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The capsaicin receptor (vanilloid receptor I, transient receptor potential vanilloid 1
or TRPV I) is a member of the transient receptor potential (TRP) family of proteins.
This cation channel is sensitive to a range of inflammatory mediators such as some
lipoxygenase products, as well as the tussive agents capsaicin, resiniferatoxin and
protons. It has been proposed that TRPV I is a cough receptor and may be important
in airways inflammation.
Rat TRPVI (rTRPVI) and human TRPVI (hTRPVl) permanently expressing cell
lines were generated and successfully characterised by agonist triggered changes in
intracellular calcium levels. Thapsigargin and/or removal of extracellular calcium
revealed that, both rTRPVI and hTRPVI are not only expressed on the cell surface
but on thapsigargin sensitive and insensitive intracellular stores respectively.
Citric acid, an agent routinely used in the clinic for inhalation cough challenges, was
investigated for its ability to activate TRPVl permanently expressed in a cell line.
rTRPV I was activated by citric acid in a concentration and pH dependent manner.
Citric acid activation of TRPVI was inhibited by iodoresiniferatoxin but not
capsazepine. Mutation of the TRPVI putative proton binding site (E648 to A648)
abolished citric acid activation of the channel without reducing the capsaicin evoked
response. Thus, citric acid activates rTRPV I by a proton dependent mechanism.
The role of N-linked glycosylation and sialylation on rTRPVI and hTRPVI was
investigated. Treatment of rTRPVl with neuraminidase or tunicamycin dramatically
reduced the channels' maximal responses to capsaicin. In addition mutation of the
rTRPVI N-linked glycosylation site (N604 to Q604) or expression ofrTRPVI in the
glycosylation mutant cell line, Lec2, also resulted in a striking reduction in the
receptors' maximal calcium response to capsaicin. Flow cytometry data indicated
that these differences in TRPVI function were unlikely to be linked to differences in
receptor cell surface expression. Human TRPV I also displayed significant reductions
in responsiveness to capsaicin following either neuraminidase or tunicamycin
treatment. Thus, receptor sialylation regulates TRPVI activation by capsaicin.
Finally, TRPVI expression on human primary bronchial fibroblasts (HPBF) was
investigated. Negligible endogenous TRPVI expression was detected in HPBF.
Interestingly, the inflammatory mediators tumour necrosis factor (TNF-a),
lipopolysaccharide (LPS) and interleukin Ia (IL-Ia) all induced TRPVI expression
in HPBF, as assessed by RT-PCR, flow cytometry and calcium signalling. TRPVI
functional expression was observed as early as 6 hrs (for TNF-a) post challenge and
remained elevated upto the final time point tested (96 hrs for IL-Ia). Thus, TRPVI
may play an important role in the inflammatory process.
In conclusion, TRPV I may play an important role in conditions where cough and
inflammation have been implicated.
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Chapter 1
General Introduction

1

General Introduction

1.1 Cough
Cough is the most common respiratory symptom and reason for seeking medical help
(Morice et aI., 2004). In the UK alone, there are approximately 4.5 million primary
health care consultations per year for cough (Morice et aI., 2001). Cough can be a
symptom of numerous conditions and can be an important defence mechanism
preventing mucus and potentially harmful agents from entering the lower airways.
However, in some circumstances cough can be detrimental and can often be sociably
debilitating.

Coughing can produce some unwanted side effects including

exhaustion, insomnia, muscular pain, hoarseness, excessive perspiration, vomitting
and urinary incontinence (Irwin et aI., 1998). Cough can be described as acute, with
a duration of less than three weeks, subacute lasting three to eight weeks or chronic,
lasting longer than eight weeks (Irwin and Madison, 2000).

1.1.1 Main Conditions Causing Cough
The common cold is often followed by a cough and this is the main cause of acute
cough (Irwin et aI., 1998). Chronic cough can be caused by a number of different
conditions, the most prevalent being asthma, gastro-oesophageal reflux (GOR), and
post nasal drip syndrome (PNDS) (Palombini et aI., 1999). There are a number of
other conditions which characteristically cause cough including chronic bronchitis,
pulmonary fibrosis and bronchiectosis. Asthma is possibly one of the most common
causes of chronic cough and indeed in cough-predominant asthma, cough is the only
symptom in some patients (Corrao et aI., 1979).
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The mechanism by which GOR causes cough is not fully understood yet, however it
is thought that aspiration of stomach contents into the larynx and tracheobronchial
tree or irritation of fibres of the lower oesophagus may be important (Everett and
Morice,2004). Aspiration of stomach contents into the airways could cause cough in
two ways, firstly by mechanical stimulation of airway nerve fibres or by chemical
stimulation due to the low pH of stomach acids (Everett and Morice, 2004).
Symptoms ofthis disorder other than cough include heartburn, acid regurgitation and
a bitter taste.

PNDS or rhinitis can be characterised by the sensation of 'something running down
the back of the throat' (Morice, 2004). It is thought to be caused by secretions from
the nose and sinuses dripping down onto the pharynx and mechanically triggering the
cough reflex. However it has been hypothesised that it is actually the aspiration of
the PNDS secretions from the pharynx to the larynx which triggers the cough reflex
because cough cannot be stimulated mechanically or chemically below the larynx
(Morice, 2004).

1.1.1 The Cough Reflex.

The cough reflex begins by stimulation of ion channels and receptors expressed on
afferent or sensory nerves found in the airway epithelium (Irwin et aI., 2000). After
stimulation, impulses are passed along these afferent nerves to the vagus nerve and to
the cough centre in the brain (see Figure 1.1). There are three different types of
afferent nerves that may be involved in mediating cough (Irwin et aI., 2000). The
first, are the myelinated, rapidly adapting pulmonary stretch receptors (RARs, or
3
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irritant receptors or A8 fibres), which have been shown to mediate cough by both
mechanical and chemical stimulation (Irwin et aI., 2000).

Unlike the RARs, the

second type of afferent nerves, the myelinated, slowly adapting pulmonary stretch
receptor (SAR) do not respond to irritants, but instead may be important in
increasing the expiratory muscular effect, making the cough more forceful (Irwin et
aI., 2000).

The unmyelinated C-fibres are the third type of nerves.

These are

subdivided into two groups depending on their location in the airways, either the
bronchial C-fibres, found in the airway wall, or the pulmonary C-fibres, located in
the alveolar wall (Karlsson and Fuller, 1999). Current understanding suggests that
bronchial C-fibres are more likely to be involved in the cough reflex due to their
location and the fact that they can be triggered by tussive agents (Karlsson and
Fuller, 1999). C-fibres can release neuropeptides such as substance P and calcitonin
gene-related peptide in response to irritation or inflammation (Carr and Undem,
2001) (see Figure 1.1).

Responses from the afferent neurons are conducted to the cough centre by the vagus
nerve. The exact mechanisms of the cough reflex are poorly understood and it is still
unclear whether there is actually a discreet cough centre in the CNS (Karlsson and
Fuller, 1999). However it is understood that afferent messages are sent to a region
near the nucleus of the tractus solitarius, where a cough response may be coordinated in the medulla oblongata (Irwin et aI., 2000, Karlsson and Fuller, 1999).
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Myelinated
RARs.
Mediate cough by
mechanical
and
chemical stimulation.

Vagus
Nerve
Unmyelinated C-fibres.
Can be activated by
citric acid and capsaicin.
Can
also
release
neuropeptides.

Myelinated SARs.
Do not respond to
irritants. May increase
the muscular effect of
cough.
Smooth
Muscle

Figure 1.1.

Epithelium

Afferent Fibres of the Cough Reflex.

Lumen

Myelinated RARs can be

activated by both mechanical and chemical stimulation such as citric acid.
Unmyelinated C-fibres can be activated by TRPVI agonists citric acid and capsaicin.
C-fibres can also release neuropeptides such as substance P and calcitonin generelated peptide (circles). Myelinated SARs do not respond to irritants but may make
the cough response more forceful.
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The final stages of the cough reflex response involve efferent fibres.
spinal nerves which lead to the respiratory muscles.

These are

The efferent fibres send

messages to the respiratory skeletal muscles initiating the action of coughing. This
involves a deep intake of breath, closure of the glottis and activation of the
respiratory muscles. This is followed by an explosive exhalation of air. The cough
ends with relaxation of the respiratory muscles and fe-opening of the glottis
(Karlsson and Fuller, 1999). This important defence mechanism is still not fully
understand and many questions have still to be answered before cough can be treated
effectively. One such question is how are irritants in the airways detected in order to
provoke cough?

It is understood that chemicals are detected by sensory nerve

endings, which have been named "cough receptors" (Irwin et aI., 1998), however it is
still unclear what the proteins are that actually initiate the afferent pathway of the
cough reflex. The first clue came with the identification of a new family of channels,
the transient receptor potential (TRP) channels.

1.2 The TRP Channels
The first Transient Receptor Potential channel (TRP) was identified in the
Drosophila eye (Hardie and Raghu, 2001, Hotta and Benzer, 1969). The protein was
identified when mutant flies were shown to lack a calcium entry channel causing a
transient light-induced current (LIC) in response to light rather than the continuous
LIC seen in wild type drosophila. This calcium entry channel was called 'Transient
Receptor Potential'. Since then, many more structurally related TRP channels have
been identified in other species including humans (Wes et aI., 1995, Zhu et aI., 1995,
6
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McKemy et aL , 2002, Sun et aL , 2000, Di Palma et aI ., 2002, Story et aL , 2003 Sidi
et al. , 2003 , Walker et al. , 2000, Gonzalez-Perrett et aI., 2001 , Mochizuki et aI.,
1996, Caterina et al. , 1997, Hayes et al. , 2000). All the TRP channels have six
transmembrane spanning domains with a hydrophobic loop between domains five
and six (see Figure 1.2). It is believed that up to four of these receptors interact to
form heteromeric or homomeric structures (Kuzhikandathil et a1. , 2001 , Kedei et aI.,
2001 , Murakami et a1. , 2003 , Rosenbaum et aL , 2002, Strubing et a1. , 2003, Hellwig
et aL , 2005)

This group of channels has been divided into famil ies on the basis of

sequence homology, transient receptor potential canonical (TRPC), transient receptor
potential melastatin (TRPM), transient receptor potential vanilloid (TRPV), transient
receptor potential mucolipin (TRPML)

transient receptor potential polycystin

(TRPP), transient receptor potential Al (TRPAl) and transient receptor potential
(where

1

stands for no mechanoreceptor potential C or nompC, TRPNl).

N - _ ____
Figure 1.2. Predicted structure of TRP channels. The structure of all the TRP
family members is similar however the length of the

- and C-terminal chains can

differ greatly. The blue region represents the P-Ioop (see section 1.4.2).
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1.2.1 TRPC
The TRPC or canonical group of TRP proteins is made up of seven mammalian
channels, named TRPC1 to 7. TRPC1 shares approximately 40% homology with the
first Drosophila phototransduction TRP channel found in the Drosophila eye,
making the TRPC family the most closely related group to the Drosophila channel
(Wes et aI., 1995, Zhu et aI., 1995). The TRPC family are thought to be store
operated calcium channels (Xu and Beech, 2001, Vazquez et aI., 2004).

1.2.2 TRPM
The TRPM or melastatin group contains TRP channels with the longest coding
sequences. Currently eight of these channels have been identified and have been
named TRPM1 to 8. TRPM8 has recently been identified as the cold and menthol
receptor (CMR1) (McKemy et ai., 2002). The receptor is activated by temperatures
in the range of 19 to 24°C and compounds known to produce a cooling sensation in
particular menthol and icilin (McKemy et ai., 2002).

1.2.3 TRPML
TRPML or mucolipin group of TRP channels is currently known to contain three
members. The first to be identified and cloned was TRPML1 (or mucolipin). The
gene encoding this channel was found to be mutated in patients suffering from
Mucolipidosis type IV, a developmental disease which can affect the brain, sight and
digestive functions (Sun et ai., 2000, LaPlante et ai., 2002). TRPMLl is thought to
be involved in calcium transport and may be involved in exocytosis of late
endosomes and lysosomes (LaPlante et ai., 2002).
8
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TRPML2 and 3 have been cloned but are not yet well characterised (Di Palma et aI.,
2002).

TRPML3 can be found in hair cells and mutations, as seen in varitint-

waddler mice, may cause hearing loss and pigmentation abnormalities (Oi Palma et

aI.,2002).

1.2.4 TRPA
Currently the TRP A family consists of just one channel, the non selective cation
channel, TRP A 1. This channel is activated by temperatures in the range of about 12
to 24°C (Story et aI., 2003), allicin (the active component of garlic) (Macpherson et
aI., 2005), isothiocyanates (the pungent components of mustard, horseradish and
wasabi) and tetrahydrocannabinol (THC, the psychoactive component of marijuana)
(Jordt et aI., 2004).

TRPAI has been found not only on ORGs but also, like

TRPML3, on hair cells and thus may have a role in mechanosensitivity and the
detection of sound (Story et aI., 2003, Corey et aI., 2004).

1.2.5 TRPN
TRPN or no mechanoreceptor potential C (nompC) group is currently also composed
of just one channel. The channel is also found on hair cells, however to date it has
only been detected on drosophila, C. Elegans and the ear hair cells of zebra fish (Sidi
et aI., 2003, Walker et aI., 2000). Currently, no TRPN channels have been found in
mammals. TRPN consists of the classical six transmembrane domains found in TRP
channels along with 29 ankyrin repeats (Walker et aI., 2000). TRPN is thought to be
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involved in hearing and perception of other mechanical stimuli (Walker et ai., 2000,
Sidi et ai., 2003).

1.2.6 TRPP
The TRPP or polycystin family consists of eight structurally related members all
grouped because they are believed to be involved in polycystic kidney disease
(Pedersen et ai., 2005). The exact mechanisms by which TRPPs cause polycystic
kidney disease is not yet fully understood (Gonzalez-Perrett et ai., 2001). TRPP2,
TRPP3 and TRPP5 are all structurally related to the other TRPs in that they all
consist of six transmembrane domains, however they do not possess the ankyrin
repeat domain (Mochizuki et ai., 1996). TRPP 1 however does not conform to the
classical TRP channel structure as it consists of eleven transmembrane domains. The
last six transmembrane domains of TRPP 1 do however show similarities to the
transmembrane domains ofTRPP2 (Sandford et ai., 1997). It is thought that TRPPI
and TRPP2 can interact to form heteromers. TRPPI is necessary for localisation of
TRPP2 to the cell surface and TRPP2 affects the ability of TRPP 1 to activate G
proteins (Delmas et ai., 2004)

1.2.7 TRPV
Much has been learnt about the TRPV or vanilloid subfamily of TRP channels in the
last few years. There are currently six known TRPV channels named TRPV 1 to 6.
TRPVI (Vanilloid Receptor I, TRPVI), which is the focus of this project, was the
first of this family to be discovered and cloned by Caterina and colleagues (Caterina
et ai., 1997). It responds to vanilloids such as capsaicin, which is known to provoke
10
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cough, as well as resiniferatoxin, pH below 5.9, phorbol esters, some lipoxygenase
products and temperatures above 43°e (see Table 1.1). Activators and regulators of
TRPVl are covered in more detail later. In addition to TRPV1, three vanilloidreceptor-like proteins (VRL) have been identified, TRPV2, TRPV3 and TRPV4
(formally known as VRL 1, 3 and 2 respectively). Rat and human TRPV2 share 49%
and 66% homology with rat TRPVl respectively at the amino acid level and does not
respond to capsaicin, acid or moderate heat, but is activated by high temperatures of
approximately 52°e (Caterina et aI., 1999) (see Table 1.1). TRPV3 responds to
temperatures in the range of 22 to 40°C (Xu et aI., 2002, Smith et aI., 2002) and
TRPV4 also known as VR-OAC (Vanilloid Receptor-related osmotically active
channel or VRL-2) is an osmotically regulated channel (Liedtke et aI., 2000).
TRPV5 and 6 are both highly selective for calcium and sense intracellular calcium
concentrations (Nilius et aI., 2000, Peng et aI., 1999, Vennekens et aI., 2000). The
activity of these channels increases at low intracellular calcium concentrations,
which suggests they may be important in calcium homeostasis (Vennekens et aI.,
2000, Vue et aI., 2001, Peng et aI., 1999, Muller et aI., 2000). Table 1.1 summarises
the current known activators and inhibitors of the TRPV channels.
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Receptor

TRPVI

TRPV2
(VRL-l CRC)
TRPV3
(VRL-3)
TRPV4
(VRL-2
VR-OAC)

Inhibitors

Activators
Capsaicin and other vanilloids,
NADA
pH below 5.9,
noxious heat (above 43°C),
phorbols,
lipids including anandamide and
some lipoxygenase products.
Noxious heat (above 53°C)
Regulated by IGF-l
Heat -20-40°C
Camphor

References

Capsazepine,
ruthenium red,
iodoresiniferatoxin

(Hayes et aI., 2000, Caterina et aI., 1997, Tominaga et ai.,
1998, Wahl et aI., 2001)

Ruthenium red

(Caterina et aI., 1999, Kanzaki et ai., 1999)

-

(Smith et aI., 2002, Xu et aI., 2002, Moqrich et aI., 2005)

Ruthenium red,
Warm temperature -27°C-34°C
3+, La3+
Gd
Osmotically sensitive,
mechanosensitive?
TRPV5
Constitutively active (activity
Ruthenium red,
(ECACl)
increased by low intracellular
Econozole,
Cu 2+, Pb 2+, Cd 2+, Mg2+, Gd 3+, La3+
[Ca2+])
TRPV6
Constitutively active (activity Xestospongin,
(ECAC2
increased by low intracellular La3+
CaTl)
[Ca2+]),
Store depletion
Table 1.1. The current known activators and inhibitors of the TRPV channels.

(Wissenbach et ai., 2000, Strotmann et ai., 2000, Liedtke
et aI., 2000, Delany et aI., 2001)
(Hoenderop et aI., 2002, Hoenderop et aI., 1999, Muller
et aI., 2000, Peng et aI., 2000, Nilius et aI., 2001, Nilius et
aI., 2000, Vennekens et aI., 2000, Vennekens et aI., 2001)
(Wissenbach et aI., 2001, Peng et aI., 1999, Yue et aI.,
2001, Vassilev et aI., 2001)
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1.3 TRPVl
1.3.1 Cloning TRPV1.
Caterina and colleagues first cloned rat TRPVl (rTRPV1) in 1997 (Caterina et aI.,
1997). cDNA from a rat dorsal root ganglia (DRG) library was expressed in human
embryonic kidney cells (HEK293).

Screening of the cells to isolate capsaicin

sensitive candidates was performed using fluorescent microscopy with the calcium
indicator dye, Fura 2 (Caterina et aI., 1997). The findings were confirmed using
whole-cell voltage-clamp analysis. Figures 1.2 and 1.3 shows the predicted structure
of the TRPVI (Caterina et aI., 1997). Rat TRPVI cDNA contains an open reading
frame of 2,514 nucleotides encoding 838 amino acids and has 16 exons and 15
introns.

The protein folds to produce six membrane-spanning domains with a

hydrophobic loop between domains five and six (Caterina et aI., 1997) (Figure 1.2
and Figure 1.3).

1.3.2 Cloning Human TRPVI (hTRPVl)
Since rat TRPV I was cloned, human TRPV I has also been isolated and cloned
(Hayes et aI., 2000). The human receptor shares 92% homology with the rat receptor
at the amino acid level and has an open reading frame of 2,517 base pairs. Human
TRPV 1 is located on chromosome 17 at position p 13 and has IS exons and 14
introns (Hayes et aI., 2000). The receptor responds in a similar way to the rat variant
to heat, pH and capsaicin, although the human receptor has a lower acid threshold
than rTRPVI (Hayes et aI., 2000, McIntyre et aI., 2001, Cortright et aI., 2001). Like
rTRPVI, anandamide is a full agonist of hTRPVl and capsazepine and ruthenium
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red act as antagonists, however, these two compounds are more potent at
antagonising hTRPVl than rTRPVl (McIntyre et aI., 2001, Smart et aI., 2000).

1.3.3

Distribution of TRPV 1.

TRPVl was first identified in dorsal root ganglia and trigeminal ganglia (Caterina et
aI., 1997).

In addition, using immunostaining techniques, TRPVl expressing

neurons have been found in various regions of the brain including all cortical areas
(Mezey et ai., 2000). High levels of expression of rTRPVl were located in the
kidney, pancreas, placenta and in DRG. Hayes et al showed using quantitative PCR,
that hTRPVl was expressed in low levels, uniformly in all the tissues tested but was
most highly expressed in DRG (Hayes et aI., 2000).

Capsaicin sensitive cells are also present in some non-neuronal tissues.

These

include mast cells, where stimulation leads to calcium influx and subsequent release
of interleukin-4, a proinflammatory cytokine (Biro et ai., 1998b), and rat C6 glioma
cells (Biro et ai., 1998a). TRPVl has also been detected in cultured normal human
epidermal kertainocytes, rat skeletal muscle cells, rat urothelial cells, human airway
smooth muscle cells and more recently human dental pulp fibroblasts (Inoue et ai.,
2002, Denda et aI., 2001, Mezey et aI., 2000, Birder et aI., 2001, Mitchell et aI.,
2005, Miyamoto et ai., 2005, Xin et aI., 2005).

TRPVl was primarily thought to be located on the plasma membrane, however
recent findings show TRPV 1 is also located on the endoplasmic reticulum (Karai et
aI., 2004, Olah et aI., 2001 b, Wisnoskey et aI., 2003, Liu et aI., 2003, Jahnel et aI.,
2001). TRPVI expressed on internal stores are also activated by capsaicin and
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resiniferatoxin and can be blocked by capsazepine (Karai et ai., 2004, Olah et ai.,
2001b, Wisnoskey et ai., 2003, Liu et ai., 2003). Interestingly, it has recently been
shown that TRPV 1 is expressed on rat skeletal muscle but mainly on the
sarcoplasmic reticulum (Xin et aI., 2005). Only small amounts were detected on the
plasma membrane (Xin et aI., 2005).

1.4 Structure of TRPVl
1.4.1 Ligand Binding Site
Locating the actual capsaicin recognition domain of TRPV 1 proved difficult due to
the lipophilic nature of capsaicin. Capsaicin consists of three reactive groups, a
homovanillic acid, an amide bond and an aliphatic chain.

The two hydrophilic

regions, the homovanillic acid and amide bond are capable of forming hydrogen
bonds where as the aliphatic chain reacts by hydrophobic interactions (Jung et aI.,
2002). Application of capsaicin to the intracellular and extracellular sides of patch
excised TRPVl expressing cells produced identical responses (Caterina et aI., 1997).
However application of the hydrophilic salt form of a synthetic capsaicin analogue,
DA-5018'HCI, to both sides of the membrane provoked a response only from the
cytosolic side suggesting that the capsaicin binding site is cytosolic (lung et aI.,
1999). The exact location of the capsaicin binding domain was further narrowed
down by Jordt and Julius (lordt and Julius, 2002). By sub domain exchange from
rTRPVl to chicken and other TRPV channels, Jordt and Julius demonstrated
capsaicin induced currents in these otherwise capsaicin insensitive channels. They
suggested that the vanillyl moiety of capsaicin interacted with an aromatic amino
acid on the cytosolic face of the plasma membrane such as tyrosine 511 (see Figure
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1.3). They also suggested that polar residues may be necessary to form hydrogen
bonds with capsaicin such as serine 512 and arginine 491. All these interactions are
necessary for capsaicin interaction and form a vanilloid binding pocket on the loop
between transmembrane domains two and three (lordt and Julius, 2002). Jung et al
performed further mutagenesis studies again with rTRPV 1 and found two more
amino acids important in capsaicin evoked responses (lung et al., 2002).

They

showed mutation of R114 and E761 on the cytosolic N and C terminals respectively
to neutral or oppositely charged amino acids caused the channel to exhibit reduced
sensitivity to both capsaicin and resiniferatoxin compared to the wild type. They
suggested that these two amino acids constituted binding sites for the hydrophilic
portions of capsaicin and the region identified by Jordt et al formed the hydrophobic
binding site and together these sites form the capsaicin binding pocket (Jordt and
Julius, 2002, Jung et al., 2002) (see Figure 1.3).

1.4.2 P-Loop
The P-Ioop is situated between the fifth and sixth transmembrane spanning segments
(see Figure 1.3). This region contains four acidic residues, E636, D646, E648 and
E651.

Garcia-Martinez and colleagues (2000) neutralised these residues to

determine the effect on the channel ion selectivity and blockage by non-competitive
antagonists. Neutralisation of D646 with N lowered the receptor's sensitivity to
Ruthenium Red blockage and reduced Mg2+ permeability (Garcia-Martinez et al.,
2000). However further investigation is required to determine the exact function and
mechanisms ofP-loop regulation.
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1A.3 TRP Domain.
The TRP domain is a conserved region found on many TRP channels following the
sixth transmembrane domain (see Figure 1.3). In TRPV1 it incorporates amino acids
E684 to R721. The function of this highly conserved region was unknown until
recently it was suggested it may play a role in multimerisation of TRP channels
(Garcia-Sanz et ai., 2004). Deletion of this region resulted in channels which failed
to form functional multimers however purified TRPVl C-terminus was able to form
multimers. Therefore the TRP domain may have a role in TRP channel homo or
hetero dimerisation (Garcia-Sanz et aI., 2004).

lA.4 Ankyrin Repeats

TRPVl like many of the other TRP channels contains ankyrin repeats (Wes et ai.,
1995, Story et ai., 2003, Caterina et ai., 1997, Walker et ai., 2000). Ankyrin repeats
were named after 24 of the subunits were discovered in the protein ankyrin (Lux et
ai., 1990).

