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Abstract 

Hypertension is one of the leading health concerns facing our population today, however 

the mechanisms underlying it are not fully understood. This highlights the need to 

investigate other potential regulators of blood pressure. One regulator of blood pressure is 

the magnocellular neurosecretory cells (MNC) in the hypothalamus which control the 

release of vasopressin (AVP) to increase blood pressure. MNCs are intrinsically 

osmosensitive, so can be activated by changes in osmolality which cause cells to shrink 

(hyperosmolality) or to swell (hypoosmolality). The intrinsic osmosensitivity of MNCs are 

controlled by transient receptor potential vanilloid (TRPV) channels. The present study 

focused on TRPV4, which is active during hypoosmolality, and ∆N-TRPV1, which is 

active during hyperosmolality. Although TRPV4 and ∆N-TRPV1 have both shown the 

potential to form heteromers, there is limited research regarding this and whether this 

could contribute to the mechanical activation of TRPV channels. Therefore, the aim of the 

present study was to determine the activation of homomeric and heteromeric ∆N-TRPV1, 

TRPV4 during mechanical stress and to identify whether changes in the F-actin 

cytoskeleton affect their mechanical activation. 

Experiments were conducted on Human Embryonic Kidney cells (HEK293) transfected 

with ∆N-TRPV1, TRPV4 or both ∆N-TRPV1 and TRPV4 and incubated for 10-20 hours. 

The activity of ∆N-TRPV1, TRPV4 and putative ∆N-TRPV1/TRPV4 was evaluated using 

single-channel patch-clamp in a cell attached configuration. The channels were 

investigated with and without pressure using the parameters of current-amplitude, 

conductance, open probability (NPo) and area under the curve (AUC). Pressure was 

applied through the recording pipette in the form of either positive (30 cmH2O) or negative 

(-30 cmH2O) pressure via a water column. In order to investigate the effect of the F-actin 

cytoskeleton on the channels Cytochalasin D (CytD) was applied to the cells for 40 
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minutes prior to recordings. Channels were then subjected to single-channel patch clamp 

and assessed using the same parameters as the untreated channels. 

Evidence regarding the potential of ∆N-TRPV1 and TRPV4 subunits to combine to form a 

heteromer was indicated by the localisation of ∆N-TRPV1 and TRPV4 DNA in HEK293 

cells. This evidence was further supported by the different current-amplitudes and 

conductance at 0 cmH2O. This indicated likely evidence of ∆N-TRPV1 and TRPV4 

subunits being able to combine to form a functional channel in a HEK293 cell. ∆N-TRPV1 

and TRPV4 were both shown to be mechanically activated by cell shrinkage, whereas 

putative ∆N-TRPV1/TRPV4 showed variable changes to mechanical activity during cell 

shrinkage. Neither ∆N-TRPV1, TRPV4 or ∆N-TRPV1/TRPV4 had any significant 

evidence to indicate mechanoactivation to cell swelling. F-actin depolymerisation was 

shown to reduce the current-amplitude and conductance of both homomeric and 

heteromeric ∆N-TRPV1 and TRPV4. Putative ∆N-TRPV1/TRPV4 was shown to have an 

increase in mechanosensitivity to positive pressure but the mechanosensitivity of ∆N-

TRPV1 and TRPV4 was decreased when F-actin was depolymerised. 

While these findings suggest that ∆N-TRPV1 and TRPV4 can form a mechanically 

sensitive channel in HEK293 cells, whether this channel is present in MNCs remains 

unknown. Furthermore, as the polymerisation of F-actin was shown to impact the 

mechanosensitivity of ∆N-TRPV1/TRPV4, putative ∆N-TRPV1/TRPV4 has the potential 

to play a role in AVP release during hypertension.   
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1. Introduction 

1.1 The role of the hypothalamus in blood pressure regulation 

Blood pressure is the pressure which acts on the surface of the arterial walls generated by 

the pumping heart to distribute blood around the body. Changes in blood pressure can 

affect the distribution of gasses, hormones and nutrients throughout the body. The normal 

blood pressure in humans is 120/80 mmHg [1]. Blood pressure can be increased by sodium 

levels, water retention and vasoconstriction, whereas a decrease in blood pressure can 

result from hypoosmolality [2-4]. The response to changes in the blood pressure occurs 

through signalling via baroreceptors or Angiotensin II (AngII) from the kidneys to the 

hypothalamus [5-7]. Arginine vasopressin (AVP) is released from the posterior pituitary 

gland by Magnocellular neurosecretory cells (MNC).  

1.1.1 The role of vasopressin in blood pressure regulation 

When AVP is released from the posterior pituitary gland it acts to increase water retention 

in the kidneys, vasoconstriction and induction of thirst [5, 7-17]. In order to induce water 

retention AVP acts on the V2R receptor in the kidneys to increase the permeability to 

water and increase the reabsorption of sodium. AVP also acts as a signal for thirst, which 

will further increase water intake. An increase in the uptake of water leads to an increase in 

blood volume. Vasoconstriction is induced by AVP acting on V1aR and baroreceptors. 

Baroreceptors also function to increase the heart rate [5, 18]. The combination of an 

increase in blood volume, heart rate and vasoconstriction consequently lead to an increase 

in blood pressure. 
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Figure 1.1 The pathway for blood pressure increase and plasma osmolality 

decrease  due to vasopressin 

AVP acts on V1aR and V2R receptors, baroreceptors and to cause thirst. V1aR acts to 

inhibit prostaglandin synthesis and activate vasoconstriction of the vasa recta which 

causes general vasoconstriction. V2R induces an increase in water retention via 

increasing water and urea permeability and sodium reabsorption in the collecting duct. 

The action of AVP on thirst and V2R causes an increase in water retention which leads 

to an increase in blood volume. The action of AVP on V1aR causes an increase in total 

peripheral resistance. The changes in cardiac output and total peripheral resistance causes 

an increase in blood pressure and decrease in plasma osmolarity [18]. 

Blood pressure can be changed during physiological processes to match the oxygen and 

nutrient demand. Impaired function and changes to the vasculature as well as the system 

contributing to its regulation can result in pathological conditions such as hypotension 

(low blood pressure) or hypertension (elevated blood pressure). Hypertension is classified 

as a blood pressure above 140/90 mmHg [1, 4, 19, 20]. Hypertension is one of the leading 

health concerns in the world today. Chronically raised blood pressure can result from diet, 

age, or disease [1, 2, 19-23]. Despite hypertension’s increasing prevalence the mechanisms 

that underlie it are not fully understood leading to treatment-resistant hypertension [4, 19, 
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20]. One potential mechanism proposed for the causation of hypertension is altered AVP 

secretion. Plasma AVP has been observed to increase in salt loading models and malignant 

hypertension models in rats [24, 25]. In humans however, the amount of circulating plasma 

AVP has been observed to increase with increasing severity of hypertension [26].  

1.1.2 The effect of osmolality on vasopressin release 

The regulation of osmolality contributes to the regulation of blood pressure and salt 

balance hence strict regulation of osmolality is required. In humans the normal plasma 

osmolality is between 275-290 mOsml/kg; if the plasma osmolality increases beyond this 

range it is known as hyperosmolality, but if it decreases below this range then it is known 

as hypoosmolality. Changes to the osmolality result in changes to cell volume leading to 

changes in AVP release from the hypothalamus [27].  

Hyperosmolality can occur in response to hypernatremia, hyperglycaemia or dehydration 

due to the increase in solutes which occurs in these conditions [11, 28, 29]. 

Hyperosmolality results in a rise of the osmotic pressure in the extracellular fluid which 

causes cells to shrink and in some cases cessation of the cell cycle, breaks in the DNA or 

cell death [29].  

Hypoosmolality occurs during water gain, hypotonic hydration or renal insufficiency as 

there is an increase in plasma volume resulting in hyponatremia and therefore 

hypoosmolality. Hypoosmolality results in an influx of fluid into cells leading them to 

swell. In cerebellar and hippocampal neurons cell swelling is mediated by the regulatory 

volume decrease response, allowing the cell to return to normal volume once the stimulus 

is removed [30]. If the hyperosmotic or hypoosmotic stimulus is prolonged or the cell 

cannot return to normal following it, then there will be disruption to cellular functioning or 

signalling resulting in apoptosis [29, 30].  
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Osmotic changes can be detected by both peripheral osmoreceptors in the liver, 

oropharyngeal cavity or the GI tract, and by central osmoreceptors in the hypothalamus 

[27, 31]. Peripheral osmoreceptors are responsible for the anticipatory osmotic response. 

Peripheral osmoreceptors can also synapse onto hypothalamic osmoregulatory regions to 

modulate the neural response to osmolality. Central osmoreceptors can be found in the 

organum vasculosum lamina terminus (OVLT), supraoptic nucleus (SON) and the 

parvoventricular nucleus (PVN) in the hypothalamus [3, 31, 32]. 

In the SON, osmolality is also determined by osmosensors, or mechanosensitive channels. 

The mechanosensitive channels on the cell membrane are sensitive to the cell swelling and 

shrinking which occur during changes in osmolality due to distortions to the cytoskeleton 

[6, 8, 30, 33-35]. When there is an increase in plasma osmolality, as shown by Figure 1.2 

the cell shrinks, distorting the membrane so that more channels are active, allowing more 

current into the cell. The increase in the current will lead to depolarisation of the cell 

leading to an increased firing of action potentials. The increase of action potential firing 

leads to an increase in AVP secretion. However, the reverse will occur during hypoosmotic 

cell swelling [27].  
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Figure 1.2. Changes in Osmolality regulate vasopressin (AVP) release from 

Magnocellular neurosecretory cells. 

At the set point a steady AVP release occurs. Under hypoosmotic conditions the cell 

swells and less osmosensitive channels are open which reduces AVP release. The reverse 

occurs under hyperosmotic conditions with elevated AVP release from the posterior 

pituitary gland. Figure adapted from Prager-Khoutorsky, 2017 [27]. 

1.2 The structure of the hypothalamus 

The hypothalamus is a region of the brain which has a role in controlling the regulation of 

the cardiovascular and respiratory systems, and in the control of osmolality. It is located 

below the thalamus of the brain and provides a link between the central nervous system 

and the pituitary gland. The two major regions of the hypothalamus pertaining to 

osmoregulation and vasopressin release are the supraoptic nucleus (SON) and the 

parvoventricular nucleus (PVN). The SON and PVN can be acted on either directly 

through changes in the osmolality, or indirectly through angiotensin II (AngII) or the 

organum vasculosum lamina terminus (OVLT) [7]. 
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The OVLT neurons can respond to two main stimuli; changes to sodium or osmotic 

pressures in the blood, or AngII released by the kidneys in response to lowered blood 

pressure. Following stimulation, the OVLT signals to the PVN and SON via glutamatergic 

neurons. Signals from either then will act on MNCs. 

MNCs are a type of cell in the SON and PVN which has axonal projections to the posterior 

pituitary gland, other brain regions and the spinal cord. The main role of an MNC is to 

control the release of oxytocin and AVP from the posterior pituitary gland [31, 36, 37]. 

MNCs can be stimulated by multiple different stimuli such as AngII, taurine, GABA, and 

changes to the osmolality or actin-cytoskeleton [6, 7, 14, 15, 35, 38].  

Actin filaments within the cytoskeleton sit proximally to the plasma membrane. There are 

two primary types of actin filaments; globular protein actin (G-actin) and long filament 

actin (F-actin). While G-actin is the most abundant cytosolic protein in a cell, G-actin can 

polymerise to form F-actin which intertwines to form double stranded helixes. F-actin can 

also be converted back into G-actin. The balance between F-actin and G-actin can vary 

between cell types but is tightly mediated regardless of cell type. In comparison to other 

types of neurons, MNC’s have been shown to have a unique arrangement of their actin-

cytoskeleton [21]. MNC’s have a cytoplasmic array of comet-like actin structures which 

has been identified to be specific to an MNC. In comparison to other neuron types such as 

cortical and hippocampal CA1 neurons, MNC’s have been shown to have a thicker and 

denser layer of subcortical actin [21].  

However, one primary characteristic of an MNC is that they are intrinsically 

osmosensitive. The intrinsic osmosensitivity of an MNC is thought to be induced by 

changes to the cell volume during plasma osmolality changes [6, 27, 36, 39, 40].   
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1.3 Transient Receptor Vanilloid Channels (TRPV) 

Transient receptor potential vanilloid (TRPV) channels are part of the TRP family of 

proteins. They can be found in a variety of organs such as: the kidney, blood vessels, eyes 

and brain [33, 41-47]. They are non-selective cation channels made up of four monomers 

arranged in a tetrameric configuration. There are six different TRPV monomers (TRPV1-

6) which can form TRPV channels which share a common structure aside from some slight 

alterations between monomer types.  

1.3.1 TRPV1 

TRPV1 was the first discovered TRPV channel and got its name due to the vanilloid 

binding pocket the subunits formed when assembling into a full channel. TRPV1 channels 

are non-specific cation channels which have multiple physiological roles. These roles can 

be in areas such as vasoconstriction, sodium transduction or nociception [48, 49]. The 

channels are ‘sensors’ which respond to changes in heat, pH or osmolality [32, 36, 50, 51]. 

The role of TRPV1 can vary depending on the tissue type or location it is expressed in. 

TRPV1 is expressed in a diverse number of tissues such as arteriolar smooth muscle, 

keratinocytes, and in the bladder and kidney [42, 52, 53]. However, TRPV1 expression is 

most pronounced in neuronal tissues such as somatic or visceral sensory neurons, DRG 

neurons, or trigeminal or vagal ganglia [42]. TRPV1 is expressed in multiple areas of the 

brain such as the dentate gyrus, hippocampus, and several nuclei of the hypothalamus [42, 

53]. 
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1.3.1.1 Structure of TRPV1 

 

 

Figure 1.3 The structure of a generic TRPV subunit 

TRPV1 has 6 transmembrane domains with a cytosolic C-terminus containing the TRP 

domain. The TRP box allows for the monomer to bind with an adjacent monomer 

allowing for the formation of the tetrameric structure. The N-terminus contains 4-6 

Ankyrin repeat domains (ARD) which can act as a primary regulator for channel 

activity. Adapted from Pumroy et al, 2020 [46]. 

TRPV1 is formed from TRPV1 subunits arranged in a tetrameric configuration. However, 

the subunits have a few key structures, the Ankyrin repeat domain (ARD) and the TRP 

domain (Figure 1.3). One of the key regions of a TRPV subunit is the ARD which has 

been shown to be a primary regulator of the channel activity [54]. The ARD is able to 

oligomerise onto a neighbouring monomer in order to form interactions essential for 

regulatory protein-protein interactions. The TRP domain allows the subunit to bind with 

other subunits to form the tetrameric TRPV1 channel. 
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1.3.1.2 Role of TRPV1 in osmoregulation 

In osmolality regulation, TRPV1 has been shown to be activated by hyperosmotic stimuli 

in the SON and OVLT [8, 32, 40, 51, 55]. This has been shown by an increase in cation 

current and action potential firing rate in response to hyperosmotic conditions [8, 32, 40, 

51]. However, the change in current from hyperosmotic conditions was absent in isolated 

neurons from the OVLT and SON of TRPV1 knockout mice [8, 40, 50, 51, 55]. 

Accordingly, there is significant evidence to support that TRPV1 is involved in 

osmoregulation of hyperosmolality in vitro. 

While the importance of TRPV1 in osmoregulation in vitro has been shown, its importance 

in vivo is unclear. There is conflicting evidence regarding the role of TRPV1 under 

hyperosmotic conditions in vivo. The role of TRPV1 in the release of AVP in response to 

hyperosmotic stimuli has been shown to either be reduced [55] or there to be no change 

[56] between TRPV1 knockout and wildtype mice. The uncertainty regarding the role of 

TRPV1 in osmoregulation in vivo led to the theory that another channel may act in its 

absence. This discrepancy regarding the action of TRPV1 in osmoregulation led to the 

discovery of the ∆N-TRPV1 variant.  

1.3.1.3 The ∆N-TRPV1 variant has a role in osmoregulation 

In the SON and the OVLT of the rat hypothalamus a variant of TRPV1 lacking the NH-

terminus, known as ∆N-TRPV1, was identified. ∆N-TRPV1 was identified through 

staining for the N and C terminus of TRPV1 subunits in AVP neurons of the SON. In SON 

AVP-neurons only the C-terminus was able to be identified, indicating the presence of ∆N-

TRPV1 in this region [55]. The lack of the N-terminus results in ∆N-TRPV1 led to a 

channel lacking a domain required to mediate rapid desensitising of the channel [8]. The 

lack of the N-terminus results in the ∆N-TRPV1 channel being insensitive to capsaicin [6, 
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8, 37, 40, 55, 57], possibly be due to an alteration of the vanilloid pocket due to the change 

in protein sequence. The alteration of capsaicin sensitivity, however, doesn’t alter the role 

of ∆N-TRPV1 in osmoregulation.  

The ∆N-TRPV1 variant differs from TRPV1 and TRPV4 as it has a truncated N-terminus 

due to there only being one ARD, whereas in TRPV1 and TRPV4 there are 4-6 ARD, the 

C-terminus, however, remains intact (Figure 1.4) [33]. The intact C-terminus allows for 

∆N-TRPV1 to maintain an osmoregulatory function and to still be able to form functional 

channels. The maintenance of channel function is due to the C-terminus is required for 

binding of beta-tubulin, tetramerization and thermosensitivity [8].   

 

Figure 1.4. The difference in structure between TRPV1, TRPV2, TRPV4 and 

∆N-TRPV1. 

