork

Figure 5 Acrosome-like tip of duck spermatozoa is enriched with lipids. Confocal images of White Pekin duck sperm cells stained with DAPI (blue) and

lipid-sensitive dye DiI (red). The DiI staining appears to be mildly resistant against 0.1% Triton X-100 extraction. Scale bar 1 lm.

6 Andrology, 1–13 © 2016 American Society of Andrology and European Academy of Andrology

R. K. Majhi et al. ANDROLOGY



et al., 2007; Immler & Birkhead, 2007; Immler et al., 2007; Lattao

et al., 2012; Rowe et al., 2013). In this work, we have performed a

series of microscopic and biochemical analysis to elucidate the

fine structural and molecular details of the matured haploid

male gamete cells obtained from White Pekin duck. These analy-

sis opens up several novel aspects of the sperm cells from this

species, such as the presence of a acrosome-like structure at the

sperm head, the presence of biforked nucleus, the presence of

atypical mitochondria at the head tip and also the presence of

different post-translationally modified tubulins. In addition, our

studies indicate that the distribution of mitochondrial markers

seem to be atypical in avian spermatozoa, an observation that

needs further in-depth analysis. We propose that these aspects

can also be used as authentic species-specific features.

PNA is a lectin which binds to glycosylated molecules which

have the sugar sequence Gal-b(1-3)-GalNAc and is routinely

used as an acrosomal marker to detect the acrosome of mam-

malian spermatozoa (Apostolski et al., 1994). In addition, PNA

reactivity has also been reported for certain avian spermatozoa

also (Horrocks et al., 2000). In this work, we demonstrated that

the white duck sperm cells contain an acrosome-like structure

which is visible in FE-SEM images, but not properly visible in

DIC. This structure is enriched with lipids, but essentially devoid

of cholesterol. This structure does not react also with PNA.

Another lectin, IB4 also fails to detect this structure. This struc-

ture is likely to be the acrosome, however, it does not match

exactly with the typical shape of the acrosome reported from

avian species so far (Tingari, 1973; Bakst & Howarth, 1975; Korn

et al., 2000).

The typical structure analogous to an acrosomal rod, or per-

foratorium, has been described for the spermatozoa of many

non-passerine birds (Phillips & Asa, 1989; Soley, 1993; Aire,

2003). The perforatorium is a solid, well-defined structure

housed inside a posterior nuclear invagination and covered

anteriorly by the acrosome. Although the function of the avian

perforatorium is not yet understood, it is reported in several

birds (Soley, 1993). In this work, we demonstrate that the tip of

this perforatorium structure contains some organelles that have

properties which are similar to mitochondria. Unlike the spin-

dle-shaped perforatoriums reported in other avian spermato-

zoa, the structure which we refer as ‘atypical mitochondria’

starts from the point of nuclear bifurcation and ends at the tip

by forming a bulbous structure. This is particularly important

as it indicates that these sub-cellular structure located at the

Figure 6 White Pekin duck sperm head but not the acrosome-like tip structure is enriched with cholesterol. Confocal images of duck sperm cells stained for

cholesterol sensing dye Filipin (light blue). Extraction of cells with 0.1% TritonX-100 leads to partial loss of Filipin staining. Notably, the acrosome-like tip

structure of duck spermatozoa lacks Filipin staining and remains intact even upon permeabilization by 0.1% Triton X-100. Scale bar 1 lm.
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tip has high membrane potential (as indicated by Mitotracker-

Red and JC-1 staining), and reactivity to streptavidin, properties

which are similar to the mitochondria. Based on these labeling

properties, this structure can actually be considered as atypical

mitochondria. Our attempts to confirm this structure directly

with antibodies developed against conventional mitochondrial

markers such as HSP60, Cytochrome-C were unsuccessful as

these antibodies were unreactive to duck spermatozoa (failed

to detect this tip structure as well as the midpiece of the duck

spermatozoa). This could be mostly because of mismatching

epitopes as well, because the same antibody detects Cyto-

chrome-C present in the mitochondria of mature murine sper-

matozoa (Hess et al. 1993). However, two other antibodies

developed against Mitofusin2 and F1F0 ATP synthase or

Complex-V can label the tip structure. The staining patterns of

these mitochondrial markers seem to be specific and are indi-

cator of mitochondrial complexity present in duck as well as

other mammalian sperm cells. For example, HSP60 has been

reported to be present in the mitochondrial region of several

mammalian spermatozoa (Volpe et al. 2008). However, HSP60

could not be detected in mature mouse spermatozoa (Asquith

et al. 2004) while it is located exclusively at the acrosomal region

of the head in capacitated mouse spermatozoa (Asquith et al.

2005). Mitofusin2 has been shown to be present in head and neck

of murine spermatozoa (Vadnais et al. 2014) and at the neck of

boar spermatozoa (Rami�o-Lluch et al. 2012). ATP5A has been

shown to be present in the neck of bull spermatozoa (Yaffe et al.