Around 3000 different ankyrin repeats from more that 400 different

proteins have been identified (Sedgwick and Smerdon, 1999).

Although the

sequence of the approximately 33 amino acids that make up the ankyrin repeat can
vary between proteins, several residues are conserved in order to maintain the
distinct ankyrin repeat folding. The ankyrin repeat folds to form a

~

hairpin followed

by two a helices running in antiparallei. This is linked directly to the

~

hairpin of the

second ankyrin repeat and it is thought that in order to form a stable structure more
than one ankyrin is required (Gorina and Pavletich, 1996). Interestingly, TRPVI has
three ankyrin repeats and it is thought that TRP A 1 has 14 ankyrin repeats and TRPN
has an unusual 29 ankyrin domains (Caterina et aI., 1997, Walker et aI., 2000, Story
et aI., 2003). The exact role of these domains is still undeciphered, however it is
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thought that they may be involved in protein-protein interactions (Mosavi et aI.,
2004).

1.4.5 Glycosylation
N-linked glycosylation is a protein post translational modification whereby a high
mannose core oligosaccharide is added to the asparagine residue of the amino acid
sequon NXS/T (where X is any amino acid except proline) by an N glycosidic bond
(see chapter 4) (Kornfeld and Kornfeld, 1985). Both rat and human TRPVI have
one potential glycosylation site at N604 with glycosylation sequons N-N-S and N-DS respectively (see Figure 1.3).

Preliminary studies indicate that rTRPVl is

expressed in both glycosylated and unglycosylated states (Rosenbaum et aI., 2002,
Wirlmer et aI., 2005, Jahnel et aI., 2001, Kedei et aI., 2001). However there are
currently conflicting data regarding the effects glycosylation has on channel function.
One study by Rosenbaum and colleagues suggested removal of the glycosylation site
had no effect on channel function (Rosenbaum et aI., 2002) whereas Wirlmer and
colleagues showed a reduction in the maximum capsaicin evoked response and a
reduction in the EC so following loss of the glycosylation site (Wirkner et aI., 2005).
It is possible that glycosylation of TRPV 1 is of importance because of the location

near the pore region of the channel and indeed glycosylation has been shown to
affect the function of other ion channels such as the voltage-gated sodium channels
(Cronin et aI., 2005) However a detailed study investigating the role of glycosylation
in regulating TRPV I pharmacology has yet to be performed.

Sialylation may also have an important role in TRPV 1 function. In the trans golgi,
sialic acid can be added to the terminal residue of N-linked glycans. Sialic acid has
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previously been shown to affect the function of other ion channels including Kv 1.1, a
potassium channel of the shaker family and the voltage gated sodium channel
(Thornhill et aI., 1996, Johnson et aI., 2004). It was thought that sialic acid affected
the local electric field detected by Kv1.1 and sialic acid directly appeared to affect
channel gating of the voltage gated sodium channel (Johnson et aI., 2004, Thornhill
et aI., 1996).

Therefore sialylation may also be important for TRPVl function,

which to date has yet to be investigated.
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Figure 1.3. Predicted structure of TRPVl including potential sites of regulation
or agonist interaction.
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1.4.6

Dimerisation.

It is widely believed now that all the TRP channels are capable of forming

multimers. Kedei et af (2001) showed, using co-immunoprecipitation of differently
tagged

TRPV 1

monomers,

perfluoro-octanoic

acid

polyacrylamide

gel

electrophoresis and chemical cross linking that TRPV1 forms multimers. TRPVl
becomes covalently cross-linked spontaneously in the presence of TRPV1 agonists,
probably through

transglutaminases.

The

multimers

formed

are

usually

homotetrameric (Kedei et aI., 2001). This finding has been confirmed recently by
Hellwig and colleagues (Hellwig et aI., 2005). However, experiments have shown
that TRPV3, which responds to temperatures in the range of 20-40°C, but not
capsaicin, is able to associate with TRPV 1 (Xu et aI., 2002, Smith et aI., 2002).
Kuzhikandathil et af (2001) produced a mutant TRPV 1 which did not respond to
capsaicin and when co-expressed with wild type TRPV 1 prevented the wild type
channel from functioning normally. Their results further supported the theory that
TRPV1 homodimerises (Kuzhikandathil et aI., 2001). Sensory neurons may express
many variations of these heterologous receptors, allowing them to respond to a wide
variety of stimuli.

1.5 Regulation ofTRPVI Activity
1.5.1 Heat.
TRPVl can be activated directly by temperatures above approximately 43°C
(Caterina et aI., 1997, Tominaga et aI., 1998).

The exact mechanism of heat

activation is not yet fully understood, however it is thought that the C terminal end of
TRPV1 is important (Vlachova et aI., 2003). Deletions of up to 42 amino acids from
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the C terminal of the rat channel resulted in a lowering of the TRPV 1 temperature
threshold by up to 9°C without causing much effect on the proton or capsaicin
induced responses (Vlachova et aI., 2003). Ethanol, between 0.1 and 3% has also
been shown to

lower temperature threshold for TRPVl to approximately 34°C

(Trevisani et aI., 2002). This may explain the warm sensation felt after consuming
alcohol.

1.5.2 Protons.
Tominaga et al suggested that pH works synergistically to lower the temperature at
which TRPVl is activated (Tominaga et aI., 1998).
temperature TRPVl is inactive.

Therefore, at normal body

When the pH is lowered (below pH5.9), for

example during tissue injury and inflammation, TRPV 1 can be active at temperatures
as low as room temperature.

The TRPV 1 specific antagonist capsazepine inhibits

proton activation of hTRPVl and guinea pig TRPVl but not rTRPVl (Gavva et aI.,
2005a, McIntyre et aI., 2001, Savidge et aI., 2002).

Phillips and colleagues

demonstrated that amino acids in transmembrane domains three and four were
important for these species differences and by mutation ofrTRPVl domains 1514M,
V518L and M547L to the human equivalents, they showed that capsazepine could
inhibit rTRPVl responses to protons (Phillips et aI., 2004).

However the more

potent antagonist iodoresinifertoxin inhibits the proton mediated TRPVl response of
both hTRPVl and rTRPVl (Seabrook et aI., 2002, Gavva et aI., 2005a).

Site directed mutagenesis has provided evidence for proton binding sites. These sites
have been identified as glutamic acid residues 600 and 648, which are located either
side of the pore forming loop between the fifth and sixth transmembrane domains
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(lordt et aI., 2000) (see Figure 1.3). TRPVl with a mutation at position 600 (E600Q)
exhibited increased sensitivity to capsaicin and heat when compared to the wild type
channel (lordt et aI., 2000). The responses to capsaicin and heat in E600Q mutants
mimic those of the wild type channel under acidic conditions suggesting that this site
may be responsible for regulating thresholds to noxious stimuli in response to
extracellular proton concentration. Mutations at position 648, (E648A and E648Q)
decreased the effects of protons on TRPVl activation without significantly altering
the effects of heat and capsaicin on the channel (lordt et aI., 2000).

1.5.3 Tissue Injury
Bradykinin (BK) and Nerve Growth Factor (NGF) are produced during tissue injury
and increase the sense of pain by sensitising sensory nerve endings to noxious
stimuli. Bradykinin may elicit its effect in two different ways, firstly by release of
arachidonic acid a precursor to 12-(S)-hydroperoxyeicosatetraenoic acid (12-(S)HPETE) which has been shown to activate TRPVl (Hwang et aI., 2000) (see section
1.5.9) and secondly though the second messenger pathway leading to release of
TRPV 1 from phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2) inhibition.

BK and NGF activate specific receptors, BK2 a G-protein coupled receptor and
tyrosine kinase (TrkA) respectively resulting in PLC stimulation. PLC catalyses the
hydrolysis of PtdIns(4,5)P2 to inositol (1,4,5)trisphosphate (Ins(I,4,5)P3) and 1,2diacylglycerol (DAG). Under normal circumstances TRPVl activity is reduced by
bound PtdIns(4,5)P2 therefore hydrolysis of this molecule releases TRPV 1 from this
repression leading to receptor sensitisation (Chuang et aI., 2001) (see Figure 1.4). A
Ptdlns(4,5)P2 binding site has been located in the C-terminal cytoplasmic domain of
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TRPVl (between amino acids 777 and 820) (Prescott and Julius, 2003) (see Figure
1.3). By mutating this region, causing weaker PtdIns(4,5)P2 binding, the capsaicin
and temperature threshold for TRPVI was reduced, however, by replacing this
region with a lipid-binding domain from PtdIns(4,5)p2-activated inward rectifier
potassium (IRK) channel, the resultant mutant TRPVl channel showed only small
currents in response to capsaicin (Prescott and Julius, 2003).

The pathway described above is thought to cause TRPVl sensitisation due to tissue
injury. As mentioned earlier (see section 1.5.2) extracellular protons are generated
during tissue injury. Therefore tissue injury can act in two ways in order to sensitise
the TRPV1, firstly by releasing NGF and bradykinin, leading to PLC activation and
PtdIns(4,5)P2 hydrolysis and secondly by releasing protons, which lowers the TRPVl
threshold for heat activation (again section 1.5.2) (Tominaga et aI., 1998).

1.5.4 Protein Kinase C
Evidence is mounting to suggest that TRPV 1 can also be sensitised through
phosphorylation by Protein Kinase Ca (PKC) (Olah et aI., 2002, Premkumar and
Ahem, 2000, Vellani et aI., 2001). PKC can be activated by DAG (produced by
hydrolysis of PtdIns(4,5)P 2 by PLC, see section 1.5.3).

Phorbol esters, such as

phorbol 12-myristate 13-acetate (PMA) and phorbol 12,13-dibutyrate (PDBu) are
thought to be TRPV 1 agonists, however they may not directly cause opening of
TRPVl channels. Instead it is believed that phosphorylation of the channel by PKC
causes sensitisation thus lowering the threshold for activation by TRPVl agonists
such as phorbol esters (Vellani et aI., 2001).

The following potential PKC
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phosphorylation sites have been identified: S800, S502 and T704 (Bhave et aI., 2003,
Numazaki et aI., 2002) (see Figure 1.3).

1.5.5 Protein Kinase A
Continuous or repeated exposure to capsaicin (but not resiniferatoxin) causes channel
desensitisation or tachyphylaxis possibly by a rapid rise in intracellular calcium
levels (Docherty et aI., 1996, Piper et aI., 1999, Toth et aI., 2005). There is now
mounting evidence that cyclic AMP-dependent protein kinase A (PKA) can also
regulate TRPVl by preventing desensitisation (Mohapatra and Nau, 2003, Bhave et
aI., 2002).

Therefore dephosphorylation is associated with desensitisation.

Phosphorylation of specific sites such as S 116 and T370 reduces desensitisation
however the full mechanism is only beginning to be understood (Mohapatra and Nau,
2003, Bhave et aI., 2002) (see Figures 1.3 and 1.4).

1.5.6 Calmodulin and Calcium-Calmodulin Dependent Protein Kinase II
Calmodulin is a sensor of intracellular calcium levels.

When cytosolic calcium

levels rise above 500 nM the protein binds up to four calcium ions and then activates
various proteins preventing further calcium entry. TRPVI is desensitised by rapid
increases in intracellular calcium following activation (Docherty et aI., 1996, Piper et
aI., 1999, Toth et aI., 2005). It has been suggested calmodulin can interact directly
with TRPV 1 to inactivate the channel in a feedback mechanism, preventing an overinflux of calcium into the cell (Numazaki et aI., 2003, Rosenbaum et aI., 2004).
However, there is dispute over where this interaction occurs (either between amino
acids 761 and 801 (Numazaki et aI., 2003) or 189 and 222 (Rosenbaum et aI., 2004»
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if at all. The sites of interaction proposed so far, although disrupt channel function,
do not conform to known calmodulin binding sites and may cause inhibition of
function by some other mechanism (Numazaki et aI., 2003, Rosenbaum et aI., 2004).

lung et al have suggested another mechanism of TRPVl desensitisation (lung et aI.,
2004). This involves two enzymes, the protein phosphatase, calcineurin and the
protein kinase, Calcium-Calmodulin Dependent Protein Kinase II (CaMKII).
Dephosphorylation by calcineurin causes desensitisation, whereas phosphorylation
by CaMKII is required for activation. lung et al suggested that phosphorylation was
required before ligand binding can occur (lung et aI., 2004).

Both enzymes are

controlled by calcium signalling and lung et al proposed two mechanisms to explain
TRPVl regulation by the two opposing enzymes. Firstly, once activated, the channel
is rapidly dephosphorylated by calcineurin. CaMKll is activated more slowly and
rephosphorylates the channel, returning it to a state ready for ligand binding.
Secondly, they suggested the two enzymes possessed different calcium sensitivities
or affinities to calmodulin (lung et aI., 2004).

Mutagenesis studies provided

evidence of potential sites of CaMKII phosphorylation sites, S502 and T704 (Jung et
aI., 2004).
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Figure 1.4. The proposed mechanisms of TRPVI regulation. Bradykinin and
GF activate specific receptors, BK2 a G-protein coupled receptor (G) and tyrosine
kina e (TrkA) re pectively resulting in PLC stimulation and arachidonic acid (AA)
relea e. TRPVl (blue crown) can be sensitised (thick arrow) by PLC hydrolysis of
In (l ,4,5)P3 (lP3) or phosphorylation (P) by PKC or activated by lipoxygenase (LO)
products (red triangle). Phosphorylation by PKA and CaMKll sensitises the channel
wherea dephosphorylation by calcineurin desensitises TRPVl .

27

General Introduction

1.5.7 ATP
Kwak et al (2000) have shown that ATP modulates TRPVl activity and increases the
capsaicin induced activity of the receptor (K wak et aI., 2000). In the absence of
magnesium, which is essential for kinase activity, the modulated capsaicin response
of TRPVl to ATP was still observed, therefore Kwak et al concluded that this
modulation is not mediated by phosphorylation of TRPV 1. These findings were
confirmed by the replacement of ATP by non-hydrolysable ATP analogues
suggesting therefore, that ATP interacts directly with TRPVl. Using single point
mutations, potential ATP binding sites were identified as D178 and K735 (see Figure
1.3). Intracellular ATP is normally at a high concentration (4-5 mM) therefore, the
receptor is in the ATP bound state and thus under normal physiological conditions
the receptor is already positively regulated (K wak et aI., 2000). It is not until ATP
levels drop that ATP loss causes a reduced capsaicin response.

1.5.8 Anandamide
Anandamide (Arachidonylethanolamide) is derived from archadonic acid and has
been identified in the porcine brain (Devane et aI., 1992). It is an agonist for the
cannabinoid receptor but it is believed that this compound is also an endogenous
mammalian TRPVl ligand (Zygmunt et aI., 1999, Smart et aI., 2000, De Petrocellis
et aI., 2001, Devane et aI., 1992). This ligand is thought to mediate vasodilation via
the TRPVl receptor and causes CORP and SP release from neuronal tissue (Tognetto
et aI., 2001, Zygmunt et aI., 1999). The effect of anandamide on TRPVl can be
blocked by capsazepine and enhanced by PKA activation (De Petrocellis et aI., 2001,
Smart et aI., 2000, Zygmunt et aI., 1999)
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Figure 1.5. Chemical structure of anandamide.

1.5.9 Lipoxygenase Products
Lipoxygenase products are structurally related to anandamide and are derived from
arachadonic acid. These compounds are formed during inflammation (Samuelsson,
1983).

Hwang et al (2000) showed that some lipoxygenase products activated

TRPV 1, producing currents similar to those produced by capsaicin in both sensory
neurons and cloned TRPVl expressed in HEK cells (Hwang et al., 2000). 12-(S)HPETE and IS-(S)-HPETE produced the greatest TRPVI activity and channel
activation by these compounds could be inhibited by capsazepine. Hwang et al also
suggested that the three dimensional structure of 12-(S)-HPETE, in the energy
minimised state, superimposes the three dimensional structure of capsaicin (Hwang
et al., 2000).

Shin et al demonstrated that the 12- lipoxygenase pathway occurs within sensory
neurons (Shin et al., 2002) resulting in the production of 12-(S)-HPETE and
subsequent TRPV 1 activation. BK is known to release arachidonic acid along with
other lipids as a direct result of tissue injury in sensory neurons (Shin et al., 2002,
Thayer et al., 1988). Lipoxygenases use archidonic acid to produce lipoxygenase
products such as 12-(S)-HPETE (see Figure 1.4). Therefore BK can cause TRPVl
activation during tissue injury by release of arachidonic acid and by causing the
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hydrolysis of PtdIns(4,5)P 2 reducing TRPVl inhibition (see section 1.5.3) (Shin et
aI., 2002, Chuang et aI., 2001, Prescott and Julius, 2003).

1.5.10 N-Arachidonoyl-Dopamine (NADA).
NADA is another lipid derived compound, which contains a vanillyl moiety (see
Figure 1.6) and is found in the nervous system. This is the first TRPV 1 endogenous
ligand which shows potency similar to capsaicin in rTRPVl and hTRPVl (Huang et
aI., 2002).
TRPV I

The canabinoid receptor, CBI, is also activated by NADA, however

responses

to

the

ligand

can

be

blocked

by

capsazepine

and

iodoresiniferatoxin (Huang et aI., 2002, Bisogno et aI., 2000). The TRPVI response
to NADA can be enhanced by PKC phosphorylation of the channel and Premkumar
et al suggested that NADA was capable of stimulating PKC because repeated

application of the lipid potentiated the channels response to its agonists in a PKC
dependent

manner.

N-palmitoyl- and N-stearoyl-dopamine

(PALDA and

STEARDA), are structurally related to NADA and are also found in bovine and rat
nervous tissue, but show no TRPVl activating properties.

However hTRPVl

overexpressed in HEK cells exhibit enhanced responses to NADA following
pretreatement with PALDA or STEARDA (De Petrocellis et al., 2004)

o

~OH

N~OH

H

Figure 1.6. Chemical structure ofNADA.
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1.6 Role of TRPVl
In humans expression ofTRPVl has been seen throughout the body although highest
expression appears to be in the ORG (Hayes et ai., 2000). TRPVl may therefore
have numerous roles throughout the body.

1.6.1 Pain Perception
It has long been recognised that eating chilli peppers or applying raw chillies or the

active component, capsaicin, to the skin causes a burning sensation.

Since the

channel was first cloned, it is now recognised that capsaicin is acting on the same
channel that is activated by temperatures above the physiological range (>43°C) and
low pH (Caterina et ai., 1997), hence activation of TRPV1 causes a burning
sensation, similar to that experienced during inflammation. Repeated application of
capsaicin to the skin, although initially causes pain followed by enhanced sensitivity
to painful stimuli, ultimately results in pain relief. Pain relief caused by TRPV 1
desensitisation is thought to occur by direct regulation of the channel as described in
section 1.5 or by depletion of neuropeptides from the nerve terminal or even through
loss of capsaicin sensitive afferents (Nolano et ai., 1999, Simone et ai., 1998).
Topical capsaicin is therefore used to treat a variety of painful conditions including
arthritis, diabetic neuropathy and even headaches (Mason et ai., 2004).

1.6.2 Gastrointestinal Tract CGIT)
The GIT has the highest abundance of nerve cells after the brain (Holzer, 2002). It is
therefore not surprising that some of the nerves in the GIT are capsaicin sensitive,
TRPV1 expressing fibres, responsible for detecting noxious stimuli (Ward et aI.,
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2003). TRPVl in the gut may also be involved in peristalsis (Facer et aI., 2001).
TRPVI has been implicated in inflammatory bowl disease (IBD). Immunostaining
has indicated TRPVl may be upregulated in nerve fibres of colonic tissue of IBD
patients compared to normal tissue (Yiangou et aI., 2001). Thus new therapies for
painful inflammatory bowl diseases could be targeted towards TRPV I.

1.6.3 Urinary Tract
TRPVI mRNA and protein have been identified in the urinary tract of humans and
rats along with TRPM8, the cold and menthol receptor (see section 1.2.2) (A velino et
aI., 2002, Birder et aI., 2001, Stein et aI., 2004). The exact role of these channels in
the urinary tract is not fully understood but it is postulated that they function to
control body temperature by causing excretion of fluid (Stein et aI., 2004). Further,
using TRPV I knockout mice it also appears that TRPV 1 may be involved in
detecting bladder distension (Birder et aI., 2002). This theory is further substantiated
because capsaicin and resiniferatoxin have successfully been used to treat bladder
overactivity. Intravesical capsaicin or resiniferatoxin appears to increase the bladder
capacity at which micturition occurs (Lazzeri et aI., 1997, Geirsson et aI., 1995,
Giannantoni et aI., 2002, Cruz et aI., 1997) suggesting desensitisation of TRPVl
sensitive neurons in the bladder prevents early micturation.

1.6.4 Airways
TRPV 1 has been identified in the airways of both humans and guinea pigs by
immunostaining (Watanabe et aI., 2005, Mitchell et aI., 2005). It in now believed
that TRPVI is one of the cough receptors (Anderson, 2004, Morice and Geppetti,
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2004). TRPVl is activated by acids, capsaicin and resiniferatoxin (Caterina et aI.,
1997) all of which are known to cause cough, indeed, capsaicin and resiniferatoxin
are the most potent tussive agents known (Laude et aI., 1993). Moreover, in guinea
pigs, cough induced by citric acid or capasaicin can be reduced by pre-treatment with
the TRPVl specific antagonists iodoresiniferatoxin and capsazepine (Trevisani et aI.,
2004). Inflammatory mediators such as bradykinin and nerve growth factor are also
known to sensitise TRPVl (see section 1.5.3). Bradykinin and protons are released
into inflamed airways and NOF is elevated in asthmatic lungs (Hwang and Oh, 2002,
Bonini et aI., 1996) and may therefore play an important role in sensitising TRPVl in
the airways. As discussed earlier these inflammatory mediators all act via specific
pathways to sensitise TRPV 1, lowering the threshold at which the receptor responds
to activators such as lipoxygenase products like 12-(S) HPETE. These lipoxygenase
products are known to be released from airway epithelial cells (Holtzman, 1992,
Hwang et aI., 2000). Activation of TRPVl in the airways leads to the generation of
an action potential causing the release of Substance P and calcitonin gene-related
peptide (CORP) ultimately resulting in smooth-muscle contraction, an important
symptom of asthma.

It therefore appears that TRPV 1 may be important in the

airways with roles in the cough reflex and inflammatory disorders such as asthma.

1. 7 Working Hypothesis
TRPV 1 may be important in asthma and cough stimulation.

There is little

understanding of how irritants are sensed in the airways provoking cough. TRPVI is
a promising target as it is sensitive to capsaicin and other inflammatory mediators
which are known to cause coughing. It is our overall hypothesis that TRPV 1 plays a
pivotal role in provoking cough in respiratory disease.

To this aim, this thesis
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focuses on I) accessing the ability of agents known to induce cough to activate
TRPVI, 2) the molecular determinants that may alter TRPVI susceptibility to
activation and 3) the ability of mediators detected in respiratory inflammation to
regulate the cellular expression of TRPV 1 in human primary bronchial fibroblasts
(HPBF).

1.8 Aims

I. Clone and express rat and human TRPVl
2. Pharmacologically characterise the TRPVl permanently expressing cell lines
3. Determine the ability of citric acid to activate TRPVI
4. Investigate the role of N-linked glycosylation in regulating TRPVI expression
and function
5. Determine whether inflammatory mediators can induce functional expression of
TRPVI in HPBF.
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2.1 Introduction
Since TRPVl was first cloned, there have been a plethora of studies published
discussing the various agonists, antagonists and regulators of both rat and human
TRPVl (Caterina et aI., 1997, Hayes et aI., 2000). It is now well established that
TRPV 1 is activated by a variety of naturally occurring compounds.

The best

documented TRPVl specific agonist and perhaps even the reason for the channels
discovery, is capsaicin, the active component of chilli pepers (Caterina et aI., 1997)
(see Figure 2.1). It is now known that piperine the pungent extract of black pepper is
also a TRPVl specific agonist (McNamara et aI., 2005) along with zingerone which
is found in garlic (Witte et aI., 2002). Resiniferatoxin is the most pungent TRPV 1
specific agonist and is found in the latex of the Moroccan cactus-like plant,

Euphorbia Resinifera (see Figure 2.1).

There are a number of commercially available competitive TRPVl specific
antagonists.

The two best characterised are capsazepine and the more potent

iodoreiniferatoxin. Iodoresiniferatoxin is structurally similar to resiniferatoxin but is
synthesised by iodination of the phenol ring (see Figure 2.1) (Wahl et aI., 2001).

Recently a number of studies have shown that TRPVl is expressed not only on the
plasma membrane but also on the membrane of some internal stores (Karai et aI.,
2004, Liu et aI., 2003, Olah et aI., 200lb, Turner et aI., 2003, Wisnoskey et aI.,
2003). Using confocal microscopy Olah and colleagues were able to localize the
intracellular staining of rTRPVl to the endoplasmic reticulum (Olah et aI., 2001 b).
More detailed investigations have revealed that the intracellular rTRPVl channel
signals in response to TRPV 1 specific agonists and can be blocked by capsazepine
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(Karai et aI., 2004, Liu et aI., 2003, Turner et aI., 2003, Wisnoskey et aI., 2003).
Reports on the exact location of intracellular rTRPVl are still confusing.
Thapsigargin is an inhibitor of endoplasmic reticulum calcium ATPases (Wictome et
aI., 1992). This causes depletion of calcium from the endoplasmic reticulum and is
therefore a useful tool in determining whether calcium released from intracellular
stores is from specific thapsigargin sensitive organelles.