TRPV1, TRPV2 and TRPV4 have a long cytosolic N-terminus with 4-6 ankyrin repeat 

domains. Unlike TRPV1-4, ∆N-TRPV1 has a truncated N-terminus due to there being 

only 1 ankyrin repeat domain. TRPV1-4 all have 6 transmembrane domains with a 

cytosolic C-terminus. The C-terminus contains the TRP box. The TRP box allows for 

the monomer to bind with an adjacent monomer. This allows for the formation of the 

tetrameric structure. Adapted from O’Neil & Heller, 2005 [33], Figure courtesy of 

Emily.  

 

The ability of the ∆N-TRPV1 variant for osmoregulation was determined in a study that 

identified that ∆N-TRPV1 can rescue osmoregulatory defects resulting from TRPV1 

knockouts [8]. Here the transfection of ∆N-TRPV1 in isolated MNC’s from these animals 

restored the ability to respond to acute hyperosmotic conditions to depolarise MNCs and 

therefore increased AVP secretion [8, 55].  
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As MNC’s are intrinsically osmosensitive, ∆N-TRPV1 was identified as a potential sensor 

for osmotic changes. As of now, ∆N-TRPV1 has only been observed to have a role in the 

sensing of hyperosmolality. As hyperosmolality results in cell-shrinkage, ∆N-TRPV1 was 

suggested to potentially be a stretch-inhibited cation (SIC) channel. If this hypothesis were 

true, then ∆N-TRPV1 would likely have interactions with the cytoskeletal actin and/or 

microtubules [27]. 

Microtubules are important in osmoregulation as they can withstand mechanical forces and 

transmit compressive forces to the cell. It is theorised that the densely interweaved 

microtubule network may distribute pushing or pulling forces throughout the cell surface 

or absorb the compressive forces associated with shrinkage [27]. Therefore, it is thought 

that the changes caused by microtubules during volume changes it will result in activation 

or inhibition. Microtubules interact with β-tubulin binding domains on the C-terminus of 

TRPV1 and ∆N-TRPV1, thus mediating interaction between ∆N-TRPV1 and microtubules 

[27, 37, 58-60].  

Alongside microtubules, ∆N-TRPV1 also interacts with the actin cytoskeleton. If the actin 

cytoskeleton in a SON MNC is depolymerised during hypertonicity or cell shrinkage, then 

there will be no subsequent depolarisation of the cell [7, 27, 35]. AngII has also been 

shown to increase the actin density, causing an increased open probability of ∆N-TRPV1 

[7]. However, despite these findings, the mechanism which links ∆N-TRPV1 to actin is 

currently unknown. In fact, there is no evidence supporting the association between ∆N-

TRPV1 and actin [58]. 

1.3.2 TRPV4 

TRPV4 channels are thermosensitive and osmosensitive non-selective cation channels. 

Historically, TRPV4 was identified by two separate groups in different contexts. TRPV4 
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was first identified by Wissenbach et al, 2000, in the mouse kidney and named TRP12 

[61]. It was later identified by Liedtke et al, 2003, as an osmoregulatory gene in 

vertebrates, as it had the closest resemblance to the Caenorhabditis elegans OSM-9 gene 

in functionality [62]. At this time the gene was named the Vanilloid-Receptor Related 

Osmotically Activated ion Channel (VR-OAC) [62, 63]. However, the common thread 

between these two studies is the sensitivity of the channel to hypoosmotic stimuli in situ 

[61-63].  

1.3.2.1 The role of TRPV4 in osmoregulation 

Despite TRPV4 being originally identified as an osmoregulatory channel responsive to 

hypoosmolality, evidence suggests that the activation of TRPV4 under hypoosmotic 

stimuli may be due to the cell swelling induced as a result rather than the osmotic gradient 

itself [34, 38, 64, 65]. 

There are some studies which suggest that the relationship between cell swelling and 

TRPV4 is due to the cytoskeleton of the cell. Suzuki et al, 2003, identified an interaction 

between TRPV4 and microtubule associated protein 7 (MAP7) at the C-terminal [66]. It 

was then hypothesised that the interaction between MAP7 and TRPV4 is correlated with 

the activation of TRPV4 via cell swelling, thus acting as a mechanogating mechanism. 

This theory was hypothesised due to MAP7 likely acting to link TRPV4 to cytoskeletal 

microfilaments such as actin which are altered during cell swelling [66]. Complementary 

to this, Becker et al, 2009, identified that in the plasma membrane there was a close 

relationship between TRPV4 and F-actin filaments [34]. As this co-localisation alongside 

hypoosmotic TRPV4 regulation was lost under application of actin blocking agent, 

Latrunculin A, it indicated that there was a likely link between F-actin filaments and 

TRPV4. This supports the hypothesised interaction between MAP7, TRPV4 and actin 

contributing to mechanogating during cell swelling made by Suzuki et al, 2003 [66].  
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While the interaction between actin and TRPV4 suggests that it may be a stretch sensitive 

channel, TRPV4 has not been shown to activate under hyperosmotic conditions in situ. 

However, interestingly, in vivo TRPV4 has been shown to be activated by hyperosmolality 

[67-69]. The investigation into the response to hyperosmotic conditions in vivo is done 

using TRPV4 knockout model mice and investigating the changes in osmoregulation. 

Changes in osmoregulation can be investigated through a variety of parameters such as: 

drinking behaviour, AVP secretion, internal osmotic pressure, renal function, electrolytes 

or blood pressure [67-69]. Through findings from Liedtke and Friedman (2003) in TRPV4 

knockout studies, the defect in osmoregulation is centred in the central nervous system 

[67]. These findings led to further investigation into the role of TRPV4 in the 

hypothalamus regarding osmoregulation. When determining the effect of TRPV4 in the 

hypothalamus on osmoregulation, AVP is an important marker as its release or lack of is at 

least partially controlled by TRPV4. However, despite studies concluding that TRPV4 

knockouts cause a defect in osmoregulation, the release of AVP differs between studies, 

thereby making it difficult to determine the true effect of TRPV4 on its release and 

osmoregulation in the hypothalamus. Janas et al, 2016, identified blunted release of AVP 

in response to hyperosmotic conditions [45]. Whereas Mizuno et al, 2013 demonstrated an 

increase in AVP secretion under hypertonic conditions [68]. The contrast in these results 

and thereby, potentially the action of TRPV4 in vivo is interesting as the reason for this 

occurring is currently unknown. While this effect could be due to factors such as 

hormones, other cells, other channels, or redundancy of TRPV4, the true effect of TRPV4 

in vivo is difficult to determine.  

The difference between the response of TRPV4 in vivo and in situ to osmotic stimuli is 

interesting, as while the stimuli are essentially the same, the mechanical activation is not. 

A potential explanation could be the cell type being investigated as the genes translated 
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and the cytoskeletal arrangement can differ between cell types. While not TRPV4 specific, 

the actin cytoskeleton has been previously shown to be involved in the mediation of 

mechanical activation under hyperosmotic conditions in the hypothalamus. [6, 27, 34, 35, 

37] As MNCs have a unique organisation of their actin cytoskeleton, the difference 

between the cytoskeleton of a MNC and a HEK293 or CHO cell could account for the 

difference in TRPV4’s role in osmoregulation [21]. However, this change could also be 

due to the expression of other proteins in an MNC which are not expressed in cultured 

cells. TRPV4 has been previously shown to form heteromers with other channels [70-73]. 

Therefore, another potential explanation for this difference could be that TRPV4 is 

heteromerising with another compound which could potentially explain how TRPV4 

knockouts alter osmoregulation.  

1.3.3 Evidence of heteromeric assembly of TRPV subunits 

As TRPV channels assemble in a tetrameric configuration it has been identified that this 

tetrameric arrangement can be homomeric, i.e., made up of the same TRPV subunits, or 

heteromeric, i.e., heteromerising with members from the TRPV family or other types of 

channels.  

TRPV1 has been shown to be able to form heterotetramers with TRPV2 and TRPV3 in 

both HEK293 cells and in human tissues [71, 74]. Heteromerisation of TRPV1 channels 

has been primarily assessed through western blot experiments and coimmunoprecipitation 

to determine whether co-localisation is occurring. The TRPV1/TRPV3 heteromer has been 

shown to have a physiological role within temperature sensation [74]. This indicates that 

TRPV1 can form physiologically relevant and functional heteromers with other TRPV 

proteins. However, in another study done using murine rather than human TRPV DNA, no 

evidence of the TRPV1/TRPV3 heteromer was found [71]. 
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Unlike TRPV1 there has been a lack of evidence for the heteromerisation of TRPV4 with 

other TRPV subunits. However, evidence of TRPV4 heteromerising with other subunits 

from the TRP family has been found [70, 72, 73]. TRPV4 has been previously shown to be 

able to form a heteromer with TRPP2 in HEK293 cells, oocytes and zebrafish that is 

involved in thermoregulation and osmoregulation [70, 72]. This heteromer is hypothesised 

to act through the mechanosensory and osmosensory signals from TRPV4 [72]. TRPV4 

also heteromerises with TRPC1 to form the flow sensitive TRPV4-TRPP2-TRPC1 channel 

[73]. Rudimentary evidence regarding the ability of TRPV4 to heteromerises with other 

TRPV subunits has been observed. 

The ability of TRPV subunits to form heteromers depends upon the structure of the 

specific subunit and the configuration of the assembled channel. In regard to TRPV4, the 

N-terminus is required in the assembly of the channel subunits; however, in TRPV1 

subunit assembly the N terminus is not required [71]. The lack of an N-terminus not 

affecting the assembly of ∆N-TRPV1 channel subunits further shows that in the case of 

TRPV1 the N-terminus is not required [8, 40, 55]. As TRPV1 has been shown to be able to 

form heteromers with other TRPV subunits, then perhaps the lack of the N-terminus could 

allow for TRPV4 to form bonds required for channel formation with it. A channel formed 

by these two subunits would likely have very different properties to both TRPV1 and 

TRPV4 due to potential differences in the arrangements of the subunits in comparison to a 

homomeric arrangement. These different properties could account for the differences 

between in vivo and in vitro data in TRPV1 and TRPV4 MNC osmolality models.  
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1.4 Changes in F-actin could alter the activation of TRPV channels 

1.4.1 F-actin changes can alter mechanosensitivity 

The actin cytoskeleton of MNCs has been shown previously to be important in the 

mechanotransduction which occurs during osmoregulation [6, 21, 35, 66]. The 

contribution of the actin cytoskeleton to the functionality of MNCs is most apparent when 

the actin cytoskeleton is altered. The actin cytoskeleton can be either altered 

physiologically by AngII or pharmacologically. AngII has been shown to enhance the 

mechanosensitivity of MNCs. One mechanism in which AngII could act through to cause 

the enhanced mechanosensitivity is to increase the cortical F-actin density [7]. The effect 

of AngII on actin in MNCs mimics that of the F-actin stabilising drug Jasplakinolide 

(JSK). Both AngII and JSK act to increase actin density as well as increasing the 

mechanotransduction of the cell during hyperosmotic stimuli [6, 7]. On the other hand, the 

F-actin depolymerising drug Cytochalasin D (CytD) is associated with a decrease of 

mechanotransduction during hyperosmotic stimuli [6, 7, 35]. Inhibition of F-actin can also 

cause a MNC to lose its intrinsic osmosensitivity [6], suggesting that there may be an 

interaction between F-actin and TRPV1 or TRPV4. 

In an MNC interactions between TRPV4 and actin have been well established. However, 

in TRPV1 despite it having been shown that changes in actin density changes the response 

of the cell and channel to hyperosmolality, the interaction between F-actin and ∆N-TRPV1 

is currently unknown. This raises the question as to why the effect of ∆N-TRPV1 appears 

to be blunted when actin is depolymerised. Potentially this could be due to the actin 

cytoskeleton creating mechanical support during shrinkage, which if removed will change 

mechanical forces in cell shrinkage [27, 37]. The actin cytoskeleton could also potentially 

interact with the microtubules [75]. However, if a heteromer comprising of ∆N-TRPV1 

and TRPV4 formed, then this could explain the blunted response to hyperosmotic stress 
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when actin is depolymerised [6, 27, 35, 50]. As experiments regarding the effect of actin 

on TRPV1 in osmolality have been conducted in vitro on MNCs, then it is plausible that 

other proteins or subunits such as TRPV4 could be contributing to its function.  

1.4.2 The potential role for TRPV channels in hypertension 

As AVP is a primary regulator of blood pressure, when its regulation is altered then this 

can result in pathological conditions such as hypertension. However, in hypertension, it is 

unknown as to whether altered AVP release is causal of hypertension or if it’s an adaption 

to an alternative factor. Contributors of hypertension that TRPV channels have been shown 

to respond to are prolonged hyperosmolality, AngII, and changes to F-actin density [7, 14, 

21, 24, 76]. 

Adaptions to hyperosmolality have been suggested as a mechanism of altering the 

mechanosensitivity of ∆N-TRPV1 and TRPV4. In the short term, adaptions to cell volume 

changes involve PLCδ1, Pip2 and PKC, which can cause depolarisation of ∆N-TRPV1 or 

TRPV4 contributing to their mechanosensitivity [76]. However, in the long-term, 

prolonged hyperosmolality can result in changes in the gene expression and the membrane 

density of ∆N-TRPV1 and cell hypertrophy [77]. Changes in the gene expression and 

membrane density of ∆N-TRPV1 likely leads to an increase in the mechanosensitivity of 

the MNC. This would be a potential explanation for the increased action potential firing 

which leads to an increase in AVP release [76, 77]. 

AngII is a hormone which is associated with an increased blood pressure, if prolonged this 

can result in AngII-dependent hypertension. AngII is associated with increased 

osmosensitivity of MNCs due to alterations through the PKC intracellular pathway [6, 7]. 

These alterations lead to an increase in the cortical actin density. Theoretically, the reason 

why the change in the actin density induces greater mechanosensitivity is proposed to be 
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due to the allowance of a greater sensitivity to volume changes. The resulting increased 

sensitivity in an MNC lowers the threshold for an action potential to fire resulting in the 

greater AVP secretion seen in AngII dependent hypertension [7, 14]. 

Another potential cause of an increase in F-actin is DOCA-salt-dependent hypertension. 

Similar to AngII, DOCA-salt-dependent hypertension will cause an increase in the density, 

thickness and length of the subcortical F-actin in the PVN and SON MNCs [21]. The 

increased subcortical actin will likewise result in an increased release of AVP contributing 

to DOCA-salt-dependent hypertension [14, 15, 24]. It has been suggested that the 

mechanosensitivity of TRPV4 could potentially be increased by the change in F-actin seen 

in DOCA-salt-dependent hypertension [14, 34, 66]. This is a potential explanation for the 

observed increase in AVP release in this model of hypertension.  

Evidence suggests that there is a likely link between the mechanotransduction of ∆N-

TRPV1 and TRPV4 channels and hypertension. However, the mechanisms mediating this 

link are currently unknown.  

1.5 Aims 

1. Determine homomeric and heteromeric ∆N-TRPV1 and TRPV4 channel function under 

mechanical stress in HEK293 cells 

2. To identify how changes in F-actin affect the activity of homomeric and heteromeric 

∆N-TRPV1 and TRPV4 channels in HEK293 cells. 

1.6 Hypothesis 

I hypothesise depolymerisation of F-actin will alter the mechanical activation of ∆N-

TRPV1 homomers and ∆N-TRPV1/TRPV4 heteromers. 
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2.  Methods 

The present thesis investigates the channel function of TRPV channels using 

electrophysiological techniques such as patch-clamping. For this purpose, TRPV channels 

were homozygously and heterozygously expressed in HEK293 cells.  

2.1 Cell culture 

For the present study HEK293 (human embryonic kidney 293) cells from a previous PhD 

student were used. The cells were routinely grown in a cell culture incubator with a 5% 

CO2 atmosphere. The cells were grown in 60mm petri dishes (Greiner bio-one 

CELLSTAR) with DMEM (Dulbecco’s modified eagle medium) cell culture media 

(GibCo, ThermoScientific) with 10% FBS (Fetal Bovine Serum) and 1% pen/strep. The 

medium was replaced every 3-4 days.    

2.1.1 Cell passaging 

Cells were passaged for two reasons: preparation for patch-clamping and maintenance of 

cell culture.   

When the cells were passaged for patch-clamping fifteen minutes prior to passaging 

DMEM (10% FBS, 1% pen/strep) was heated in a 20℃ water-bath. Three 13mm glass 

coverslips (Desker glasses, Marienfeld) were placed into a 30 mm petri dish. The 60mm 

cell containing petri dish was removed from the incubator and placed under a cell culture 

hood. The DMEM in the petri dish was aspirated. 2 mL of PBS (phosphate buffered saline) 

(GibCo, ThermoScientific) was pipetted into the 60mm petri dish and mixed by wiggling 

the petri dish. The PBS was then aspirated and 4mL of DMEM was pipetted onto the petri 

dish. The DMEM was pipetted up and washed over the cells until the petri dish appeared 

clear indicating that all the cells were in solution. 3mL of the solution was then pipetted up 

and a drop of solution pipetted onto each coverslip, the remaining solution was discarded 
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back into the 60mm petri dish. 2mL of DMEM was then pipetted into the 30mm petri dish. 

The plates were then labelled with initials, cell type, date and passage number and placed 

into an incubator.  

When cells were passaged for maintenance of cell culture, 15 minutes prior to passaging 

DMEM (10% FBS, 1% pen/strep) was heated in a 20℃ water-bath. The petri dish 

containing cells was removed from the incubator and placed under a cell culture hood. 

Similar to preparation for patch-clamping, the DMEM was aspirated, PBS added and then 

aspirated and replaced by 4mL DMEM. As done in patch-clamp preparation the DMEM 

was pipetted and washed over the cells until the plate appeared clear. 3mL of the 

cell/DMEM solution was pipetted up and 0.5mL pipetted onto a new 60mm petri dish with 

the remaining solution discarded into the old one. 3.5mL of DMEM was pipetted into the 

new 60mm petri dish. As done in preparation for patch-clamping the plate was labelled 

and placed into an incubator.  