2014). Notably, Mitofusin2 and ATP5A are exclusively absent in

Figure 7 White Pekin duck spermatozoa contains different modified tubulins. (A) A trace amount of Tyrosinated tubulin occurs exclusively in the end por-

tion of the sperm tail. Western blot analyses with this Mouse monoclonal anti-tyrosinated tubulin (Tub 1A2 antibody) is shown in the right side. Goat brain

extract (lane 2) contains abundant amount, whereas the duck sperm cell extract (lane 1) has undetectable amount of tyrosinated tubulin. (B) Detyrosinated

tubulin is exclusively present in the tail of duck spermatozoa. Western blot analysis with this mouse monoclonal antibody detects a strong band at 55 kDa.

(C) A rabbit polyclonal antibody against detyrosinated tubulin (Glu form) also detects detyrosinated tubulin exclusively in the tail and detects a faint band at

55 kDa. (D) Acetylated tubulin occurs exclusively in the tail. (E) Polyglutamylated tubulin is present in the tail as well as in the head regions. (F) Monoglycy-

lated tubulin (detected by TAP952 antibody) occurs exclusively in the end portion of the sperm tail. (G) Polyglycylated tubulin (detected by AXO49 anti-

body) occurs faintly at the middle region of sperm tail. Western blot analyses of the sperm cell extract (lane 1) against all these specific antibodies are shown

in the right side.
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neck mitochondrial region and present in head and tail (as well as

tip) of duck spermatozoa. However, the functional implication of

these atypical mitochondria located at the head tip is not clear

and further in-depth studies are essential. Distribution of mito-

chondrial markers in avian spermatozoa is also very complex and

needs further in-depth analysis.

Figure 7 Continued
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The mitochondria at the midpiece of non-passerine birds also

demonstrate a wide variety of shapes (Soley, 1993). In the

domestic duck ultrastructure reported recently (Sim~oes et al.,

2012), the mitochondria are elliptical and contain a dense matrix

and longitudinal cristae. Only 11–12 mitochondria were

observed in the domestic duck, which is relatively shorter com-

pared with those of other avian species like quail (Korn et al.,

2000; Sim~oes et al., 2012). According to Fawcett (1970), the num-

ber of mitochondria in sauropsid spermatozoa indicates the

phylogenetic position of the species from which they originated

(Fawcett, 1970). We noted that in White Pekin duck, the unit

number of mitochondrial coiling is less and varies within 6–12.

Although glycolysis is the major source of energy for spermato-

zoa, according to a general consensus, it is also considered that

the number of mitochondria correlates well with the overall

energy requirement by the spermatozoa (Piomboni et al., 2012).

Therefore, the less number of mitochondrial in duck spermato-

zoa may indicate that the duck spermatozoa require less energy

for flagellar movement compared with other avian species such

as Japanese quail during their locomotion in the female repro-

ductive track (Lake et al., 1968; Marquez & Ogasawara, 1975;

Thurston & Hess, 1987; Phillips & Asa, 1989; Baccetti et al., 1991;

Soley, 1993, 1994; Vernon & Woolley, 1999; Korn et al., 2000).

In this work, we demonstrate that the tip of the nucleus is

bifurcated as visualized by DAPI stained using SR-SIM as a tech-

nique. The bifurcated nucleus at the sperm tip region is a char-

acteristic feature observed in several non-passerine birds,

namely in Fowl, Cock, and Quail (Tingari, 1973; Bakst &

Howarth, 1975; Korn et al., 2000). Therefore, the bifurcated

nucleus confirms the phylogenetic linkage of this species. How-

ever, in past such bifurcations has been detected by analyzing

sperm cells by transmission electron microscopy only. This is

Figure 7 Continued
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the first report demonstrating such ultrastructure by using laser-

based technology, namely by SR-SIM.

The presence or absence of different post-translationally mod-

ified tubulins is an indicator of several molecular complexities

including the cascade of enzymatic activities and the bio-physi-

cal properties of the cellular microtubules (Gundersen et al.,

1984; Kreis, 1987; Wehland & Weber, 1987; MacRae, 1997; Pless-

mann & Weber, 1997; Kierszenbaum, 2002; Westermann &

Weber, 2003; Hoyle et al., 2008). In this work, we demonstrate

that the majority of the sperm cells from White Pekin duck con-

tain different post-translationally modified tubulins, namely

acetylated tubulin, polyglutamylated tubulin, and to a lesser

extent tyrosinated tubulin. The acetylated tubulin and polyglu-

tamylated tubulin are considered to be a part of stable micro-

tubules (particularly resistant against high concentration of

Ca2+, low-temperature, and other destabilizing agents), whereas

the tyrosinated tubulin is considered to be the part of

dynamic microtubule and susceptible to higher levels of cytoso-

lic Ca2+ (Karr et al., 1980; Job et al., 1981; Lieuvin et al., 1994).