Currently, however the

literature on whether rTRPV I is on thapsigargin sensitive stores is conflicting (Karai
et aI., 2004, Liu et aI., 2003, Turner et aI., 2003, Wisnoskey et aI., 2003). At the
moment all work done on intracellular TRPV 1 appears to have been carried out on
the rat channel and no investigation of intracellular hTRPVI has been done (Karai et
aI., 2004, Liu et aI., 2003, Turner et aI., 2003, Wisnoskey et aI., 2003, Olah et aI.,
2001 b).

This chapter describes the cloning and characterisation of both rat and human
TRPVl. rTRPVI has been cloned from rat dorsal root ganglia (DRG) and hTRPVI
has been cloned from MRC5 cDNA. Both channels were permanently expressed in
HEK293 cells and characterised using known TRPVI agonists.

A comparison

between intracellular rTRPVI and hTRPVI has also been made.
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2.2 Materials and Methods

2.2.1

Reagents and Materials

Primers were purchased from either Sigma Genosys, Pampisford, Cambridgeshire,
UK or MWG Biotechnology, Ebersberg, Germany.

PCR purification kits, gel

extraction kits, RNeasy mini kits, plasmid isolation kits, Hot Start Taq DNA
polymerase, Omniscript RT PCR kits and Proof Read Taq DNA polymerase were all
bought from Qiagen, Crawley, West Sussex, UK. The rapid DNA ligation kit was
bought from Roche, Lewes, East Sussex, UK.

The Quick Change site directed

mutagenesis kit and competent E. coli were supplied by Stratagene, Amsterdam, The
Netherlands. Random primers (N6), dNTPs, lipofectAMINE, and the mammalian
expression vector pcDNA3 were bought from Invitrogen, Paisley, UK.

All

restriction enzymes and their respective buffers as well as the NEB DNA polymerase
were obtained from New England Biolabs, Hitchin, Hertfordshire, UK.

Fluo-3

acetoxymethyl ester was purchased from Cambridge Biolabs, Cambridge UK and
later from Invitrogen, Paisley, UK. Penicillin/streptomycin, FCS, DMEM, sodium
pyruvate and geneticin (G418) were all bought from Gibco, Paisley, UK. All other
chemicals and reagents were purchased from Sigma-Aldrich, Poole, Dorset, UK.
Juvenile, male Sprague Dawley rats (Charles River's CD Rats) were supplied by
Charles Rivers, Margate, Kent, UK.
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2.2.2 Cloning of Rat TRPVl
2.2.2.1 Rat DRG Isolation
Sprague Dawley Rats were housed and kept in accordance with the UK Home Office
code of practice for the housing and care of animals used in scientific procedures.
Juvenile, male Sprague Dawley rats (three to five weeks old, Charles River's CD
Rats) were sacrificed by a schedule one procedure in accordance with the Home
Office Guidance on the Operation of the Animals (scientific procedures) act 1986.
An incision was made longitudinally down the front of the animal before the organs
of the thorax and abdomen were removed in order to expose the spinal column. The
spine was detached from the animal by making an incision along the top of the neck
and base of the tail. The skin was then removed, leaving the spinal column. The
spinal cord was exposed by removing a strip of spine along the entire spinal column.
DRG were accessed by gently pulling on the nerves that branch out from the spinal
cord. The exposed DRG were then carefully removed.
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Male rats were killed by concussion and dislocation of
the neck. An incision was made longitudinally down
the front of the animal.

Organs were revealed by folding back the
skin . All organs were removed leaving the
spinal column and ribs

Spine
The spine was detached from the animal by making an
incision along the top of the neck and base of the tail.
The skin was then removed, leaving the spinal
column.
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The spinal cord was exposed by removing a strip of
spine along the entire spinal column. DRG were
accessed by gently pulling on the nerves that branch
out from the spinal cord. The exposed DRG were
then carefully removed.

Figure 2.2. Dissection of dorsal root ganglia from rat spinal column.

41

Cloning and Pharmacological Characterisation ofrTRPVl and hTRPVl

2.2.2.2 mRNA Extraction
Freshly isolated DRG were immediately placed into an eppendorf tube containing
600 J..lI of lysis buffer (buffer RL T from the Qiagen mRNA isolation kit) containing
1% p-Mercaptoethanol and were kept on ice to maintain mRNA stability.

The

sample was subsequently shaken before repeatedly passing the suspension through
syringe needles. Once full lysis had been achieved, as evident by the transparency of
the buffer, 600 J..lI (one volume) of 70% ethanol was applied to the sample before
vortexing. The sample was then applied to a Qiagen RNeasy mini column and the
mRNA was eluted following a wash sequence according to the Qiagen RNeasy Kit
instructions.

Recovered mRNA was then quantified using a Gene Quant

Spectrometer (Amersham). mRNA concentration was calculated using the BeerLambert Law after measuring absorbtion at 260nm. The mRNA was stored at -80 o e
until use.

2.2.2.3 Reverse Transcription (RT).
Messenger RNA (mRNA) was reverse transcribed into stable cDNA by reverse
transcription (RT). The RT reaction comprised of 2 J..lg of mRNA, 1 mM dNTPs, 1.8
nM of random primer oligonucleotides (N6), 5 Units (5 U) of RNase inhibitor, 4 U of

Omniscript Reverse Transcriptase and buffer RT from the Qiagen omniscript reverse
transciptase kit to a total volume of 20 J..ll. The reaction was performed as described
in table 2.1 and cDNA was subsequently stored at -20 o e.
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The thennal cycler (Techne - Techgene FTGENE2D) was programmed to run the
following cycles:
Process

Temperature (Oe)

Time (Minutes)

Enzyme Activation

Room Temperature

10

Primer Annealing and
Extension
Enzyme Denaturation

42

50

95

10

Table 2.1. RT cycle.

The quality of the cDNA was assessed by amplification of actin.

2.2.2.4 Amplification o!TRPVI from DRG eDNA
rTRPV I possesses an open reading frame (ORF) of 2,514 nucleotides, accession
number AF029310 (Caterina et aI., 1997). Primers were designed to amplify the
product in four separate but overlapping fragments (see Table 2.2 and Figure 2.3).
Primer rTRPV 1-1 D possessed a HindIlI restriction site (AAGCTT) to allow position
specific cloning. In addition a Kozak sequence (CCACC) was included prior to the
start codon of the TRPV 1 sequence (Kozak, 1984). The Kozak sequence is believed
to facilitate translation.

Primer rTRPV 1-1 U possessed an ApaI restriction site

(GGGCCC) following the stop codon (TGA) to allow positional cloning.

The

primers were designed using the program Primer 3 on the Internet (http://wwwgenome. wi.mit.edulcgi-binlprimer/primer3 _www.cgi).

43

Cloning and Pharmacological Characterisation ofrTRPVl and hTRPVl

Fragment

Primer
Name

Sequence

Primer
Annealing
Temperature

Extension
Time
(Minutes)

(0C)

rTRPVI-JD

60

1.5

62

1.5

B

rTRPVI-4U
rTRPVI-2D
rTRPVI-3U

5' -GGCCGAAGCTTCCACCATGGAA
CAACGGGCT AGCTTAGACTC-3'
5' -GCCAGGCCTCCCTTTGGTTT-3'
5' -TGCGGCTAACGGGGACTTCT-3'
5' -AGT AGGCAGCCGCGGTGAAG-3'

rTRPVI-3D
rTRPVI-2U

5' -CTTCACCGCGGCTGCCTACT-3'
5' -TGAACTCCAGGTCGCCCA TG-3'

56

1.5

C

5' -CATGGGCGACCTGGAGTTCA-3'
5' -GGCCGCGGGCCCTTATTTCT
CCCCTGGGACCA TGG-3'
5'-GGCCGAAGCTTCCACCATGGAA
CAACGGGCT AGCTTAGACTC-3'
5' -AGT AGGCAGCCGCGGTGAAG-3
5' -CTTCACCGCGGCTGCCTACT-3'
5' -GGCCGCGGGCCCTTATTTCT
CCCCTGGGACCA TGG-3'
5' -GGCCGAAGCTTCCACCA TGGAA
CAACGGGCTAGCTT AGACTC-3'
5' -GGCCGCGGGCCCTTA TTTCT
CCCCTGGGACCA TGG-3'

56

1

D

rTRPVI-4D
rTRPVI-IU

54

3

56

3

56

5

A

rTRPVI-JD

AB
CD

rTRPVI-3U
rTRPVI-3D
rTRPVI-IU
rTRPVI-JD

ABCD
rTRPVI-IU

Table 2.2. Primers and conditions for rTRPVl PCR. AB, CD and ABeD were
amplified by overlapping PCR.
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Figure 2.3. Diagramatic representation of the ORF of rTRPVl, showing the primer positions within the sequence.
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Each PCR was performed in a Techne Technegene with 1 /-ll of cDNA (RT reaction
mixure containing the newly synthesised eDNA, see section 2.2.2.3), 20 pmol of
each primer, 0.2 mM dNTP, 1.5 mM MgCb and 1 U of Taq Polymerase (Qiagen) in
a 50 /-ll reaction volume. Specific PCR conditions for each product are given in
Table 2.2. The PCR thermal cycler was programmed to run the following cycles:

Number
of Cycles
1

20-35

1

Process
Hot Start Taq Initial Activation

Temperature
(OC)
95

Time
(Minutes)
15

DNA Denaturation

94

1

Primer Annealing to DNA Template
(temperature dependent on specific
primer)

50-68

1

(See Table 2.2)

Extension, Temperature
optimum for Taq and time dependent
on product size (1 min per kbase)
Final Extension

72

1-3

72

10

Table 2.3. Cycle conditions for PCR.

RT-PCR products were separated on a 1.3% agarose gel containing ethidium
bromide. The products of the correct size were extracted following visualisation
under UV illumination, using a clean scalpel. The DNA fragments were then gel
purified using a Qiagen gel extraction kit as per the manufacturers instruction. Once
each of the four fragments (A, B, C, and D) had been generated and gel purified,
overlapping PCR reactions were performed to link fragment A to B, and C to D,
before conducting a final overlapping PCR procedure to link AB to CD (the whole
open reading frame of rTRPV 1). The PCR product, ABCD, was subsequently gel
purified before undergoing restriction digest and then ligation into vector pcDNA3.
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2.2.2.5 Re, friction Dige f ofpcDNA3 and PCR Product ABCD.
The vector, pcD A3 and the PCR product ABCD were digested with HindIII and
Apal restriction enzymes in order to linearise the vector and reveal HindIII and ApaI
cohesive ends on each product.

HindIII and ApaI exhibit optimum activity at

different temperatures. Therefore in a total volume of 20 J..I.I, 5 J..I.I of vector (or 6 J..I.I
of ABCD) was incubated with 5 U of ApaI for three hours at room temperature
(25°C) in a reaction mixture containing NEB buffer 4, 100 J..I.glml BSA and
DNase/RNase free water.

Following the incubation, 10 J..I.I of HindIII solution

containing 1 J..I.I of buffer 4, 1 J..I.I of 1 mglml BSA, 15 U of Hind III and 6.5 J..I.I of
D ase/RNase free water was added to the original reaction mixture. The total
reaction was incubated at 37°C (optimum temperature for HindIII) for a further three
hours. The vector and PCR product were then gel purified to remove the unwanted,
cleaved portion ofD A, using a Gel Extraction Kit.
CfIN Promoter

pcONA3
6+l6~

CoE1 mgil

BGHPo~A

SV40 OIlgil of replicailon

Figure 2.4. Vector Map for pcDNA3.

NI!on¥:in ORF
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2.2.2.6 Ligation of PCR Product ABCD into pcDNA3.

The ligation reaction contained 10 III of 2 x ligation buffer, 1 III of linearised vector,
6 III of PCR product, ABCD (with the engineered restriction sites cleaved, see
2.2.2.5), 1 III of DNA ligase and DNAselRNAse free water to make a final volume
of 21 Ill. The reaction was incubated at room temperature for 5 minutes. For the
negative control an identical reaction was set up with 9 III of DNase/RNase free
water in place of the PCR product, ABCD.

2.2.2. 7 Transformation.

Competent E coli cells (XL-l Blue, 50 Ill) were allowed to thaw on ice before the
addition of 1.7 ,.tI of 10%

~-Mercaptoethanol

to increase transformation efficiency.

Cells were then gently agitated every two minutes for a total of 10 minutes.

To the ~-ME treated Ecoli, 3 III of ligation product was added and incubated for 30
minutes on ice. The Ecoli were then heat shocked by placing the reaction in a
waterbath at 42°C for 45 seconds before placing back onto ice for 2 minutes. LB
broth (500 III at 42°C) was then applied to the Ecoli before being placed in a shaking
incubator (250 rpm) for one hour at 37°C. Half the EcoU (250 Ill) were then plated
on LB Agar plates containing 100 Ilglml ampicillin and placed in an incubator at
37°C overnight.

48

Cloning and Phannacological Characterisation ofrTRPVI and hTRPVI

2.2.2.8 Screening Colonies
Single colonies from the transformed E.coli were selected with a 20 J..lI sterile pipette
tip, and placed straight into separate 30 ml universal containers containing 5 ml of
LB broth and 100 Ilglml ampicillin. The universal containers were then placed in a
shaking incubator at 37°C overnight to allow the colonies to grow.

Plasmid DNA was extracted from the expanded colonies and purified using Miniprep
Vector Isolation Kits (as per the manufacturers instructions, Qiagen). From each
expanded colony restriction digest analysis (using Apal and HindIII) was performed
to ascertain whether the plasmid contained the PCR product, ABCD. For each digest
5 J..lI of the plasmid miniprep was used. Following digestion each reaction was run
on a 1.3% agarose gel and visualised by UV illumination. Colonies containing the
ABCD insert were sent to Qiagen for sequencing.

2.2.2.9 Site-Directed Mutagenesis to Repair Taq Polymerase Errors
cDNA from the cloned ABCD product was compared to the TRPVl cDNA sequence
on PubMed, using the BLAST program (http://www.ncbi.nlm.nih.govIBLAST/).
The mistakes identified were then repaired. Briefly, primers were designed between
25 and 45 bases long containing the corrected mutation in the middle of the
sequence.

The primer also had a minimum GC content of 40% and started and

finished with a G or a C. The reaction was set up and run as per the Stratagene
Quick Change Site-Directed Mutagenesis Kit instructions.

E.coli containing the

corrected TRPV 1 plasmid were kept at -20°C in glycerol stocks (1 ml of 50%
glycerol, 50% E.coli in LB Broth). In total, 14 errors were identified within the
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rTRPVI sequence and were successfully corrected to the reported sequence by
Caterina et a11997. This was confirmed by sequencing by MWG biotech.

2.2.2.10 Generation of a Stable TRPV1 Cell Line.

rTRPV 1 was transfected into HEK293, cells using the IipofectAMINE method
according to the manufacturer's protocol (Invitrogen). Briefly, the HEK293, cells
were plated onto 65 mm diameter petri dishes in Dulbecco's modified Eagle's
medium, (DMEM) containing 10% FCS, 1% penicillin/streptomycin and 100 J..lM
sodium pyruvate and allowed to reach 40-80% confluent.

To two Falcon 5 ml

polystyrene round bottom tubes, labelled "1" and "2", 1 ml of Opti-Mem medium
was added. To tube one, 5 J..lg of the TRPVl construct was added. In tube two, 20 J..lI
of lipofectAMINE was added. The two tubes were vortexed for four seconds and left
to equilibrate for 15 minutes at room temperature. During this time, the DMEM was
removed from both the HEK293 and replaced with 4 ml of Opti-Mem. After the
incubation period, the contents of tube two were poured directly into the contents of
tube one. This was vortexed for four seconds and incubated for a further 15 minutes
at RT. The Opti-Mem was removed from the cells and replaced with the Opti-Mem
containing the rTRPV 1 construct and lipofectAMINE. The cells were incubated at
37°C for 24 hours before the medium was changed for DMEM containing 10% FCS,
1% penicillin/streptomycin, 100 J..lM sodium pyruvate. Following a further 24 hours
the cells were harvested and placed into a 75 cm2 flask with selection medium (G418
0.6 mg/ml) and propagated for at least two weeks to allow selection.
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2.2.2.1 I Single Cell Cloning
In order to obtain a single cell line with optimum expression of rTRPV 1, transfected
cells were counted using a haemocytometer and diluted to 5 cells per ml in culture
medium (Dulbecco's modified Eagle's medium, (DMEM) containing 10% FCS, 1%
penicillin/streptomycin and 100 JlM sodium pyruvate), then 200 JlI of this diluted
suspension was plated into each well of two 96 well plates. Once colonies of cells
became visible in the wells, the contents of wells clearly containing just one colony
were transferred to 25 cm2 flasks containing 5 ml of culture medium. These cells
were left to reach confluence before calcium signal measurements were made to
identify cells expressing functional rTRPVl.

Once a rTRPV1 clone had been

identified, this clone was taken through a second and third round of single cell
cloning to ensure that the final clone was derived from a single cell.

2.2.2.12 RT-PCR
RT-PCR was performed to verify that the HEK293 cells had been successfully
transfected with rTRPV 1. mRNA was extracted from mock transfected HEK293
cells, rat dorsal root ganglia and rTRPV1 cells using an RNeasy mini kit (Qiagen)
according to manufacturer's protocol and quantified using a GeneQuant™
spectrophotometer (Amersham Biosciences). cDNA was synthesised by reverse
transcription of 2 Jlg of mRNA with an omniscript RT kit (Qiagen) and random
primers (Invitrogen) as described in section 2.2.2.3. The PCR reaction for rTRPV1
contained 1 III of cDNA, PCR buffer, 0.2 mM dNTPs and 1 U Taq DNA polymerase
(New England Bioscience) with specific oligonucleotide primers (rTRPV13D and
rTRPV12U, see Table 2.2). The PCR reactions were carried out for 35 cycles of
94°C for 3 minute, 56°C for 1 minute and 72°C for 1 minute with a final extension
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for 10 minutes. The PCR products were subsequently separated on 1.3% agarose gel
and visualised under UV illumination.

2.2.3 Cloning of Human TRPVl
2.2.3.1 peR Amplification of Human TRPV1 from MRC5 eDNA.

Human TRPVl is 92% identical to rTRPVl at the amino acid level, with an open
reading frame of 2,517 bases (Hayes et ai., 2000) (Accession number A Y13l289).
The primer design strategy was similar to that for rTRPV1, however section C (the
third quarter) failed to PCR, therefore two new sets of primers were designed (ClD,
C 1U and C2D, C2U). These primers divided C in two and overlapped B and D by
194 and 153 bases respectively (see Figure 2.5). Primers hTRPVl-lD and hTRPV11U were designed to contain HindIII and BamHI restriction sites respectively (see
Table 2.4) in order to allow positional cloning of hTRPVl into pcDNA3 (see Figure
2.5). The primers were again designed using the program Primer 3 (http://wwwgenome.wi.mit.edulcgi-biniprimer/primer3 _ www.cgi).

Amplification of each hTRPVl section from MRC5 (ATCC number CCL-171)
cDNA was performed according to the PCR conditions described in section 2.2.2.4.
The specific conditions for each reaction are detailed in table 2.4. Overlapping PCR
was used to link fragments Cl to C2 to make fragment C. Fragments C and D were
then linked by overlapping PCR, before CD was then linked to AB, again using
overlapping PCR.

As with rTRPV 1, the PCR product ABCD was gel purified and digested with HindIII
and BamHI, before ligation into vector pcDNA3.

The ligation reaction was
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transformed into E.coli before colonies were screened for pcDNA3 containing the
PCR product ABCD (as described in 2.2.2.8). Colonies containing insert ABCD
were sent for sequencing to Qiagen.

Fragment

A

B

Cl

C2

D

AB

CD

ABCD

Primer
Name
hTRPVIID
hTRPVI4U
hTRPVI2D
hTRPVI3U
hTRPVICID
hTRPVICIU
hTRPVIC2D
hTRPVIC2U
hTRPVI4D
hTRPVIIU
hTRPVIID
hTRPVI3U
hTRPVIICID
hTRPVIIU
hTRPVIID
hTRPVI1U

Sequence

5' -GGCCGAAGCTTCCACCATG
AAGAAATGGAGCAGCAC-3 '
5'-ACAAGCTCCTTCAGGCTGTC-3'
5' -GACAGCCTGAAGGAGCTTGT-3'

Primer
Annealing
Temperature
(0C)
54

Extension
Time
(Minutes)

54

1.5

54

1.5

54

1.5

54

1.5

54

3

54

3

54

5

1.5

5'-CTCCAGCACCGAGTTCTTCT-3'
5' -GGAGCTCACCAACAAGAAGG-3'
5'-GCTGTCCACAAACAGGGTCT-3'
5' -AGACCCTGTTTGTGGACAGC-3'
5' -CCGA TGGTGAACTTGAACAG-3'
5' -TTCTTGTTCGGGTITTCCAC-3'
5' -GGCCGCGGA TCCTCA
CTTCTCCCCGGAAGCGG-3 '
5'GGCCGAAGCTTCCACCATG
AAGAAATGGAGCAGCAC-3 '
5' -CTCCAGCACCGAGTTCTTCT-3'
5'-GGAGCTCACCAACAAGAAGG-3'
5' -GGCCGCGGA TCCTCA
CTTCTCCCCGGAAGCGG-3 '
5' -GGCCGAAGCTTCCACCATG
AAGAAATGGAGCAGCAC-3 '
5' -GGCCGCGGATCCTCA
CTTCTCCCCGGAAGCGG-3 '

Table 2.4. Conditions for human TRPVl PCR. CD and ABCD were amplified
by overlapping PCR.

Fragment A would not amplify on its own, so AB was

amplified straight from MRC5 cDNA.

Once hTRPVI had been identified within a single E.coli clone, site directed
mutagenesis was performed to correct Taq polymerase errors within the sequence
(see section 2.2.2.9).
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X

Restriction Site for position specific cloning

Figure 2.5. Diagramatic representation of the ORF of hTRPVl, showing the primer positions within the sequence.
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2.2.4 Intracellular Calcium Measurement using Fluorospectrometry
Calcium signalling was performed using methods based on those by Compton et at
(Compton et aI., 2000). Cells at 90% confluence in 75 cm2 (approximately 9x106
cells, BD falcon) were washed and harvested with PBS (without calcium or
magnesium). Cells were pelleted and resuspended in 1 ml of normal culture medium
containing 0.25 mM sulphinpyrazone and 25 flg of Fluo-3 acetoxymethyl ester
(Fluo-3 AM) in DMF. The cells were then incubated at room temperature for 25
minutes whilst gently shaking, to allow the fluorescent probe to be taken up by the
cells. The cells were then washed by centrifugation to remove excess Fluo-3 AM
and resuspended in Calcium Assay Buffer (CAB) (150 mM sodium chloride, 250
flM sulphinpyrazone, 3 mM potassium chloride, 10 mM glucose, 20 mM HEPES and
280 mM calcium chloride (CaCh6H2 0), pH7.4).

Increases in intracellular calcium levels were measured at room temperature using a
fluorospectrometer (Photon Technology International). The fluorospectrometer was
set to emit an excitation wavelength of 480 nm and record light emitted with a
wavelength of 530 nm. Each cuvette contained 2 ml of suspended cells in CAB and
a small magnetic flea to keep the cells suspended and mix any reagents added.
Concentration-effect curves were constructed for each test agonist by adding
increasing concentrations of the agonist to separate cell containing cuvettes in half
log increments. The increase in fluorescence measured at 530 nm was expressed as a
percentage of the maximum fluorescence signal after the addition of 6 flM calcium
ionophore (A23187). For inhibition of capsaicin responses, cells were incubated in

55

Cloning and Pharmacological Characterisation ofrTRPVI and hTRPVl

CAB containing 1, 10, or 30 nM iodoresiniferatoxin or 1 or 10 J..lM capsazepine for 1
minute before the addition of capsaicin.

2.2.4.1 1nvestigation ojthe Role ojTRPV1 on Intracellular Stores
Calcium signalling was used to determine whether TRPVl was expressed on the
plasma membranes or also on the membranes of internal calcium stores. Capsaicin
concentration effect curves were constructed for both rTRPVI and hTRPVI in the
presence or absence of calcium in the CAB. To determine the dependence of the
capsaicin response on thapsigargin sensitive intracellular calcium stores, cells were
preincubated for four minutes with 1 J..lM thapsigargin prior to the addition of
capsaicin either in the presence or absence of extracellular calcium.