2.1.2 Initiating frozen HEK293 cell culture 

Fifteen minutes prior to initiation DMEM was warmed in a water bath. Ice was then 

collected in a polystyrene box and transferred HEK293 cells from the -80 ℃ freezer to the 

box. The cells were defrosted in the water bath and falcon tubes set up. 4 mL of PBS was 

added to the falcon tube and the cells removed from the water bath and pipetted into the 

falcon tube containing PBS. The falcon tube was then centrifuged at 0.2 mg for 4 ½ 

minutes (Centrifuge 5702, Eppendorf). The solution in the falcon tube was aspirated 

leaving just the cells. 8 mL of DMEM was added to the falcon tube and then the solution 

pipetted into a 100mm petri dish. 2 mL of media was added to the falcon tube and then the 

solution from the falcon tube pipetted onto the 100 mm petri dish. The 100 mm petri dish 

was then placed in the incubator (37 ℃). 
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2.1.3 Freezing HEK293 cells 

Cryotubes were labelled prior to addition of cells and media. Old media was aspirated by a 

vacuum and then cells washed with 1 mL PBS. The PBS was then aspirated. 3 mL DMEM 

(10% FBS and 1% pen/strep) was poured over cells. The cells and media were then 

transferred from the media to a 15 mL falcon tube. The falcon tube was then centrifuged 

(Centrifuge 5702, Eppendorf) at 0.2 mg for 4.5 minutes. The media was then aspirated to 

leave just the cells. 5 mL of freezing media (10% DmSO and 90% DMEM) were added to 

the falcon tube. 1 mL of the solution was added per cryotube. The cryotubes are stored in 

the -80 ℃ freezer.  

2.2 TRPV transfection 

In order to conduct recordings investigating TRPV channels, the DNA for ∆N-TRPV1 and 

TRPV4 (Genescript, see appendix for sequences) needed to be transfected into HEK293 

cells. Each plasmid encoding a TRPV subunit also included the sequence of a fluorescent 

marker in order to determine successful transfection. ∆N-TRPV1 was visualised using 

GFP (green fluorescent protein) and TRPV4 was visualised by m-cherry. 

Transfection of TRPV plasmids into HEK293 cells occurred 10-20 hours prior to the 

recordings. A Lipofectamine kit (Invitrogen, Thermo Fisher Scientific) was used for 

transfection. Two epindorph tubes were used to prepare for transfection. The procedure for 

transfection began with 125 µL of Opti-MEM Reduced Serum Medium (GibCo, 

ThermoScientific) being pipetted by a 200 µL pipette into each epindorph. Following this 

1.9 µL of Lipofectamine 3000 was pipetted into one epindorph and the lid closed. The 

concentration of DNA to be transfected was calculated to equate to 2 µg if transfecting 

∆N-TRPV1 and TRPV4 aiming to form homomers or 1 µg of each TRPV DNA subunit to 

be transfected to make heteromers. The DNA was then transferred into the remaining 
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epindorph tube. 5µL of p3000 reagent was added to the DNA containing epindorph and 

pipetted up and down to mix the contents. The epindorph lids were then closed and the 

epindorph tubes allowed to incubate for 1 minute. The contents of the DNA + p3000 

epindorph tube were pipetted using a 200 µLpipette into the epindorph tube containing 

Opti-mem and lipofectamine. The contents of the tube were then pipetted up and down to 

mix. The epindorph tube was capped and incubated for 10 to 15 minutes. Following 

incubation, the mixture was pipetted using a 200 µL pipette from the epindorph onto a pre-

prepared plate of HEK293 cells in a drop wise manner. The plate was then checked for 

bubbles and any bubbles removed. The plates were then labelled with the type of DNA 

they were transfected with and then returned to the incubator to incubate. The time of 

transfection was noted in lab book. 

2.3 DNA transformation for amplification 

TRPV DNA for transfection was prepared by first transforming E.Coli competent bacteria 

to express TRPV DNA and then purifying it. Before transformation began 100mL Super 

optimal broth with catabolite repression (SOC) medium (composition in table 1) aliquoted 

into 1.7mL epindorph aliquots, lysogeny broth (Lb) medium and agar plates (composition 

in table 2) were prepared.  
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Table 1. Composition of Super Optimal broth with catabolite repression (SOC) 

medium 

Component Amount  

Tryptone 2 g 

Yeast extract 0.5 g 

NaCl 58.4 mg 

KCl 18.6 mg 

MgCl2 95.2 mg 

Glucose 360.3 mg 

Milli-Q water Up to 100 mL 

pH 7 

 

Table 2. Composition of agar plates and lysogeny broth medium 

Compound Agar plates Lysogeny broth medium 

Milli-Q water Up to 500 mL Up to 500mL 

Tryptone 5g 5g 

Yeast extract 2.5g 2.5g 

NaCl 5g 5g 

Agar 7.5g - 

Ampicillin 750µL - 

 

Agar plates were prepared by adding tryptone, yeast extract, NaCl, agar and milli-Q water 

to a 1 L bottle. The solution was then sterilised via autoclaving. Once autoclaved the 

bottles were transported to a bacterial culture room and allowed to cool to 60℃. 

Ampicillin was then added to the agar solution and mixed in with a closed lid. The agar 

solution was then poured into 11-15 100mm petri dishes and allowed to set for 30 minutes 

to an hour. Once set the plates were labelled and stored in a fridge in the bacterial lab until 

needed or a maximum of two weeks. 
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10-30 minutes prior to transformation 50 µL of E.coli competent cells (top10 cells) were 

thawed on ice. Once the cells were thawed then 2 µL of the desired DNA was added into 

the thawed top10 cells and mixed in a falcon tube. The top10 cells + DNA solution was 

then incubated on ice for 30 minutes. While the cells were incubating a water-bath was 

heated to 42 ℃ to defrost SOC, agar plates were heated to room temperature and a shaker 

incubator was heated to 37 ℃. After the incubation period the cells were subjected to the 

heat shock method, meaning they were incubated for exactly 30 seconds in a 42 ℃ water 

bath and then incubated on ice for 2 minutes. Agar plates from the fridge were preheated in 

a 37℃ incubator. Following this, 250 µL of SOC medium was added to the top10 falcon 

tube. The falcon tube was then secured in the shaker and incubated/shook for 1 hour. Ten 

minutes prior to incubation ending spreader rods were prepared by heating the tip of 

pasture pipettes with a Bunsen burner. A spreader rod was prepared for each plate to avoid 

contamination. After incubation 100 µL of the solution was pipetted onto an agar plate and 

then spread using a spreader rod. The pipetting and then spreading of solution were 

repeated until the desired number of plates was acquired. The plates were then incubated at 

37 ℃ for 16-20 hours. 

After 16-20 hours incubation a single colony was taken from each plate and transferred 

into a falcon tube of 4mL of Lb medium with 6 µL of ampicillin. The colonies were then 

secured to a shaker incubator and shook at 235 rpm at 37 ℃ for 24 hours. 

After 24 hours DNA was purified from the colonies using QuickClean II Plasmid 

Miniprep Kit, Cat. No. L00420-50, GenScript, in accordance with the manufacturers’ 

protocol. Prior to purification 50 µL of elution/sample buffer was preheated to 55 ℃ using 

a heat block. After preheating 1-1.5mL of the cultured bacteria was transferred to a 1.5mL 

microcentrifuge tube. The cells were then centrifuged (Centrifuge 5702, Eppendorf) for 30 

seconds at 10,000 rpm so that they formed a pellet. The supernatant was then removed and 
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discarded. Following removal of supernatant, 250 µL of resuspension fluid was added to 

the microcentrifuge tube. 250 µL of lysis buffer was then added to the microcentrifuge 

tube, capped and mixed by inversion. The solution was then rested for 2-5 minutes at room 

temperature so that remaining cells were degraded. 250 µL of neutralisation buffer was 

then added and mixed via inversion to form a white precipitate. Once this formed the 

microcentrifuge tube was centrifuged at 13,000 rpm for 10 minutes until a white pellet 

formed. The supernatant was then transferred to a collection tube and 650 µL wash buffer 

added with the flow through discarded. The collection tube was then centrifuged at max 

rpm for 60 seconds twice. The column of the collection tube was then removed and the 

flow-through discarded and the column replaced. 250 µL of wash buffer was then added to 

the collection tube and centrifuged at max rpm for 60 seconds. The column was then 

removed and flow-through discarded. The column was then inserted into an epindorph 

alongside the addition of 50 µL elution buffer to the column. The mixture was then 

centrifuged at max rpm for 60 seconds and then remaining elution solution added to the 

column so that DNA filtered through it. The collation of elution buffer and sample was 

then centrifuged for 60 seconds at max rpm. 

Following transformation, the concentration of the DNA needed to be determined.  

2.3.1. Measuring DNA concentration: 

When undergoing DNA measurements epindorph tubes were labelled from 1-4 and the 

type of DNA contained within was noted. In a biohazard box the plate reader was 

transported to the lab. Once in the lab the plate reader was cleaned with ethanol and 

kimitech to decrease the risk of contamination. The plate reader was then further cleaned 

with RNA zap spray and the excess was wiped off with kimitech. As a control 3 µL of 

RNAase free distilled water or elution buffer was pipetted onto B2 and B3 on the plate 

reader. 3 µL of the cDNA to be tested was pipetted onto plate (e.g., C2 and C3) with the 
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same being repeated for each sample. The plate was then closed and transported in the 

biohazard box to the plate reader. The computer was switched on and the program Gen5 

1.11 selected. Once the program was opened task 3 was selected. Following this, nucleic 

acid quantification was selected and then DNA sample size selected. The plate was then 

placed in the reader. The location of the control line was selected, and the blanks read by 

com3. If both controls were read to be clear, as indicated by them appearing green, then 

the location of the samples on the plate were selected and read by com3. If the control did 

not show as clear, as indicated by it appearing red, then it indicated contamination and thus 

the setup had to be redone. Through the plate reader the concentration of the DNA in wells 

1 and 2 were determined and averaged, and the 260/280 ratio noted down. The ideal 

260/280 ratio was between 1.7 and 1.9 and the minimum concentration able to be used was 

100 ng/µL. If the DNA was usable it was transported to green box in -20℃ freezer. If the 

DNA was unusable then it had to be discarded, and DNA transformation repeated. 

Table 3. Example of interpretation of DNA concentration results 

SAMPLE 2 

Concentration 

3 

Concentration 

Average 

concentration 

(ng/µL) 

260/280 ratio 

1- hTRPV4 854.5 444.6 649.5 1.8 

2- hTRPV4 741.0 616.7 678.9 1.8 

3- MTRPV4 394.4 335.9 365.2 1.8 

4- MTRPV4 394.3 289.0 341.7 1.8 

 

2.4 Fluorescent imaging 

In order to determine whether co-localisation of ∆N-TRPV1 and TRPV4 was occurring, 

the cells were tagged with GFP (∆N-TRPV1) or m-cherry (TRPV4).  
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Following transfection and incubation, cells were mounted for imaging. To mount the cells 

fluromount-G (Southern Biotech) was used. Using a transfer pipette fluromount-G was 

transferred to a slide. Bubbles were removed from the fluromount-G on the slide. One of 

the coverslips containing TRPV expressing HEK293 cells was taken from the petri dish 

using sharp forceps. DMEM was removed from the slip. The coverslip was then placed 

cell side down onto the fluromount-G and left to set.  

The mercury bulb (Olympus U-RFL-T) was turned on once the slides were set. The date, 

home department, time and life-time lamp of the mercury bulb were noted down. The 

microscope (Olympus EX51, U-LH100HGAPO, Olympus corporation, Japan) used for 

imaging was turned on. Using the microscope and a computer connected to it through NIS 

Elements BR 4.11.0 images were taken of a patch of cells under bright-field, GFP and m-

cherry. 

The images were then transferred to Fiji. To show whether the cells were expressing GFP 

or m-cherry they were overlaid with GFP and m-cherry filters (in the look up tables tab). 

Once the colour was generated, in the colour tab, the channels were merged (merge 

channel function). 

2.5 Patch clamp electrophysiology 

In order to determine the conductance and mechanical activation of ∆N-TRPV1, TRPV4 

and ∆N-TRPV1/TRPV4 a method known as patch clamping was used. Patch clamping 

was used as it allowed for the ability to measure conductance from the current recorded at 

positive and negative holding voltages. The method of patch clamping also allowed for 

direct application of pressure to the cells through the recording pipette. The specific type 

of patch-clamping used was single channel recordings which allowed for the measurement 
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of the current going through a single channel rather than the current going through an 

entire cell. 

To set up for patching, an incubator was preheated to 37 ℃. A warm water bath was 

prepared to warm a 3mL syringe filled with pipette solution and a 10mL syringe filled with 

bath solution. Following warming of solutions, the recording computer was started, and 

micromanipulator (SENSAPEX ultraprecise micromanipulator) and microscope (Olympus 

TH4-200) turned on. The recording computer was switched on. The Axonpatch 200B 

amplifier (Molecular devices, USA) was then switched on, followed by the digitizer 

(Digidata 1440A, Molecular devices, USA), then the Turnable active filter (Frequency 

Devices Inc 900`) and the HumBug 50/60 Hz noise canceller (Quest Scientific, Canada). 

The acquisition software was started (pClamp 10, Molecular Devices, USA) and the file 

name set and protocol for recording opened.  

New patch pipettes were prepared from borosilicate glass with an outer diameter of 1.5mm 

(Hilgenberg GmbH). Pulling of the patch pipettes was done using a horizontal puller (P-

87, Stutter Instruments, USA) set to setting 9. This setting was used to pull capillaries with 

a resistance of 3-6 MΩ.  

Following the pulling of patch pipettes 2 mL of the bath solution (composition in Table.4) 

was applied to a 30 mm petri dish that was used as the recording chamber. The cells were 

collected from the incubator. Using fine forceps cleaned with ethanol one slide covered in 

transfected cells was taken and placed into the recording chamber petri dish. The 

remaining slides were returned to the cell incubator. 
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Figure 2.1 Schematic of cell-attached single-channel patch clamp 

 

The recording chamber with the cells was placed under the microscope and the patch 

clamp experiment initiated. Patch clamp recordings were performed as single channel 

recordings in a cell-attached configuration as shown in Figure 2.1. This included 

approaching a cell in the presence of positive pressure applied through a custom-made U-

manometer connected to a silicone tube with the pipette holder. Once a cell was 

approached and the pipette contacted the cell negative pressure was applied to form a giga-

ohm seal. Once the giga-ohm seal was formed the pressure was released from the 

manometer and the recordings were started.  

Channel activity was originally recording under 0 cm H2O using a voltage step protocol. 

Voltage was changed in 20 mV increments starting from 0 mV to increase to a maximum 

of 100 mV followed by stepping the voltage from 0mV to a minimum of -100 mV. In 

some experiments this was changed to have a maximum of 80 mV and minimum of -80 

mV. Channel activity was recorded for 10 seconds during each voltage step.  

Mechanical activity was recorded provided there was stable channel activity in the voltage 

step protocol at 0 mV and 60 mV. Here the channel activity was recorded for 30 seconds 

under baseline conditions (0 cm H2O). Then positive pressure was applied (+30 cm H2O) 

was applied via the Manometer through the patch pipette for 30 seconds. Following this, 
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pressure was released, and channel activity was allowed to return to baseline level for ~30 

seconds. Then negative pressure (-30 cm H2O) was applied for 30 seconds and then 

released.  

Table 4. Composition of Bath and Pipette solutions 

Compound Bath solution 

concentrations (mM) 

Pipette solution 

concentrations (mM)  

Cytochalasin D 

experiments 

pipette solution 

concentrations 

(mM) 

dH2O ~1 L ~50 mL  

NaCl 140 10  

HEPES 10 10 5 

Glucose 5 -  

KCl 4 -  

CaCl2 2 -  

MgCl2 1 -  

CsF - 120 50 

CsCl - 10 90 

EGTA - 10 4 

NaOH Until pH is 7.4 -  

CsOH - Until pH is 7.2 Until pH is 7.2 

 

2.5.1. Cytochalasin D experiments 

A stock solution with a concentration of 1 mM of cytochalasin D (CytD) (Sigma Aldrich, 

New Zealand) was prepared prior to experiments. Coverslips containing transfected cells 

were placed into different 30mm petri dishes with 2mL of media. One set of transfected 

cells was incubated with 10µM of DMSO for 40 minutes as a control. The other coverslip 

with transfected cells was incubated with 10µM of CytD also for a period of 40 minutes. 
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Following incubation, the media was changed for the bath solution (composition in Table 

4) and patching done as described above. 

2.6 Patch clamp data analyses 

Prior to analysis, in Clampfit 10.7, the data was reduced by a factor of 2 and auto filtered 

to decrease 50-60 Hz noise.  

2.6.1 Analysis of conductance 

Channel activity at baseline was analysed using the amplitude of the current at each 

voltage. The current amplitude was found by either an all-point histogram or manual 

measurement of the amplitude of current in the recording. The amplitude from the 

histograms was determined using gaussian distribution and measuring the distance 

between each peak. The current was then plotted on a current-voltage curve to determine 

the conductance. Conductance was found from the curve using the mean of a simple linear 

regression for positive voltages (0mV - 80 mV) and negative voltages (-20mV- -100 mV). 

Conductance was written as mean conductance ± SEM.  

2.6.2 Analysis of open probability 

Mechanical activity was found by measuring a single channel search for 30 seconds before 

and after application of 30 cm H2O or -30 cm H2O to determine open probability (NPo). 