Therefore, ample staining of sperm cells for acetylated and

polyglutamylated tubulin and limited staining for tyrosinated

tubulin in general indicates that the mature spermatozoa from

White Pekin duck probably experience conditions such as high

levels of cytosolic Ca2+ which destabilize axonemal micro-

tubules. In this regard, it is important to mention that detyrosi-

nation and acetylation of tubulin are important for assembly of

sperm tail, whereas polyglutamylation and polyglycylation are

important for the propagation of tail wave (Huitorel et al., 2002).

Polyglutamylated tubulin has also been shown as important

factor for sperm motility (Gagnon et al., 1996).

Our observation, that is, the presence of a bifurcated nucleus

and specific positioning of some mitochondrial organelle in

the tip head of almost all mature sperm cells suggest a possi-

ble mixture of paternal mitochondria to the ova during fertil-

ization. Such a possibility strongly suggests the contribution of

mitochondrial genome from paternal side also and possibilities

of mitochondrial heteroplasmy in the subsequent generations

and essentially in the entire species. Contribution of mito-

chondria from paternal side, that is, through spermatozoa has

also been documented in different species, both in plant king-

dom and animal kingdom as well as in several fungal systems.

In particular, it has been documented in pine tree, bladder

campion plant (Silene vulgaris), in lower eukaryotes such as in

bees (Hawaiian hylaeus, Nesoprosopis), blue mussel (Mytilus

edulis), European flat oyster (Ostrea edulis), mollusks (Rudi-

tapes philippinarum), lower vertebrates such as in fish (Amia

calva, bowfin; Amiiformes, Amiidae), in frogs (Hyla cinerea,

green tree frog; Anura, Hylidae, and Hyla gratiosa, barking tree

frog), in Australian frillneck lizard (Chlamydosaurus kingie)

(Bermingham et al., 1986; Wu et al., 1998; Cao et al., 2004;

Ujvari et al., 2007; Taris et al., 2009; Magnacca & Brown, 2010;

Milani et al., 2011). Mitochondrial heteroplasmy has also been

reported in higher vertebrates such as in, sheep (Ovis aries),

non-human primate (Macaca mulatta), and also in human

(Ankel-Simons & Cummins, 1996; Schwartz & Vissing, 2002; St

John & Schatten, 2004; Zhao et al., 2004). Indeed, our observa-

tions are in line with these several recent reports which sug-

gest the complexity of the bird mitochondrial genome and/or

possible mitochondrial heteroplasmy in several avian species

(Mundy et al., 1996; Berlin & Ellegren, 2001; Berlin et al., 2004;

Marais, 2007; Hogner et al., 2012). This type of mitochondria

at the head tip may also be selected for some special and

unconventional purposes such as iron metabolism or contribu-

tion of special regulatory RNAs from paternal mitochondria to

the ova (Hales, 2010; Kumar et al., 2013). However, such a pos-

sibility needs to be verified further by a more direct approach

in future. In summary, the detailed morphological and molec-

ular understandings of the spermatozoa of White Pekin duck

may have importance in several sectors such as in poultry pro-

duction, conservation of species by cryopreservation of male

gametes, and assessing cytotoxicity against different treat-

ments. Such understandings may also help the artificial insem-

ination program to improve the economically viable breeds for

poultry industry as well.
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a b s t r a c t

Transient Receptor Potential Vanilloid sub-type 4 (TRPV4) is a non-selective cationic channel involved in
regulation of temperature, osmolality and different ligand-dependent Ca2þ-influx. Recently, we have
demonstrated that TRPV4 is conserved in all vertebrates. Now we demonstrate that TRPV4 is endoge-
nously expressed in all vertebrate sperm cells ranging from fish to mammals. In human sperm, TRPV4 is
present as N-glycosylated protein and its activation induces Ca2þ-influx. Its expression and localization
differs in swim-up and swim-down cells suggesting that TRPV4 is an important determining factor for
sperm motility. We demonstrate that pharmacological activation or inhibition of TRPV4 regulates Ca2þ-
wave propagation from head to tail. Such findings may have wide application in male fertilityeinfertility,
contraception and conservation of endangered species as well.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