2.2.5 Flow Cytometry
Flow cytometry was used to compare the density of TRPV 1 on cells. Cells were
washed and harvested in cold PBS before incubation on ice in PBS with 4%
formaldehyde for 30 minutes. The cells were then washed twice by centrifugation at
4°C with cold PBS followed by incubation on ice with rabbit anti-capsaicin receptor
polyclonal antibody (l in 400, Chemicon International) in cold basal DMEM culture
medium for 1 hour. The cells were again washed twice by centrifugation at 4°C with
cold PBS and incubated on ice with anti-rabbit IgG FITC (1 in 100) conjugated
monoclonal antibody (sigma) for 45 minutes. The cells were then washed two more
times by centrifugation at 4°C with cold PBS and then analysed using a Becton
Dickinson Flow Cytometer.
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2.3 Results

2.3.1 rTRPVl was Cloned from Rat DRG and Permanently Expressed in HEK293
Cells
rTRPV 1 was successfully amplified from rat DRG cDNA in four pieces which were
linked by overlapping PCR (Figures 2.6 and 2.7). Once the PCR product was ligated
into the mammalian expression vector, pcDNA3 (Figure 2.8) and sequenced, 14
single nucleotide DNA polymerase errors were identified in the cloned cDNA, when
compared to the published sequence (accession number AF02931O). These errors
were corrected by site directed mutagenesis. The full rTRPVl strand in pcDNA3
was then sequenced to confirm the polymerase errors had been corrected.

The

corrected rTRPVl in pcDNA3 was then transfected into HEK293 cells and a stably
transfected cell line was generated. To ensure this cell line originated from a single
cell, the geneticin resistant cells were taken through three rounds of single cell
cloning.

In the first round 30 single cell clones were tested for capsaicin

responsiveness by measuring increases in intracellular calcium (see section 2.2.4).
Six and four clones were selected in the second and third rounds respectively, and
one clone was chosen, from the latter round for subsequent pharmacological
characterisation (rTRPVI-HEK).

As has been previously reported (Olah et aI.,

2001a), we too found that clones displaying the greatest responses to capsaicin (as
determined by measuring increases in intracellular calcium) died. Thus, a rTRPVI
cell line was selected which remained stable and simultaneously gave the greatest
response to capsaicin.

RT-PCR was performed on cDNA derived from rat dorsal root ganglia, mock
transfected HEK and rTRPV 1-HEK in order to confirm that mock transfected HEK
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cells do not express mRNA for TRPVl and that our rTRPVI-HEK transfected HEK
cell line did express mRNA for rTRPVl (Figure 2.9). The RT-PCR results confirmed
previous studies, that dorsal root ganglia cDNA is positive for rTRPVl (Jerman et
aI., 2000, Caterina et ai., 1997). No band was observed for mock transfected HEK
eDNA, whilst a clear band of the correct size

(~607

bp) was observed in cDNA

derived from the rTRPVI-HEK cell line.
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3000 bp
2000 bp
1650 bp
1000bp
850 bp
650 bp
500 bp
400 bp

A
748 bp

B
673 bp

C

o

607 bp

600 bp

Figure 2.6. peR of rTRPVl from rat DRG. rTRPVI amplified in four separate
but overlapping fragments from rat DRG cDNA. The size of the product (in base
pairs bp) is indicated and this includes the Kozak sequence and restriction site
HindIII, with A and, ApaI with fragment D.
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3000 bp
2000 bp
1650 bp
1000 bp

AB

CD

ABCD

1376 bp1188 bp2545 bp

Figure 2.7. Overlapping peR to join individual fragments. Fragments A and B,
and C and D were joined by overlapping PCR to form fragments AB and CD. These
were then joined, again by overlapping PCR, to produce the whole rTRPV 1 sequence
ABCD .
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+-- Un cleaved Vector and

Cleaved Vector

insert (rTRPV I ,
ABCD)

rTRPVI
(ABCD)

Cleaved Uncleaved
Vector Vector

Figure 2.8. Enzymic cleavage of rTRPVl insert from pcDNA3. ABeD was
ligated into pcDNA3, and heat shocked into competent E.coli. Vectors were purified
from positive colonies and digested with HindIII and ApaI to check for the presence
of rTRPV 1 containing vectors.
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1000 bp
850 bp
650 bp
500 bp
400bp
Rat

Mock
transfected

DRG

HEK

rTRPV I
from
rTRPVIHEK

Figure 2.9. RT-PCR of rTRPVl amplified from rat dorsal root ganglia (DRG),
moek tran feeted HEK and rTRPVI-HEK eDNA. The results are representative

of three separate experiments with eDNA derived from three separately grown crops
of cells.
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2.3.2 Cloned rTRPVI Responded to known TRPVI Specific Agonists and was
Inhibited by Specific TRPVI Antagonists
Pharmacological characterisation of rTRPVI-HEK was conducted by measuring
agonist triggered increases in intracellular calcium (Figure. 2.10A). In the mock
transfected cell line, the two specific TRPV 1 agonists, capsaicin and resiniferatoxin
had no observable effect on intracellular calcium levels up to the maximum
concentration tested (30 IlM, open triangle and 30 nM, open circle respectively,
Figure 2. lOA). In the rTRPVI-HEK cell line, a concentration-effect curve was
observed in response to both resiniferatoxin and capsaicin (Figure 2.1 OA, closed stars
and open squares respectively). Resiniferatoxin induced an increase in intracellular
calcium from as low as 30 pM, reaching maximal response at 3 nM with an EC so
value of -168 pM. Capsaicin induced an increase in intracellular calcium from as
low as 10 nM, reaching maximal response at 30 IlM with an EC so value of -424 nM.
As has been previously reported resiniferatoxin is significantly more potent when
compared to capsaicin (Caterina et aI., 1997, Jerman et aI., 2000). A third specific
TRPV I agonist piperine, the active component of black pepper, was also used to
characterise rTRPVI.

The cells responded from 3

~M,

however a maximum

response was not achieved at the maximum concentration tested, I 00

~M.

(Figure

2. lOA, open diamonds). Mock transfected HEK cells once again did not respond to
piperine at the maximum concentration tested, 100

~M

(Figure 2.l0A, cross).

Comparison of the kinetics of resiniferatoxin (100 pM) and capsaicin (300 nM)
evoked calcium responses at concentrations which gave similar maximum responses
(when expressed as a percentage of calcium ionophore, A23187), showed
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resiniferatoxin appeared to have a slower onset compared to capSaICIn (Figure
2.10B).

Next, the ability of the two known TRPVl antagonists, capsazepine and
iodoresiniferatoxin to inhibit capsaicin activation of rTRPV 1 was assessed (Figure
2.11 and Figure 2.12 respectively). In the presence of increasing concentrations of
capsazepine (1 and 10 11M), the concentration-effect curve for capsaicin exhibited a
rightward shift with EC so values rising to approximately 3 11M (closed circles) and
7.5 11M (open circles) respectively (Figure 2.11).

Attempts to inhibit capsaicin

activation of rTRPVl using 30 11M capsazepine, were unsuccessful, since
precipitation of capsazepine was observed in the CAB (data not shown). In the
presence of iodoresiniferatoxin the capsaicin concentration effect curve was again
shifted to the right with an ECso value rising to 10.8 11M with 1 nM
iodoresiniferatoxin (Figure 2.12, closed stars). Iodoresiniferatoxin at 10 nM resulted
in a further rightward shift in the concentration-effect curve for capsaicin, however,
an ECso was not obtainable for 10 nM iodoresiniferatoxin, since a complete
concentration-effect curve was not achieved (Figure 2.12, open diamonds).
iodoresiniferatoxin at 30 nM (Figure 2.12, closed diamond) resulted in apparent
complete inhibition of capsaicin responses up to the highest concentration tested
(30I1M).
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Figure 2.10. Agonist concentration-effed curves for rTRPVI-HEK and
comparison of calcium responses following capsaicin and resiniferatoxin
challenge. (A) Resiniferatoxin, capsaicin and piperine concentration-effect curves
for mock transfected HEK (0, !1 and

x

respectively) and rTRPVl cells (ole, 0 and 0

respectively), The results are expressed as the mean ± the standard error of the mean
of 3 to 6 experiments each performed in duplicate. (B) resiniferatoxin (100 pM) and
Capsaicin (300 nM) induced calcium responses showing the different kinetics
produced by the two agonists. The concentrations chosen give similar responses as a
percentage of calcium ionophore.
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Figure 2.11. Capsaicin concentration effect curves following preincubation with
capsazepine.

Capsaicin concentration effect curves for rTRPVI-HEK (D) and

rTRPV I-HEK cells in the presence of 1 J..lM capsazepine (.) and 10 J..lM capsazepine
(0). The results are expressed as the mean ± the standard error of the mean of 3 to 6
experiments each performed in duplicate.
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Figure 2.12. Capsaicin concentration effect curves following preincubation with
iodoresiniferatoxin. rTRPVI-HEK(o) and rTRPVI-HEK cells in the presence of 1
nM

iodoresiniferatoxin

(*),

10

nM

iodoresiniferatoxin

(0)

and

30

nM

iodoresiniferatoxin (.). The results are expressed as the mean ± the standard error of
the mean of 3 to 6 experiments each performed in duplicate.
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2.3.3

hTRPV1 was Cloned from MRC5 cDNA and Permanently Expressed m

HEK293 Cells
hTRPV1 was amplified from MRC5 (foetal human lung fibroblast cell line) cDNA.
The sequence failed to amplify in four quarters. Product A could only be obtained
when amplified with B (using primers hTRPV1-1D and hTRPVI-3U) (Figure 2.13).
All the pieces were joined by overlapping PCR and ligated into pcDNA3. The insert
was sequenced and compared to the published sequence (accession number
A Y 131289). The initial sequencing results showed that fragment C was missing and
had been replaced by approximately 80 bp of the oncogene, Ras (retrovirusassociated DNA sequence) (data not shown). Hence, section C was amplified in two
overlapping sections, Cl and C2 (Figure 2.13). The new PCR product, CIC2, was
linked to fragment D and AB by overlapping PCR (AB-CIC2-D) and ligated into
pcDNA3 (Figures 2.14 and 2.15). This was again sequenced and compared to the
published hTRPVl sequence, which confirmed the product was hTRPVl and
contained only three DNA polymerase errors. These errors were corrected by site
directed mutagenesis.
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Human TRPVl

2000 bp
1650 bp
1000 bp
850 bp
650 bp
500 bp
400 bp

AB

C1

1210 bp

549 bp

I

C2
420 bp

D
773 bp

Figure 2.13. RT-PCR of hTRPVl from the MRCS cell line. hTRPVl fragment A
failed to amplify, however AB was successfully amplified from MRC5 cDNA.
Fragment C was amplified in 2 overlapping sections, Cl and C2, as it would not
amplify in on

piece using the primers designed.

Fragment D, however was

amplified from MRC5 eDNA on its own. The sizes of the fragments are indicated in
base pairs and these values include the restriction sites which were engineered into
the beginning and end of the sequence (HindIII at the 5' end and BanlHI at the 3'
end) and the Kozak sequence.
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3000 bp
2000 bp
1650 bp
1000 bp
850 bp

C1C2

950 bp

CD

1551 bp

ABCD
2548 bp

Figure 2.14. Overlapping peR to join individual fragments. Fragments CI and

C2 were joined by overlapping PCR to form C 1C2. Sections C I C2 and D were
joined by overlapping PCR to form CD, the second half of the hTRPVl sequence.
AB and CD were then joined by overlapping PCR to form the whole hTRPVl
sequence ABCD.
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+ - Un cleaved Vector and
insert (hTRPV I,
ABCD)

Cleaved Vector
hTRP V 1 ---=-~--"'.

liliiiiiiiiiil

(ABCD)

Cleaved Uncle:ared

Vector

Vector

Figure 2.15. Enzymic cleavage of hTRPVl insert from pcDNA3. ABCD was

ligated into pcDNA3, and heat shocked into competent E.coli. The vectors were
purified from positive colonies and digested with the restriction enzymes HindIII and
BamHI to check for the presence of hTRPVl containing vectors. Cleavage sites for
these enzymes had been engineered into the 5' and 3' terminals of the hTRPVl
sequence respectively.
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2.3.4 Cloned hTRPVI Responded to known TRPVI Specific Agonists
hTRPVI was permanently expressed in HEK293 cells using the technique employed
to permanently express rTRPV I in HEK293 cells. A stably transfected cell line was
selected following three rounds of single cell cloning.

The hTRPVI-HEK cells

responded in a concentration dependent manner to capsaicin from 300 pM, reaching
a maximum by 300 nM with an ECso of 8 nM (Figure 2.16A, open squares).
hTRPVI-HEK cells also responded in a concentration dependant manner to
resiniferatoxin from 3 pM, reaching a maximum by 3 nM with an EC so of 85 pM
(Figure 2.16A, open diamonds).

Comparison of the kinetics of resiniferatoxin (30 pM) and capsaicin (3 nM) evoked
calcium responses at concentrations which gave similar maximum responses (when
expressed as a percentage of calcium ionophore, A23187), showed resiniferatoxin
appears to have a slower onset compared to capsaicin in hTRPVI-HEK (Figure
2.168).
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Figure 2.16. Agonist concentration-effect curves for hTRPVI-HEK and
comparison of calcium responses following capsaicin and resiniferatoxin
challenge. (A) Capsaicin and resiniferatoxin concentration effect curves for
hTRPVI-HEK (0 and <> respectively). The results are expressed as the mean ± SEM
of 3 separate experiments performed in duplicate. Mock transfected HEK cells did
not respond to capsaicin or resiniferatoxin at the maximum concentrations tested, 30
JlM and 10 nM respectively as shown in Figure 2.9A. (B) resiniferatoxin (30 pM)
and Capsaicin (3 nM) induced calcium responses showing the different kinetics
produced by the two agonists. The concentrations chosen give similar responses as a
percentage of calcium ionophore.
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2.3.5 rTRPVI and hTRPVI are Expressed in Intracellular Calcium Stores as well as
the Plasma Membrane
For rTRPVI, removal of extracellular calcium resulted in a complete loss in the
capsaicin response up to 3 ~M (Figure 2.17 A, closed squares). At I 0

~M

and 30

~M

capsaicin a 79% and 67% reduction in capsaicin response was observed respectively
(Figure 2.17 A). The rTRPV I specificity of this remaining response was confirmed
by the addition of 10

~M

capsazepine (Figure 2.l7A, open triangles). In rTRPVI-

HEK, in the presence of extracellular calcium, pre-treatment of the cells with 1 ~M
thapsigargin resulted in a 38% reduction in capsaicin response (30

~M)

compared to

the controls (Figure 2.17B, open circles), with very little change in ECso (424 nM for
untreated and 426 nM for treated rTRPVI-HEK). The combination of extracellular
calcium removal and 1

~M

thapsigargin pre-treatment resulted in a negligible

capsaicin response, even at 30 ~M (Figure 2.17C, open diamonds).

The maximal response of hTRPVI to capsaicin (l

~M)

in calcium-free buffer was

reduced by 28% (ECso 56 nM, Figure 2.l8A, closed squares) compared to the
response obtained in calcium-containing buffer (ECso 8 nM, open squares), with no
further reduction detected with pre-treatment of I

~M

thapsigargin (EC so 41 nM

Figure 2.18C). In the presence of extracellular calcium, pre-treatment of hTRPV I
with thapsaigargin (Figure 2.18B, open circles) caused no change in the capsaicin
induced response (EC so values of 8 nM and 9 nM for untreated and treated hTRPVIHEK respectively).
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respectively), (C)
The results are

expressed as the mean ± SEM of 3 to 6 experiments each performed in duplicate.
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Capsaicin concentration effect curves for hTRPVI-HEK.

hTRPVI-HEK (A) with and without extracellular calcium (0 and _ respectively),
(B) with extracellular calcium, with and without thapsigargin treatment

(0

and

0

respectively), and (C) without extracellular calcium and with thapsigargin (l)lM, 0).
The results are expressed as the mean ± SEM of 3 to 4 experiments each performed
in duplicate.

76

Cloning and Pharmacological Characterisation ofrTRPVl and hTRPVl

2.4 Discussion

In order to gain a better understanding of their function and regulation, rTRPV 1 was
cloned from rat dorsal root ganglia cDNA and hTRPVl was cloned from MRC5
cDNA and both were permanently expressed in HEK293 cells. Once stable rTRPVl
cell lines were established, we firstly sought to characterise the channels to ensure
they responded in a similar fashion to those previously reported (Jerman et al., 2000,
Smart et al., 2001, Caterina et al., 1997, Cortright et al., 2001, Hayes et al., 2000).
One of our first observations during the process of identifying cell lines positive for
rTRPV 1, was that cell lines displaying a large calcium response to capsaicin died
after some weeks. We noted that this has been reported previously (Olah et al.,
2001a) and may be due to the change in the pH of the growth medium as the cells
propagate, which subsequently results in the channel remaining continuously open,
leading to cell death. Thus, we selected cell lines which generated the highest
capsaicin response, in terms of intracellular calcium levels, but remained as a stable
cell line. The final TRPV 1 cell lines were then characterised.

RT-PCR clearly demonstrated mRNA for rTRPVl in dorsal root ganglia and
rTRPVI-HEK cDNA. However, rTRPVl could not be amplified from the mock
transfected HEK cDNA, clearly indicating that HEK cells do not express rTRPVl.

The pharmacology of our rTRPVI-HEK cell line was clearly compatible with the
known pharmacology of the channel. rTRPVI-HEK responded in a concentration
dependent manner to three TRPV 1 specific agonists, capsaicin, resiniferatoxin and
piperine over concentration ranges consistent with previously published studies
(Caterina et al., 1997, Jerman et al., 2000, Witte et al., 2002). Mock transfected

77

Cloning and Pharmacological Characterisation ofrTRPVI and hTRPVI

HEK cells displayed no increase in intracellular calcium at the highest concentration
tested, showing that the calcium uptake in response to capsaicin, resiniferatoxin and
piperine are TRPVl dependent. The relative potencies of the three agonist were
resiniferatoxin>capsaicin>piperine. This is again consistent with previous studies
(Witte et aI., 2002). Resiniferatoxin was approximately 1000 fold more potent than
capsaicin in our rTRPVI-HEK cell system.

It is well documented that

resiniferatoxin is significantly more potent than capsaicin at activating rTRPV 1
(Caterina et aI., 1997, Jerman et aI., 2000, Witte et aI., 2002).

Capsaicin was

approximately 100 fold more potent than piperine at activating rTRPVl-HEK.

The kinetics of the agonists also differed in our rTRPVl-HEK cell systems, again
consistent with previously published data (Jerman et aI., 2000, Witte et aI., 2002,
Toth et aI., 2005). Capsaicin elicited a rapid increase in intracellular calcium upon
addition to rTRPVI-HEK cells. Resiniferatoxin however displayed a much slower
onset although the maximum responses were not significantly different.

Capsazepine and iodoresiniferatoxin inhibited capsaicin evoked calcium uptake in a
dose dependent manner. Complete inhibition was not achieved with capsazepine due
to highest concentrations (30 J.lM) precipitating out on addition to CAB. However
complete inhibition was achieved with iodoresiniferatoxin.

Iodoresiniferatoxin

appears to be a more potent antagonist than capsazepine in our rTRPVI-HEK cell
system.

hTRPV 1-HEK responded to both capsaicin and resiniferatoxin in a concentration
dependent manner. Again, our hTRPVI-HEK cells responded with pharmacology
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which was compatible with the known pharmacology of the human channels
(Cortright et ai., 2001, Hayes et ai., 2000, Smart et ai., 2001). In hTRPVl in our cell
system resiniferatoxin is less than 100 fold more potent than capsaicin.

A comparison ofrTRPVI-HEK and hTRPVI-HEK pharmacological characterisation
revealed that for both channels, in our system resiniferatoxin was significantly more
potent than capsaicin. It also shows that in both cell lines resiniferatoxin displayed
different kinetics compared to capsaicin. Resiniferatoxin produced a much slower
onset following addition to the TRPVl expressing cells.

In our cell system,

hTRPVI-HEK required approximately 100 fold less capsaicin and approximately 10
fold less resiniferatoxin than rTRPVl-HEK to see channel activation. The maximal
responses were also greater in hTRPVI-HEK than rTRPVI-HEK. No conclusion
however can be drawn from these observations as the discrepancies may be due to
differences in channel expression between the two cell lines.

Unfortunately at

present there are no commercially available antibodies specific enough to detect
small differences in TRPV 1 expression.

Investigation into TRPVl expressIon on intracellular stores revealed interesting
functional differences between the human and rat channei.

Stimulation of both

hTRPVI-HEK and rTRPVI-HEK by capsaicin in the absence of extracellular
calcium still led to an increase in intracellular calcium signalling, which presumably
represents release of calcium from intracellular calcium stores.

In the case of

rTRPVl-HEK this is consistent with previously published data (Karai et aI., 2004,
Liu et ai., 2003, Olah et aI., 2001 b, Turner et aI., 2003, Wisnoskey et aI., 2003).
rTRPVl intracellular signalling appeared to be thapsigargin sensitive, suggesting
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rTRPV 1 is expressed on the endoplasmic reticulum.

The literature regarding

rTRPV 1 expression on the endoplasmic reticulum is currently confusing and there is
debate as to whether the channel is expressed on thapsigargin sensitive (Kanai et aI.,
2005, Wisnoskey et aI., 2003) or insensitive stores (Liu et aI., 2003, Turner et aI.,
2003).

hTRPVl has not previously been shown to be expressed on intracellular stores and in
contrast to rTRPVI-HEK, hTRPVI-HEK was less sensitive to depletion of
extracellular calcium and the response was thapsigargin insensitive.

All of the

organelles of the cell have been shown to be able store calcium, therefore the exact
location of intracellular hTRPVl cannot currently be deduced (Michelangeli et aI.,
2005).

In conclusion, rTRPVl and hTRPVl were successfully cloned and expressed in
HEK293 cells. The pharmacology of our permanently expressing cell lines are both
clearly compatible with the known pharmacology of the rTRPVl and hTRPVl. In
both cell lines resiniferatoxin is more potent than capsaicin and both agonists display
different kinetics.

rTRPVl and hTRPVl are both expressed on the plasma

membrane and the membrane of some internal calcium stores. rTRPV 1 is expressed
on thapsigargin sensitive intracellular stores but hTRPVl in our cell system is
expressed on thapsigargin insensitive stores.
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3.1 Introduction

Inhalation cough challenge is routinely used to quantify cough, study the cough
reflex and investigate the antitussive effects of cough treatments in both humans and
animal models (Morice et aI., 2001). The method of cough challenge involves the
delivery of tussive agents into the airways as aerosols or by ultrasonic nebulizers
(Morice et aI., 2001). There are three main groups oftussive agents used. These are
capsaicin, distilled water and organic acids such as citric acid (Morice et aI., 2001).
Capsaicin is thought to be a specific agonist for TRPVl (Caterina et aI., 1997).
Distilled water is now believed to be an agonist for TRPV4 (Liedtke et aI., 2000).
Although TRPVl is known to be activated by protons (Caterina et aI., 1997,
Tominaga et aI., 1998), the molecular mechanism whereby organic acids stimulate
cough is not yet fully understood.

A recent study reported citric acid induces cough via a similar mechanism to
capsaicin and proposed that both acted via C-fibres (Tanaka and Maruyama, 2005).
Citric acid has previously been shown to activate guinea-pig afferent airway nerve
fibres via both RAR (rapidly adapting pulmonary stretch receptors) and C-fibres.
Activation was presumed to occur via TRPVl (via C-fibres) and Acid Sensitive Ion
Channels (ASIC, through both RAR and C-fibres) (Kollarik and Undem, 2002).
However, to date it has not been directly demonstrated whether citric acid can
activate TRPV 1.

Therefore we have explored whether citric acid can activate

TRPVI and by which mechanism, using both a molecular and pharmacological
approach.
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3.2 Materials and Methods
3.2.1 Materials
The rabbit anti-capsaicin receptor polyclonal antibody was bought from Chemicon
International, Hampshire, UK. Citric acid, phosphoric acid and anti-rabbit IgG FITC
conjugated monoclonal antibody were purchased from Sigma, Poole, UK. For all
other reagents see section 2.2.1.

3.2.2 Cloning and Expression of rTRPV 1
The rTRPVI-HEK cell line generated as described in chapter 2 was utilised to
investigate acid stimulation of TRPV I.

Cloning and expression of rTRPV 1 is

described in chapter 2 along with characterisation of the permanently expressing
rTRPVI-HEK cell line generated.

3.2.3 Generation ofrTRPVIE648A
Site directed mutagenesis (QuikChange kit, stratagene) was used according to the
manufacturers instructions, to insert a single point mutation to change amino acid
E648 to A648 (Jordt et aI., 2000) in rTRPVl. Primers were designed as described in
section

2.2.2.9

(primers

ATGGGCGACCTGGCGTTCACTGAGAACTAC-3' ,
GTAGTTCTCAGTGAACGCCAGGTCGCCCAT-3 ').

sense,
antisense,

5'-

5' -

The mutated rTRPVI in

pcDNA3 was heat shocked into competent E.coli as per the manufacturers
instructions (Stratagene). The mutated vector was amplified in E.coli as described in
section 2.2.2.8 and the insert was sequenced by MWG biotech to ensure the mutation
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was successful and no other mutations had been introduced by the pfu turbo DNA
polymerase during site directed mutagenesis. HEK293 cells were transfected with
the mutant rTRPV 1E648A construct and a permanently expressing cell line derived
from a single cell was selected as described in sections 2.2.2.10 and 2.2.2.11.