The difference in NPo prior to and after application of either 30 cm H2O or -30 cm H2O 

pressure was compared to determine the mechanical activity of the channel. p<0.05 was 

determined to be statistically significant.  

2.6.3 Analysis of Area under the curve 

The area under the curve (AUC) was analysed using GraphPad Prism 9. AUC was used as 

a measure of how much the current changes from baseline. AUC was used to assist in 
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analysation of mechanotransduction under positive and negative pressures. To begin, 10s 

of channel activity directly before application of pressure, 10s of channel activity directly 

after the application of pressure, was taken. The traces generated by these, were then 

separated into two groups so that comparisons could be made between them. In prism, 

once the traces had been imported and split by whether they were recorded before or after 

pressure application, the AUC of the traces was generated. The parameters of the AUC 

were adjusted according to the trace, example shown in Figure 2.2. The Y of the baseline 

was adjusted to match the Y of the baseline of the trace. Following adjustments AUC was 

determined by Prism. From the AUC, the total area and standard error were used alongside 

the n number for the number of traces to determine whether there was a statistically 

significance difference between AUC before and after pressure application. Statistical 

significance was determined using an unpaired t-test, p<0.05 was determined to be of 

statistical significance. 
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Figure 2.2 Example of settings used for area of the curve determination. 

Y was set to the baseline of the trace; Minimum peak height was used to determine 

the search parameters within the trace. Peak direction allows for peaks below the 

baseline to be counted. 
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3. Results 

3.1. Preface of patch clamp data: 

TRPV1 and TRPV4 co-localisation has been previously observed in the dorsal root 

ganglion by fluorescent imaging [78], the same technique was used to determine the co-

localisation in HEK293 cells. The electrophysiological characteristics of ∆N-TRPV1, 

TRPV4 and ∆N-TRPV1/TRPV4 were characterised using single-channel patch-clamp 

electrophysiology. Mechanotransduction was evaluated using the application of negative 

and positive pressure applied through the patch-clamp pipette. The F-actin cytoskeleton 

has been previously shown to be disrupted by cytochalasin D (CytD).  

3.2. Proof of co-localisation of ∆N-TRPV1/TRPV4 subunits in HEK293 

cells 

The DNA used for ∆N-TRPV1 and TRPV4 were tagged with fluorescent proteins so that 

when transfected, it could be determined whether transfection was successful or co-

localisation occurred. ∆N-TRPV1 was tagged with GFP and TRPV4 was tagged with m-

cherry. When GFP and m-cherry are expressed in the same cell they result in yellow 

fluorescence. As GFP and m-cherry were shown to co-localise in HEK293 cells, this 

indicated the potential of heteromers forming. 

 



35 

 

 

Figure 3.1 ∆N-TRPV1 and TRPV4 DNA can co-localise in HEK293 cells 

Fluorescent imaging showed that the fluorescence for ∆N-TRPV1, GFP (shown in 

green), and TRPV4, m-cherry (shown in red) were able to co-localise in HEK293 cells. 

The co-localisation of ∆N-TRPV1 and TRPV4 was indicated by the yellow colour 

when the images for GFP and m-cherry staining were overlayed. Scale is ~100 microns. 

3.3. Characterisation of current-amplitude and conductance of TRPV 

channels 

Once a GΩ seal was established cell-attached recordings were performed at 0 cmH2O 

using holding voltages between -100mV to +80mV in 20mV increments applied through a 

pipette. The current amplitude of each channel was determined using an all-point 

histogram analysing the openings/closings of each individual recording. However, in some 

cases due to either channel inactivity or loss of the GΩ seal, channel amplitudes were not 

obtained for all voltages. The current amplitudes were then plotted into a current-voltage 

(IV) curve to obtain the conductance. 

3.3.1 Current-amplitude and conductance of ∆N-TRPV1 

At holding voltages from 0mV and +80mV for ∆N-TRPV1 positive current amplitudes 

were observed. These positive currents resemble the flow of positive charge from the 

pipette solution into the cell and represent an inward current. Under negative holding 

voltages the current amplitude was negative, which can be seen by a downward deflection 
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on the patch clamp trace (Figure 3.2B). The current amplitude was determined using an 

all-point histogram to analyse the opening/closing from 7 individual recordings. At 

+60mV ∆N-TRPV1 displayed a current amplitude of 1.6pA (Figure 3.2Aa). At -60mV 

∆N-TRPV1 displayed a current amplitude of 1pA (Figure 3.2Bb). The IV curve showed 

that the conductance at -60mV was 12.35 ± 4.35pS and at +60mV conductance was 20.36 

± 6.07pS (Figure 3.2C).  

 

Figure 3.2 ∆N-TRPV1 current-amplitude and conductance at 0 cmH2O 

Representative traces of ∆N-TRPV1 at +60mV (A) and -60mV (B) holding potential at 

0 cmH2O. Green dotted lines represent the channel being closed; pink dotted lines 

indicate channel openings. Aa) The all-point histograms representing the current 

amplitude of ∆N-TRPV1 at +60mV and at -60mV (Bb) of the trace being displayed. C) 

The current-voltage (IV) curve was plotted from the current amplitude recorded at 

holding voltages ranging from -100mV to +80mV (n=1-7) The conductance at -60mV 

was shown to be 12.35 ± 4.35pS and at +60mV was 20.36 ± 6.07pS. 
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3.3.2 Current amplitude and conductance of TRPV4 

To determine whether a heteromer with ΔN-TRPV1 and TRPV4 could form, the current-

amplitude and conductance of TRPV4 at voltages increasing in increments of 20mV from 

–80mV to +80V at 0 cmH2O was determined.  

Between 0mV and 80mV TRPV4 had a positive current amplitude, these positive currents 

resemble the flow of positive charge from the pipette solution into the cell and represent an 

inward current. In comparison to ΔN-TRPV1, at 60mV TRPV4 exhibited shorter channel 

openings (Figures 3.2A and 3.3A). As shown by the pink arrows, TRPV4 had a slanted 

appearance of channel openings (shown in Figure 3.3A), this slanted appearance did not 

occur in ΔN-TRPV1 channel openings (Figure 3.2A). TRPV4 also had a larger current 

amplitude than ΔN-TRPV1 at 60mV, the current amplitude of the representative trace of 

TRPV4 at 60mV had a current amplitude of 2.1pA (Figure 3.3Aa) whereas the mean 

current-amplitude at 60mV was 2.6pA (Figure 3.3C). 

At –60mV TRPV4 exhibited a downward deflection. The channel openings at –60mV for 

TRPV4 lack the slanting appearance present at 60mV (Figure 3A and 3B). TRPV4 

exhibited longer channel openings at –60mV than at 60mV (Figure 3A and 3B). The 

current amplitude of TRPV4 in the representative trace at –60mV was 2.1pA as indicated 

by the all-point histogram (Figure 3.3Bb), however the mean current amplitude at -60mV 

was 2.2pA (Figure 3.3C). 

The current amplitude determined through all-point histograms at voltages increasing in 

20mV increments between –80mV and 80mV was used to generate a current-voltage (IV) 

curve. The IV curve shows that between 0mV and 80mV that TRPV4 had a positive 

current, whereas between –20mV and –80mV the current was negative (n=1-5) (Figure 

3.3C). At all holding voltages TRPV4 had a greater current amplitude than ΔN-TRPV1 
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(Figure 3.2C and 3.3C). The shape of the IV curve also differs significantly from that of 

ΔN-TRPV1. Whereas, ΔN-TRPV1 had a more linear shaped IV curve, the IV curve of 

TRPV4 fluctuates (Figure 3.2C and 3.3C). From the IV curve TRPV4 was shown to have a 

conductance of 24.7 ± 6.5pS at 60mV and a conductance of 37.68 ± 20.98pS at -60mV 

(Figure 3.3C). The conductance of TRPV4 was higher than that of ∆N-TRPV1 at both 

negative and holding voltages (Figure 3.2C and 3.3C). 

 

 

Figure 3.3 TRPV4 current-amplitude and conductance at 0 cmH2O 

Representative traces of TRPV4 at +60mV (A) and -60mV (B) holding potential. Pink 

arrows showing slanting appearance characteristic of TRPV4. Green dotted lines represent 

the channel being closed; pink dotted lines indicate channel openings. Aa) The all-point 

histograms representing the current amplitude of TRPV4 at +60mV and -60mV. (Bb) of 

the traces being displayed. C) The current-voltage (IV) curve of the current amplitude 

recorded at holding voltages from -80mV to +80mV (n=1-5) The conductance at -60mV 

was shown to be 37.68 ± 20.98pS and at 60mV to be 24.7 ± 6.5pS. 
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3.3.3 Current-amplitude and conductance of putative ∆N-

TRPV1/TRPV4 

ΔN-TRPV1/TRPV4 is the theoretical heteromer formed by ΔN-TRPV1 and TRPV4, 

however, the exact stereochemistry of the channel formed is unknown. The current 

amplitude of ΔN-TRPV1/TRPV4 at 60mV is increased in comparison to ΔN-TRPV1 and 

TRPV4. The current amplitude at 60mV was 4.2pA. The current activity under 60mV 

shares characteristics of ΔN-TRPV1 and TRPV4 (Figures 3.2A, 3.3A and 3.4A). The 

current shares the square-like openings as ΔN-TRPV1 (Figure 3.2A and 3.3A) and the 

slanting appearance of openings as TRPV4 as indicated by the pink arrow (Figure 3A and 

4A).  

Under –60mV ΔN-TRPV1/TRPV4 had a current amplitude of 3.3pA which was greater 

than that of ΔN-TRPV1 and TRPV4 (Figures 3.2Bb, 3.3Bb and 3.4Bb). ∆N-

TPRV1/TRPV4 appeared to spend less time in the open state than ∆N-TRPV1 and TRPV4 

(Figure 3.2B, 3.3B and 3.4B). When ∆N-TRPV1/TRPV4 was open, multiple channels 

appear to open at once to cause the large maximum amplitude (Figure 3.4B).  

Using the current amplitudes at voltages between 80mV and –80mV (no data collected at 

20mV) an IV curve was generated. The shape of the IV curve between 40mV and 80mV 

exhibits similar fluctuations to TRPV4 at the same holding voltages (Figure 3.3C and 

3.4C). However, the current amplitude between 40mV and 80mV of ∆N-TRPV1/TRPV4 

was larger than that of both ∆N-TRPV1 and TRPV4 (Figures 3.2C, 3.3C and 3.4C). The 

shape of the IV curve between -20mV and -80mV resembles an exponential curve (Figure 

3.4C). Interestingly, despite putative ∆N-TRPV1/TRPV4 showing larger current 

amplitudes in comparison to ∆N-TRPV1 and TRPV4, the conductance of ∆N-

TRPV1/TRPV4 at 60mV was 12.56 ± 6.32pS which was lower than that of ∆N-TRPV1 
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and TRPV4. The conductance at -60mV was shown to be 32.52 ± 5.59pS which was 

higher than that of ∆N-TRPV1 and closer to that of TRPV4 (Figure 3.4C). 

 

 

Figure 3.4 putative ∆N-TRPV1/TRPV4 current-amplitude and conductance at 0 

cmH2O 

Representative traces of putative ∆N-TRPV1/TRPV4 at +60mV (A) and -60mV (B) 

holding voltages at 0 cmH2O. Pink arrow points out ‘slanted’ appearance similar to that 

which occurs in patch-clamp traces for TRPV4. Aa) The all-point histograms 

representing the current amplitude of ∆N-TRPV1/TRPV4 at +60mV and -60mV (Bb) 

of the traces being displayed. C) The current-voltage (IV) curve of the current amplitude 

recorded at holding voltages from -80mV to +80mV (n=1-6). Conductance at 60mV 

was determined to be 12.56 ± 6.32pS and at -60mV conductance was 32.52 ± 5.59pS.  

3.4. Mechanical activation of TRPV channels 

Mechanical pressure was applied to the cell-attached membrane patch via a pipette which 

represents either local swelling (negative pressure) or shrinking (positive pressure). 
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Pressure was applied in the form of either +30 cmH2O, i.e., positive pressure, or -30 

cmH2O, i.e., negative pressure. 

3.4.1. Response of TRPV channels to Positive pressure resembling cell-

shrinkage 

At a holding voltage of +60mV, cell-attached recordings on ∆N-TRPV1, TRPV4 and 

putative ∆N-TRPV1/TRPV4 were performed for 30s at 0 cmH2O and at +30 cmH2O. 

Mechanical activation was determined by determining the changes in open probability 

(NPo) and area under the curve at 0 cmH2O and +30 cmH2O. 

At 0 cmH2O ∆N-TRPV1 was shown to have current so small that with the scale used it 

was undetectable. However, upon onset of pressure there was a large increase in area 

under curve (Figure 3.5A). NPo increased to a statistically significant level following 

pressure onset (n=8) indicating that ∆N-TPRV1 was likely mechanically activated by +30 

cmH2O of pressure (Figure 3.5Aa). TRPV4 exhibited a statistically significant increase in 

NPo (n=7) (Figure 3.5B and 3.5Bb) and in AUC (Figure 3.6A). Even though TRPV4 had a 

larger AUC than ∆N-TRPV1 at 0 cmH2O, ∆N-TRPV1 had a larger change in AUC, 

indicating a potentially larger degree of mechanoactivation during cell shrinkage (Figure 

3.5 and 3.6A). 

Similar to ∆N-TRPV1, the activity of ∆N-TRPV1/TRPV4 prior to addition of pressure 

was not identifiable due to the scale used, however, between recordings there were 

variations in the visibility of the current for ∆N-TRPV1/TRPV4 alongside the mechanical 

activity. Due to the variability between traces, no clear statistical evidence of a change in 

NPo could be identified (n=5) (Figure 3.5C). ∆N-TRPV1/TRPV4 was shown to have a 

significantly larger AUC than ∆N-TRPV1 and TRPV4 alone at both 0 cmH2O and 30 

cmH2O (Figure 3.6A). ∆N-TRPV1/TRPV4 had a statistically significant increase in AUC, 
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however, as response of ∆N-TRPV1/TRPV4 to mechanical activity can differ between 

patches, whether this change in AUC would be sufficient to indicate mechanotransduction 

is unknown (Figure 3.6A).  

 

 

Figure 3.5 ∆N-TRPV1 and TRPV4 are activated by positive pressure but ∆N-

TRPV1/TRPV4 is not 

Representative traces of the response of ∆N-TRPV1 (A), TRPV4 (B) and putative ∆N-

TRPV1/TRPV4 (C) to +30 cmH2O. Traces show 5s before onset of pressure and 10s post 

pressure application, application of pressure shown by purple arrow. The change in open 

probability (NPo) from 0 cmH2O to +30 cmH2O was used as a determinant of mechanical 

activation. Aa) Change in NPo for ∆N-TRPV1, p=0.0123. Bb) Change in NPo for TRPV4, 

p=0.0292. Cc) Change in NPo for ∆N-TRPV1/TRPV4, p=0.2755. p<0.05 was determined 

to be statistically significant.  
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Figure 3.6 The differences in Area under the curve and open probability between 

∆N-TRPV1, TRPV4 and ∆N-TRPV1/TRPV4 under positive pressure 

A)  ∆N-TRPV1 has a smaller area under the curve (AUC) than TRPV4 at 0 cmH2O 

whereas ∆N-TRPV1/TRPV4 has a significantly (p<0.0001) larger AUC than both ∆N-

TRPV1 and TRPV4. There is no statistically significant difference between the AUC 

of ∆N-TRPV1 and TRPV4 at 30 cmH2O, but ∆N-TRPV1/TRPV4 has a larger AUC 

than both ∆N-TRPV1 and TRPV4. (p<0.05 was deemed to be statistically significant). 

B)  There is no statistically significant difference between the open probability (NPo) 

of ∆N-TRPV1, TRPV4 or ∆N-TRPV1/TRPV4 at either 0 cmH2O or 30 cmH2O. 
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3.4.2. Responses of TRPV channels to Negative pressure resembling 

cell swelling 

At +60mV, cell-attached recordings on ∆N-TRPV1, TRPV4 and putative ∆N-

TRPV1/TRPV4 for 30s at 0 cmH2O and then for 30s with -30 cmH2O applied. 

Mechanical activation was determined by determining the changes in open probability 

(NPo) at 0 cmH2O and -30 cmH2O. 

Following application of positive pressure, cells were allowed to rest for 30s before 

negative pressure was applied. The application of negative pressure did not result in a 

significant change in NPo ∆N-TRPV1. As shown by Figure 3.7A, ∆N-TRPV1 has a flat 

appearance with not much fluctuation of current amplitude occurring upon pressure 

onset. There was no significant change in NPo of ∆N-TRPV1 upon application of 

pressure (n=8), as the changes to NPo upon application  were inconsistent (Figure 

3.7Aa). Interestingly, ∆N-TRPV1 showed a significantly increased AUC under negative 

pressure, indicating that while the open probability did not change, ∆N-TRPV1 was 

potentially mechanically activated by negative pressure.  