In case of exogenous fertilization, sperm cells travel a long dis-
tance in aqueous media while in case of endogenous fertilization
this travel is within the female reproductive tract. In higher
mammals, sperm move through mucus, locate the oocyte, pene-
trate the cumulus and zona-pellucida, and fuse with the plasma-
lemma to deliver the DNA [1]. Each of these events require sperm to
constantly detect appropriate chemical and physical cues (such as
temperature, pH gradients) and upon reaching vicinity of the
oocyte, undergo capacitation and finally fuse with the oocyte.
Timing of each of these responses is crucial and these events must
not be activated prematurely and/or inappropriately. Since sper-
matozoa are transcriptionally and translationally inactive, all
cellular activities within it are carried out by the proteins inherited
during differentiation and these proteins regulate sperm functions
via secondary messengers such as intracellular Ca2þ [2,3]. In case of
ejaculated spermatozoa, intracellular Ca2þ regulates chemotaxis,
motility and hyperactivation, acrosomal reaction and is also amajor

regulator of capacitation [4,5]. Sperm cells also need to sense
several physical and chemical cues and re-orient themselves to-
wards the oocyte. The local pH, osmolarity and viscosity of the
medium have profound effect on fertilizing ability of sperm [6]. In
most vertebrates, “thermotaxis” also serves as conserved sensory
and guidance mechanism. In mammalian system, temperature
gradient guides sperm from the cooler reservoir site (oviductal
isthmus) towards the warmer fertilization site [7]. In fact, rabbit
and human spermatozoa have the capacity to sense minute tem-
perature differences (0.5 �C or even lower) during thermotaxis [7].

In mammalian sperm, the signaling events leading to thermo-
taxis are still unknown. The role of thermosensitive TRP channels in
different vertebrates has been investigated recently [8e12]. So far
only few reports have shown the presence of different TRPs in
sperm from different species. However, the TRPVs are important as
these channels are involved in the detection of thermal, chemical,
osmotic, voltage and pH conditions in a variety of cells. Based on
these criteria, TRPVs are expected to be involved in several of these
steps. Indeed, TRPV1 is localized in the post acrosomal region in
human spermatozoa while in boar spermatozoa, it is found at the
post acrosomal and in midpiece region [9,13]. In fish sperm, TRPV1
is located mainly at the neck region [12]. So far presence of other
TRPVs in sperm has not been explored.
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Among all, TRPV4 is uniquely activated at physiological tem-
perature, changes in osmotic pressure, mechanical membrane
stress, by the derivatives of phorbol esters and also by some
endogenous lipids. Such responsiveness makes TRPV4 as an ideal
polymodal receptor which can influence the response of sperm in
different environments, irrespective of whether fertilization occurs
in water or in aqueous medium. In this work we have explored the
presence of TRPV4 in the spermatozoa of different vertebrates and
investigated its role in human sperm.

2. Materials and methods

Reagents: Antibodies against TRPV4 and b-tubulin, 4aPDD,
RN1734 and Progesterone were purchased from SigmaeAldrich.
Another TRPV4 antibody and its blocking peptide were purchased
from Alomone Lab. Anti-Hsp60 antibody was purchased from
AbCam. Fluo-4-AM, DAPI, Alexa-488-labelled secondary antibodies
were purchased from Invitrogen. HRP-labelled secondary antibody
and PVDF-membrane were obtained from Merck Millipore. Sperm
wash Media was obtained from SAR Health line Pvt. Ltd.

Collection and isolation of cells from different species:
Mature sperm from Rohu (Labeo rohita)were collected as described
before [12]. Sperm from amphibians and reptiles were obtained
from sexually mature common toad (Duttaphrynus melanostictus)
(n ¼ 3) and house lizard (Hemidactylus leschenaultii) (n ¼ 3) as
described before [14]. Avian spermwere collected fromwhite pekin
duck (Anas platrhyncos) (n ¼ 4) and fixed with 4% PFA [15]. Freshly
ejaculated sperms were collected from healthy bulls (Bos indicus).
All experiments were done according to the approval (NISER-IAEC/
SBS-AH/07/13/10).

Human spermatozoa were collected (with informed consent
and approvals, KHPL-04/2013 and NISER/IEC/2015-11) fromhealthy
proven fertile donors after 3 days of sexual abstinence. After
liquefaction, basic semen analysis was done to evaluate sperm
parameters and then swim-up (highly motile, termed “Su”) and
swim-down (nearly immotile, termed “Sd”) cells were separated as
described before [16]. Either these fractions were treated with
drugs or left untreated and then fixed with 4% PFA or were made
into gel samples.

Immunofluorescence analysis and microscopy: Immunocy-
tochemical analysis was performed as described previously [12].
Rabbit polyclonal anti-TRPV4 antibody (1:500 dilution, Alomone
Lab, or SigmaeAldrich) were used. Wherever necessary, the anti-
body was blocked with a specific peptide (CDGHQQGYAPK-
WRAEDAPL, corresponding to AA853-871 of rTRPV4, Accession
number Q9ERZ8). All images were acquired by a confocal laser-
scanning microscope (LSM-780, Zeiss) with a 63X-objective and
analyzed (Zeiss LSM image examiner software).

Ca2þ-imaging and intensity calculation: Freshly collected
sperm were incubated with TRPV4-specific activator/inhibitor for
1 h at 37 �C, followed by incubation with Fluo4-AM (5 mM) for
30 min. Subsequently, ~20 ml sample was dropped onto the live cell
chamber and time-series images were acquired. For intensity
calculation ImageJ was used, in which multiple image frames wear
merged into a single frame and intensity per unit area was
calculated.