3.2.4 Measurement oflntracellular Calcium
Calcium signalling studies were performed based on the methods described in
section 2.2.4. Briefly, cells were loaded with the calcium binding probe Fluo-3 and
increases in intracellular calcium were detected using a fluorospectrometer with an
excitation wavelength of 480 nm and a detector set to measure at a wavelength of
530 nm. However, phosphoric acid and citric acid triggered increases in intracellular
calcium were measured after rTRPVI-HEK cells were added to CAB containing a
known concentration of citric acid or phosphoric acid. Increases in fluorescence
were measured immediately upon addition of the cells. The pH of the CAB buffer
was measured before and after addition of the cells.

3.2.5 Inhibition Studies
For experiments probing potential inhibition of citric acid responses, the cells were
added to CAB containing citric acid with 30 nM iodoresiniferatoxin or 10 f..lM
capsazepine before increases in fluorescence were measured.

3.2.6 Flow Cytometry
Flow cytometry was used to compare the expression of cell surface rTRPV 1 on mock
transfected HEK, rTRPVI-HEK and rTRPVIE648A-HEK cell lines. Due to the low

84

Activation of TRPV 1 by Citric Acid

specificity of commercially available TRPVI antibodies which are all raised against
the intracellular N or C terminals, much technique optimisation was carried out. The
primary antibody used (rabbit anti-capsaicin receptor polyclonal antibody, Chemicon
International) was raised against the C terminal.

Therefore the cells were

permeabilised to allow the antibody to bind TRPV1. A number of techniques were
tried for permeabilisation, including saponin treatment, methanol treatment and
finally formaldehyde treatment at 1, 3 and 4%.

The length of time for

permeabilisation was also optimised. Primary and secondary antibody titrations were
also carried out and different primary and secondary antibody incubation times were
tried. Finally comparisons for antibody incubation in PBS and basal medium were
compared. The final, optimised protocol used is described.

Cells were washed and harvested in cold PBS before incubation on ice in PBS with
4% formaldehyde for 30 minutes.

The cells were then washed twice by

centrifugation at 4°C with cold PBS followed by incubation on ice with rabbit anticapsaicin receptor polyclonal antibody (1 in 400, chemicon international) in cold
basal DMEM culture medium for 1 hour. The cells were again washed twice by
centrifugation at 4°C with cold PBS and incubated on ice with anti-rabbit IgG FITC
conjugated monoclonal antibody (I in 100 sigma) for 45 minutes. The cells were
then washed two more times by centrifugation at 4°C with cold PBS and then
analysed using a Becton Dickinson Flow Cytometer.

3.2.7 Statistical analysis
Unless stated otherwise, data are expressed as the mean ± SEM. Data were analysed
by the unpaired Student's t test taking p<0.05 as statistically significant.
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3.3 Results.

3.3.1 rTRPVl is Activated by Citric and Phosphoric Acid.
We initially tested whether two acids, namely citric and phosphoric acid used for
cough challenge, were capable of activating rTRPVI in our expression system
(Figure 3.1A and 3.2 respectively).

rTRPV 1-HEK cells displayed an increase in intracellular calcium in a concentration
dependent manner to citric acid from 1 mM to the maximum concentration tested,
3.8 mM (Figure 3.1A, open squares).

The mock transfected HEK cells also

responded to citric acid in a concentration dependent manner from 2.9 mM to the
maximum concentration tested, 3.8 mM (Figure 3.lA, closed squares). Citric acid
stimulated a significant increase in intracellular calcium levels in the rTRPVI-HEK
cell line above that observed in the mock transfected HEK cell line at all
concentrations tested except 1 and 2.9 mM. Addition of a submaximal concentration
of capsaicin (30 nM) to citric acid exposed cells had an additive effect when
compared to the citric acid response alone (Figure 3.1 B, closed triangles).

Phosphoric acid at the same pH values as citric was only found to have a minor
effect on intracellular calcium levels in both mock transfected HEK and rTRPV 1HEK (Figure 3.2, closed circles and open circles respectively). Phosphoric acid
stimulated an increase in intracellular calcium in rTRPV1-HEK from pH 7.0,
reaching maximal response at pH 5.2 (Figure 3.2, open circles). In mock transfected
HEK cells phosphoric acid stimulated a lesser, but not significantly different increase
in intracellular calcium levels to that observed in rTRPVI-HEK, triggering an
increase in intracellular calcium from pH 6.3 to pH 5.2 (Figure 3.2, closed circles).
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Since citric acid was found to stimulate a robust increase in intracellular calcium in
rTRPVI-HEK cells, compared to phosphoric acid, we decided to investigate the
putative mechanism by which citric acid could be activating rTRPVI-HEK. Thus, to
ascertain whether the increase in intracellular calcium levels in response to citric acid
was TRPV 1 dependent, we firstly utilized two specific TRPV 1 antagonists, namely
iodoresiniferatoxin and capsazepine. Addition of capsazepine (10 IlM) had little
effect on the ability of citric acid to activate rTRPVI-HEK (Figure 3.3A, open
circles).

However, addition of 30 nM iodoresiniferatoxin (Figure 3.3B, closed

diamonds) significantly inhibited the rTRPVI-HEK response to citric acid at 3.3 mM
and 3.8 mM, reducing the responses to that obtained with citric acid in mock
transfected HEK cells.
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Figure 3.1. Citric acid concentration-effect curves for rTRPVI-HEK and mock
transfected HEK with and without a submaximal concentration of capsaicin.
(A) Citric acid concentration-effect curve for mock transfected HEK(.) and
rTRPVI-HEK ceUs(o) and (B) effect of citric acid without (D) and with a
submaximal concentration of capsaicin (30nM) (T) on rTRPVI-HEK cells. The
results are expressed as the mean ± the standard error of the mean of 4 to 6
experiments each performed in duplicate. • Significantly different compared to the
mock transfected HEK (p < 0.05).
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Figure 3.3. Effect of TRPVl specific antagonists on citric acid evoked responses
in rTRPVI-HEK cells.

Citric acid concentration-effect curves for (A) mock

transfected HEK (_), rTRPVI-HEK cells (D) and rTRPVI-HEK cells exposed to 10
IlM capsazepine (0) and (B) mock transfected (_), rTRPVI-HEK (D) and rTRPVl-

HEK cells exposed to 30 nM iodoresiniferatoxin (.). The results are expressed as
the mean ± the standard error of the mean of 3 to 4 experiments each performed in
duplicate. • Significantly different compared to rTRPVI-HEK not treated with
iodoresiniferatoxin (p < 0.05).
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3.3.2 Mutating the TRPVl Putative Proton Binding Site E648 to A648 Abolishes the
Ability of Citric Acid, But Not Capsaicin, to Activate the Receptor.
rTRPVIE648A-HEK responded to capsaicin from 1 nM, reaching a maximum by
300 nM with an EC so value of 13 nM (Figure 3.4A, closed squares). The magnitude
ofresponse was not significantly different from that obtained with the rTRPVI-HEK
cells (Figure 3.4A, open squares). However, the capsaicin concentration-effect curve
for rTRPVIE648A-HEK cells exhibited a leftward shift of two orders of magnitude
(Figure 3.4A, closed squares) when compared to rTRPVI-HEK. rTRPVIE648AHEK responded to citric acid between 3.3 mM and the maximum concentration
tested, 3.8 mM (Figure 3.4B, closed squares). However the responses were of a
smaller magnitude than those observed for rTRPVI-HEK and displayed an
approximate rightward shift of 2 orders of magnitude (Figure 3.4B, closed squares)
when compared to rTRPVI-HEK (Figure 3.4B open squares).

FACS analysis was performed to assess the cell surface expression ofrTRPVI-HEK
compared to mock transfected HEK and rTRPVIE648A-HEK (Figure 3.5).
Surprisingly flow cytometry consistently failed to detect any observable difference in
cell surface expression between rTRPVI-HEK and the mock transfected HEK cell
line. Nevertheless, rTRPVIE648A-HEK displayed significant receptor cell surface
expression compared to the mock transfected HEK cell line. Use of other
commercially available TRPVl polyclonal antibodies, also failed to detect any
difference between rTRPVI-HEK and mock transfected HEK (data not shown).
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Capsaicin and citric acid concentration-effect curves for

rTRPVIE648A-HEK compared to rTRPVI-HEK cells.

(A) Capsaicin

concentration effect curves for rTRPVI-HEK (D) and rTRPVIE648A-HEK cells (_)
and (B) citric acid concentration effect curves for rTRPVI-HEK (D) and
rTRPVIE648A-HEK cells (_). The results are expressed as the mean ± the standard
error of the mean of 3 to 6 experiments each performed in duplicate. • Significantly
different compared to rTRPVI-HEK (p < 0.05).
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Fluorescence

Figure 3.5. Flow cytometry analysis to compare channel densities of rTRPVl
on mock transfected HEK, rTRPVl-HEK and rTRPVIE648A-HEK cells. Flow
cytometry analysis for TRPVl expression on mock transfected (_ ), rTRPVl-HEK (-- ) and rTRPVl E648A-HEK cells (- -).

The results are representative of 3

separate experiments each performed in duplicate.
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3.4 Discussion

We have shown here for the first time that citric acid, an agent used routinely for
cough challenge tests in the clinic activates TRPVI in transfected HEK293 cells by a
proton dependent mechanism. Activation of TRPV 1 by citric acid was specific as the
TRPV 1 specific antagonist iodoresiniferatoxin completely inhibited the ability of
citric acid to activate TRPV1. In addition, by mutating the E648 residue which is
known to be important in proton activation of TRPV 1 to A648, we clearly
demonstrate that citric acid activation of TRPVl operates by a proton dependent
mechanism. Thus, TRPV 1 may be an important receptor for initiating the cough
reflex.

We sought to determine whether two acids, namely citric acid and phosphoric acid
used routinely in the clinic for cough challenge (Wong et aI., 1999) could activate
rTRPVl in our cell system. In the rTRPVI-HEK cells, citric acid triggered a
concentration dependent increase in intracellular calcium.

Interestingly, a small

response to citric acid was observed in the mock transfected HEK cell line. We
believe that this response is likely to be a result of the endogenous Acid Sensitive Ion
Channel (ASIC la) expressed in HEK cells as has as previously been reported
(Gunthorpe et aI., 2001). Surprisingly for phosphoric acid only a negligible increase
in intracellular calcium in rTRPVI-HEK cells was observed compared to that in
mock transfected HEK challenged with phosphoric acid. The failure of phosphoric
acid to activated rTRPVI-HEK to the same magnitude as citric acid may be because
phosphoric acid has a lower pKa than citric acid and solutions were made up over the
same pH rather than concentration. Therefore, we decided to probe further into the
mechanism by which citric acid was activating rTRPVI-HEK.
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To assess whether the increase in intracellular calcium in rTRPVI-HEK cells in
response to citric acid was rTRPV 1 dependent, we employed two TRPV 1
antagonists,

iodoresiniferatoxin

and

capsazepme.

Addition

of 30

nM

iodoresiniferatoxin to citric acid exposed cells reduced the response evoked to that
obtained with citric acid on mock transfected cells, thus providing evidence that
citric acid was indeed activating rTRPVl in our cell system. Interestingly, addition
of 10 IlM capsazepine had little effect on the citric acid evoked response in rTRPV 1HEK cells. This is consistent with the current literature, which suggests capsazepine
antagonises hTRPVl and guinea pig TRPV1, but not rTRPV1, proton evoked
responses (McIntyre et aI., 2001, Savidge et aI., 2002, Gavva, 2005 #124, Gavva et
aI., 2005b).

In contrast iodoresiniferatoxin inhibits both proton and capsaicin

activation of rTRPVl and hTRPVl (Seabrook et ai., 2002). Phillips and colleagues
carried out site directed mutagenesis studies to investigate this species differences
(Phillips et aI., 2004).

Mutation of three amino acids in transmembrane domains

three and four of the rat channel to the corresponding human amino acids (I514M,
V518L and M547L), caused capsazepine to significantly inhibit the proton evoked
responses ofrTRPVl (Phillips et aI., 2004). Addition ofa submaximal concentration
of capsaicin (30 nM) to citric acid exposed cells caused an increase in intracellular
calcium which had an additive effect when compared to the response observed in
citric acid exposed rTRPVI-HEK cells alone, suggesting that citric acid activates
TRPV 1 by a mechanism different to that of capsaicin. Thus, the pharmacological
data provides strong evidence that citric acid induced increases in intracellular
calcium in rTRPVI-HEK occur via a TRPVI channel dependent mechanism,
possibly by a proton dependent mechanism.
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We next sought to determine whether citric acid activation ofrTRPVl-HEK was due
to proton donation by utilising a molecular approach. The glutamic acid residue
(E648) has previously shown to be involved in proton-evoked channel opening (lordt
et aI., 2000), therefore we subsequently generated rTRPV1 E648A-HEK. In response
to citric acid, the rTRPVIE648A-HEK cell line displayed a significantly ablated
response when compared to the response observed in rTRPVI-HEK, providing
convincing evidence that citric acid activates rTRPVI by a proton donation
dependent mechanism.

Interestingly the capsaicin concentration-effect curve for

rTRPVIE648A-HEK shifted to the left by two orders of magnitude, whereas the
maximal response was not significantly altered compared to rTRPVI-HEK. lordt et
al showed that the capsaicin concentration-effect curve for rTRPVE648A was not

significantly altered compared to rTRPVI-HEK, however the effect of protons was
ablated.

The leftward shift in the concentration-effect curve for capsaicin with

TRPV 1E648A can be explained by our flow cytometry data which suggests that
rTRPVIE648A-HEK is expressed to a higher degree than our rTRPVI-HEK cell
line. Our ability to achieve a highly expressing rTRPVIE648A-HEK cell line is
probably due to the fact that the receptor does not respond to protons, and thus is not
susceptible to low pH, which results in receptor activation and cell death (Olah et aI.,
200la). Thus, using a molecular approach we demonstrate that citric acid activates
TRPV 1 by a proton dependent mechanism.

Characterisation by flow cytometry was more problematic. No observable difference
between mock transfected HEK and rTRPVI-HEK cell lines could be detected by
flow cytometry.

However, rTRPVIE648A-HEK displayed a clear shift in
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fluorescence. We believe that the lack of ability to observe cell surface expression of
rTRPVI-HEK was due to the low affinity of the polyclonal antibody employed. The
fact that rTRPVIE648A-HEK was clearly observed by flow cytometry is explainable
by the fact that a higher TRPV 1 expressing cell line could be selected and thus
observed by flow cytometry analysis, since this receptor is insensitive to activation
by the presence of protons (Olah et aI., 2001a).

In conclusion we have shown that citric acid, like capSaICIn, which are both
employed in the clinic for cough challenge experiments activates TRPVI, by a
proton dependent mechanism and may provide a novel target for conditions where
cough is a major factor.
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Chapter 4
Investigation into the Role of N-linked Glycosylation
and Sialylation on TRPVl function
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4.1 Introduction

Glycosylation is a protein post translational modification which occurs in the
endoplasmic reticulum (ER) and golgi apparatus (Kornfeld and Kornfeld, 1985). It
has been predicted that more than half of all proteins which occur in nature are
glycosylated (Apweiler et aI., 1999). Addition of a glycan side chain to a protein can
have important consequences including affecting protein trafficking, folding,
maturation, function and solubility (Lodish and Kong, 1984, Leavitt et ai., 1977,
Compton et ai., 2002, Bergh et aI., 1987, Gala and Morrison, 2002). Glycosylation
can occur via N, or 0 linkages.

O-linked glycosylation, unlike N-linked

glycosylation, appears to have no consensus sequence (Apweiler et aI., 1999). The
carbohydrate

links

to

the

hydroxyl

of serine

or threonine

by

an N-

acetyl galactosamine. The most common form of glycosylation, however, is N-linked
(Apweiler et ai., 1999), which is the focus of this chapter.

4.1.1 N-Linked Glycosylation

Using the SWISS-PROT database, Apweiler predicted that three quarters of all
glycoproteins would be N-link glycosylated and a further one in ten would be N-,O
link glycosylated (Apweiler et ai., 1999). Addition of the oligosaccharide chain to
proteins is a complex process, which occurs in the ER and golgi.

N-linked

glycosylation occurs via an N-glycosidic bond to the nitrogen of the side chain of
asparagines in the sequon N-X-S/T where X is any amino acid except proline (Bause,
1983). A pre synthesised oligosaccharide chain is transferred to the growing protein
by oligosaccharyltransferase from the lipid carrier dolichol-pyrophosphate in the
lumen of the ER.

This core oligosaccharide remains fairly consistent among
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eukaryotes and consists of three glucoses, nine mannoses and two N-acetylglucosamines (Figure 4.1) (Kornfeld and Kornfeld, 1985).

o Mannose
o N-acetyl-glucosamine
6.

Glucose

Figure 4.1. N-linked core oligosaccharide.

Synthesis of the oligosaccharide commences on the cytosolic surface of the ER (see
Figure 4.2). The first seven sugars are added to the dolichol pyrophosphate lipid
carrier by specific glycosyltransferases (Burda et aI., 1999).

The antibiotic,

tunicamycin can inhibit this first step of the pathway, the transfer of N-acetylglucosamine to dolichol pyrophosphate thereby blocking the whole N-glycosylation
process (Tkacz and Lampen, 1975). Once the seven sugar chain has been added to
dolichol pyrophosphate, the chain is then translocated to the lumen side of the ER by
heptasaccharide flippase enzymes (Helenius and Aebi, 2002). Here the remaining
seven oligosaccharides are added, the last being a glucose residue. This terminal
sugar acts as an indicator to oligosaccharyltransferase (OST) that the core
oligosaccharide is complete (Burda and Aebi, 1998), and OST attaches the glycan to
the asparagine residue of the glycosylation sequon of the polypeptide by an Nglycosidic bond. Asparagine has an uncharged, polar amide side chain which is
fairly inert. Therefore the hydroxyl side groups of threonine or serine are required

100

Investigation into the Role of N-linked Glycosylation and Sialylation on TRPYI Function

(Bause and Legler, 1981, Silberstein and Gilmore, 1996). Due to the unique cyclic
structure of proline, where the side chain is bonded to both the a carbon atom and
nitrogen, proline cannot be amino acid X in the glycosylation sequon.

Proline

prevents folding of the growing peptide into a loop thus preventing the third amino
acid in the sequon (serine or threonine) contacting the asparagines to cause it to
become more hydrophilic and thus more reactive (Helenius and Aebi, 2004).

Once the core glycan has been attached to the peptide the two terminal glucose
residues are cleaved by glycosydases I and II. This structure is recognised by the
lectin molecular chaperones, calnexin or calreticulum, which associate with the
glycoprotein and aid protein folding (Peterson et aI., 1995, Nauseef et aI., 1995,
Hammond et a!., 1994). This is achieved by exposing the newly formed protein to
the thiol-disulphide oxidoreductase, ERp57, which forms disulphide bridges by
oxidation. Although proteins being newly synthesised begin folding immediately
upon entry to the ER, before detachment from the ribosomes, folding still continues
after dissociation. By binding to the chaperone proteins, the glycoproteins cannot be
prematurely exported from the ER, and are allowed to complete their correct folding
process (Hammond et aI., 1994).

Binding to the chaperones may also prevent

degradation. Correctly folded proteins are released from calnexin or calreticulum
when glycosidase II cleaves the third and final glucose.

If the protein is still

incorrectly configured, UDP-Glc:glycoprotein glucosyltransferase (GT) prevents the
protein being exported by reglucosylating the protein causing it to bind again with
one of the lectins (Hammond et a!., 1994). This cycle continues until the protein is
correctly folded, oligomerised or degraded (see figure 4.2).
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V\)

Dolicholpyrophosphate
Mannose

o
o N-acetyl-glucosamine
Cytoplasm

6

Glucose

ER Lumen

Ribosomes
Cytoplasm

Rough ER Lumen

Figure 4.2. Formation of the N-linked glycan in the ER. The first seven sugars
are added to the dolichol-pyrophosphate by glycosyltransferases. The glycan is then
translocated to the ER lumen by heptasaccharide flippase.

The remaining

oligosaccharides are added including a terminal glucose which indicates to OST that
the glycan is complete and the sugar is attached to the growing protein. The next two
glucose residues are cleaved by glycosydases I and II before the protein detaches
from the ribosome.
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Glycosylation may be important in protein folding not only as a recognition site for
the chaperone proteins. Current understanding suggests that the presence of a glycan
can induce rigidity in a protein structure possibly by restricting freedom of mobility
of the peptide chain. For proteins whose structure has been determined by X-ray
chrystallography in the Brookhaven Protein Data Bank (BDB), Petrescu et al 2004
showed that N-link glycosylation tends to occur at regions of protein where there is a
change in the secondary structure, more regularly bends or turns (Petrescu et aI.,
2004). This high incidence of glycosylation occurring at crucial locations on the
protein could provide evidence in favour of a role for N-linked glycosylation in
protein folding (Petrescu et aI., 2004). If proteins are still misfolded after glycans are
added, they are not allowed to leave the ER, instead they are degraded.

Once the protein has folded correctly, the final glucose residue is removed,
indicating the protein is ready for the next step (Hammond et aI., 1994). A series of
mannosidases then cleave one or all of the al,2 bound mannoses (Kornfeld and
Kornfeld, 1985). From here, the diversity of glycans begins to develop. Complex
glycoproteins are transported to the golgi apparatus for the next steps of processing
in vesicles which bud off from the ER membrane (Palmer et aI., 2005). These
vesicles fuse with the membrane of the cis golgi. The glycoproteins then move
systematically through the golgi.

The golgi contains a diverse range of

glycosyltransferases, which can add a wide range of saccharide moieties to the
developing N-linked glycan. So after the glycoprotein enters the cis golgi lumen it
then proceeds through the golgi apparatus passing through the medial golgi and into
the trans golgi. On its journey the addition of various oligo saccharides is catalysed
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by different glycosyltransferases (Kornfeld and Kornfeld, 1985).

Most glycans

consist of bi-antennary structures, however tri-antennary and tetra antennary occur
often, and five or more branches do occur (Eklund and Freeze, 2005). The final step
which occurs in the trans golgi is the addition of a galactose and sialic acid residue to
the terminal sugar of each branch in reactions catalysed by galactosyltransferase and
sialyltransferase respectively (see figure 4.3).

4.1.2 Sialic Acid.
Sialic acid has been implicated in a number of disease states including cystic fibrosis
and tumours (Malykh et aI., 2001, Kube et aI., 2001) and may be involved in release
of the influenza virus from host cells (Nayak et aI., 2004). Sialic acid residues are
added to the terminal sugar of the glycan of glycosylated proteins by
sialyltransferases in the trans golgi. These residues can be linked via a2,3, or u2,6 to
D-galactose or u2,6 to D-N-acetlygalactosamine or D-N-acetylglucosamine. a2,8
linkages also occur (Angata and Fukuda, 2003). There are over 50 different sialic
acids all derived from either neuraminic acid or deaminoneuraminic (MunsterKuhnel et aI., 2004). In the nucleus, sialic acids for example N-acetylneuraminic
acid (Neu5Ac) are converted to their CMP diester form (e.g. CMP-Neu5Ac) by
CMP-sialic acid synthetase (e.g. CMP-Neu5Ac synthetase). From here the CMPsialic acid is transported to the golgi where it becomes a substrate for the
sialyltransferases, which subsequently attach it to the oligosaccharide chain
(Munster-Kuhne1 et aI., 2004).

There are currently around 18 different known

human sialyltransferases (Harduin-Lepers et aI., 2001).

104

Investigation into the Role of N-linked Glycosylation and Sialylation on TRPVI Function

A mutant Pro-5 cell line derived from Chinese Hamster Ovary cell (CHO) has been
developed, Lec2 cells (ATCC Number: CRL-1736) which have impaired CMP-sialic
acid transport to the goli and therefore glycoproteins synthesised in these cells are
not sialylidated. This cell line is therefore a useful tool to determine whether sialic
acid is important in glycoprotein function or trafficking (Compton et aI., 2002).
Another useful tool for studying the effect of sialic acid on proteins is the enzyme
neuraminidase. Neuraminidase is a carbohydrase or glycosidase enzyme which was
first discovered in the influenza virus. It cleaves the sialic acid residues from the
terminal of glycans on glycoproteins (Gottschalk, 1958).

Sialic acid is known to affect the functioning of other ion channels including the
potassium channel Kvl.l and the voltage-gated sodium channel (Johnson et aI.,
2004, Thornhill et aI., 1996). Sialic acid is thought to alter the local electric field of
Kvl.l (Thornhill et aI., 1996). Sialylation of the

PI

subunit of the voltage-gated

sodium channel is thought to regulate the channel by an electrostatic mechanism
(Johnson et aI., 2004). It is currently unknown what role sialic acid plays in the TRP
family of ion channels.
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o Mannose
o N-acetyl-glucosamine
6.

Glucose

o

Fucose

•

Galactose

o Sialic acid

(pmtei'

High Manose oligosaccharides fonned in the
ER and Cis GoJgi

Oligosaccharide fonned in the Medial Golgi

Oligosaccharide fonned in the Trans Golgi

Figure 4.3. N-Linked Glycan Processing in the Golgi. The glycosylated protein
moves systematically through the Golgi, which contains a diverse range of
glycosyltansferases.

The glycosyltransferases catalyses the addition of various

oligosaccharides to the glycan. The final step, which occurs in the Trans Golgi, is
the addition of a galactose and sialic acid residue to the terminal sugar catalysed by
galactosyltransferase and sialyltransferase respectively.
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4.1.3

Glycosylation and rTRPVl

rTRPVl has one potential N-linked glycosylation sequon (NNS) situated at amino
acid 604 on the extracellular region of transmembrane spanning domain 5 in close
proximity to the P-Ioop (see Figure 1.3).