As with ∆N-TRPV1, TRPV4 also showed inconsistent changes in NPo, leading to no 

statistically significant change in NPo (n=7) (Figure 3.7Aa and 3.7Bb). However, unlike 

∆N-TRPV1, there was a more stable current and greater changes in current amplitude in 

the presence of pressure (Figure 3.7B). TRPV4, like ∆N-TRPV1 showed an increase in 

AUC, however, the increase was not as large as that of ∆N-TRPV1. As these results 

support evidence from previous studies regarding mechanoactivation of TRPV4 during 

cell swelling [34, 38, 44], the increase in AUC likely indicates increased 

mechanosensitivity to negative pressure or cell swelling.  
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∆N-TRPV1 had a larger AUC than TRPV4 at both 0 cmH2O and -30 cmH2O. However, 

∆N-TRPV1/TRPV4 had a significantly larger AUC than both TRPV4 and ∆N-TRPV1 at 

both 0 cmH2O and -30 cmH2O (Figure 3.8A). There was no significant difference in the 

NPo of any of the channels before or after pressure application (Figure 3.8B). Despite 

these changes to AUC and NPo whether ∆N-TRPV1/TRPV4 is mechanically activated 

under negative pressures cannot be fully determined, however, the increase in AUC 

following pressure application indicates that it may potentially be.  
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Figure 3.7 ∆N-TRPV1, TRPV4 and putative ∆N-TRPV1/TRPV4 were not 

activated by negative pressure 

Representative traces of the responses of ∆N-TRPV1 (A), TRPV4 (B) and ∆N-

TRPV1/TRPV4 (C) to -30 cmH2O at 60mV. Traces show 5s before onset of pressure 

and 10s post pressure application, application of pressure shown by purple arrow. The 

change in open probability (NPo) from 0 cmH2O to -30 cmH2O was used as a 

determinant of mechanical activation. Aa) Change in NPo for ∆N-TRPV1, p=0.2514. 

Bb) Change in NPo for TRPV4, p=0.4030. Cc) Change in NPo for ∆N-TRPV1/TRPV4, 

p=0.1579. p<0.05 was determined to be statistically significant. 
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Figure 3.8 The differences in Area under the curve and open probability 

between ∆N-TRPV1, TRPV4 and ∆N-TRPV1/TRPV4 under negative pressure 

A)  ∆N-TRPV1 has a larger area under the curve (AUC) than TRPV4 at 0 cmH2O 

whereas ∆N-TRPV1/TRPV4 has a significantly (p<0.0001) larger AUC than both 

∆N-TRPV1 and TRPV4. There is no statistically significant difference between the 

AUC of ∆N-TRPV1 and TRPV4 at -30 cmH2O, but ∆N-TRPV1/TRPV4 has a larger 

AUC than both ∆N-TRPV1 and TRPV4. (p<0.05 was deemed to be statistically 

significant). 

B)  There is no statistically significant difference between the open probability (NPo) 

of ∆N-TRPV1, TRPV4 or ∆N-TRPV1/TRPV4 at either 0 cmH2O or -30 cmH2O. 
 

3.5. The F-actin cytoskeleton modulates TRPV channel activity. 

Once the current amplitude and conductance of ∆N-TRPV1, TRPV4 and ∆N-

TRPV1/TRPV4 was ascertained, how F-actin modulated the channels was determined. 
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HEK293 cells were treated with CytD for 40 minutes prior to patch clamp experiments. 

The effect of F-actin on channel activity was determined in experiments before and with 

pressure application. 

3.5.1 Changes in F-actin reduce the current-amplitude and conductance 

of ∆N-TRPV1 

The channel activity of ∆N-TRPV1 treated with F-actin was recorded at holding voltages 

increasing in 20mV increments between -80mV to +80mV. The activity of ∆N-TRPV1 at 

60mV fluctuated significantly, making baseline and current amplitude difficult to 

determine (Figure 3.9A). The current amplitude of ∆N-TRPV1 at 60mV was 0.6pA as 

determined by an all-point histogram (Figure 3.9Aa). 

The channel activity at -60mV was also determined. The channel activity at -60mV of ∆N-

TRPV1 was stable, but more inactive than at 60mV and untreated ∆N-TRPV1 at -60mV 

(Figures 3.2B and 3.9B). Unlike untreated ∆N-TRPV1 at -60mV, there was only 1 channel 

opening in CytD treated cells (Figure 3.2B and 3.9B). The current amplitude of ∆N-

TRPV1 at -60mV was determined to be 0.6pA using an all-point histogram (Figure 

3.9Bb).  
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Figure 3.9 Representative traces for ∆N-TRPV1 when F-actin is depolymerised 

Representative traces of ∆N-TRPV1 treated with CytD for 40 minutes at 0 cmH2O at 

+60mV (A) and -60mV (B). Aa) The all-point histograms representing the current-

amplitude of ∆N-TRPV1 at +60mV and at -60mV (Bb) of the displayed trace. 

To determine the effect of F-actin on ∆N-TRPV1, the recordings from untreated and CytD 

treated cells were compared. Untreated and CytD treated ∆N-TRPV1 both had a positive 

deflection at 60mV and a negative one at -60mV indicating an inward current. However, 

CytD treated ∆N-TRPV1 had greater noise and fluctuations of channel openings. In 

comparison to CytD treated ∆N-TPRPV1, untreated ∆N-TRPV1 had more stable and 

uniform channel openings (Figure 3.10A and 3.10B). The current amplitude at 60mV 

differs between CytD treated and untreated ∆N-TRPV1. At 60mV untreated ∆N-TRPV1 

had a current amplitude of 1.6pA (Figure 3.2Aa), whereas CytD treated ∆N-TRPV1 

produced a current amplitude of 0.6pA (Figure 3.9Bb). 

The current amplitude was plotted against the holding voltage it was recorded at to create 

an IV curve, holding voltages were changed in increments of 20mV between -100mV and 

80mV. An IV curve was generated for both untreated ∆N-TRPV1 (shown in black) and 

CytD treated ∆N-TRPV1 (shown in purple) (Figure 3.10C). The IV curve for CytD treated 

∆N-TRPV1 lost the linear like shape of untreated ∆N-TRPV1 and instead fluctuated more. 

Under negative voltages the current amplitude of CytD treated ∆N-TRPV1 fluctuated but 
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did not differ much in current amplitude to untreated ∆N-TRPV1 (Figure 3.10C). 

However, between 0mV and 40mV the current amplitude of CytD treated ∆N-TRPV1 was 

noticeably larger than that of untreated ∆N-TRPV1. The current amplitude of the CytD 

treated group was smaller than the untreated counterpart at 60mV, but both CytD treated 

and untreated ∆N-TRPV1’s current amplitude converged at 80mV (Figure 3.10C). 

From the IV curves the conductance of ∆N-TRPV1 at 60mV and -60mV could be 

determined for both CytD treated and untreated ∆N-TRPV1. CytD treated ∆N-TRPV1 

showed a decreased conductance in comparison to untreated ∆N-TRPV1 at both 60mV 

and -60mV. The conductance for CytD treated at 60mV was identified to be 5.62 ± 1.66pS 

and at -60mV was 10.25 ± 3.12pS (Figure 3.10C). 

 

 

 

 



51 

 

 

Figure 3.10 ∆N-TRPV1 has a lower conductance and current amplitude when F-

actin is depolymerised by CytD 

Representative traces of untreated ∆N-TRPV1 (A) and ∆N-TRPV1 treated with CytD for 

40 minutes (B) at +60mV at 0 cmH2O. The all-point histograms representing the current 

amplitude of ∆N-TRPV1 when untreated (Aa) and CytD treated ∆N-TRPV1 (Bb) at 

+60mV of the displayed trace. C) The current-voltage (IV) curve of the current amplitude 

recorded at holding voltages from -80mV to +80mV for untreated (shown in black) and 

CytD treated (shown in purple) ∆N-TRPV1. Conductance for untreated ∆N-TRPV1 at 

60mV was 20.36 ± 6.07pS and was 12.35 ± 4.35pS at -60mV. Conductance for CytD 

treated ∆N-TRPV1 was reduced in comparison to untreated ∆N-TRPV1. The conductance 

of CytD treated ∆N-TRPV1 at 60mV was 5.62 ± 1.66pS and at -60mV was 10.25 ± 

3.12pS. 

3.5.2. Changes in F-actin change the current-amplitude and conductance 

of TRPV4 

TRPV4 was also treated with CytD to determine the effect of F-actin on the baseline 

activity of TRPV4. The activity was recorded at holding voltages increasing in 20mV 

increments between -80mV to 80mV. Representative traces from recordings at 60mV and -

60mV shown in Figure 3.11 



52 

 

At 60mV, the current deflected positively from baseline. TRPV4 channels treated with 

CytD spent short periods at baseline, indicating the channel was mostly in the open state 

(shown in Figure 3.11A). The current amplitude was then determined using an all-point 

histogram. The current amplitude of the representative trace at 60mV was 1.9pA (shown in 

Figure 3.11Aa). However, this differs from the mean current amplitude of TRPV4 shown 

in Figure 3.11C. This difference is due to the large error bar at 60mV. 

The current at -60mV appears almost flat in the trace shown (shown by Figure 3.11B), this 

was due to the scale mixed with a small current amplitude. However, the flat appearance 

was also due to the lack of channel openings CytD treated TRPV4 exhibited at all 

voltages. This differs significantly from TRPV4 when untreated. Untreated TRPV4 had 

longer channel openings under -60mV than CytD treated TRPV4 (shown in Figure 3.3B 

and 3.11B). The current amplitude at -60mV of CytD treated TRPV4 was 1.1pA (Figure 

3.11Bb), whereas the current amplitude of untreated TRPV4 was 2.1pA (Figure 3.3Bb). 

 

Figure 3.11 The current-amplitude of TRPV4 when F-actin is depolymerised 

Representative traces of TRPV4 treated with CytD for 40 minutes at 0 cmH2O at +60mV 

(A) and -60mV (B). Green dotted line represents when the channel is closed. Aa) The all-

point histograms representing the current-amplitude of TRPV4 at +60mV and at -60mV 

(Bb) of the displayed trace. 
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To determine the effect of CytD on TRPV4 activity, untreated and CytD treated groups 

were compared between one another. While there are differences in activity at all 

voltages, the activity of untreated and CytD treated TRPV4 at 60mV was selected to be 

representative of the differences.  

Untreated TRPV4 could be seen to spend more time in the closed state than CytD 

treated TRPV4 does (Shown by Figure 3.12A and 3.12B). The characteristic slanting 

appearance of the current at 60mV for TRPV4 was lost upon CytD application. CytD 

treated TRPV4 appeared to have greater noise than that of untreated TRPV4 (Figure 

3.12A and 3.12B). The current amplitude of CytD treated TRPV4 at -60mV was 1.1pA 

(shown by Figure 3.12Bb), whereas untreated TRPV4 exhibited a larger current of 

2.1pA (shown in Figure 3.12Aa).  

A current-voltage curve (IV curve) was generated from the current amplitudes 

determined from the all-point histograms at voltages changing in 20mV increments 

between -80mV and 80mV for untreated and CytD treated TRPV4. At voltages between 

0mV and 80mV, the IV curve for CytD treated resembles the shape of the curve for 

untreated TRPV4 at a lower voltage (shown in Figure 3.12C). However, at voltages 

between -20mV and -80mV, the IV curve for CytD treated TRPV4 declines in a linear 

fashion. The IV curve for untreated TRPV4 however, fluctuates under -20mV to -80mV 

(Figure 3.12C). However, at -80mV the current amplitude for both CytD treated and 

untreated TRPV4 is the same (Figure 3.12C).  
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Figure 3.12 TRPV4 has a decreased current-amplitude when F-actin is 

depolymerised 

Representative traces of untreated TRPV4 (A) and TRPV4 treated with CytD for 40 

minutes (B) at +60mV at 0 cmH2O. The all-point histograms representing the current 

amplitude of TRPV4 when untreated (Aa) and CytD treated TRPV4 (Bb) at +60mV of 

the displayed trace. C) The current-voltage (IV) curve of the current amplitude recorded 

at holding voltages from -80mV to +80mV for untreated (shown in black) and CytD 

treated (shown in purple) TRPV4. Conductance of untreated TRPV4 at 60mV was 24.7 ± 

6.5pS and at -60mV was 37.68 ± 20.93pS. Conductance of CytD treated TRPV4 however, 

at 60mV was 12.64 ± 4.05pS and at -60mV was 60pS. 

3.5.3 Depolymerisation of F-actin causes a decreased current amplitude 

and conductance of putative ∆N-TRPV1/TRPV4  

Once the effect of CytD on ∆N-TRPV1 and TRPV4 was determined, it was then tested on 

∆N-TRPV1/TRPV4. The activity of ∆N-TRPV1/TRPV4 was recorded at holding voltages 

changing in 20mV increments between -80mV and 80mV and the current-amplitude was 

determined. The current amplitude was then plotted into an IV curve in order to determine 

the conductance.  

At 60mV ∆N-TRPV1/TRPV4 had a longer opening time when treated with CytD than 

when untreated (Figures 3.4A and 3.13A). Similar to the untreated ∆N-TRPV1/TRPV4 the 
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slanted appearance indicating TRPV4 remained present as indicated by the pink arrows 

(Figures 3.4A and 3.13A). However, the activity of ∆N-TRPV1/TRPV4 when treated with 

CytD appears to be more uniform than its untreated counterpart (Figures 3.4A and 3.13A). 

Interestingly, CytD treated ∆N-TRPV1/TRPV4 at 60mV resembles the activity of 

untreated ∆N-TRPV1 at 60mV (Figures 3.2A and 3.13A). Both untreated and CytD treated 

exhibited multiple channel openings at once, resulting in larger current amplitudes than 

both ∆N-TRPV1 and TRPV4. Of the trace shown at 60mV the current amplitude was 

3.3pA (Figure 3.13Aa).  

However, in comparison at -60mV CytD treated ∆N-TRPV1/TRPV4 spends a substantial 

portion of time in the closed state. Channel openings were small and short (Shown in 

3.13B). The current amplitude of CytD treated ∆N-TRPV1/TRPV4 at -60mV was 0.7pA 

(Figure 3.13Bb) 

 

Figure 3.13 The current-amplitude of ∆N-TRPV1/TRPV4 when treated with CytD 

Representative traces of the response of ∆N-TRPV1/TRPV4 treated for 40 minutes with 

CytD under 0 cmH2O at 60mV (A) and -60mV (B). Pink arrow points to ‘slanted’ TRPV4 

like activity. The current amplitude was determined using all-point histograms, 

representative histograms of the traces for ∆N-TRPV1/TRPV4 displayed at 60mV (Aa) 

and -60mV (Bb). 
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As the current-amplitude appeared similar at 60mV, ∆N-TRPV1/TRPV4 treated with 

CytD and untreated was compared at -60mV. Untreated ∆N-TRPV1/TRPV4 had 

significantly larger current amplitudes, and more channels open at one time than CytD 

treated ∆N-TRPV1/TRPV4 (Figure 3.14A and 3.14B). However, when treated with CytD 

∆N-TRPV1/TRPV4 appeared to lose TRPV4 activity at -60mV, whereas, TRPV4 activity 

still appeared to be present in untreated ∆N-TRPV1/TRPV4 (Figure 3.14A and 3.14B). 

This might account for the difference in current amplitude at -60mV between treated and 

untreated groups. It was noted that untreated ∆N-TRPV1/TRPV4 had a current amplitude 

of 3.3pA at -60mV (Figure 3.14Aa) while CytD treated ∆N-TRPV1/TRPV4 had a current 

amplitude of 0.7pA at -60mV (Figure 3.14Bb). 

The current amplitude was then plotted against the holding voltage to form an IV curve for 

both CytD treated and untreated ∆N-TRPV1/TRPV4. The current of ∆N-TRPV1/TRPV4 

between 40mV and 80mV was similar between groups, whereas between -40 and -80mV 

the curves for CytD treatment and untreated differ significantly (Figure 3.14C). The curve 

for ∆N-TRPV1/TRPV4 between -40mV and -80mV for CytD treated ∆N-TRPV1/TRPV4 

appeared to plateau, and the current-amplitudes recorded were significantly smaller than 

that of untreated ∆N-TRPV1/TRPV4 (Figure 3.14C). Interestingly, ∆N-TRPV1/TRPV4 

treated with CytD at voltages between -20mV and -80mV has similar current and IV curve 

shape to CytD treated ∆N-TRPV1 (shown in Figure 3.15). CytD treated TRPV4 had 

similar current to ∆N-TRPV1 and ∆N-TRPV1/TRPV4 at -40mV and -60mV, but the 

current voltage curve showed a steeper linear decline than that of ∆N-TRPV1 and ∆N-

TRPV1/TRPV4 (Figure 3.15).  

Interestingly, the conductance of ∆N-TRPV1/TRPV4 was lower in untreated ∆N-

TRPV1/TRPV4, as for untreated ∆N-TRPV1/TRPV4 conductance was 12.56 ± 6.32pS and 

for CytD treated ∆N-TRPV1/TRPV4 conductance was 34.2 ± 10.6pS. However, at -60mV 
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the conductance of ∆N-TRPV1/TRPV4 was higher in untreated ∆N-TRPV1/TRPV4, as 

for untreated ∆N-TRPV1/TRPV4 conductance was 32.52 ± 5.59pS and for CytD treated 

∆N-TRPV1/TRPV4 conductance was 10.33 ± 5.36pS. This differed from the conductance 

of ∆N-TRPV1 and TRPV4 treated with CytD at 60mV as in ∆N-TRPV1 and TRPV4 had a 

decrease in conductance whereas ∆N-TRPV1/TRPV4 showed an increase in conductance 

(Figure 3.14C and 3.15). 

 

Figure 3.14 ∆N-TRPV1/TRPV4 has a different current amplitude and conductance 

when treated with CytD 

Representative traces of untreated ∆N-TRPV1/TRPV4 at -60mV (A) and ∆N-

TRPV1/TRPV4 treated with CytD for 40 minutes at -60mV (B). The current amplitudes 

were measured by all-point histograms, representative histograms for untreated ∆N-

TRPV1/TRPV4 (Aa) and CytD treated ∆N-TRPV1/TRPV4 (Bb) at -60mV are shown. 

The current amplitudes at holding voltages changing in 20mV increments between 80mV 

and -80mV were determined for both untreated (shown in black) (n=6) and CytD treated 

(shown in purple) (n=4) ∆N-TRPV1/TRPV4 at 0 cmH2O (C). Conductance of untreated 

∆N-TRPV1/TRPV4 at 60mV was 12.56 ± 6.32pS and at -60mV was 32.52 ± 5.59pS. 