SDS-PAGE and Western blot analysis: After quantification,
equal number of Human spermatozoa were taken from swim-up
and swim-down fractions. Gel samples were prepared by boiling
the samples for 5 min with Laemmli buffer supplemented with
protease inhibitor cocktail (Sigma Aldrich). These samples were
separated by 10% SDS-PAGE followed by Western blot analysis as
described before [12].

Flow-cytometry: Flow cytometry analysis of 10,000 sperm per
sample was performed (FACS Calibur, BD Biosciences) and

fluorescence (Alexa Fluor-488) intensities of were analyzed by us-
ing Cell Quest Pro software. Mean Fluorescence Intensity (MFI) was
analyzed as a numerical value of the TRPV4 expression.

2.1. Deglycosylation of TRPV4 protein with Endoglycosidase-H and
N-glycanase

Equal amount of protein lysate of Sd and Su sample was taken
for glycosidase treatment as-per manufacturer's instructions (NEB).
Briefly, sperm protein lysate were mixed with glycoprotein dena-
turing buffer (1X) and denaturation was carried out at 100 �C for
5 min. Denatured glycoproteins were chilled in ice for 5 min.
Subsequently Glyco buffer (1X) and NP-40 was added. Sample
mixture was incubated in presence or absence of Endo-H and
PNGase-F at 37 �C for 6 h and separated by one-dimensional SDS-
PAGE and probed for TRPV4.

3. Results

3.1. Evolutionary conserved and endogenous expression of TRPV4 in
vertebrate spermatozoa

Comparative analysis of the localization pattern of TRPV4 in
different regions of spermatozoa (head, neck, tail) was performed
for different vertebrate classes. At least one species from five classes
of subphylum vertebrata was selected for this study. Spermatozoa
were immunostained for TRPV4 and specificity of the TRPV4 anti-
body was confirmed by pre-incubating the same with blocking
peptide.

In the three classes of cold-blooded vertebrates, a distinct dif-
ference in localization pattern is observed. While in fish/piscean
group (osteichthyes class), TRPV4 is primarily restricted at the tail
and neck regions of Rohu (L. rohita) sperm (Fig 1a); for reptilian
class, TRPV4 is detectable only in the head of (house lizard, H.
leschenaultii) sperm (Fig 1c). In contrast, in amphibian sperm,
TRPV4 expression is present in head, neck and tail regions of Asian
common toad (D. melanostictus) sperm (Fig 1b). Similar to
amphibian spermatozoa, warm-blooded animals also show TRPV4
distribution throughout the sperm. In avian class, TRPV4 expres-
sion is although present at all regions, it is primarily restricted in
the tail of Duck (A. platrhyncos) sperm (Fig 1d). Spermatozoa of bull
(Bos gaourus) show faint yet distinct expression of TRPV4 in all
these regions (Fig 1e).

Furthermore, TRPV4 localization pattern was also studied for
spermatozoa of common Indian tree frog (Polypedates maculatus),
garden lizard (Calotes versicolor), chicken (Gallus gallus domesticus)
and a similar distribution pattern is observed (data not shown).
Western blot analysis also confirms the presence of TRPV4 with
expected size 98 kDa in Rohu and Duck sperm (Suppl Fig 1). These
results suggest that TRPV4 is endogenously present in spermatozoa
and such expression is evolutionarily conserved in all vertebrates.

3.2. TRPV4 is expressed in human spermatozoa

We probed for TRPV4 expression in human (Homo sapiens)
sperm and noted very high level of expression in the head and neck
region but faint expression in the tail region (Fig 2a). This staining
was completely blocked by pre-incubating this antibody with
specific antigenic peptide (Fig 2a). To confirm the expression in
human sperm by Western blot analysis, we used two different
antibodies raised against the C-terminus of TRPV4. One antibody
(Ab1, SigmaeAldrich) detects a band of 130 kDa (predicted size:
98 kDa) suggesting that in human sperm TRPV4 is subject to post-
translational modification (discussed later) (Fig 2b). The second
antibody (Ab2, Alomone Labs) detects bands at 130 and 72 kDa and
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these signals (Ab1 and Ab2) are blocked by using specific peptide
suggesting that these immunoreactivities are specific in nature (Fig
2b). Since the predicted size of TRPV4 is 98 kDa, the higher and
lower bands represent post-translational modifications and pro-
teolytically degraded products, respectively (addressed later).

We analyzed the percentage of human spermatozoa expressing
TRPV4 by FACS (n ¼ 6). Dot plot analysis revealed that all most all
spermatozoa (98.98± 0.34%) are TRPV4þ (Fig 2c). Upon pre-
incubation with a specific blocking peptide, the same antibody
detects less than 1% cells as TRPV4þve, and the mean fluorescence
intensity values reduce significantly, confirming the specificity of
the TRPV4 antibody in FACS application also (Fig. 2cee). These
experiments confirm the expression of TRPV4 in mature human
spermatozoa.