Two previous studies have provided

preliminary but conflicting data on the role of glycosylation in regulating TRPV 1
function. A study by Rosenbaum et al 2002 where they mutated the asparagines to
serine (N604S) detected no change in function of the mutant TRPVI lacking the
glycosylation site compared to the wild type channel (Rosenbaum et aI., 2002). In
contrast, Wirkner et al (2005), mutated the asparagines of the glycosylation sequon
to a threonine (N604T), and reported a reduction in the maximum of the capsaicin
concentration effect curve and a reduced EC50 (Wirkner et aI., 2005). The results of
both studies are conflicting and although the asparagine was mutated to amino acids
with uncharged polar side chains, serine and threonine, the most widely used amino
acid in replacement of asparagine and closely related structurally is glutamine (Q).
Glutamine, like asparagine, threonine and serine has an uncharged polar side chain,
however threonine and serine contain aliphatic hydroxyl groups where as asparagine
and glutamine have a terminal amide group.

Altering the amino acid can affect

folding of the protein, so in order to minimise disruption of the channel and to see the
effects of removing the glycosylation site alone, the amino acid exhibiting the closest
properties to asparagine should have been selected.

In this investigation in order to give a more in depth study of the role of potential Nlinked glycosylation site 604, the asparagine was mutated to glutamine (N604Q) and
both the N604Q mutant and wild type TRPVl were expressed in ProS and the mutant
cell line Lec2.
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4.2 Materials and Methods

4.2.1 Materials
Neuraminidase was supplied by Calbiochem, UK. Tunicamycin was obtained from
Sigma, Poole, UK. Protein assay was purchase from BioRad. The murine antiHAll monoclonal antibody was bought from Covance, UK. The ProFound HAll
immunoprecipitation Kit was purchase from Pierce, Northumberland, UK.

The

enhanced chemiluminescence (ECL) western blotting detection reagents and analysis
system and anti-murine horse radish peroxidase conjugated secondary antibody was
supplied by Amersham Biosciences, Buckinghamshire, UK and the polyvinylidene
fluoride (PVDF) transfer membrane was purchased from Amersham Pharmacia
Biotech. For all other reagents see section 2.2.1.

4.2.2 Mutation of the Potential Glycosylation Site N604
Site directed mutagenesis was performed as described in section 2.2.2.9. Briefly, a
mutation was inserted at amino acid position 604 to change N604 to Q604. The
primers

were

designed

as

described

GGATGGGAAGCAGAACTCTCTGC-3' ,

m

section

2.2.2.9

antisense,

(sense,

5'5'-

GCAGAGAGTTCTGCTTCCCATCC-3 ') and the site directed mutagenesis reaction
was carried out as per the manufacturers protocol (Stratagene).

The mutated

rTRPVl construct was amplified as described in section 2.2.2.8 and rTRPVI and
rTRPV 1N 604Q permanently expressing cell lines were created in both Lec2 and
Pr05 cells as described in section 2.2.2.10 and 2.2.2.11 as well as mock transfected
Pr05 and Lec2 cell lines. Cells were grown in MEM n, containing 10 % FCS, 100
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U/ml penicillin, 100 Ilg/ml streptomycin, 250 nglml amphotericin B and 0.6 mg/ml

G418.

4.2.3 Comparing Expression by Flow Cytometry
To ensure any functional differences in responses seen between rTRPVI-Pro5,
rTRPVIN604Q-Pr05, rTRPVI-Lec2 and rTRPVIN604Q-Lec2 were due to mutation
or lack of sialic acid, all four cell lines were analysed by flow cytometry. This was
performed based on the methods described in section 3.2.6.

Briefly, cells were

grown to 70% confluence and harvested with cell dissociation buffer (Invitrogen).
Cells were permeabilised in PBS containing 4% formaldehyde before incubation
with the primary antibody, mouse anti-HAll monoclonal antibody (1 in 1000,
Covance) followed by incubation with the secondary antibody, anti-mouse IgG FITC
polyclonal antibody (1 in 100, Sigma). Optimisation was again carried out for this
protocol involving both primary and secondary antibody titrations.

4.2.4 RT -PCR
RT-PCR was performed as one of four separate approaches to verify that the ProS
and Lec2 cell lines had been successfully transfected with rTRPVl

or

rTRPVIN604Q. mRNA was extracted from mock transfected ProS and Lec2 cells,
rTRPVl expressing ProS and Lec2 cells and rTRPVIN604Q expressing ProS and
Lec2 cells using an RNeasy minikit (Qiagen) according to manufacturer's protocol
and quantified using a GeneQuant™ spectrophotometer (Amersham Biosciences).
eDNA was synthesised by reverse transcription of 2 Jlg of mRNA with an omniscript
RT kit (Qiagen) and random primers (Invitrogen). The reverse transcription reaction
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took place at 24°C for 10 minutes, 42°C for 50 minutes and 95°C for 10 minutes (as
described in 2.2.2.3). The PCR reaction for rTRPVl contained 1 J.lI of eDNA, PCR
buffer, 0.2 mM dNTPs and 1U Taq DNA polymerase (New England Bioscience)
with

specific

oligonucleotide

pnmers

CTTCACCGCGGCTGCCTACT-3',

(primers
antisense,

sense,

5' -

5'-

TGAACTCCAGGTCGCCCATG-3 '). The PCR reactions were carried out for 35
cycles at 94°C for 3 minutes, 56°C for 1 minute and 72°C for 1.5 minutes with a
final extension for 10 minutes. The PCR products were subsequently separated on
1.3% agarose gel and visualised under UV illumination using a UVP Epichemi
system (UVP Laboratory Products, Cambridge, UK). The PCR products were sent
for sequencing to ensure each cell line was expressing the correct rTRPVl mRNA
varient, either wild type rTRPVl or rTRPVIN604Q.

4.2.5 Western Blot Analysis.
4.2.5.1 Membrane Preparations

Cells were plated into 175 cm2 flasks and grown to 70% confluence. The cells were
washed with PBS (4°C) then incubated for 30 seconds in deionised water (4°C).
This was replaced by membrane buffer (tris base 5 mM, EDTA 0.5 mM, leupeptin 1
)lg/ml, soybean trypsin inhibitor (STI) 1 )lg/ml and orthovanadate 1 mM, pH 7.5) at
4°C. The swollen cells were harvested using a cell scraper and transferred to a 15 ml
centrifuge tube before incubation on ice for 30 minutes with vortexing every 10
minutes to lyse the cells. The cell suspension was then centrifuged at 500 g for 10
minutes at 4°C. The supernatant was transferred to 1.5 ml centrifuge tubes and the
pellet containing the nuclear fraction was discarded.

The supernatant was
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centrifuged at 20,000 g for 45 minutes at 4°C. The supernatant was discarded and
the pellet was resuspended in 100 JJI of membrane buffer.

Crude membrane

preparations were stored at -80°C until required.

4.2.5.2 Immunoprecipitation
HAll

tagged rTRPVl

was immunoprecipitated usmg a ProFound HAll

immunoprecipitation kit as per the manufacturer's protocol. Protein was quantified
using the BioRad Protein assay, again as per the manufacturer's protocol.

4.2.5.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS PAGE)
For reducing blots, 10 jJg of protein was incubated with sample buffer and 1 jJl
mercaptoethanol for 1 minute at 100°C to denature the proteins.

of~-

~-mercaptoethanol

is

a reducing agent and was used to break any protein covalent bonds. Reduced or nonreduced protein (10 jJg) in sample buffer were then run on a 10% SDS
polyacrylamide gel using a Scie-Plus modular electrophoresis system (Jencons,
Leighton Buzzard, UK) as shown in table 4.1. The gel was run in a vertical gel
electrophoresis unit in electrode buffer consisting of 29 mM tris base, 192 mM
glycine and 0.1 % SDS.
10% SDS polyacrylamide gel
Stacking Gel
10% Acrylamide
5.5% Acrylamide
12.6% Stacking gel buffer 0.5 M tris HCI 25% Resolving gel buffer 1.5 M tris HCI
pH 8.8
pH 6.8
0.1%
SDS
0.1% SDS
0.05% Amonia persulphate
0.06% Amonia persuiphate
0.05%TEMED
0.14% TEMED
Deionised water
Deionised water
Table 4.1. Chemicals used to make the SDS polyacrylamide gel.
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4.2.5.4 Blotting
Protein from the gel was transferred to a polyvinylidene fluoride (PVDF) transfer
membrane (Amersham Pharmacia Biotech) by overnight electro transfer using an
electro transfer module in a Scie-Plus modular electrophoresis system.

The

membrane was then incubated in PBS-tween 20 (0.1 %) containing non fat milk (2%)
for at least 1 hour. The membrane was then washed for 15 minutes four times with
PBS-tween 20 (0.1 %) before incubation overnight with the primary antibody, murine
anti-HAll monoclonal antibody (1 in 1000) in PBS-tween 20 (0.1 %) containing non
fat milk (2%). The membrane was washed for 15 minutes four times with PBStween 20 (0.1%) followed by incubation with the secondary antibody, in PBS-tween
20 (0.1%) containing non fat milk (2%) for 2 hours. The protein was visualised in a
UVP gel doc system following treatment with an enhanced chemiluminescence
solution (EeL western blotting detection reagents and analysis system, Amershan
Biosciences) as per the manufacturer's instructions. Pictures were taken every 5
minutes for I hour, the picture depicting bands most clearly was chosen.

4.2.5.5 Optimisation
2

Due to low levels of cell surface expression of the protein, up to ten 175 cm flasks
of cells were used per membrane preparation. Western blots were initially tried with
crude membrane preparations, however, multiple bands were detected due to the low
specificity of the secondary antibody and therefore membrane preparations were
HA 11 immunoprecipitated. A secondary antibody titration was also performed in
order to maximise protein visualisation and eliminate non-specific antibody binding.
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4.2.6 Confocal Microscopy
Confocal microscopy was performed to determine whether glycosylation had an
effect on cell surface expression of rTRPVl. Cells were plated into Petri dishes (60
mm) containing coverslips. The cells were grown in normal growth media for 48
hours or until they reached 70% confluence before washing two times with PBS.
The cells were then fixed by incubation in formaldehyde (3%) in PBS for 15
minutes, this was followed by washing twice with PBS and permeabiling in PBS
containing 0.2% triton X-IOO for 10 minutes. The cells were washed another two
times with PBS, then incubated in the primary antibody, murine anti-HAll
monoclonal antibody (I in 1000, Covance) for I hour at room temperature
(rTRPVIE648A-HEK cells) or overnight at 4°C (rTRPVI-Pro5 cells).

The

differences in primary antibody incubation times for rTRPVIE648A-HEK and
rTRPVI-Pr05 cells were due to differences in rTRPVI expression levels. The cells
were washed again two times with PBS before incubation with the secondary
antibody, anti-mouse IgG FITC polyclonal antibody (1 in 500, sigma) for 1 hour at
room temperature. The cells were washed a final two times with PBS before the
coverslips were fixed to slides. The cells were visualised using a Nikon Eclipse
(TE2000-E) microscope with a BioRad Radiance 2100 scanning system and lasers.

4.2.7 Calcium Signalling
Activation of TRPVl by capsaicin was assessed by measuring increases

In

intracellular calcium levels following agonist challenge. This was carried out as
described in section 2.2.4. Briefly, cells were loaded with the calcium binding probe
Fluo-3 and increases in intracellular calcium were detected using a PTI
fluorospectrometer with an excitation wavelength of 480 nm and a detector set to
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measure at a wavelength of 530 nm. Responses to capsaicin were expressed as a
percentage of the maximum fluorescence signal after the addition of 6

~M

calcium

ionophore (A23 187) and used to construct concentration-effect curves.

4.2.8 Neuraminidase Treatment
2

rTRPVI-Pro5 cells (one 75 cm flask at 70% confluence) were lifted with cell
dissociation buffer and washed by centrifugation with PBS. hTRPVI-HEK cells and
rTRPVIE648A-HEK cells (75 cm2 flask at 90% confluence) were lifted with PBS
and centrifuged. The cells were resuspended in 200

~L

of normal growth media

(MEM a growth media for the Pro5 cell lines and DMEM containing 10 % FCS, 100
Vlml penicillin, 100

~g/ml

streptomycin, 250 nglml amphotericin B and 0.6 mg/ml

0418 for the HEK cell lines) and 0.15 Vlml Vibrio cholerae neuraminidase
(Calbiochem). The cells were incubated at 37°C for 45 minutes with gentle shaking.
The cells were then washed twice by centrifugation with PBS before responses to
capsaicin were investigated by calcium signalling (see section 2.2.4).

4.2.9 Tunicamycin Treatment.
24 hours after cells had been plated in 75 cm2 flasks in normal growth media,
tunicamycin (sigma) was added to give a final concentration of 1 Jlg/ml as described
previously (Compton et al., 2001). Pro5 cell lines were allowed to propagate for 48
hours and HEK cell lines were allowed to propagate for 72 hours before responses to
capsaicin

were

investigated

by

calcium

signalling

(see

section

2.2.4).

rTRPVIE648A-HEK cells grow slower than rTRPVI-Pr05 cells and as tunicamycin
only inhibits N-glycosylation of newly synthesised proteins, the rTRPVIE648A-
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HEK cells were allowed to propagate for a further 24 hours (compared to rTRPV 1Pro5 cells) to allow enough newly synthesised protein to be produced.
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4.3 Results
4.3.1 Tunicamycin and Neuraminidase Severely Reduce TRPVI Function
A pharmacological approach was initially employed to determine whether the
glycosylation of rTRPV 1 was important for the correct functioning of TRPV I.
rTRPVI-ProS displayed a concentration dependent increase in intracellular calcium
in response to capsaicin from as low as 3 nM reaching a maximum by 300 nM with
an ECso of 20 nM (Figure 4.4A, open squares). For rTRPVI-ProS cells pretreated
with tunicamycin (1 Jlg/ml, 48 hours), a response was observed at 30nM capsaicin
which reached a maximum by 1 JlM capsaicin with a 79% reduction in the maximal
response and rightward shift of 1 order of magnitude with an ECso value of 21 nM
(Figure 4.4A, open triangles). No difference in activation kinetics was observed
between treated and non treated rTRPVI-Pro5 cells (Figures 4.4B and C). Mock
transfected ProS cells failed to respond to capsaicin at the maximum concentration
tested (3 JlM, closed square). To determine more specifically if sialic acid was
involved in this loss of response, rTRPVI-ProS cells were treated with
neuraminidase. Pretreatment of rTRPVI-Pro5 cells with O.1S Vlml neuraminidase
resulted in capsaicin evoked response from 10nM, reaching a maximum by 100nM
with a S7% reduction in maximal response compare to untreated cells with an ECso
21 nM (Figure 4.SA, open circles). No difference in activation kinetics was observed
between treated and non treated rTRPVI-ProS cells (Figure 4.5B).
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Figure 4.4. Capsaicin concentration-effect curves for rTRPVI-Pro5 cells with
and without tunicamycin treatment.

Capsaicin concentration-effect curve for

mock transfected Pr05 (_), rTRPVI-Pro5 (D) and tunicamycin treated rTRPVI-Pro5

(M. Results are expressed as the mean ± SEM of 3 to 4 experiments each performed
in duplicate. (B) Representative traces for rTRPVI-Pro5 for capsaicin (3flM) and
A23187 (6 flM) evoked calcium responses.

(C) Representative traces for

tunicamycin treated rTRPVI-Pro5 for capsaicin (3I1M) and A23187 (6 11M) evoked
calcium responses.
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Figure 4.5. Capsaicin concentration-effect curves for rTRPVI-Pro5 cells with
and without neuraminidase treatment. Capsaicin concentration-effect curve for
rTRPVI-Pro5 (D) and neuraminidase treated rTRPVI-Pro5 (0).

Results are

expressed as the mean ± SEM of 4 experiments each performed in duplicate. (B)
Representative traces for neuraminidase treated rTRPVI-Pro5 for capsaicin (311M)
and A23187 (6 11M) evoked calcium responses.
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4.3.2 The Glycosylation Mutant Channel rTRPVIN604Q-Pro5 and rTRPVI-Lec2
Display Dramatic Reductions in Channel Activation by Capsaicin
We next sought to determine on a molecular level the importance of the
glycosylation site and sialylation for rTRPVl function. To do this the potential site
of glycosylation (N604) was mutated in rTRPVl producing rTRPVIN604Q. Pro5
and Lec2 cells were successfully transfected with either rTRPVl or rTRPVIN604Q
to create three further cell lines, rTRPVIN604Q-Pr05, rTRPVI-Lec2 and
rTRPVIN604Q-Lec2. RT-PCR confirmed transfection had been successful in each
cell line (Figure 4.6). Clear bands at -607 bp were observed for rTRPVI-Pro5,
rTRPVIN604Q-Pro5, rTRPVI-Lec2 and rTRPVIN604Q-Lec2.

No bands were

detected for mock transfected Pr05 or Lec2 cells.
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rTRPVI Pr05 rTRPVIN604
ProS
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Figure 4.6. RT-PCR of rTRPVl amplified from moek transfected ProS and
Lec2, rTRPVI-ProS, rTRPVI-Lee2, rTRPVIN604Q-ProS and rTRPVIN604QLec2 eDNA.

The products were separated on a 1.3% agarose gel containing

ethidium bromide and visualised under UV light. The size of the product is ~607 bp.
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The glycosylation mutant receptor rTRPVIN604Q-Pro5 responded to capsaicin in a
concentration dependent manner from 3 nM reaching a maximum by 300 nM with an
EC50 of 38 nM. The maximal obtainable response for N604Q was ~ 76% lower than
that observed for capsaicin in rTRPVI-Pro5 (Figure 4.7, closed triangles).

No

difference in activation kinetics was observed between rTRPVI-Pro5 and
rTRPVlN604Q-Pro5

cells

(Figures 4.4B and 4.7B).

rTRPV 1-Lec2 and

rTRPVlN604Q-Lec2 both responded in a concentration dependent manner to
capsaicin from 3 nM and 10 nM respectively, again reaching a maximum by 300 nM
(Figure 4.8A, EC 50 values of 20 nM, open circles

and 21 nM, closed circles

respectively). The maximal responses of rTRPVl-Lec2 and rTRPVIN604Q-Lec2
cells to capsaicin were

~ 74%

and

~69%

lower than that observed for capsaicin in

rTRPV l-Pro5 cells respectively. Mock transfected Lec2 cells failed to respond to
capsaicin at the highest concentration tested (3 JlM, closed square). Little difference
in activation kinetics was observed between rTRPVI-Pr05, rTRPVl-Lec2 and
rTRPVIN604Q-Lec2 cells (Figures 4.4B, 4.8B and 4.8C).
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Figure 4.7. Capsaicin concentration-effect curves for rTRPVI-Pro5 and
rTRPVIN604Q-Pro5 cells. Capsaicin concentration-effect curve for rTRPVI-Pro5
(0) and rTRPVIN604Q-Pro5 (T). Results are expressed as the mean ± SEM of 4 to

6 experiments each performed in duplicate.

(B) Representative traces for

rTRPVIN604Q-Pro5 for capsaicin (3)lM) and A23187 (6 )lM) evoked calcium
responses.
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Capsaicin concentration-effect curves for rTRPVI-Pro5 and

rTRPVI-Lec2 and rTRPVIN604Q-Lec2.

(A) Capsaicin concentration-effect

curve for mock transfected Lec2 (.) rTRPVI-Pr05 (D), rTRPVI-Lec2 (0) and
rTRPVIN604Q-Lec2 (e).

Results are expressed as the mean ± SEM of 3 to 7

experiments each performed in duplicate. (B) Representative traces for capsaicin
(3flM) and A23187 (6 flM) evoked calcium responses for rTRPVI-Lec2 cells. (C)
Representative traces for capsaicin (3flM) and A23187 (6 flM) evoked calcium
responses for rTRPVIN604Q-Lec2 cells.
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4.3.3 Glycosylation has little Effect on TRPVl Expression.
Confocal microscopy and flow cytometry were employed to show whether
glycosylation or sialylation affected cell surface expression ofthe channel.

4.3.3.1 Confocal Microscopy
Due to the high expression of rTRPV 1E648AHEK cells, this cell line was used as a
positive control and clearly displays TRPVI expression throughout the cell except
for in the nucleus (Figure 4.9A). No staining was seen in cells treated with only the
secondary antibody (Figure 4.9C and 4.9D).

The same cellular staining was

observable in rTRPVI-Pr05 cells (Figure 4.9B).

4.3.3.2 Flow Cytometry
Flow cytometry was employed to compare the receptor densities of the individual
cell lines to ensure that the differences in responses were not due to differences in
expression levels.
rTRPV 1N604Q

Due to the unreliability of TRPV 1 antibodies, rTRPV I and
were

tagged

with

an

influenza

haemagglutinin

epitope

(YPYDVPDY A) at the C terminus. The commercially available antibody, murine
anti-HAll (Covance) could then be used to visualise the protein. Despite the epitope
tagging, the expression of TRPV 1 was still hard to detect and no significant TRPV 1
expression could be detected in the rTRPVI-Pro5 cell lines (Figure 4.l0A).
However clear rightward shifts could be detected in both the rTRPVIN604Q-Lec2
and rTRPVI-Lec2 cell lines, when compared to mock transfected cells (Figure
4.10B).
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Figure 4.10. Flow cytometry analysis for rTRPVI-Pro5, rTRPVIN604Q-Pro5,
rTRPVI-Lec2 rTRPVl 604Q-Lec2 and mock transfected ProS and Lec2 cell
line . Flow cytometry analysis for (A)TRPVl expression on mock transfected ProS
(_), rTRPV1-Pro5 (----) and rTRPVl 604Q-Pro5 cells (-

).

(B) TRPVl

expression on mock transfected Lec2 (_), rTRPVI-Lec2 (-----) and rTRPV IN604QLec2 cells (- -). The re ults are representative of 3 separate experiments.
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4.3.4 rTRPVl is not Heavily Glycosylated
Membrane preparations and immunoprecipitations were performed for rTRPV 1Pro5, rTRPVIN604Q-Pr05, rTRPVI-Lec2 and rTRPVIN604Q-Lec2 as well as
mock transfected Pr05 and Lec2 cell lines.

However, not enough protein was

extracted to be detected on the transfer membrane despite cells from up to ten 175
cm2 flasks being utilised. A non reducing blot was performed for rTRPVI-Pro5,
rTRPVIN604Q-Pro5, rTRPVI-Lec2 and rTRPVIN604Q-Lec2 and a band was
clearly visible at approximately 100kDa for rTRPVI-Lec2 and rTRPVIN604Q-Lec2
with no band observed for the mock transfected Lec2 cells (Figure 4.11A). As a
positive control, membrane preparations and immunoprecipitation was performed for
rTRPVIE648A-HEK (Figure 4.11B).

The blot clearly shows a major band at

approximately 95 kDa. No bands were detected in the mock transfected HEK cells,
except at approximately 60 kDa.
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We tern

HEK

Blot analysis

of HAll

rTRPVl 604Q-Lec2 and rTRPVIE648A-HEK.

tagged

rTRPVI-Lec2,

(A) Western blot analysis of

rTRPVI-Lec2, rTRPVIN604Q-Lec2 and mock transfected Lec2 cell lines.

(B)

Western blot analysis of rTRPVIE648A-HEK and mock transfected HEK293 cells.
rude

membrane

preps

were

irnrnunoprecipitated

using

an

HAll

immunoprecipitation kit and proteins were separated by SD -PAGE before
immunobloning with a monoclonal HAll antibody.
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4.3.5 Tunicamycin and Neuraminidase Severely Reduce the Function of rTRPVl
expressed in HEK293 Cells
To determine whether the results obtained with rTRPVI-Pr05, rTRPVIN604Q-Pr05,
rTRPVI-Lec2

and

rTRPVIN604Q-Lec2

were

rTRPV 1E648A in HEK293 cells (see chapter 3).

cell

specific

we

expressed

Capsaicin concentration effect

curves were constructed for rTRPV I E648A-HEK before and following treatment
with either neuraminidase or tunicamycin treatment (Figure 4.12A). Untreated cells
(open diamonds) responded to capsaicin from 1 nM reaching a maximum by 300 nM
with an EC so of 13 nM. The neuraminidase (Figure 4.l2A, cross) and tunicamycin
(Figure 4.12, closed diamond) treated cells both responded to capsaicin between 10
nM again reaching a maximum by 300 nM with EC so values of 17 nM and 8 nM
respectively. Like the Pro5 cell lines, the maximal response of the neuraminidase
and tunicamycin treated rTRPV 1E648A cells resulted in a striking reduction

(~68%

for both treatments) in maximal response compared to the untreated rTRPVIE648AHEK cells.

4.3.6 Tunicamycin Does Not Affect Global Expression ofrTRPVIE648A-HEK
To show whether the reduction in response following tunicamycin treatment was due
to a loss of TRPV 1, flow cytometry was performed to compare channel densities
before and after treatment (Figure 4.128).

The results show a similar shift in

fluorescence for both the treated and untreated cell lines compared to mock
transfected HEK cells.
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ap aicin concentration-effect curves for rTRPVl E648A-HEK

with and without tunicamycin and neuraminidase treatment and flow cytometry
analy i to compare TRPVl expre sion before and after tunicamycin treatment.