Conductance of CytD treated ∆N-TRPV1/TRPV4 at 60mV was 34.2 ± 10.6pS and at -

60mV was 10.33 ± 5.36pS. 
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Figure 3.15 Comparison between the conductance of ∆N-TRPV1, TRPV4 and ∆N-

TRPV1/TRPV4 

Current-voltage (IV) curve comparing CytD treated ∆N-TRPV1 (n=1-4), TRPV4 (n=1-4) 

and ∆N-TRPV1/TRPV4 (n=1-4) at 0 cmH2O. At 60mV ∆N-TRPV1 had a conductance of 

5.62 ± 1.66pS, TRPV4 had a conductance of 12.64 ± 4.05pS and putative ∆N-

TRPV1/TRPV4 had a conductance of 34.2 ± 10.6pS. At -60mV ∆N-TRPV1 had a 

conductance of 10.25 ± 3.12pS, TRPV4 had a conductance of 60pS and ∆N-

TRPV1/TRPV4 had a conductance of 10.33 ± 5.36pS. 

3.6. F-actin modulates the mechanosensitivity of TRPV channels 

To determine the effect of F-actin on mechanotransduction, transfected cells were first 

treated with CytD for 40 minutes prior to experiments. Following the determination of a 

channel being present, either 30 cmH2O (positive pressure) or –30 cmH2O (negative 

pressure) was applied through the pipette. Mechanotransduction was determined by 

measuring the change in the area under the curve (AUC) and the change in NPo from 

before pressure application (0 cmH2O) and after. To determine the effect of F-actin on 

TRPV channel mechanotransduction during cell shrinkage, ∆N-TRPV1, TRPV4 and ∆N-

TRPV1/TRPV4 transfected cells were treated with CytD and subjected to 30 cmH2O 

(positive pressure). 
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3.6.1 Changes in F-actin alter the mechanoactivation of ∆N-TRPV1 

∆N-TRPV1, upon onset of positive pressure showed an initial large spike in current-

amplitude before returning to similar activity as it had presented before application of 

pressure (Figure 3.16A). However, this trend did not occur in all CytD treated ∆N-TRPV1 

recordings. Despite the initial spike in current, CytD treated ∆N-TRPV1 showed a 

decreased change in AUC compared to untreated ∆N-TRPV1, however, both showed an 

increase in AUC following application of positive pressure (Figure 3.6A and 3.16A). 

An upward trend in the change in NPo during pressure was identified in ∆N-TRPV1 

treated with CytD, however, this trend did not occur in all recordings (Figure 3.16C). ∆N-

TRPV1, when treated with CytD, still showed evidence of mechanical activation (Figure 

3.16B), but this was not as strong as evidence supporting mechanical activation during cell 

shrink of untreated ∆N-TRPV1 (Figure 3.5A and 3.6A). These differences between CytD 

treated and untreated ∆N-TRPV1 indicate, that while ∆N-TRPV1 was likely mechanically 

activated by positive pressure regardless of F-actin polymerisation, if F-actin is 

depolymerised by CytD then ∆N-TRPV1 will have a decrease in mechanosensitivity. So 

potentially, ∆N-TRPV1 may have interactions with the F-actin cytoskeleton.  
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Figure 3.16 The response of CytD treated ∆N-TRPV1 to the application of positive 

pressure 

A) Representative trace of the response of CytD treated ∆N-TRPV1 to positive pressure. 

Shows 5s before and 10s after application of pressure, application of pressure is 

represented by the purple arrow. B) The mean and SEM of the area under the curve was 

determined and graphed, p=0.0091. C) The NPo of the channel before and after pressure 

application was determined and graphed, p=0.1882 (n=3). p<0.05 was determined to be 

statistically significant 

At 0 cmH2O, CytD treated ∆N-TRPV1 appeared to be more active than untreated ∆N-

TRPV1. Interestingly the AUC decreased following negative pressure application in CytD 

treated ∆N-TRPV1 whereas when F-actin was not inhibited there was an increase in AUC 

(Figure 3.8A & 3.17B). There was an upward trend in change in NPo of CytD treated ∆N-

TRPV1, despite the change not being statistically significant (n=3) (Figure 3.17C). 

Untreated ∆N-TRPV1 however, exhibited no clear trend in change of NPo (Figure 3.7Aa). 
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Figure 3.17 The response of CytD treated ∆N-TRPV1 to the application of negative 

pressure 

A) Representative trace of the response of CytD treated ∆N-TRPV1 to negative pressure 

at 60mV. Shows 5s before and 10s after application of pressure, application of pressure is 

represented by the purple arrow. B) The mean and SEM of the area under the curve was 

determined and graphed, p<0.0001. C) The NPo of the channel before and after pressure 

application was determined and graphed, p=0.2855 (n=3). p<0.05 was determined to be 

statistically significant. 

3.6.2 Changes in F-actin alter the mechanically activation of TRPV4 

At 0cmH2O, CytD treated TRPV4 was mostly inactive or minimally active, but appeared 

to become more active under positive pressure. At 0 cmH2O current amplitude was 1.1pA, 

however, following pressure application there was a noticeable increase in current 

amplitude of TRPV4 (Figure 3.18A). This differs from untreated TRPV4, as at 0 cmH2O 

untreated cells have larger current amplitudes and appeared to be more active (Figure 

3.7B). Both untreated and CytD treated TRPV4 showed a statistically significant increase 

in AUC upon pressure application, however, the AUC of CytD treated TRPV4 overall was 

lower than that of untreated TRPV4 (Figure 3.8A and 3.18B). There was an upward trend 

in change in NPo for CytD treated TRPV4 (Figure 3.18C). 
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CytD treated TRPV4 verged on having statistical significance with p=0.05 whereas, 

p<0.05 being statistically significant (n=3) (shown in Figure 3.18C). The trend of an 

increase in NPo post pressure application was also observed in untreated TRPV4, 

although, untreated TRPV4 showed statistical significance (n=7) (Figure 3.7Bb).  

 

Figure 3.18 CytD treated TRPV4 is mechanically activated by positive pressure 

A) Representative trace of CytD treated TRPV4 5s before and 10s after application of +30 

cmH2O (positive pressure). Application of pressure represented by purple arrow. B) The 

mean and SEM of the area under the curve was determined and graphed, p=0.003. C) The 

NPo of the channel before and after pressure application was determined and graphed, 

p=0.05 (n=3). p<0.05 was determined to be statistically significant. 

CytD treated TRPV4 had minimal activity and a current amplitude of 1.9pA at 0 cmH2O 

(Figure 3.11B and 3.19A). There was a statistically significant increase in AUC following 

pressure application suggesting the potential for TRPV4 to be mechanically activated by 

negative pressure (Figure 3.19B). Untreated TRPV4 had no clear trend in change of NPo 

upon negative pressure application (n=7) (Figure 3.7Bb), however, CytD treated TRPV4 

appeared to have an upwards trend in NPo (n=4) (Figure 3.19C). The change in NPo 
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though, was not statistically significant. However, as CytD treated TRPV4 was largely 

inactive this resulted in traces with minimal activity majority of the time and lower NPo. 

Despite no statistical significance, observations from the traces and open probability of 

CytD treated TRPV4 suggested the potential for mechanical activation by negative 

pressure (Figure 3.19).  

 

 

Figure 3.19 CytD treated TRPV4 is potentially mechanically activated by negative 

pressure 

A) Representative trace of the response of CytD treated TRPV4 to negative pressure (-30 

cmH2O) at 60mV. Trace shows 5s before pressure application and 10s after, pressure 

application represented by purple arrow. B) The mean + SEM of the area under the curve 

was graphed to show the change between AUC before and after pressure application, 

p<0.0001. C) The open probability was determined before and after pressure and graphed, 

p=0.0901 (n=4). p<0.05 was deemed statistically significant. 
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3.6.3 The mechanosensitivity of putative ∆N-TRPV1/TRPV4 is increased 

by F-actin depolymerisation 

At 0 cmH2O CytD treated ∆N-TRPV1/TRPV4 was highly active and had a current-

amplitude of 3.3pA (Figure 3.13Aa and 3.20A). When positive pressure was applied to 

CytD treated ∆N-TRPV1/TRPV4 there was an increase in current and current-amplitude 

(Figure 3.20A). The channel activity of ∆N-TRPV1/TRPV4 at both 0 cmH2O and 

following application of pressure was larger than that of ∆N-TRPV1 and TRPV4 alone 

(Figure 3.16A and 3.18A). Unlike ∆N-TRPV1 and TRPV4, ∆N-TRPV1/TRPV4 appeared 

to maintain the change in AUC throughout the presence of pressure (Figure 3.16A, 3.18A 

and 3.20A). However, ∆N-TRPV1/TRPV4 did not exhibit the same spike in AUC upon 

application of pressure observed in ∆N-TRPV1 and TRPV4 (Figure 3.16A and 3.18A). 

Although overall, the AUC od ∆N-TRPV1/TRPV4 at both 0 cmH2O and 30 cmH2O was 

for CytD treated channels was larger than that of ∆N-TRPV1 and TRPV4, but smaller than 

the AUC of untreated ∆N-TRPV1/TRPV4 (Figures 3.7, 3.16, 3.18 and 3.20). 

The mechanotransduction of CytD treated ∆N-TRPV1/TRPV4 was determined using the 

NPo before and after pressure application. There was a statistically significant increase in 

NPo following pressure application for ∆N-TRPV1/TRPV4 (n=3), indicating potential 

mechanical activation of ∆N-TRPV1/TRPV4 (Figure 3.20C). This differs from untreated 

∆N-TRPV1/TRPV4 which had no clear trend in change in NPo and no statistical 

significance (n=5) (Figure 3.5Cc). The increase in the NPo and AUC for ∆N-

TRPV1/TRPV4 following pressure indicated that ∆N-TRPV1/TRPV4 was likely 

mechanically activated by cell shrinkage when F-actin is depolymerised. 
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Figure 3.20 CytD treated ∆N-TRPV1/TRPV4 showed an increased 

mechanosensitivity to positive pressure 

A) Representative trace of the response of CytD treated ∆N-TRPV1/TRPV4 to positive 

pressure. Shows 5s before and 10s after application of pressure, application of pressure is 

represented by the purple arrow. B) The mean and SEM of the area under the curve was 

determined and graphed, p=0.0002. C) The NPo of the channel before and after pressure 

application was determined and graphed, p=0.0022 (n=3). p<0.05 was determined to be 

statistically significant. 

CytD treated ∆N-TRPV1/TRPV4 was active at 0 cmH2O, but upon application of -30 

cmH2O pressure indicated an increase in current and an alteration of the activity of ∆N-

TRPV1/TRPV4 (Figure 21A). However, there was no statistical difference between the 

change of area under the curve before and after pressure application (Figure 3.21B). 

Despite this, ∆N-TRPV1/TRPV4’s mechanical activation when treated with CytD 

differed from that of the untreated group. The change in the AUC of ∆N-TRPV1/TRPV4 

upon application of negative pressure appeared to be larger in the CytD treated cells 

(Figures 3.7C and 3.21A and 3.21B). The difference in mechanical activation was also 

reflected by the NPo. CytD treated ∆N-TRPV1/TRPV4 had larger activity at 0 cmH2O 
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than untreated ∆N-TRPV1/TRPV4 (Figures 3.7Cc and 3.21C). CytD treated ∆N-

TRPV1/TRPV4 had an upwards trend in change in NPo, whereas the untreated group 

had a more stagnated NPo change. However, despite apparent greater changes to the 

open probability there was no statistical significance of mechanotransduction shown 

(n=3) (Figure 3.21C).  

 

 

Figure 3.21 CytD treated ∆N-TRPV1/TRPV4 showed potential mechanoactivation 

under negative pressure 

A) Representative trace of the response of CytD treated ∆N-TRPV1/TRPV4 5s before and 

10s after application of negative pressure. Pressure application represented by purple 

arrow. The results of this were evaluated using the mean and SEM of the area under the 

curve, p=0.0007 (B), and the change in open probability p=0.1176 (C) (n=3). p<0.05 was 

determined to be statistically significant. 

3.7 Summary of results 

Fluorescent imaging showed the co-localisation of ∆N-TRPV1 and TRPV4 in HEK293 

cells indicating the potential for ∆N-TRPV1/TRPV4 to form. Patch clamp experiments 

established that the electrophysiological properties and mechanical activation of ∆N-
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TRPV1, TRPV4 and ∆N-TRPV1/TRPV4 were altered when treated with CytD for 40 

minutes. Experiments investigating the response to positive pressure when F-actin is 

depolymerised by CytD indicated that for ∆N-TRPV1 and TRPV4 F-actin 

depolymerisation may decrease the sensitivity to mechanical interaction, and in the case of 

∆N-TRPV1 at -30 cmH2O result in a decrease in AUC indicating that the channel was 

potentially inactivated by stretch under these conditions. ∆N-TRPV1/TRPV4 was shown 

to have an increase in mechanically activation when F-actin was depolymerised. These 

results therefore indicate that the F-actin cytoskeleton could play a role in determining the 

electrophysiological characteristics and mechanotransduction of ∆N-TRPV1, TRPV4 and 

∆N-TRPV1/TRPV4. 
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4. Discussion 

4.1 Summary of results 

Evidence regarding the potential of ∆N-TRPV1 and TRPV4 subunits to combine to form a 

heteromer was indicated initially by proof that ∆N-TRPV1 and TRPV4 DNA could co-

localise in HEK293 cells. This evidence was further supported by the different channel 

activity, current amplitudes and conductance at 0 cmH2O which shared characteristics with 

∆N-TRPV1 and TRPV4. This indicated likely evidence of ∆N-TRPV1 and TRPV4 

subunits being able to combine to form a functional channel in a HEK293 cells. ∆N-

TRPV1 and TRPV4 were both shown to be mechanically activated by cell shrinkage, 

whereas putative ∆N-TRPV1/TRPV4 showed variable changes to mechanical activity 

during cell shrinkage. Neither ∆N-TRPV1, TRPV4 or ∆N-TRPV1/TRPV4 had any 

significant evidence to indicate mechanoactivation to cell swelling. 

F-actin depolymerisation was shown to reduce the current-amplitude and conductance of 

both homomeric and heteromeric ∆N-TRPV1 and TRPV4. Putative ∆N-TRPV1/TRPV4 

was shown to have an increase in mechanosensitivity to positive pressure but the 

mechanosensitivity of ∆N-TRPV1 and TRPV4 was decreased when F-actin was 

depolymerised. Observational evidence and the AUC also showed that TRPV4 and ∆N-

TRPV1/TRPV4 had the potential to increase mechanosensitivity whereas ∆N-TRPV1 

showed a decrease in AUC. 

4.2 Potential of ∆N-TRPV1 and TRPV4 to form heteromers 

TRPV1 and TRPV4 subunits were previously shown to be able to form heteromers with 

other TRP channels [70, 72, 73, 79-81]. However, there had previously been no published 

evidence regarding whether ∆N-TRPV1 and TRPV4 subunits could form a heteromer with 

each other. Previous studies into TRPV channels in MNCs regarding osmoregulation lead 
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to the theory that potentially a channel with properties from both ∆N-TRPV1 and TRPV4 

could form, accounting for smaller changes to osmolality. Osmolality results in changes to 

the cell volume which cause mechanosensitive channels to open [11, 31]. Therefore, in the 

determination of whether ∆N-TRPV1 and TRPV4 could form a heteromer, whether this 

channel is mechanosensitive would also have to be identified. 

4.2.1 Potential of ∆N-TRPV1 and TRPV4 to form heteromers 

TRPV subunits form a channel with a tetrameric configuration. Therefore, there are 

multiple combinations in which ∆N-TRPV1 and TRPV4 can combine. The possible 

combinations that could be formed following transfection could be homomeric ∆N-TRPV1 

or TRPV4, or heteromeric ∆N-TRPV1/TRPV4. ∆N-TRPV1 and TRPV4 could potentially 

combine to form a heteromer as ∆N-TRPV1 retains the C-terminal required for 

tetramerization. TRPV4, however, requires the N-terminal for tetramerization [8, 40, 55, 

71]. Different configurations of ∆N-TRPV1/TRPV4 could form channels that are activated 

in different ways. Different mechanisms of activation between different configurations 

could potentially result in different open probabilities and conductance depending on the 

configuration. 

4.2.2 Mechanotransduction of putative ∆N-TRPV1/TRPV4  

Previous studies indicated that ∆N-TRPV1 is activated by hyperosmolality [8, 32, 76] and 

TRPV4 by hypoosmolality [38, 68]. However, TRPV4 has also been shown to have the 

potential to respond to hyperosmolality in vivo [51, 67-69]. Although there is also evidence 

to suggest that the in vivo response to hyperosmolality depends more on TRPV1 than on 

TRPV4 [32]. Therefore, the putative ∆N-TRPV1/TRPV4 was hypothesised to be able to 

be mechanically activated by both hyperosmolality and hypoosmolality, otherwise known 

as cell shrink and cell swelling.  
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4.2.2.1 TRPV4 may not be directly mechanically activated 

In my study, interestingly, TRPV4 was mechanically activated by cell shrinkage but less 

so by cell swelling. Potentially, the reason that TRPV4’s mechanical activation differs 

from literature could be due to endogenous channels present in HEK293 cells. PEIZO is an 

endogenous channel in HEK293 cells which has been shown to be able to increase the 

mechanical sensitivity of TRPV4 channels [64, 82]. PEIZO itself is mechanosensitive 

which could confound the results as there is no way to tell whether a patch contains both 

TRPV4 and PEIZO or just TRPV4. These interactions could then therefore, allow for 

TRPV4 to be mechanically activated by cell shrinkage as well as cell swelling.  