3.3. TRPV4 is differentially expressed and localized in swim-up and
swim-down human sperm

To explore if there is any difference in TRPV4 expression in case
of immotile and highly motile sperm, we separated the total sperm
population into these two fractions, namely swim-up (Su, cells with
progressive motility) and swim-down (Sd, cells with mostly
impaired motility) samples. In Su cells, TRPV4 is primarily located
in the head and faintly in the tail (Fig. 3aeb). However, in Sd cells,
TRPV4 is mostly absent in the head region and highly accumulated
at the neck regions (Fig. 3aeb).

Western blot analysis was performed using Su and Sd samples
obtained from three individuals with proven fertility. The Ab1 de-
tects a distinct band at 130 kDa in Sd fraction of all three donors (Fig
3c). However, the corresponding 130 kDa band is mostly absent or
faintly present in Su fraction. Densitometry analysis of the 130 kDa
region of all donors revealed nearly 6 fold higher level of TRPV4 in
Sd as compared to the Su fraction (Fig 3d). In contrast, several

Fig. 1. TRPV4 is endogenously expressed in vertebrate sperm. Confocal images demonstrating the presence of TRPV4 in Piscean (a, rohu), amphibian (b, common toad), reptilian
(c, house lizard), avian (d, duck) and mammalian (e, bovine) sperm are shown. Cells were immunostained for TRPV4-specific antibody in presence (left most column) or absence of a
specific blocking peptide. Images of TRPV4 (green) expression and localization in single cell are shown (right panel). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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smaller fragments of TRPV4 are observed in Su samples. Some of
these smaller bands were also observed in Sd samples, but with
lesser intensities. This in general suggest for low level of full-length
TRPV4 (corresponding to 130 kDa) and more proteolytically-
cleaved products in motile sample. Furthermore to analyse the
extent of proteolytic activity in Su and Sd samples, we probed the
same samples for b-tubulin (abundant in cytoplasm) and Hsp60
(abundant in mitochondria). These Western blot analysis suggests
for higher proteolytic activity in cytoplasm and in mitochondria of
Su samples as both b-tubulin and Hsp60 levels are low in Su frac-
tion as compared to Sd fraction (Fig 3c).

We analysed the expression of TRPV4 in Su and Sd samples in a
more quantitative manner and performed FACS. Nearly
98.98 ± 0.34% and 96.15 ± 2.8% cells are TRPV4þ in Su and Sd
samples respectively (data not shown). However, the MFI-values
for Su fraction is more (121.56 ± 37.79) compared to the Sd frac-
tion (89.03 ± 23.76) (n ¼ 6) (Fig 3e). Though this difference may
suggests for the more TRPV4 in swim-up samples than swim-down

sample, the difference turned out to be statistically non-significant
(p ¼ 0.105).

3.4. TRPV4 is a glycosylated protein

In human sperm TRPV4 shows higher molecular weight band
(~130 kDa) suggesting that it may be glycosylated. To confirm this,
enzymatic treatments of the glycan moieties were performed using
two different glycosidase: Endoglycosidase-H (Endo-H, cleaves N-
linked high mannose-rich oligosaccharides), and Peptide-N-
Glycosidase-F (PNGase-F, cleaves both N-linked high mannose-
rich oligosaccharides and complex oligosaccharides). Migration of
TRPV4 is faster when cell extract was treatedwith PNGase-F but not
with Endo-H. After PNGase-F treatment, the resulting TRPV4 band
migrates at expected molecular weight (~98 kDa) (Fig 3f). It sug-
gests that sperm TRPV4 contains complex glycosidic bond with
different types of oligosaccharides. As Su sample does not have
detectable level of full-length TRPV4, from these experiments

Fig. 2. TRPV4 is endogenously expressed in human sperm. a. Confocal images showing the endogenous expression of TRPV4 (green) in human sperm. TRPV4 is localized in the
post acrosomal and neck regions, while faint expression is also present in the acrosomal and tail region (upper panel). TRPV4 signal is abolished upon blocking the primary antibody
with its antigenic peptide (lower panel). b. Western blot analysis using different antibodies (Ab1 and Ab2) shows TRPV4-specific band at ~130 kDa (indicated by arrow). These
TRPV4-specific signals are blocked by specific antigenic peptide. Corresponding Coomassie-stained gel is shown in right side. c. Representative dot-plot images from FACS (n ¼ 6)
showing the percentage of TRPV4þ cells. Application of blocking peptide reduced this number. d. TRPV4 expression is depicted as the MFI values. e. About 98.98 ± 0.34% cells are
TRPV4þ (FACS, n ¼ 6 individuals). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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definitive conclusion cannot be drawn.