(A) Cap aicin concentration-effect curve for untreated rTRPVIE648A-HEK cells
(0), tunicarnycin treated rTRPVIE648A-HEK (+) and neuraminidase treated
rTRPV I 648 -HEK (x) . Re ult are expressed as the mean ± SEM of 3 to 5
experiment each performed in duplicate. (B) Flow cytometry analysis for TRPVI
e pre ion on mock tran fected HEK cell (_), untreated rTRPVIE648A-HEK (-----)
and tunicamycin treated rTRPVIE648A-HEK cells (- -).

The results are

repre entati e of3 eparate e periments.
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4.3.7 Tunicamycin and Neuraminidase Treatment Reduces the Responsiveness of
hTRPV 1 to Capsaicin
Finally, the role of glycosylation on hTRPVl was investigated. The response of
hTRPV 1 expressing HEK cells to capsaicin with and without neuraminidase or
tunicamycin treatment was measured and capsaicin concentration-effect curves were
constructed (Figure 4.13).

Untreated cells responded to capsaicin from 300 pM

reaching a maximum by 300 nM with an ECso of 8 nM (Stars).

Both the

neuraminidase and tunicamycin treated cells responded to capsaicin from 1 nM
reaching a maximum by 100 nM with ECso values of 6 nM for both cell lines (cross
and open triangle respectively). Both the neuraminidase and tunicamycin treated
cells exhibited a -44% reduction in maximal response compared to the untreated
hTRPVI-HEK cells.
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Figure 4.13. Capsaicin concentration-effect curves for hTRPVI-HEK cells with
and

without

tunicamycin

and

neuraminidase

treatment.

Capsaicin

concentration-effect curve for untreated hTRPVI expressed in HEK cells (.),
tunicamycin treated hTRPVI-HEK

(,~)

and neuraminidase treated hTRPVI-HEK

(x). Results are expressed as the mean ± SEM of 3 to 4 experiments each performed

in duplicate.
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4.4 Discussion

The results from this chapter provide novel and convincing data that glycosylation
and more specifically sialylation of TRPVl modulates receptor function in response
to capsaicin.

Using calcium signalling we have shown pharmacologically,

molecularly and genetically that TRPVl lacking either its glycan or sialic acid is
strikingly less responsive to capsaicin. Our findings uncover a novel mechanism
whereby TRPV 1 activation is regulated.

Initially western blot analysis with rTRPVI-Pr05, rTRPVI-Lec2, rTRPVIN604QProS and rTRPVIN604Q-Lec2 cells was employed to confirm that rTRPVl was
glycosylated, however purifying enough of the channel proved difficult. Confocal
microscopy may provide one explanation as to why the membrane preparations
consistently failed to produce enough TRPVl.

The receptor isolation method

utilised in this thesis discarded the cytosolic fraction of the cells. It was presumed
that the receptor would be largely at the cell surface, hence why crude membrane
preparations were used.

However, confocal results indicated that TRPVl was

uniformally distributed throughout the cell. Thus, in hindsight it would have been
better perhaps to have collected whole cell lysates for subsequent western blot
analysis. Nevertheless, western blot results were obtained for the rTRPVI-Lec2 and
rTRPVIN604Q-Lec2 cell lines. The blot clearly shows a band for each cell line at a
similar molecular weight suggesting the N-glycan on TRPVl is not large, a finding
consistent with previous reports (Jahnel et aI., 2001, Kedei et aI., 2001, Rosenbaum
et aI., 2002). Western blot analysis was also successful for rTRPV1E648A-HEK due
to the exceptionally high levels of receptor expression in this cell line as depicted by
the flow cytometry data (see Figure 3.5), calcium signalling (see Figure 3.4) and
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confocal microscopy (see Figure 4.9). Comparison to previously published studies
suggests the band at approximately 95 kOa may represent unglycosylated rTRPVI
and the band just over 100 kDa may represent glycosylated rTRPVl. Finally, the
band at over 250 kDa may represent trimeric or tetrameric rTRPVl (Kedei et ai.,
2001, Jahnel et ai., 2001, Rosenbaum et ai., 2002). The single band observed in the
Lec2 cell lines appears to be greater than 100 kDa. The difference in weight between
rTRPV 1 in the Lec2 and HEK cell line may be due to cell line differences or the fact
that the protein from the Lec2 cell lines was not reduced prior to separation on SDS
polyacrylamide gel. Moreover, proteins lacking sialic acid (i.e. those isolated from
the Lec2 cell line) may also appear to have a greater molecular mass on SOS PAGE
because sialic acid confers a negative charge to proteins and thus may cause proteins
to migrate towards the positive electrode faster than non sialylated proteins.
Nevertheless, our results support previous reports that TRPVI is not a heavily
glycosylated protein.

We next utilised flow cytometry and confocal microscopy to assess the expression
levels of each of the wild type and glycosylation mutant receptor cell lines. Flow
cytometry data indicated that the rTRPVl-Lec2 and rTRPVIN604Q-Lec2 cell lines
displayed a greater global TRPVI expression than the rTRPVI-Pro5 cell line,
suggesting that differences observed in calcium signalling are unlikely to be
attributable to differences in receptor expression.

Further, to assess whether

tunicamycin altered TRPVl expression levels, we employed the rTRPVlE648AHEK cell line, since receptor levels could clearly be observed using flow cytometry.
The results clearly indicate that tunicamycin treated rTRPVlE648A-HEK cells
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exhibit similar expression levels to non treated cells, leading us to conclude that
rTRPV I expression is not significantly affected by removal of the N-linked glycan.

Confocal mIcroscopy was then utilised to detennine the cellular distribution of
TRPVl in each cell line. As described above the rTRPVIE648A-HEK cell line was
used as a positive control. Interestingly, staining revealed rTRPVl was expressed
throughout the cell, not just at the plasma membrane.

This is consistent with

findings by others (Olah et aI., 2001b, Hellwig et aI., 2005, Jahnel et aI., 2001) and
confirm findings described in chapter 2 which suggested that TRPVl was expressed
on the plasma membrane as well as the membrane of intracellular stores.
Surprisingly however, the intracellular distribution appeared to be throughout the
cytosolic compartment and did not appear to be confined to specific regions. The
same pattern of rTRPVl staining was observed in rTRPVI-Pr05 cells.

Further

investigation is needed to show that the expression of the channel exhibits the same
distribution in Lec2 cells or N604Q mutant cell lines.

However, due to time

constraints these experiments could not be performed before the writing of this
thesis.

Following challenge with capSaICIn, rTRPVI-Pro5 cells exhibited a robust
concentration dependent increase in intracellular calcium. However, removal of the
N-linked glycan either pharmacologically using tunicamycin or molecularly by
mutation of the potential N-linked glycosylation site, N604Q, caused a significant
reduction in the maximal capsaicin induced calcium influx. Further investigation
revealed that it was not just removal of the glycosylation site, but more specifically
the removal of the sialic acid on the N-linked glycan which could be important for
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determining TRPV 1 function in response to capsaicin. Removal of sialic acid from
the wild type rTRPVI-Pro5 cell line by neuraminidase again caused a significant
reduction in the maximal calcium response following capsaicin challenge, an
observation which was confirmed genetically by expression of wild type TRPVl in
the mutant cell line Lec2, rTRPVI-Lec2. Finally, the importance of sialic acid and
glycosylation on rTRPVI function did not appear to be cell type specific as
rTRPV I E648A-HEK cells also exhibited a significantly reduced capsaicin response
following tunicamycin or neuraminidase treatment.

From the results presented here, it was not possible to assess whether the reduction in
rTRPV 1 function in the Lec2 cell lines was a result of a reduction in channel
expression at the cell surface per se. Nevertheless, a number of lines of evidence
clearly demonstrated that TRPV 1 global expression in either pharmacologically
treated or glycosylation mutant expressing cell lines was either the same or higher
than in their respective controls. Firstly, western blot data showed bands for rTRPV I
in both rTRPVI-Lec2 and rTRPVIN604Q-Lec2 following preparation of crude
membrane samples. However despite preparing samples from the same number of
cells, no bands were observed for the rTRPV 1 expressing Pr05 cell lines, despite
greater responses to capsaicin in rTRPVI-Pro5.

Secondly, flow cytometry data

indicated that the rTRPV 1 Lec2 cell lines had greater global expression than the ProS
cell lines. Thirdly, the magnitude of capsaicin evoked response in tunicamycin and
neuraminidase treated rTRPVI-Pro5 cells was comparable to the magnitUde of
response in the rTRPVIN604 and rTRPVI Lec2 cell lines.

The data therefore

suggests that the rTRPV 1 reduction in response to capsaicin in cell lines lacking the

N-glycan or sialic acid is not due to loss of channel expression. The data even
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suggests cell surface expression in these cell lines may be increased, a finding seen in
other TRP channels lacking N-glycans (Xu et aI., 2006). The reduction in response
may therefore be due to impared agonist binding, impared cation channel transport
throught the channel or impared folding of the channel. Further experimentation is
required to decipher the exact cause of this reduction in capsaicin evoked response.

The effect of removal of the rTRPV 1 N-linked glycosylation site on channel function
has been investigated in two previous studies (Rosenbaum et aI., 2002, Wirkner et
aI., 2005). Rosenbaum and colleagues performed the mutation N604S and using
xenopus oocytes as an expression system showed that although the channel appeared
to be glycosylated, unlike our data their results showed no significant change in
function in response to capsaicin compared to the wild type channel (Rosenbaum et
aI., 2002). They concluded that glycosylation of TRPVI has no effect on TRPVI
folding or targeting to the plasma membrane (Rosenbaum et aI., 2002), a result
consistent with our findings.

Wirkner and colleague, on the other hand, showed

HEK293 cells expressing the mutant rTRPVIN604T, like us, exhibited a significant
reduction in the maximal response to capsaicin (Wirkner et aI., 2005). However, in
contrast to our findings they observed a slight leftward shift in the capsaicin
concentration-effect curve (Wirkner et aI., 2005).

They also showed the mutant

channel was more sensitive to low pH and low capsaicin concentrations and
suggested that glycosylation may be involved in the regulation of pH-sensitivity of
the channel (Wirkner et aI., 2005). Our data pointing clearly to a significant role for
sialylation per se in regulating TRPV 1 activation by capsaicin has uncovered a novel
mechanism of TRPV 1 regulation.
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Finally, we sought to determine whether glycosylation is important for hTRPVl
function. Tunicamycin and neuraminidase treatment ofhTRPVl-HEK cells resulted
in a similar reduction in the maximal obtainable response with capsaicin.

The

reduction in maximal response was similar to that obtained when extracellular
calcium was removed from the assay buffer (see chapter 2).

Thus, one would

conclude that the drop in response in neuraminidase treated cells was a result of
unresponsive TRPVl at the cell surface, as found for rTRPVl, and that the
remaining response was indicative of intracellular TRPVl signalling. Further, the
fact that tunicamycin treated cells were as responsive to capsaicin as neuramindase
treated cells raises the question, does TRPVl have to be fully glycosylated at the cell
membrane to signal, but not require glycosylation to signal from internal stores?
Detailed experiments are required to answer this question categorically, however,
this is a likely scenario because we know that hTRPVl, unlike rTRPVl does appear
to signal from internal stores. Thus, we conclude that sialylation, also plays an
pivotal role in regulating hTRPVl in addition to rTRPVl.
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5.1 Introduction
A number of recent studies have indicated that TRPV 1 may be upregulated following
nerve injury or in certain painful disease states (Hudson et ai., 2001, Kanai et ai.,
2005, Rashid et aI., 2003, Yiangou et aI., 2001, Zhou et ai., 2002). Using a number
of animal models, Hudson and colleagues demonstrated that in rats TRPVl was
upregulated in undamaged afferent nerve fibres following nerve injury (Hudson et
aI., 2001). Using immunostaining they showed an increase in TRPVl protein in
undamaged neurons but not in the damaged nerves (Hudson et aI., 2001).
Interestingly Rashid and colleagues showed again using immunostaining following
nerve injury, mice also exhibited an increase in TRPVl protein expression, however
the increase was seen mainly on A fibres previously lacking the channel (Rashid et
aI., 2003). This increase can also be seen following non injurious painful stimuli to
the skin caused by chronic constriction (Kanai et aI., 2005). Again TRPVl was
upregulated on sensory neurons as demonstrated by Western Blot analysis (Kanai et
aI., 2005).

In rats TRPV I upregulation has also been demonstrated by

immunostaining in the dorsal horn of the spinal cord following spinal cord injury
(Zhou et aI., 2002).

TRPV I upregulation has also been described in some painful, inflammatory disease
states.

Yiangou showed using immunostaining that TRPV 1 appeared to be

upregulated, compared to normal tissue, in nerve fibres from patients with
inflammatory bowel syndrome, a disease which can often cause abdominal pain
(Yiangou et aI., 2001). TRPVl upregulation has also recently been described in
chronic cough using immunostaining.

The levels of TRPV 1 protein in human
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airways smooth muscle have been shown in some cases to be higher than in normals
(Mitchell et al., 2005).

It appears that following nerve injury or inflammation TRPVl can be upregulated. It

has been proposed that during inflammation TRPV 1 is sensitised by mediators such
as bradykinin and nerve growth factor, and now evidence is mounting that the
amount of protein can also be increased following inflammation (Chuang et al.,
2001, Hwang et al., 2000, Yiangou et al., 2001). This indicates that TRPVl has an
important role in inflammation and indeed it is well documented that inflamed tissue
is more sensitive to heat and low pH, the TRPVl agonists (Caterina et al., 1997).
This is probably due to sensitised TRPVl and may also therefore be due to an
increase in the protein too.

Although much work has been done characterising TRPV 1 on sensory neurons, it is
now emerging that TRPV 1 may also be expressed in non neuronal cells. Recently
TRPV 1 has been identified in keratinocytes as well as rat skeletal muscles, rat
urethelial cells, human airway smooth muscle cells and human dental pulp
fibroblasts (Mitchell et al., 2005, Inoue et al., 2002, Denda et al., 2001, Xin et al.,
2005, Birder et al., 2001, Miyamoto et al., 2005). We have cloned human TRPVl
from MRC-5 eDNA, a cell line derived from human foetal lung fibroblasts. We
therefore sought to determine whether primary human lung fibroblasts also express
TRPV 1 and if so whether the channel can be upregulated by inflammatory mediators.
We have investigated not only mRNA expression but protein expression and channel
function following human bronchial fibroblast exposure to three potent inflammatory
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mediators, namely, tumour necrosis factor a (TNF-a), lipopolysaccharide (LPS) and
interleukin 1 a (IL-1 a).
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5.2 Materials and Methods

5.2.1 Materials
The fibroblast growth medium kits including fibroblast basal medium, fibroblast
growth supplements and 0.05mg gentamycin and 0.1 ~g amphotericin B were
purchased from TCS Cell Works (Botolph Claydon, Buckinghamshire, UK). The
rabbit anti-capsaicin receptor polyclonal antibody was bought from Chemicon
International, Hampshire, UK. For all other reagents see section 2.2.1.

5.2.2 Culture of Human Primary Bronchial Fibroblasts.
Human primary bronchial fibroblasts (HPBF) were cultured using methods based on
those by Akers and colleagues (Akers et aI., 2000). Ethics approval was obtained
from the Hull and East Riding local research ethics committee. Explants were taken
from the conducting bronchi with informed consent from patients undergoing
thoracotomy. The tissue was cut into pieces of less than 1 mm3 . These sections were
placed into individual wells of a 24 well culture plate with DMEM containing 20%
FBS, 1% penicillin/streptomycin and 100 J.1M sodium pyruvate. The medium was
changed every three to five days.

After two to three weeks, fibroblasts were

observed growing from the bronchial tissue pieces. Confluent fibroblast cultures
were harvested by trypsinisation and transferred to 75 cm2 flasks containing selective
human primary bronchial fibroblast medium (l0 ml, TCS Cellworks). Confluent
cultures were passaged with a split ratio of 1:3 and cells were used between passages
1-10 for all experiments.

Purity of fibroblast cultures was established

morphologically by observing the typical spindle shape of the cells and the
characteristic swirls they formed. Immunohistochemical analysis was performed by
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Mr. Rithwik Ramachandran by staining with a fibroblast specific markers (Rithwik
Ramachandran PhD thesis). Two fibroblast markers were typically used, these were
vimentin and prolyl 4-hydroxylase (D'Andrea et aI., 2001, Vernet et aI., 2002).

5.2.3 Upregulation ofhTRPVI mRNA
HPBF were grown to confluence in 6 well cell culture plates and were then allowed
to quiesce for a further 48 hours in serum replacement medium (DMEM, Ix serum
replacement (Sigma), 1% penicillin/streptomycin and sodium pyruvate). The cells
were then treated with either IL-Ia (10 ng/mI, for 0,3,6,24,48 or 72 hours), TNF-a
(50 ng/ml, for 0, 3, 6, 24 or 48 hours), or LPS (100 ng/mi for 0, 3, 6, 24, 48 or 72
hours). mRNA was extracted using an RNeasy minikit (Qiagen, Hilden, Germany)
according to manufacturer's instructions and then quantified using a GeneQuant™
spectrophotometer (Amersham Biosciences, Buckinghamshire, UK).

cDNA was

synthesised by reverse transcription of 2 Ilg of mRNA with an omniscript RT kit
(Qiagen) and random primers (Invitrogen). The reverse transcription reaction was
carried out at 24°C for 10 minutes, 37°C for 50 minutes and 95°C for 10 minutes.
PCR was performed to compare mRNA levels as described in section 2.2.2.12
(primers

sense

5'-TTCTTGTTCGGGTTTTCCAC-3'

and

antisense

5'-

TCACTTCTCCCCGGAAGCGG-3'). A representative RT-PCR sample was sent
sent to Kings College, London to confirm that it was TRPV 1.

5.2.4 Flow Cytometry
Flow cytometry was used to compare the density of TRPV 1 on IL I-a, LPS or TNFa treated and untreated HPBF as described in section 3.2.6. Cells were grown to
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confluence in 6 well plates in HPBF growth media. This media was replaced with
serum free media for 24 hours before the cells were treated with IL-l a (10 ng/ml, for
0, 12, 24, 48, 72 or 96 hours), TNF-a (50 ng/ml, for 0, 3, 6, 12, 24 or 48 hours), or
LPS (100 ng/ml for 0, 6, 12, 24, 48 or 72 hours) in serum media. At the end of the
time course, cells were washed and harvested with cell dissociation buffer before
incubation on ice in PBS with 4% formaldehyde for 30 minutes. The cells were then
washed twice by centrifugation at 4°C with cold PBS followed by incubation on ice
with rabbit anti-capsaicin receptor polyclonal antibody (1 in 400, chemicon
international) in cold basal DMEM culture medium for 1 hour. The cells were again
washed twice by centrifugation at 4°C with cold PBS and incubated on ice with antirabbit IgG FITC conjugated monoclonal antibody (1 in 100, sigma) for 45 minutes.
The cells were then washed two more times by centrifugation at 4°C with cold PBS
and then analysed using a Becton Dickinson Flow Cytometer.

5.2.5 Calcium Signalling
HPBF cells were seeded on 12 mm glass coverslips and grown to confluence in 2 ml
of HPBF medium in 60 mm Petri dishes. Upon confluence the cells were grown for
24 hours in serum free media before treatment with IL-la (10 ng/ml, for 0,24,48,72
or 96 hours), TNF-a (50 ng/ml, for 0, 6, 12, 24 or 48 hours), or LPS (100 ng/ml for
0, 12, 24, 48 or 72 hours) in serum free media. Following treatment for the correct
time length, the cells were incubated in HPBF media containing 0.25 mM
sulfinpyrazone and 2.5 mg/ml Fluo-3 acetoxymethyl ester (Cambridge Bioscience or
later Invitrogen) for 25 minutes at 37°C. The coverslips were briefly washed in
calcium assay buffer (CAB) (150 mM sodium chloride, 3 mM potassium chloride,
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1.5 mM calcium chloride, 10 mM glucose, 20 mM HEPES, 0.25 mM sulfinpyrazone,
pH 7.4) before mounting in a perfusion chamber (Warner instruments, CT, USA) and
covering with 500 III of calcium assay buffer.

Cells were then stimulated with

capsaicin (30 IlM) or resiniferatoxin (30 nM) followed by calcium ionophore
(A23187,6IlM).

Increases in intracellular calcium were measured through a 20x objective using
ImageMaster

system

software

and

DeltaRAM

rapid

wavelength-switching

illuminator (Photon Technology International, London, ON, CA) with excitation at
480 nm and emission at 530 nm.
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5.3 Results

5.3.1 TRPVl mRNA is Upregulated Following Treatment of HPBF with TNF-a,
LPS or IL-l a.
TNF-a treatment of HPBF induced upregulation of hTRPVI mRNA as early as 3
hours however, significant increases were not seen until 48 hours (Figure 5.1). LPS
caused upregulation of hTRPVI mRNA as early as 6 hours, peaking at 48 hours
(Figure 5.2). mRNA was still detected at the latest time point tested 48 hours (Figure
5.2). Following treatment with IL-Ia, mRNA for hTRPVI could be seen as early as
6 hours and increased over time until it plateaued at 48 hours. Of the eleven RTPCRs carried out, just four showed any TRPVl mRNA expression before treatment
(data not shown). However, following incubation with each of the inflammatory
mediators, TNF-a, LPS or IL-la, hTRPVl mRNA consistently appeared to be
upregulated. The PCR fragment was at the expected size (-761 bp) and was sent for
sequencing to Kings College, London, to confirm that the band was indeed part of
hTRPVl. The bar charts in figures 5.1, 5.2 and 5.3 represent data from three to five
separate RT-PCR reactions from cultures grown from samples from different
patients.
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TRPVl mRNA upregulation over 48 hours following TNF-o.

treatment. Top: Representative RT-PCR of hTRPVl mRNA expression following

TNF-a treatment.

The product (-761 bp) was separated on a 1.3% agarose gel

containing ethidium bromide and visualised under UV light.

The picture is

representative of three separate RT-PCR experiments from three different tissues.
Bottom: The bar chart shows increases in TRPVl mRNA above no treatment (NT)
analysis was performed using Labworks imaging acquisition and analysis software.
Results are expressed as the mean ± SEM of three RT-PCR reactions. OD, optical
density. AU arbitary units
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TRPVl mRNA upregulation over 48 hours following LPS

treatment. Top: Representative RT-PCR of hTRPV1 mRNA expression following

LP

treatment.

The product (-761 bp) was separated on a 1.3% agarose gel

containing ethidium bromide and visualised under UV light.

The picture is

representati e of five separate RT-PCR experiments from five different tissues.
Bottom: The bar chart shows increases in TRPV1 mRNA above no treatment (NT)
analy is was p rfomled using Labworks imaging acquisition and analysis software.
Results are expressed as the mean ±

EM of five RT-PCR reactions. OD, optical

density. AU, arbitary units

149

TRPV I Upregulation by Inflammatory Mediators

3

-<

200

::J

-o
c

100

NT

3

6

24

48

72

Time (hours)
Figure 5.3.

TRPVl mRNA upregulation over 72 hours following ILl-a

treatment. Top: Repr sentative RT-PCR of hTRPVl mRNA expression following
IL-la treatment.

The product

(~761

bp) was separated on a 1.3% agarose gel

containing ethidium bromide and visualised under UV light.

The picture is

representati e of three separate RT-PCR experiments from three different tissues.
Bottom: The bar chart shows increases in TRPV 1 mRNA above no treatment (NT)
analysi

as performed using Labworks imaging acquisition and analysis software.

Re ult are e pressed as the mean ± SEM of three RT-PCR reactions. OD, optical
den it . AU, arbitary units
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5.3.2 TRPV 1 Protein is Increased Following Treatment of HPBF with TNF-a, LPS
orIL-la.
Figures 5.4, 5.5 and 5.6 represent TRPVl channel density on HPBF cells as shown
by flow cytometry. Minor increases in fluorescence were detected in all the treated
cells compared to NT (Figure 5.4A, 5.5A and 5.6A).

For TNF-a treated cells

increased fluorescence was detected as early as 3 hours with a peak at 6 hours
(Figure 5.4B). LPS treatment again showed an increase in fluorescence as early as 6
hours, with a peak at 48 hours (Figure 5.5B). Following IL-la treatment, hTRPVl
protein appeared to increase above NT at 12 hours post treatment with a peak at 72
hours (Figure 5.6B), which declined thereafter.
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5.3.3 Functional TRPVI is Increased Following Treatment of HPBF with TNF-a,
LPS or IL-I a.
Comparisons of TRPV I function were made for HPBF before and after treatment
with either IL-I a, LPS or TNF -a. Representative traces for resiniferatoxin activation
of HPBF TRPVI over full TNF-a, LPS and IL-Ia treatment time courses are shown
in Figures 5.7, 5.9 and 5.11. Bar charts were also constructed for both resiniferatoxin
and capsaicin activation of HPBF following TNF-a, LPS and IL-Ia treatment
(Figures 5.8, 5.10 and 5.12).

Resiniferatoxin triggered increases in intracellular

calcium in HPBF as early at 6 hours post TNF-a treatment with a peak detected at 24
hours (Figures 5.7 and 5.8A).

Activation by capsaicin in TNF-a treated HPBF

showed a similar pattern, with increases in intracellular calcium seen at 6 hours and
peaking at 12 hours (Figure 5.8B) and remained responsive to capsaicin up to the 48
hour time point tested.