TRPV4 can be activated through intracellular signalling through PKC [78]. Potentially, 

other endogenous channels in HEK293 cells could be activated, resulting in PKC 

signalling [78, 83]. This then could lead to secondary activation of TRPV4. Therefore, 

TRPV4 may not be directly mechanically sensitive meaning that ∆N-TRPV1/TRPV4 

could also not be mechanically sensitive.  

Activation by TRPV4 and putative ∆N-TRPV1/TRPV4 through secondary mechanisms 

such as alternative channels or signalling molecules may mean that different 

mechanotransduction could be observed in an MNC. MNC’s have more endogenous 

channels that may influence mechanotransduction than a HEK293 cell. Signalling to 

TRPV4 via secondary mechanisms could allow for tighter control of TRPV4 and putative 

∆N-TRPV1/TRPV4 in an MNC. Tighter control of TRPV4 and putative ∆N-

TRPV1/TRPV4 could allow for a more graded change in AVP release during osmolality 

changes in an MNC.  
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4.2.2.2 Different configurations of putative ∆N-TRPV1/TRPV4 may 

influence mechanotransduction 

Some forms of ∆N-TRPV1/TRPV4 seem to be more active than others, as during 

recordings ∆N-TRPV1/TRPV4 ranged from inactive to active to a degree in which either 

the seal was lost, or the recording had to be abandoned due to inability to ascertain current 

accurately. This led to the theory that ∆N-TRPV1/TRPV4 may potentially form into 

different configurations. 

As different assemblies of ∆N-TRPV1/TRPV4 could have different interactions with the 

cytoskeleton, plasma membrane or structural formation, this may result in some 

configurations producing mechanosensitive channels. This could result in a larger range of 

mechanosensitivity of the channel or the cell. ∆N-TRPV1 and TRPV4 have been shown to 

react to acute changes in osmolality and cell volume [34, 68, 76]. However, the majority of 

the time in the body, changes to osmolality or cell volume would be smaller. This can be 

safely assumed because even a small change in osmolality will induce a change in AVP 

secretion and body osmolality is tightly regulated [9, 11, 31]. The different possible 

configurations of ∆N-TRPV1/TRPV4 could potentially be able to respond to the smaller 

changes in osmolality and cell volume. This allows for a greater range of osmoregulation 

and tighter osmoregulation.  

4.3 The influence of F-actin on putative ∆N-TRPV1/TRPV4 channel 

activity 

Changes to osmolality induce changes to the cell cytoskeleton leading to the changes in the 

cell volume. The cytoskeleton is made up of actin and microtubules. MNC’s have been 

previously shown to have a unique actin cytoskeleton [21], this led to the focus on actin 

rather than microtubules. ∆N-TRPV1 and TRPV4 channels have both been previously 
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shown to have interactions with the F-actin which cause them to be mechanically activated 

by hyperosmolality [6, 34, 66, 76]. Therefore, as ∆N-TRPV1 and TRPV4 were shown to 

have interactions with F-actin, it was important to determine the influence of F-actin on 

putative ∆N-TRPV1/TRPV4. 

4.3.1 F-actin depolymerisation effect of putative ∆N-TRPV1/TRPV4 

formation 

The current amplitude of ∆N-TRPV1/TRPV4 under different holding voltages was altered 

when the actin was depolymerised. Interestingly, the current amplitude remained similar to 

cells with normal F-actin polymerisation at holding voltages between 40mV and 80mV but 

deviated at holding voltages from 0mV to -80mV. While the deviation could be due to 

changes to the channel itself, it could also be due to changes in the membrane and the 

membrane potential. Normally the resting membrane potential of a HEK293 cell is 

approximately − 24.4 ± 0.8 mV [84]. F-actin depolymerisation can cause the cells to 

become more fragile as they lack the cytoskeleton necessary to support them. This could 

make the cells more suspectable to leaks of current from the cell membrane. Leaks in the 

cell membrane could cause the ions in the bath solution and inside the cell to reach an 

equilibrium. If the ions reached equilibrium, then the net-flow of ions through the channel 

would change leading a change in the current. The change in the channel current could be 

more reflective of the electrical driving force of the channel. Therefore, might not be 

reflective of the true change that F-actin depolymerisation would have on ∆N-

TRPV1/TRPV4. 

However, despite potential changes to the flux of ions through the channel because of 

changes to the resting membrane potential. ∆N-TRPV1/TRPV4 retains the same current at 

holding voltages between 40mV and 80mV when F-actin is depolymerised as when it is 
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not. Therefore, despite the shift of current under negative holding voltages ∆N-

TRPV1/TRPV4 having the same current indicates that F-actin may not have a role in the 

assembly of ∆N-TRPV1/TRPV4.  

4.3.2 F-actin depolymerisation affects the mechanical activity of putative 

∆N-TRPV1/TRPV4 

There currently is no research regarding putative ∆N-TRPV1/TRPV4 or the role of F-actin 

in regulating it. Therefore, the cause of the results observed can only be hypothesised 

based on what is previously known about ∆N-TRPV1 and TRPV4. However, the 

mechanosensitivity and the effect of F-actin on it in ∆N-TRPV1 and TRPV4 may not be 

reflective of putative ∆N-TRPV1/TRPV4.  

Previous work showed the decrease of TRPV4 and ∆N-TRPV1 mechanosensitivity when 

F-actin is depolymerised, the putative ∆N-TRPV1/TRPV4 heteromer was expected to 

show the same decrease in mechanosensitivity. For both ∆N-TRPV1 and TRPV4, previous 

studies have shown that actin depolymerisation is correlated with decreased 

mechanosensitivity of the channels to hyperosmolality [6, 7, 35, 37]. However, in my 

study, ∆N-TRPV1/TRPV4 was observed to have an increase in mechanosensitivity to both 

cell shrink and cell swelling when F-actin is depolymerised.  

4.3.2.1 TRPV4 is connected to the cytoskeleton by MAP7 

Another possible reasoning is that MAP7 has been shown to be able to bind TRPV4 and 

link it to the cytoskeleton. The increase in response to cell swelling observed in CytD 

treated TRPV4 could therefore be due to MAP7 binding to microtubules when actin is 

inhibited.  
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4.3.2.2 Potential for F-actin to be involved in the mechanogating of ∆N-

TRPV1/TRPV4 

A theoretical explanation for the increased mechanosensitivity of ∆N-TRPV1/TRPV4 is 

that F-actin may be involved in the mechanogating of the channel. The reason for this 

hypothesis is due to the previously shown involvement of F-actin in the mechanical gating 

of TRPV4 [66]. As TRPV4 subunits would be part of ∆N-TRPV1/TRPV4, the difference 

in configuration of the channel could contribute to different interactions with F-actin. 

Therefore, instead of F-actin being involved in the mechanoactivation during cell swelling 

in TRPV4, its role could change to stabilising ∆N-TRPV1/TRPV4 under cell-shrink. 

Thereby, once F-actin is depolymerised, ∆N-TRPV1/TRPV4 can become more 

mechanosensitive to cell-shrink.  

An alternative explanation for the increased mechanosensitivity when F-actin is 

depolymerised is that when this occurs one configuration of ∆N-TRPV1/TRPV4 could 

become favoured over others. This is a potential explanation as the actin cytoskeleton is 

not only involved in mechanogating but also in the expression of channels on the cell 

membrane.  

4.3.2.3 Potential for F-actin to cause long-term adaptions of HEK293 

cells to cell shrinkage 

The expression and mechanoactivation of ∆N-TRPV1 has been shown to differ depending 

on whether hyperosmolality is prolonged or not. When the cell is only shrunken for a short 

period of time due to hyperosmolality the cell undergoes short-term adaptions. Short-term 

adaptions to cell volume changes involve PLCδ1, Pip2 and PKC. In the short-term PKC 

can increase the polymerisation of F-actin. The increase in PLCδ1, Pip2, PKC and F-actin 

then leads to an increase in the mechanosensitivity of ∆N-TRV1 [76, 77].  
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However, long-term adaptions involve the increase of action potential firing leading to an 

increase in vasopressin release. Other changes shown to occur in an MNC during long-

term adaptions to hyperosmolality include changes in the gene expression of ∆N-TRPV1, 

membrane density of channels and cell hypertrophy [77]. As cell hypertrophy would 

involve cell-swelling, TRPV4 would be expected to be more active under these conditions 

due to its sensitivity to cell swelling [34, 35, 38, 44, 66]. During long-term adaptions it has 

been suggested that ∆N-TRPV1 activation becomes less dependent on the cytoskeleton. If 

the long-term adaption to hyperosmolality is favoured, then the F-actin cytoskeleton would 

have less influence on ∆N-TRPV1/TRPV4 and its mechanoactivation more dependent on 

the activation of TRPV4 by cell hypertrophy. However, if acute pressure causing cell 

shrinkage is applied then ∆N-TRPV1 would become more active. This would overall lead 

to the increase in mechanosensitivity observed for ∆N-TRPV1/TRPV4 during both cell 

shrinkage and cell swelling. In an MNC, this increase in mechanosensitivity may have the 

potential to mediate an increase in AVP secretion during more minute changes to 

osmolality during prolonged hyperosmolality in vivo. 

4.4 Potential connection between F-actin and putative ∆N-

TRPV1/TRPV4 with hypertension 

The more probable cause of abnormal AVP release from an MNC is hypertension. 

Specifically, DOCA-salt-dependent and AngII dependent forms of hypertension which 

increase the density of F-actin. Evidence has suggested that hyperosmolality can induce a 

similar change in the F-actin polymerisation as AngII. Prolonged hyperosmolality and 

AngII-dependent hypertension have both been linked to mechanotransduction of ∆N-

TRPV1 through potential changes in the actin-cytoskeleton. DOCA-salt-dependent 

hypertension has also been linked to changes in the actin cytoskeleton, however, these are 

more involved in the mediation of TRPV4. 
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Due to evidence of increased ∆N-TRPV1 and TRPV4 mechanotransduction during actin 

stabilisation treatments and actin changes in hyperosmolality and hypertension [8, 14, 34, 

66, 76], ∆N-TRPV1/TRPV4 would be expected to also show an increase in 

mechanotransduction under these conditions.  

An increase in current or mechanosensitivity under these conditions of ∆N-

TRPV1/TRPV4 could be more of a long-term adaption than short-term. Short-term 

adaptions to cell volume changes involve PLCδ1, Pip2 and PKC all of which can cause 

depolarisation of ∆N-TRPV1 or TRPV4 contributing to their mechanosensitivity. 

However, long-term adaptions that occur during hypertension involve the increase of 

action potential firing leading to an increase in vasopressin release. Other changes shown 

to occur in an MNC during long-term adaptions to hyperosmolality include changes in the 

gene expression, membrane density of channels and cell hypertrophy [77]. As cell 

hypertrophy would involve cell-swelling, TRPV4 would be expected to be more active 

under these conditions due to its sensitivity to cell swelling [34, 35, 38, 44, 66]. ∆N-

TRPV1 however, has been shown to both have increased mechanosensitivity in response 

to increase in actin density by AngII [7, 14], alongside potentially increased translocation 

to the plasma membrane [77]. These two adaptions to increased actin-density could result 

in an increase of mechanoactivation by ∆N-TRPV1/TRPV4.  

4.5 Limitations 

4.5.1 Temperature 

The recordings were performed at room temperature (~25℃) whilst the channels would 

normally be active at 37℃ (normal body temperature). The difference in temperature is a 

limitation of the experiments as the temperature could have affected both the mechanical 

activation and IV curve. Both ∆N-TRPV1 and TRPV4 have been previously shown to be 
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temperature sensitive channels [8, 40, 83, 85] thus, making the optimal temperature for 

recordings even more important. However, due to equipment constraints it was not 

possible to conduct the experiments at the optimal temperature. This means that the results 

observed may not be physiologically relevant due to the effect of temperature on ∆N-

TRPV1 and TRPV4 potentially affecting mechanical activation and isosmotic activation 

[8, 40, 85, 86]. 

Temperature can influence the ionic gradients and therefore the membrane potential. This 

is seen partially in the Nernst equation (𝐸 =
𝑅𝑇

𝑍𝐹
ln

𝑖𝑜𝑛 𝑜𝑢𝑡

𝑖𝑜𝑛 𝑖𝑛
) Where T is equal to the 

temperature. Temperature here is important as it can change ionic gradients and ion 

concentrations. It can even cause dissociation of ions if it gets too high.  

4.5.2 Low n number 

The n number of the CytD experiments was low due to time constraints. The low n number 

could significantly affect the statistical results. There is the potential that the channels do 

not always act in the way seen in the three recordings done for each channel. This is 

particularly true regarding ∆N-TRPV1/TRPV4. The configuration the ∆N-TRPV1 and 

TRPV4 subunits form in will not always be consistent and some formations may result in 

channels that are not mechanically sensitive. The variable configuration of the subunits in 

∆N-TRPV1/TRPV4 potentially account for the variability in NPo before and after pressure 

seen in the untreated ∆N-TRPV1/TRPV4. 

4.5.3 HEK293 cells do not mimic MNCs 

While HEK293 cells have been previously used in studying TRPV channels, a HEK293 

cell does not accurately mimic an MNC. The differences between HEK293 cells and an 

MNC could result in changes of ∆N-TRPV1 and TRPV4 expression and activation.  
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There are differences between the different endogenous channels in the two cell types 

thereby allowing potential for difference in osmoregulation and ∆N-TRPV1 and TRPV4 

mechanosensitivity. HEK293 cells have no endogenous expression of ∆N-TRPV1 or 

TRPV4. However, HEK293 cells express mechanosensitive PIEZO. The response of 

HEK293 cells to positive and negative pressure was initially analysed and no change to the 

mechanoactivation of HEK293 cells was detected (data not shown). MNCs, however, have 

not been shown to express PIEZO but do express other endogenous channels such as 

TRPV2 and TRPV3.  

TRPV2 and TRPV3 have both been previously shown to be able to form heteromers with 

TRPV1 [71, 74, 79, 80]. Whilst heteromeric configurations for TRPV1/TRPV2 and 

TRPV1/TRPV3 were detected, the function of the channels in terms of mechanosensitivity 

is currently unknown. TRPV2 alone however, has been shown to be an osmo- and 

mechanosensitive channel. While interactions between these endogenous channels and 

∆N-TRPV1 and TRPV4 is unknown, interactions between the channels could change the 

mechanosensitive properties of ∆N-TRPV1, TRPV4 and ∆N-TRPV1/TRPV4. This could 

be due to further heteromerising with TRPV2 or TRPV3 subunits by ∆N-TRPV1, TRPV4 

and ∆N-TRPV1/TRPV4.  

In an MNC the resting membrane potential is between -50mV and -60mV [87] whereas 

HEK293 cells have a resting membrane potential of approximately − 24.4 ± 0.8 mV [84]. 

As these membrane potentials differ, it may result in the channels activation differing. This 

is because the membrane potential can influence the diffusion of ions through the channel 

and change the depolarisation of a channel. Therefore, the differing membrane potentials 

may result in a change to the response to mechanical stimuli as it may change the level of 

pressure required to activate the channel. 
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HEK293 cells also have a different structure of the actin filaments in the cytoskeleton 

compared to MNCs. As MNCs have a unique arrangement of their actin cytoskeleton [21, 

88] this could affect interactions between F-actin and ∆N-TRPV1, TRPV4 and ∆N-

TRPV1/TRPV4. This could change the response of these channels to cell shrink, cell 

swelling and actin depolymerisation in MNCs in vitro. 

Therefore, despite HEK293 cells being used in multiple studies in literature investigating 

TRPV channels, it must be noted that it is not the same as an MNC. An MNC could act 

different both in vitro and in vivo. This could result in changes to the mechanosensitivity, 

expression and activity of TRPV channels.  

4.5.4 Application of pressure through pipette 

In the present study, to test mechanoactivation, pressure was applied through the recording 

pipette. This application of pressure is different from the changes to osmolality that are 

causal of cell volume changes. The plasma membrane of a cell can become disrupted 

during cell-attached patch clamp recordings. The disruption of the plasma membrane can 

result in loss of the GΩ seal leading to an imbalance of ions across the plasma membrane. 

Application of pressure through the pipette in single channel recordings means that the 

pressure is directly acting on the cell and channel being tested. The direct action of the 

pressure to the cell or channels could potentially cause an increase in mechanosensitivity 

of ∆N-TRPV1, TRPV4 and ∆N-TRPV1/TRPV4. Normally changes to the cell volume 

occur during changes in osmolality. Changes in cell volume during osmolality would be 

slower and less direct than the application of pressure. This is because the cell will 

undergo a change in shape through internal mechanisms, such as altering the cytoskeleton 

or releasing H2O, whereas pressure acts more directly. 
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4.6 Future direction 

As the potential for ∆N-TRPV1 and TRPV4 to form into a heteromer is a recent discovery, 

there is no published literature regarding the potential of this channel to form. Therefore, 

further characterisation of ∆N-TRPV1/TRPV4 under isosmotic, hypoosmotic, and 

hyperosmotic stimuli would provide important insights into whether this heteromer could 

have a role in osmoregulation in MNCs.  

Once ∆N-TRPV1/TRPV4 is characterised in HEK293 cells, it would be important to 

record the response of isolated MNCs to hyperosmotic, hypoosmotic, and isosmotic 

conditions. Whether there is a correlation between ∆N-TRPV1/TRPV4 in HEK293 cells 

and the native isolated MNCs would be important in determining whether this channel has 

the potential to be expressed in vivo. The effect of TRPV2 on the potential ∆N-

TRPV1/TRPV4 would also be important to determine, as perhaps a heteromer of ∆N-

TRPV1/TRPV2/TRPV4 could form in MNCs allowing for regulation of a greater range of 

osmotic changes. 