3.5. TRPV4 modulates Ca2þ-influx into human sperm

Ca2þ-homeostasis in sperm is precisely regulated by different
Voltage Operated Channel (VOC) present in the membrane and by
female steroids like progesterone [17]. To evaluate the effect of
TRPV4 activator and inhibitor upon the Ca2þ-influx, we treated Su
and Sd human samples with 4aPDD (5 mM) or RN1734 (10 mM) for
1 h and labeled with Fluo-4-AM and analyzed the intracellular
Ca2þ-levels. 4aPDD treatment in Su fraction results in increased
intracellular Ca2þ-levels but inhibition by RN1734 (10 mM) did not
decrease the intracellular Ca2þ-levels below that of the control
conditions (Fig 4a). Notably, in Su fraction, the effect of TRPV4
activation by 4aPDD is comparable to the effect of Progesterone

(10 mM), a standard inducer of Ca2þ-influx into sperm cells. The
above observation is supported by quantification of Fluo4-AM
signal intensity per unit area (n ¼ 4 individuals), revealing that in
Su fraction the effect of 4aPDD and Progesterone is similar (Fig 4b).
In Sd fraction, there is no significant difference in basal Ca2þ-levels
after modulation of TRPV4 by pharmacological agents (Fig 4b).

3.6. TRPV4 regulates Ca2þ-buffering at the mid-piece and Ca2þ-
wave propagation in tail

To understand if and how TRPV4 regulates the intracellular
Ca2þ-waves, we labelled cells with Fluo4-AM and performed live
cell imaging followed by manual tracking of Ca2þ-wave propaga-
tion within single cells (Fig 4c). In progesterone-treated cells, the
level of Ca2þ is high in the head and neck regions. Progesterone-

Fig. 3. Swim-up and swim-down fractions of human sperm have different levels of TRPV4. a-b. Cluster (a) and enlarged single cells (b) stained for TRPV4 (green) are shown.
Strong signal for TRPV4 is observed throughout the head (primarily in acrosomal region) in the swim-up (Su) fraction. TRPV4 is present in the post-acrosomal and neck regions in
the swim-down (Sd) fraction. Faint expression is present in the tail region. c. Western blot analysis of Su and Sd fractions (from 3 individuals, Ind 1e3) were probed for TRPV4, b-
tubulin and Hsp60. The 130 kDa band (longer arrow) and smaller bands (smaller arrows) represent the full-length (glycosylated) and proteolytically-degraded TRPV4 respectively.
The corresponding Coomassie gels are provided at right. The prominent band/s around 70-50 kDa (in Su and Sd fraction) as observed by Coomassie staining represents protein/s
present in sperm media. d. Densitometry analysis of Western blot signal intensities for 130 kDa band of TRPV4 in Su and Sd fractions (n ¼ 3, ANOVA test, **p value < 0.005). e. Total
TRPV4-specific fluorescence from Su and Sd samples detected as MFI values are shown (ns: non-significant; n ¼ 6, ANOVA test, p ¼ 0.105). f. TRPV4 has complex N-glycosidic linkage
and branched complex glycosidic bond, which shows ~30 kDa shift only in presence of PNGase-F (red star). Endo-H treatment does not cause any shift of TRPV4 suggesting that the
glycosylated TRPV4 is resistant against Endo-H. The corresponding Coomassie gels are shown in side. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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induced Ca2þ-wave originates in the mid-region of sperm head and
spreads throughout the neck and then propagates to the tail and
mostly covers a large portion of the tail. The Ca2þ-wave then

subsides and a fresh wave originates in the head. This observation
matches with previous reports [18]. In 4aPDD-treated cells, the
Ca2þ-level is also high in the head and neck regions. The patterns of

Fig. 4. TRPV4 regulates intracellular Ca2þ-levels in human sperm. a. Live cell imaging was performed for Su and Sd fractions pre-treated with TRPV4 activator (4aPDD) or
inhibitor (RN1734) or with Progesterone for 1 h and labeled with Fluo-4-AM. The intracellular Ca2þ-levels are represented in pseudo color, (red and blue indicating highest and
lowest intensity respectively). b. Quantification of average fluorescence intensity/area (in arbitrary unit) is shown. In Su sample, 4aPDD and progesterone increases the intracellular
Ca2þ-levels as comparison to control (p < 0.05). In Sd sample, 4aPDD or RN1734 do not alter intracellular Ca2þ-levels. (n ¼ 4). c. Moving sperm (indicated by asterisk, *) was tracked
within a fixed time period (Tn to Tnþ7) and arrows indicate the high-level of Ca2þ in neck and tail respectively. Magnified (lower panel) image demonstrating the propagation of
Ca2þ-waves from head to the tail through the neck. In 4aPDD-treated and progesterone-treated cells, Ca2þ-wave propagates through the mitochondrial coiling (green rings,
indicated by arrows). High-level of Ca2þ (red) in the central stalk region is also visible in this case. In RN1734-treated cells, the Ca2þ-waves do not propagate through these regions.
The central stalk region reveals mostly moderate-to low-level of Ca2þ-flux. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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4aPDD-mediated waves are visible at the tail and aremostly similar
to progesterone-induced waves. Notably, application of RN1734
results in reduction of the intracellular Ca2þ-level in the head re-
gion. Nevertheless, the Ca2þ-wave propagation is observed in the
tail region at times, though with less intensity and frequency.
Indeed, we observed wavy pattern of intracellular Ca2þ-level at the
neck regions in case of progesterone- and 4aPDD-induced hyper
motile cells (Fig 4c). These results may suggest for a possible Ca2þ-
buffering activity mediated by TRPV4 at the neck region.