LPS treated HPBF displayed increases in intracellular

calcium following both resiniferatoxin (Figures 5.9 and 5.1 OA) and capsaicin (Figure
5. lOB) challenge as early as 12 hours. The LPS treated HPBF remained responsive
to capsaicin or resiniferatoxin upto the 72 hour time point tested. Treatment with ILI a again showed increases in intracellular calcium following challenge with either
resiniferatoxin or capsaicin from the earliest time point tested 24 hours (Figures
5.12A and 5.12B). The calcium signalling remained elevated above NT for the full
time course tested (96 hours).
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Figure 5.7. Induction of functional TRPVl in TNF-a treated HPDF. Increases
in intracellular calcium levels were detected following challenge of TNF-u (50
ng/ml) treated HPSF with resiniferatoxin (30 nM). These responses were compared
to the maximum response evoked by calcium ionophore (A23187, 6 11M).
Representative traces from four separate experiments.
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Figure 5.9. Induction of functional TRPVl in LPS treated HPBF. Increases in
intracellular calcium levels were detected following challenge of LPS (l00 ng/ml)
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(A) Resiniferatoxin

and (B) capsaicin evoked increases in

intracellular calcium levels in IL-l a treated HPBF cell s expressed as a percentage of
the maximum (A23187).

The results are expressed as mean ± SEM of 3 to 5

experiments.
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5.4 Discussion
We have shown here for the first time that TRPV 1 expression in HPBF can be
induced following incubation with the inflammatory mediators TNF-a, LPS or ILIa. Such findings may provide a novel insight into the potential role of TRPVl in

airways disease where inflammation is an important factor.

hTRPVI in this report was initially cloned from MRC5 cDNA a cell line derived
from human foetal lung fibroblast cells. Since there were no reports at the time of
TRPVI expression in lung fibroblasts, we therefore sought to determine whether
primary human lung fibroblasts express TRPVI and if so, could TRPVI be
upregulated by inflammatory mediators?

Our finding that HPBF can express

TRPV 1, adds to the emerging data which suggests that TRPV 1 is not confined to
sensory neurons as was initially thought (Caterina et aI., 1997).

For example,

TRPV I has been detected on human keratinocytes, rat skeletal muscle cells and rat
urothelial cells (Birder et aI., 200 I, Denda et aI., 200 I, Inoue et aI., 2002, Xin et aI.,
2005). More interestingly TRPVI has very recently been detected in human dental
pulp fibroblasts (Miyamoto et aI., 2005). However this is the first report that TRPVI
expression can be induced by inflammatory mediators in either non-neuronal or
neuronal cells.

RT-PCR and calcium signalling experiments consistently showed increased TRPVI
mRNA and function respectively in TNF-a, LPS or IL-Ia treated HPBF. However
flow cytometry once again proved difficult. Although plotting increases in median
fluorescence suggested treated cells exhibited an increased fluorescence, implying an
increase in TRPV 1 protein, increases were small and not statistically significant.
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This is probably due to the low specificity of the TRPVI polyclonal antibody which
has been a reoccurring problem throughout this thesis. The antibody cannot detect
low levels of TRPVl expression, however when TRPVl levels are high, flow
cytometry has successfully been used to detect TRPVl using this polyclonal
antibody (see Chapter 3, Figure 3.5).

Although clear upregulation of TRPVl was observed in HPBF, considerable
variability was also noted. The degree of variablilty between cultures was attributed
to 1) the magnitude of TRPVl induction by inflammatory mediators and 2)
endogenous expression of TRPV 1 in some cultures. The tissue samples donated
were from patients where the only information known was that they were undergoing
a thoracotomy. No data about lung diseases including asthma or chronic cough were
given nor was data indicating the patients' sex, age or smoking habits. As has been
shown here, TRPV 1 can be upregulated during inflammation, therefore if the tissue
was taken from lungs which were already inflamed this could influence expression of
proteins, possibly including TRPV1. Most of the HPBF cultures used in this study
did not endogenously express TRPVl. However, the HPBF that did endogenously
express TRPV 1 may be indicative of inflamed airways. If this is the case it would be
interesting to determine whether those endogenously expressing the channel had
hightened sensitivity to capsaicin or citric acid or suffered from an inflammatory
lung disease or chronic cough.

By immunostaining, it has been suggested previously by our group, that TRPVl
expression is increased in airways smooth muscle cells in patients suffering from
chronic cough compared to normal airways (Mitchell et aI., 2005). In this report,
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only one out of twenty one of the nonnal patient samples showed positive staining
for TRPV 1 whereas eleven out of nineteen of the chronic cough samples showed
staining from TRPV 1. This report is therefore consistent with the results from our
cultured fibroblasts.

Firstly, samples endogenously expressing TRPVl may have

been taken from patients suffering from inflamed lungs or chronic cough and
secondly, it shows a difference in TRPV 1 during inflammation, as shown by our
HPBF following inflammatory mediator treatment.

Increases in TRPVI during

inflammation, have also been suggested previously where tissue samples from
patients with inflammatory bowl disease displayed greater immunoreactivity
compared to controls (Yiangou et aI., 2001). As well as detecting increased TRPVl
in disease states upregulation of the channel has also been suggested previously in
nerve fibres following injury (Hudson et aI., 2001, Kanai et aI., 2005, Mitchell et aI.,
2005, Rashid et aI., 2003, Yiangou et aI., 2001, Zhou et aI., 2002). The recent report
that TRPV 1 activation induces IL-6 release from dental pulp fibroblasts further
implicates this channel in the inflammatory process (Miyamoto et aI., 2005). The
results in this chapter highlight the ability of TRPV 1 expression to be directly
induced by inflammatory mediators and thus its potentially important role in the
inflammatory process.
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Evidence has been provided in this thesis which adds to the current understanding of
TRPVl regulation and activation. Both rTRPVl and hTRPVl were found to be
expressed on intracellular calcium stores, however, rTRPVl is expressed on
thapsigargin sensitive stores, where as hTRPVl is expressed on thapsigargin
insensitive intracellular stores. Using pharmacological and molecular methods it has
been demonstrated that citric acid, an agent commonly used for inhalation cough
challenges (Morice et aI., 2001), directly activates TRPVl by a proton dependent
mechanism.

Again using molecular and pharmacological techniques, TRPV I

sialylation was shown to regulate capsaicin evoked responses of both rTRPVl and
hTRPVl. Finally, TRPVl expression was induced in HPBF following treatment of
the cells with the potent inflammatory mediators TNF-a, LPS and IL-la.

6.1 Cloning and Characterisation of rTRPVl and hTRPVl
In order to study rTRPVI and hTRPVI, both channels were cloned and permanently
expressed in a cell line which did not endogenously express the channel, HEK293
cells. Characterisation of both channels revealed that they conformed to the known
pharmacology of the channel responding in a concentration dependent manner to
both capsaicin and resiniferatoxin (Caterina et aI., 1997, Cortright et aI., 2001, Hayes
et aI., 2000, Jerman et aI., 2000, Smart et aI., 2001, Witte et aI., 2002).
Resiniferatoxin was shown to be more potent than capsaicin, and displayed different
activation kinetics. Resiniferatoxin, at a concentration which activated the channels
to the same degree as capsaicin (determined by expression as a percentage of calcium
ionophore, A23187) produced a slower onset of channel activation than the less
potent agonist, capsaicin.

The two TRPV 1 specific antagonists, capsazepine and

iodoresiniferatoxin also inhibited the capsaicin evoked responses of the cloned

166

General discussion

channel. These characteristics conform to the pharmacology of the channel shown in
previously published literature (Caterina et aI., 1997, Jerman et aI., 2000, Toth et aI.,
2005, Witte et aI., 2002).

6.2 rTRPVl and hTRPVl Expression on Intracellular Stores
Having characterised the two channels, the location of TRPVl within the cell was
investigated, and we have reported that rTRPVl and hTRPVI are present on
intracellular calcium stores as well as the plasma membrane (Mitchell et aI., 2005).
This finding is consistent with the current literature (Karai et aI., 2004, Liu et aI.,
2003, Olah et aI., 2001 b, Turner et aI., 2003, Wisnoskey et aI., 2003). Interestingly,
Xin and colleagues have recently shown that TRPVl is expressed on rat skeletal
muscle but mainly on the sarcoplasmic reticulum (X in et aI., 2005). Experiments
with and without extracellular calcium revealed that both rTRPVl and hTRPVl still
responded to capsaicin in a concentration dependent manner, a response which was
antagonised by capsazepine in rTRPV 1. This suggests that both rat and human
TRPV 1 are expressed not only on the plasma membrane but on the membrane of
some intracellular stores.

For the rat channel this is consistent with published

literature (Karai et aI., 2004, Liu et aI., 2003, Olah et aI., 2001b, Turner et aI., 2003,
Wisnoskey et aI., 2003) with intracellular hTRPVl being reported by us (Mitchell et
aI., 2005). The response of hTRPVI to capsaicin in the absence of extracellular
calcium was of a greater magnitude than in rTRPVI, therefore suggesting that the
majority of functional rTRPVI is expressed at the cell surface and functional
hTRPVl is found both intracellularly and at the cell surface
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The use of thapsigargin, an endoplasmic reticulum calcium ATPase inhibitor,
revealed rTRPVl was expressed on thapsigargin sensitive stores, most likely the
endoplasmic reticulum. In addition we found that hTRPVI appeared to be expressed
on thapsigargin insensitive stores (Mitchell et aI., 2005). All of the organelles of the
cell are now thought to be able to store calcium (Michelangeli et aI., 2005), therefore
the exact location of intracellular hTRPVI cannot currently be deduced but the
results shown here seem to eliminate the endoplasmic reticulum.

The literature

regarding rTRPVl expression on the endoplasmic reticulum is currently confusing
and there is debate as to whether the channel is expressed on thapsigargin sensitive
(Kanai et aI., 2005, Wisnoskey et aI., 2003) or insensitive stores (Liu et aI., 2003,
Turner et aI., 2003). However the results in this thesis demonstrate that intracellular
rTRPVI is expressed on thapsigargin sensitive stores (Mitchell et aI., 2005). Further
work is required to determine the exact localisation of hTRPVl within the cell.
Confocal microscopy could be utilised using TRPV I antibodies and organelle
specific markers.

6.3 Citric Acid Activation of rTRPVl
The data within this thesis provide the first evidence that citric acid directly activates
TRPVl. Our findings that citric acid can activate rTRPVl is consistent with a study
carried out by Kollarik and colleagues in guinea pig tracheal bronchus afferent
nerves. In their study, they reported that citric acid evoked responses in C-fibres in a
TRPVI dependent manner (Kollarik and Undem, 2002). Consistent with Kollarick,
inhalation cough challenges with guinea pigs have demonstrated that both citric acid
and

capsaicin

evoked

cough

could

be

inhibited

by

capsazepine

and

iodoresiniferatoxin, again suggesting that citric acid evokes cough via TRPV 1
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(Trevisani et aI., 2004, LaHoo et aI.,

1995).

In our study however,

iodoresiniferatoxin but not capsazepine inhibited citric acid evoked responses. This
is consistent with previously published data which shows capsazepine can antagonise
hTRPV1 and guinea pig TRPV1, but not rTRPV1 proton activation (McIntyre et aI.,
2001, Savidge et aI., 2002, Gavva et ai., 2005a), yet iodoresiniferatoxin is capable of
inhibiting both rTRPV1 and hTRPV1 (Seabrook et ai., 2002). We further confirmed
the importance of protons in citric acid activation ofTRPVl when we mutated one of
the potential proton binding sites (E648 to A648), which subsequently removed the
channels ability to respond to citric acid. This is consistent with the findings of Jordt
who showed removal of E648 inhibited proton activation of TRPVl without
affecting capsaicin responses (Jordt et ai., 2000).

Activation of TRPV 1 by low pH may also be of importance during inflammation
(Bevan and Geppetti, 1994). Inflammation is often characterised by a reduction in
the pH in affected tissues (Bevan and Geppetti, 1994) and the pH of exhaled airway
vapour from asthmatic patients is thought to be over two log orders lower than in non
asthmatics (-pH 5.2 for asthmatics compared to -pH 7.7 in normals) (Hunt et aI.,
2000). This pH lowering may therefore sensitise or activate TRPV1 (Caterina et aI.,
1997, Tominaga et aI., 1998) and may provide an explanation for the prevalence of
cough as a major symptom of asthma and other inflammatory lung dieases (Corrao et
aI., 1979). Activation of TRPV 1 by low pH may also provide a mechanism by which
GOR causes cough, by reflux of acidic stomach contents into the airways (Everett
and Morice, 2004).
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6.4 Role of N-Glycosylation and Sialylation on rTRPVl

Previous studies have shown that rTRPVI is expressed in both the glycosylated and
unglycosylated fonns, however reports regarding the effects of N-linked gylcans on
channel function are conflicting (Jahnel et aI., 2001, Kedei et al., 2001, Rosenbaum
et aI., 2002, Wirlmer et aI., 2005).

Consistent with Wirlmer and colleagues, but in contrast to Rosenbaum, mutation to
remove the potential glycosylation site of rTRPVI caused a significant reduction in
the maximal response of the channel to capsaicin (Rosenbaum et aI., 2002, Wirlmer
et aI., 2005). Further to this, our results demonstrate that this loss of response is due
more specifically to loss of sialic acid. Despite the significant loss of capsaicin
induced response following deglycosylation or sialic acid removal, the global
expression of the channel remained unchanged, as detennined by flow cytometry of
penneabolised tunicamycin treated and untreated rTRPVIE648A-HEK cells.
Although the exact localisation of the channel requires confinnation by confocal
microscopy with rTRPVIN604Q-Pr05 and rTRPVI-Lec2 cells, it appears that
TRPV 1 production is not affected.

Removal of sialic acid from cell surface rTRPVl by neuraminidase caused a similar
response to removal of global sialic acid by expression of TRPVI in Lec2 cells, or
by removal of the N-linked glycan by tunicamycin or site directed mutagenesis.
Thus, if neuraminidase treated cells respond similarly to capsaicin as cells lacking all
sialic acid (i.e. Lec2 cells), the results suggest that intracellular rTRPVI is not
sensitive to capsaicin. Despite seemingly high expression of intracellular rTRPVI as
seen with confocal microscopy, the response of intracellular rTRPVI to capsaicin is
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fairly small as demonstrated by removal of extracellular calcium.

It therefore

appears that removal of sialic acid has a significant effect on rTRPV 1 function in
response to capsaicin and therefore suggests that sialylation is a novel mechanism of
TRPV 1 regulation.

Sialic acid regulation of TRPV 1 may have important

consequences during infection by neuraminidase-producing viruses, such as
influenza or in painful inflammatory condition such as rheumatoid arthritis where
modifications in the expression of the glycosylation machinery have been detected
(Axford, 1999).

Pretreatment of hTRPVI-HEK with either neuraminidase or tunicamycin caused an
equal reduction in the channels response to capsaicin, confirming the observation
made with the rTRPVI, and suggesting that again sialic acid plays a major role in
TRPVl activation by capsaicin. Interestingly, the reduction in response to capsaicin
for hTRPV1 following neuraminidase or tunicamycin treatment was of a smaller
magnitude than that seen in the rat channel.

This is consistent with functional

hTRPVI expression on intracellular stores, as indicated by the observation that
hTRPVI was less sensitive to depletion of extracellular calcium than rTRPVl. Our
data indicates that intracellular hTRPVl is more responsive to capsaicin than
intracellular rTRPV I.

Thus, channel sialylation is important for regulating both

human and rat TRPV 1 activation at least by capsaicin.

Although it is likely that many more of the TRP channels are glycosylated (Apweiler
et aI., 1999), currently the literature only describes glycosylation in TRPV2, TRPV4,
TRPC3 and TRPC6 (Xu et ai., 2006, Dietrich et ai., 2003, Jahnel et ai., 2003).
Jahnel and colleagues showed that the over expressed TRPV2 is present in both
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glycosylated and unglycosylated forms whereas F-ll endogenously expressed
TRPV2 is only present in the unglycosylated form, confined to intracellular stores
(lahnel et aI., 2003).

The role of sialic acid was not investigated in this study,

however, the results suggested that TRPV2, required glycosylation to target the
protein to the plasma membrane (Jahnel et aI., 2003). In contrast, the results of our
study suggest that glycosylation is not essential for targeting ofTRPVl to the plasma
membrane a finding which was also reported for TRPC6 (Dietrich et aI., 2003). Like
TRPV 1, the glycosylation site of TRPV2 is located extracellularly between
transmembrane domain five and the pore loop (Jahnel et al., 2003). No comparison
of TRPV2 function between N-glycosylated and unglycosylated forms has been
performed and it would be interesting to determine whether glycosylation and sialic
acid affected TRPV2 function to a similar degree as we have observed with TRPVl.

6.5 TRPVl Upregulation by Inflammatory Mediators
It is now emerging that unlike initially thought, TRPV 1 is expressed not only on

neuronal tissue but also on some other cell types including human keratinocytes,
dental pulp fibroblasts and rat skeletal muscle cells (Denda et aI., 2001, Inoue et aI.,
2002, Xin et aI., 2005, Miyamoto et aI., 2005). Upregulation of TRPVl has been
shown previously by immunostaining or western blot analysis following nerve injury
(Hudson et aI., 2001, Rashid et aI., 2003, Zhou et aI., 2002) and an increase in
TRPV 1 protein was detected by immunostaining in patients with inflammatory bowl
syndrome compared to normals (Yiangou et aI., 2001). More recently increased cell
surface expression of TRPVl following nerve growth factor (NGF) treatment has
been demonstrated (Zhang et aI., 2005). In this thesis upregulation of TRPV 1 in
human primary bronchial fibroblasts was shown from mRNA levels through to
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function following incubation with the inflammatory mediators TNF-a, LPS and ILIa. We have therefore shown for the first time that human lung fibroblasts can be

induced to express functional TRPV 1, during inflammatory conditions. This finding
has important implications and is consistent with the findings of Mitchell et af which
suggest that tissue from chronic cough patients displayed increased TRPVl
expression (Mitchell et aI., 2005). It is also consistent with increased expression of
TRPVl in inflammatory bowl syndrome (Yiangou et aI., 2001). This data adds to
the understanding of the already complicated regulation mechanisms of TRPV 1. The
ability of human lung fibroblasts to upregulate TRPVl during inflammation as well
as sensitise the channel under inflammatory conditions by inflammatory mediators
such as bradykinin, or even activation of the channel by lipoxygenase products may
explain why in inflammatory lung diseases such as asthma, coughing is a prevalent
symptom (Hwang et aI., 2000). Further work is required to determine the exact
mechanisms of TRPV 1 upregulation.

Previous studies have suggested that the

MAPK pathway may be involved (Bron et aI., 2003, Ji et aI., 2002) and it is known
that all three inflammatory mediators used in the study, TNF-a, LPS and IL-la, can
cause upregulation of other inflammatory proteins via this mechanism (Hopkins and
Sriskandan, 2005, Liu, 2005, Palsson-McDermott and O'Neill, 2004).

The complexities of TRPVl activity regulation are now beginning to be uncovered
and it has even been suggested that regulation of TRPV 1 may be one of the most
complex examples (De Petrocellis and Oi Marzo, 2005). Section 1.5 describes the
current known regulators of TRPV1, however in this thesis we have provided
evidence adding to the known activators and regulators of the channels function.
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It is well established that TRPVl is activated by protons (Caterina et aI., 1997, lordt

et aI., 2000, Tominaga et aI., 1998), and a number of studies have investigated the
activation of the channel in nerve fibres and whole animals by citric acid, the agent
used routinely in the investigation of the cough reflex (Kollarik and Undem, 2002,
Tanaka and Maruyama, 2005, Trevisani et aI., 2004), however the molecular
mechanism whereby citric acid stimulated TRPVl was not yet fully understood.
Confirming findings in nerve fibres and whole animals the present study showed
citic acid actived rTRPVl. Using site directed mutagenesis we demonstrated the
responses were caused by proton activation of the channel and responses were
antagonised by iodoresiniferatoxin but not capsazepine. Again this is consistent with
the current literature which shows that resiniferatoxin inhibits proton activation of
rTRPVl but capsazepine does not and further suggests citric acid activation of
rTRPVl is proton dependent (Gavva et aI., 2005a, McIntyre et aI., 2001, Phillips et
aI., 2004, Savidge et aI., 2002, Seabrook et aI., 2002). To date TRPVl is the only
TRP channel known to be activated by protons, however, as their name suggests
ASIC are activated by protons, and ASICla and ASIC3 are co-localised with TRPVl
in rat neurons (U gawa et aI., 2005).

Preliminary, conflicting studies have investigated the role of glycosylation on
rTRPVl function (Rosenbaum et aI., 2002, Wirkner et aI., 2005), however, the role
of sialylation on TRPVl was unknown. Our data suggested that glycosylation, and
more specifically sialylation affected rTRPVI function in response to capsaicin. The
pharmacological, molecular and genetic data indicated that although there did not
appear to be a reduction in cell surface, or global expression of the channel in the
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absence of sialylation compared to the wild type channel, the function of the channel
was reduced.

Rosenbaum and colleague saw no change in channel function and

concluded that glycosylation of TRPV 1 has no effect on TRPV 1 folding or targeting
to the plasma membrane (Rosenbaum et aI., 2002). Widmer and colleague, on the
other hand, showed HEK293 cells expressing the mutant rTRPVIN604T, like us,
exhibited a significant reduction in the maximal response to capsaicin (Wirkner et
aI., 2005).

From the results shown in this thesis it is difficult to conclude why

TRPV 1 function is impared in the absence of sialic acid and continued
experimentation will hopefully clarify the mechanism, however the results suggest
that the channel is still able to reach the cell surface and so trafficking is not impared.
We have demonstrated that rTRPV 1 is expressed on intracellular stores in chapter 2
and by confocal microscopy in chapter 4.

However, signalling in response to

capsaicin from intracellular rTRPVI was much reduced. In the case of hTRPVI,
cells treated with neuraminidase or tunicamycin also displayed a reduction in
capsaicin evoked response, however the reduction in response was less than that
demonstrated in rTRPVl.

In chapter 2 we demonstrated that hTRPVI was also

expressed on intracellular stores and signalling from these stores in response to
capsaicin was of a greater magnitude than rTRPV I. Although no conclusions can be
made and further experimentation is required, the data may suggest that TRPV 1 has
to be fully glycosylated at the cell membrane to signal, but does not require
glycosylation to signal from internal stores.

There is little information on the role of sialylation on TRP channels, however some
work has been published on the role of glycosylation on TRP channels. In contrast
to TRPVI, TRPV4, the osmotically sensitive channel, displayed an increase in
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calcium response following hypotonic stress in cells expressing the channel lacking
N-linked glycan N651 (Xu et aI., 2006). This increase was attributed to increased
cell surface expression of the channel compared to the wild type TRPV4 expressing
cells. This finding suggests that as the TRPV 4 glycosylation site is in a similar
position to the TRPVl glycosylation site (near the P-Ioop, see figure 1.3), the
TRPV 1 glycosylation site does indeed play an important role in channel function.
The role of sialylation on TRPV4 function was not investigated by Xu and
colleagues, and it would have been interesting to determine, like TRPV I, whether it
was in fact sialylation that affected channel function, rather than glycosylation (Xu et
aI.,2006).

The role of TRPV 1 regulation by sialylation and glycosylation in disease states
cannot be deciphered from the evidence presented here, however, impared
glycosylation and sialylation has been implicated in a number of disorders including
cystic fibrosis and influenza (Kube et aI., 2001, Nayak et aI., 2004). TRPVI is
involved in inflammation, pain and cough, therefore removal of N-linked
glycosylation or sialic acid may have implications for diseases or illnesses where
these symptoms are prevelant.

We have shown here for the first time that hTRPVl expression in primary bronchial
fibroblasts can be induced following exposure to inflammatory mediators. There is
little information regarding induction of TRP channels following inflammation. It
has been demonstrated that TRPAI DRO mRNA can be upregulated following
challenge with inflammatory mediators (Obata et aI., 2005) and a number of studies
have shown an increase in TRPVl protein following injury or during some
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inflammatory diseases (Hudson et aI., 2001, Kanai et aI., 2005, Mitchell et aI., 2005,
Rashid et aI., 2003, Yiangou et aI., 2001, Zhou et aI., 2002) however the current
study describes induction of TRP expression for the first time and suggests another
possible mechanism of TRPV 1 regulation. TRPV 1 may therefore play an even more
important role in inflammation than previously thought.

As described in section

1.5.3, BK and NGF produced during inflammation sensitise TRPVI, lowering the
activation threshold of the channel, thus causing pain in the inflammed tissue.
Protons produced during inflammation are also known TRPV 1 agonists, thus the
channel is activated by protons during inflammation (Caterina et aI., 1997, Tominaga
et aI., 1998). Added to this, the finding of this thesis suggests TRPVI may also be
induced and upregulated under inflammatory conditions.

Therefore during

inflammation TRPV I can be sensitised, directly activated and expression can be
upregulated.

Together these characteristics of TRPVl explain how inflarnmed

tissues cause pain and further support the idea that TRPV I is an ideal target for drugs
to relieve pain caused by inflammation.

In conclusion, this thesis provides novel insights into the potential activation and
regulation of TRPV 1 in respiratory conditions where cough and inflammation are
contributing factors.
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