Further investigation into how changes in F-actin and another cytoskeletal element, 

microtubules, alter the mechanosensitivity of putative ∆N-TRPV1/TRPV4 in HEK293 

cells and whether this is consistent with changes in MNCs. If a connection between F-actin 

and ∆N-TRPV1/TRPV4 can be confirmed, then further research could investigate the 

impact of hypertensive MNC actin stiffening on the activation of ∆N-TRPV1/TRPV4 in 

vivo and in vitro.  

In AngII-dependent and DOCA-salt dependent hypertension, the density of the F-actin 

cytoskeleton is generally reported to be stabilised and more actin polymerisation occurring 

[6, 7, 14, 21, 76]. Since ∆N-TRPV1/TRPV4 mechanosensitivity was shown to be 

increased when F-actin was decreased, the mechanism surrounding why this occurred 
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would be important to determine. The mechanism could provide insights into the control 

of AVP release during some forms of hypertension, potentially leading to a new 

therapeutic target for hypertension treatment.  
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5. Conclusion 

In conclusion, both ∆N-TRPV1 and TRPV4 showed larger changes to the channel 

conductance at both positive and negative holding potentials than the theoretical ∆N-

TRPV1/TRPV4 heteromer when F-actin is depolymerised. F-actin appears to reduce the 

mechanosensitivity of ∆N-TRPV1, TRPV4 and ∆N-TRPV1/TRPV4 to cell swelling, and 

the mechanosensitivity of TRPV4 and ∆N-TRPV1/TRPV4 to cell shrinking. The results of 

this study disproved my hypothesis as the mechanotransduction of ∆N-TRPV1/TRPV4 

was increased when F-actin was depolymerised. Due to this unexpected result more 

research into the relationship between F-actin and ∆N-TRPV1/TRPV4 is required to gain 

an understanding of why this result occurred. Whether this mechanoactivation would be 

seen in MNCs would also be important to investigate as their F-actin cytoskeleton is 

different to a HEK293 cells.  
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7. Appendix 

7.1 Full length TRPV1: 

>NM_080704.4 Homo sapiens transient receptor potential cation channel subfamily V 

member 1 (TRPV1), transcript variant 1 

Highlighted ATG indicates ∆N-TRPV1 start point. 

ATGAAGAAATGGAGCAGCACAGACTTGGGGGCAGCTGCGGACCCACTCCAAA

AGGACACCTGCCCAGACCCCCTGGATGGAGACCCTAACTCCAGGCCACCTCCA

GCCAAGCCCCAGCTCTCCACGGCCAAGAGCCGCACCCGGCTCTTTGGGAAGGG

TGACTCGGAGGAGGCTTTCCCGGTGGATTGCCCTCACGAGGAAGGTGAGCTGG

ACTCCTGCCCGACCATCACAGTCAGCCCTGTTATCACCATCCAGAGGCCAGGA

GACGGCCCCACCGGTGCCAGGCTGCTGTCCCAGGACTCTGTCGCCGCCAGCAC

CGAGAAGACCCTCAGGCTCTATGATCGCAGGAGTATCTTTGAAGCCGTTGCTC

AGAATAACTGCCAGGATCTGGAGAGCCTGCTGCTCTTCCTGCAGAAGAGCAAG

AAGCACCTCACAGACAACGAGTTCAAAGACCCTGAGACAGGGAAGACCTGTC

TGCTGAAAGCCATGCTCAACCTGCACGACGGACAGAACACCACCATCCCCCTG

CTCCTGGAGATCGCGCGGCAAACGGACAGCCTGAAGGAGCTTGTCAACGCCA

GCTACACGGACAGCTACTACAAGGGCCAGACAGCACTGCACATCGCCATCGA

GAGACGCAACATGGCCCTGGTGACCCTCCTGGTGGAGAACGGAGCAGACGTC

CAGGCTGCGGCCCATGGGGACTTCTTTAAGAAAACCAAAGGGCGGCCTGGATT

CTACTTCGGTGAACTGCCCCTGTCCCTGGCCGCGTGCACCAACCAGCTGGGCA

TCGTGAAGTTCCTGCTGCAGAACTCCTGGCAGACGGCCGACATCAGCGCCAGG

GACTCGGTGGGCAACACGGTGCTGCACGCCCTGGTGGAGGTGGCCGACAACA

CGGCCGACAACACGAAGTTTGTGACGAGCATGTACAATGAGATTCTGATGCTG

GGGGCCAAACTGCACCCGACGCTGAAGCTGGAGGAGCTCACCAACAAGAAGG

GAATGACGCCGCTGGCTCTGGCAGCTGGGACCGGGAAGATCGGGGTCTTGGCC

TATATTCTCCAGCGGGAGATCCAGGAGCCCGAGTGCAGGCACCTGTCCAGGAA

GTTCACCGAGTGGGCCTACGGGCCCGTGCACTCCTCGCTGTACGACCTGTCCT

GCATCGACACCTGCGAGAAGAACTCGGTGCTGGAGGTGATCGCCTACAGCAG

CAGCGAGACCCCTAATCGCCACGACATGCTCTTGGTGGAGCCGCTGAACCGAC

TCCTGCAGGACAAGTGGGACAGATTCGTCAAGCGCATCTTCTACTTCAACTTC

CTGGTCTACTGCCTGTACATGATCATCTTCACCATGGCTGCCTACTACAGGCCC

GTGGATGGCTTGCCTCCCTTTAAGATGGAAAAAACTGGAGACTATTTCCGAGT

TACTGGAGAGATCCTGTCTGTGTTAGGAGGAGTCTACTTCTTTTTCCGAGGGAT

TCAGTATTTCCTGCAGAGGCGGCCGTCGATGAAGACCCTGTTTGTGGACAGCT

ACAGTGAGATGCTTTTCTTTCTGCAGTCACTGTTCATGCTGGCCACCGTGGTGC

TGTACTTCAGCCACCTCAAGGAGTATGTGGCTTCCATGGTATTCTCCCTGGCCT

TGGGCTGGACCAACATGCTCTACTACACCCGCGGTTTCCAGCAGATGGGCATC

TATGCCGTCATGATAGAGAAGATGATCCTGAGAGACCTGTGCCGTTTCATGTT

TGTCTACATCGTCTTCTTGTTCGGGTTTTCCACAGCGGTGGTGACGCTGATTGA

AGACGGGAAGAATGACTCCCTGCCGTCTGAGTCCACGTCGCACAGGTGGCGG

GGGCCTGCCTGCAGGCCCCCCGATAGCTCCTACAACAGCCTGTACTCCACCTG

CCTGGAGCTGTTCAAGTTCACCATCGGCATGGGCGACCTGGAGTTCACTGAGA

ACTATGACTTCAAGGCTGTCTTCATCATCCTGCTGCTGGCCTATGTAATTCTCA

CCTACATCCTCCTGCTCAACATGCTCATCGCCCTCATGGGTGAGACTGTCAACA
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AGATCGCACAGGAGAGCAAGAACATCTGGAAGCTGCAGAGAGCCATCACCAT

CCTGGACACGGAGAAGAGCTTCCTTAAGTGCATGAGGAAGGCCTTCCGCTCAG

GCAAGCTGCTGCAGGTGGGGTACACACCTGATGGCAAGGACGACTACCGGTG

GTGCTTCAGGGTGGACGAGGTGAACTGGACCACCTGGAACACCAACGTGGGC

ATCATCAACGAAGACCCGGGCAACTGTGAGGGCGTCAAGCGCACCCTGAGCTT

CTCCCTGCGGTCAAGCAGAGTTTCAGGCAGACACTGGAAGAACTTTGCCCTGG

TCCCCCTTTTAAGAGAGGCAAGTGCTCGAGATAGGCAGTCTGCTCAGCCCGAG

GAAGTTTATCTGCGACAGTTTTCAGGGTCTCTGAAGCCAGAGGACGCTGAGGT

CTTCAAGAGTCCTGCCGCTTCCGGGGAGAAGTGA 

7.2 Human ∆N-TRPV1: 

New start point is at bp 925 (mRNA) of full length TRPV1, which cuts majority of the N-

terminal 

ATGTACAATGAGATTCTGATGCTGGGGGCCAAACTGCACCCGACGCTGAAGCT

GGAGGAGCTCACCAACAAGAAGGGAATGACGCCGCTGGCTCTGGCAGCTGGG

ACCGGGAAGATCGGGGTCTTGGCCTATATTCTCCAGCGGGAGATCCAGGAGCC

CGAGTGCAGGCACCTGTCCAGGAAGTTCACCGAGTGGGCCTACGGGCCCGTGC

ACTCCTCGCTGTACGACCTGTCCTGCATCGACACCTGCGAGAAGAACTCGGTG

CTGGAGGTGATCGCCTACAGCAGCAGCGAGACCCCTAATCGCCACGACATGCT

CTTGGTGGAGCCGCTGAACCGACTCCTGCAGGACAAGTGGGACAGATTCGTCA

AGCGCATCTTCTACTTCAACTTCCTGGTCTACTGCCTGTACATGATCATCTTCA

CCATGGCTGCCTACTACAGGCCCGTGGATGGCTTGCCTCCCTTTAAGATGGAA

AAAACTGGAGACTATTTCCGAGTTACTGGAGAGATCCTGTCTGTGTTAGGAGG

AGTCTACTTCTTTTTCCGAGGGATTCAGTATTTCCTGCAGAGGCGGCCGTCGAT

GAAGACCCTGTTTGTGGACAGCTACAGTGAGATGCTTTTCTTTCTGCAGTCACT

GTTCATGCTGGCCACCGTGGTGCTGTACTTCAGCCACCTCAAGGAGTATGTGG

CTTCCATGGTATTCTCCCTGGCCTTGGGCTGGACCAACATGCTCTACTACACCC

GCGGTTTCCAGCAGATGGGCATCTATGCCGTCATGATAGAGAAGATGATCCTG

AGAGACCTGTGCCGTTTCATGTTTGTCTACATCGTCTTCTTGTTCGGGTTTTCCA

CAGCGGTGGTGACGCTGATTGAAGACGGGAAGAATGACTCCCTGCCGTCTGAG

TCCACGTCGCACAGGTGGCGGGGGCCTGCCTGCAGGCCCCCCGATAGCTCCTA

CAACAGCCTGTACTCCACCTGCCTGGAGCTGTTCAAGTTCACCATCGGCATGG

GCGACCTGGAGTTCACTGAGAACTATGACTTCAAGGCTGTCTTCATCATCCTGC

TGCTGGCCTATGTAATTCTCACCTACATCCTCCTGCTCAACATGCTCATCGCCC

TCATGGGTGAGACTGTCAACAAGATCGCACAGGAGAGCAAGAACATCTGGAA

GCTGCAGAGAGCCATCACCATCCTGGACACGGAGAAGAGCTTCCTTAAGTGCA

TGAGGAAGGCCTTCCGCTCAGGCAAGCTGCTGCAGGTGGGGTACACACCTGAT

GGCAAGGACGACTACCGGTGGTGCTTCAGGGTGGACGAGGTGAACTGGACCA

CCTGGAACACCAACGTGGGCATCATCAACGAAGACCCGGGCAACTGTGAGGG

CGTCAAGCGCACCCTGAGCTTCTCCCTGCGGTCAAGCAGAGTTTCAGGCAGAC

ACTGGAAGAACTTTGCCCTGGTCCCCCTTTTAAGAGAGGCAAGTGCTCGAGAT

AGGCAGTCTGCTCAGCCCGAGGAAGTTTATCTGCGACAGTTTTCAGGGTCTCT

GAAGCCAGAGGACGCTGAGGTCTTCAAGAGTCCTGCCGCTTCCGGGGAGAAG

TGA 
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7.3 Human TRPV4 full length: 

>NM_021625.5 Homo sapiens transient receptor potential cation channel subfamily V 

member 4 (TRPV4), transcript variant 1 

Highlighted TCG indicates site of SPM. 

ATGGCGGATTCCAGCGAAGGCCCCCGCGCGGGGCCCGGGGAGGTGGCTGAGC

TCCCCGGGGATGAGAGTGGCACCCCAGGTGGGGAGGCTTTTCCTCTCTCCTCC

CTGGCCAATCTGTTTGAGGGGGAGGATGGCTCCCTTTCGCCCTCACCGGCTGA

TGCCAGTCGCCCTGCTGGCCCAGGCGATGGGCGACCAAATCTGCGCATGAAGT

TCCAGGGCGCCTTCCGCAAGGGGGTGCCCAACCCCATCGATCTGCTGGAGTCC

ACCCTATATGAGTCCTCGGTGGTGCCTGGGCCCAAGAAAGCACCCATGGACTC

ACTGTTTGACTACGGCACCTATCGTCACCACTCCAGTGACAACAAGAGGTGGA

GGAAGAAGATCATAGAGAAGCAGCCGCAGAGCCCCAAAGCCCCTGCCCCTCA

GCCGCCCCCCATCCTCAAAGTCTTCAACCGGCCTATCCTCTTTGACATCGTGTC

CCGGGGCTCCACTGCTGACCTGGACGGGCTGCTCCCATTCTTGCTGACCCACA

AGAAACGCCTAACTGATGAGGAGTTTCGAGAGCCATCTACGGGGAAGACCTG

CCTGCCCAAGGCCTTGCTGAACCTGAGCAATGGCCGCAACGACACCATCCCTG

TGCTGCTGGACATCGCGGAGCGCACCGGCAACATGAGGGAGTTCATTAACTCG

CCCTTCCGTGACATCTACTATCGAGGTCAGACAGCCCTGCACATCGCCATTGA

GCGTCGCTGCAAACACTACGTGGAACTTCTCGTGGCCCAGGGAGCTGATGTCC

ACGCCCAGGCCCGTGGGCGCTTCTTCCAGCCCAAGGATGAGGGGGGCTACTTC

TACTTTGGGGAGCTGCCCCTGTCGCTGGCTGCCTGCACCAACCAGCCCCACATT

GTCAACTACCTGACGGAGAACCCCCACAAGAAGGCGGACATGCGGCGCCAGG

ACTCGCGAGGCAACACAGTGCTGCATGCGCTGGTGGCCATTGCTGACAACACC

CGTGAGAACACCAAGTTTGTTACCAAGATGTACGACCTGCTGCTGCTCAAGTG

TGCCCGCCTCTTCCCCGACAGCAACCTGGAGGCCGTGCTCAACAACGACGGCC

TCTCGCCCCTCATGATGGCTGCCAAGACGGGCAAGATTGGGATCTTTCAGCAC

ATCATCCGGCGGGAGGTGACGGATGAGGACACACGGCACCTGTCCCGCAAGT

TCAAGGACTGGGCCTATGGGCCAGTGTATTCCTCGCTTTATGACCTCTCCTCCC

TGGACACGTGTGGGGAAGAGGCCTCCGTGCTGGAGATCCTGGTGTACAACAGC

AAGATTGAGAACCGCCACGAGATGCTGGCTGTGGAGCCCATCAATGAACTGCT

GCGGGACAAGTGGCGCAAGTTCGGGCCGTCTCCTTCTACATCAACGTGGTCTC

CTACCTGTGTGCCATGGTCATCTTCACTCTCACCGCCTACTACCAGCCGCTGGA

GGGCACACCGCCGTACCCTTACCGCACCACGGTGGACTACCTGCGGCTGGCTG

GCGAGGTCATTACGCTCTTCACTGGGGTCCTGTTCTTCTTCACCAACATCAAAG

ACTTGTTCATGAAGAAATGCCCTGGAGTGAATTCTCTCTTCATTGATGGCTCCT

TCCAGCTGCTCTACTTCATCTACTCTGTCCTGGTGATCGTCTCAGCAGCCCTCT

ACCTGGCAGGGATCGAGGCCTACCTGGCCGTGATGGTCTTTGCCCTGGTCCTG

GGCTGGATGAATGCCCTTTACTTCACCCGTGGGCTGAAGCTGACGGGGACCTA

TAGCATCATGATCCAGAAGATTCTCTTCAAGGACCTTTTCCGATTCCTGCTCGT

CTACTTGCTCTTCATGATCGGCTACGCTTCAGCCCTGGTCTCCCTCCTGAACCC

GTGTGCCAACATGAAGGTGTGCAATGAGGACCAGACCAACTGCACAGTGCCC

ACTTACCCCTCGTGCCGTGACAGCGAGACCTTCAGCACCTTCCTCCTGGACCTG

TTTAAGCTGACCATCGGCATGGGCGACCTGGAGATGCTGAGCAGCACCAAGTA

CCCCGTGGTCTTCATCATCCTGCTGGTGACCTACATCATCCTCACCTTTGTGCT

GCTCCTCAACATGCTCATTGCCCTCATGGGCGAGACAGTGGGCCAGGTCTCCA

AGGAGAGCAAGCACATCTGGAAGCTGCAGTGGGCCACCACCATCCTGGACAT
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TGAGCGCTCCTTCCCCGTATTCCTGAGGAAGGCCTTCCGCTCTGGGGAGATGG

TCACCGTGGGCAAGAGCTCGGACGGCACTCCTGACCGCAGGTGGTGCTTCAGG

GTGGATGAGGTGAACTGGTCTCACTGGAACCAGAACTTGGGCATCATCAACGA

GGACCCGGGCAAGAATGAGACCTACCAGTATTATGGCTTCTCGCATACCGTGG

GCCGCCTCCGCAGGGATCGCTGGTCCTCGGTGGTACCCCGCGTGGTGGAACTG

AACAAGAACTCGAACCCGGACGAGGTGGTGGTGCCTCTGGACAGCATGGGGA

ACCCCCGCTGCGATGGCCACCAGCAGGGTTACCCCCGCAAGTGGAGGACTGAT

GACGCCCCGCTCTAG 
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