4. Discussion

Sperm cells have highly condensed DNA, no transcriptional ac-
tivity and negligible translational activity. These cells are motile
and show extreme response against number of variable factors
such as changes in temperature, pH, osmolality, salts, and com-
pounds at very low concentrations indicating their ability to detect
and integrate multiple physical and chemical stimuli precisely
[7,19,20]. Notably, sperm cells perform all these tasks by multiple
ion channels and receptors regulating complex yet efficient Ca2þ-
signaling events [21]. We show that TRPV4 is endogenously present
in the sperm cells of all vertebrates, ranging from fishes to human.
Conserved expression indicates that TRPV4 is probably involved in
several of the above mentioned events occurring in sperm cells. We
correlate the TRPV4 expression with the ability of sperm to sense
optimum temperature, osmolality, and different chemicals and
subsequent Ca2þ-signaling events.

Different parts of the sperm cell, especially head, neck and tail
region are the functionally important areas which regulate
different yet specific functions. Sperms head is responsible for
acrosomal reaction; neck region contains several mitochondria
which continuously supply ATP and also act as the only available
organelle for Ca2þ-buffering, and tail region is important for
motility. In all conditions, Ca2þ plays an important role in all
physiological conditions. Presence of TRPV4 in the tail of sperm
from all vertebrates suggests that it could be a critical regulator of
sperm motility. Immunostaining results suggests for the differen-
tial localization of TRPV4 in different species. In human sperm,
TRPV4 localizes in all the regions and it is significantly enriched in
the head region.

In this context, our observation that differential localization of
TRPV4 in swim-up and swim-down cells from human sperm is
highly indicative. Such differential localizations in these two pop-
ulation correlate well with the better motility regulation by TRPV4.
In agreement with that, TRPV4 localization also differs after acti-
vation or inhibition by pharmacological agents (data not shown).
However our western blot results from these two different fractions
indicate that the TRPV4 band at 130 kDa is more abundant in Su
sample as compare to Sd sample. On the other hand, the MFI values
from FACS data suggest that the total TRPV4 immunoreactivity is
more in Su fraction than that of the Sd samples. These in general
may suggest that higher level of TRPV4 is present in the Su samples
and the same is subjected to more proteolytic degradation, prob-
ably due to higher level of Ca2þ-influx and Ca2þ-dependent pro-
teolytic activation. Western blot analysis of b-tubulin (cytoplasmic)
and Hsp60 (mitochondrial) also suggest the same. Western blot
results also suggest that in human sperm, TRPV4 migrates at
130 kDa, (higher than the expected size) and therefore suggests for
post-translational modification. It is worth mentioning that in
other systems too TRPV4 has been reported at higher sizes
(~110e120 kDa size) [22,23]. Our results indicate that in human
sperm, TRPV4 has branched type of glycosylation, which is sensi-
tive to PNGase-F but resistant to Endo-H glycosidase. It suggests
that TRPV4 does not contain any N-glycosidic-linkage or due to the
presence of branched oligosaccharides, this glycosidic bond is not

freely accessible to the Endo-H.
We confirm that >95% of both Su- and Sd-cells contain TRPV4.

The localization of TRPV4 in human sperm also correlates well with
the Ca2þ-waves observed in these cells. Untreated sperm shows a
rhythmic pattern of Ca2þ-waves that originates in the head and
migrates to the mid-piece. Progesterone-induced Ca2þ-waves are
initiated in the equatorial segment and then spread throughout the
rest of the head and then moves rapidly to the tail [18]. TRPV4
activation-induced Ca2þ-wave pattern is similar with the
progesterone-evoked Ca2þ-waves, while TRPV4 inhibition blocks
the Ca2þ-wave generation in the sperm head, thereby negligible
Ca2þ-influx passes to the mid-piece and tail. This indicates that
TRPV4 may be involved in the regulation of both Ca2þ-wave gen-
eration and propagation in human sperm. TRPV4 may also be
involved in Ca2þ-buffering function at the neck region of sperm
cells.

We conclude that TRPV4 is endogenously present in sperm cells
of all vertebrates and this is an evolutionary conserved phenome-
non since vertebrate evolution. TRPV4 regulates several key func-
tions in human sperm cells, such as Ca2þ-levels, Ca2þ-wave
propagation and motility.
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