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Nociceptors, or pain-sensitive receptors, are unique among

sensory receptors in that their sensitivity is increased by

noxious stimulation. This process, called sensitization or

hyperalgesia, is mediated by a variety of proinflammatory

factors, including bradykinin, ATP and NGF, which cause

sensitization to noxious heat stimuli by enhancing the

membrane current carried by the heat- and capsaicin-

gated ion channel, TRPV1. Several different mechanisms

for sensitization of TRPV1 have been proposed. Here we

show that NGF, acting on the TrkA receptor, activates a

signalling pathway in which PI3 kinase plays a crucial

early role, with Src kinase as the downstream element

which binds to and phosphorylates TRPV1. Phosphory-

lation of TRPV1 at a single tyrosine residue, Y200, followed

by insertion of TRPV1 channels into the surface membrane,

explains most of the rapid sensitizing actions of NGF.
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Introduction

The survival of an animal depends on its ability to detect and

avoid damaging levels of heat, a task which is carried out by

heat-sensitive primary afferent neurons, or nociceptors

(Bessou and Perl, 1969). The heat threshold of nociceptors

is around 431C under normal conditions, corresponding to

the temperature at which the heat sensation in normal

human subjects changes from pleasant warmth to painful

heat. Following injury or inflammation the threshold for

sensing heat pain becomes lower, a phenomenon known as

heat hyperalgesia or sensitization (Besson and Chaouch,

1987). Sensitization is not intrinsic to nociceptors, but is

caused by the release by tissue damage or stress of extra-

cellular inflammatory mediators, which increase the sensi-

tivity to heat of nociceptive neurons (Cesare and

McNaughton, 1996; Galoyan et al, 2003). Some of the best-

studied inflammatory mediators are bradykinin, ATP and

NGF.

The heat-gated ion channel TRPV1 (Caterina et al, 1997) is

an important detector of noxious levels of heat, though it is

clear that other mechanisms also contribute (Caterina et al,

1999, 2000; Davis et al, 2000; Woodbury et al, 2004). TRPV1

does, however, appear to be the principal mechanism by

which the sensitivity to heat is enhanced by inflammatory

mediators, because heat hyperalgesia is largely absent in

animals from which the gene for TRPV1 has been deleted

(Caterina et al, 2000; Davis et al, 2000). The membrane

current carried by TRPV1 in expression systems was found

to be increased by bradykinin, ATP and NGF (Premkumar

and Ahern, 2000; Chuang et al, 2001; Tominaga et al, 2001;

Vellani et al, 2001; Prescott and Julius, 2003), in agreement

with results obtained in primary nociceptive neurons (Cesare

and McNaughton, 1996; Shu and Mendell, 1999; Tominaga

et al, 2001; Vellani et al, 2001; Bonnington and McNaughton,

2003). The molecular mechanism by which these mediators,

and in particular NGF, cause sensitization of TRPV1 has,

however, proven controversial. Some evidence supports PKA

(Shu and Mendell, 2001) or PI3 kinase (Bonnington and

McNaughton, 2003; Zhuang et al, 2004) as members of

signalling pathways activated by the binding of NGF to

TrkA and leading to TRPV1 sensitization. Other work sup-

ports the idea that endogenous PIP2 in the nociceptor mem-

brane inhibits TRPV1, and that activation of PLCg by TrkA

leads to metabolism of PIP2 and relief of TRPV1 from inhibi-

tion (Chuang et al, 2001; Prescott and Julius, 2003). We have

investigated this question in more detail in the present study.

The results show that NGF, acting on the TrkA receptor,

activates a signalling pathway in which PI3 kinase plays a

crucial early role, with Src kinase as the downstream element

that binds to and phosphorylates TRPV1. Phosphorylation at

a single tyrosine residue explains most of the rapid effects of

NGF on TRPV1.

Previous work has shown that the sensitivity to capsaicin

is enhanced by PKC activation with no change in maximum

current, at least in the short term (Vellani et al, 2001), and

that the temperature dependence of heat-gated current is

shifted to lower temperatures following exposure to brady-

kinin (Cesare and McNaughton, 1996). These observations

can only be explained by a change in channel properties, and

neither is consistent with a simple increase in the number of

TRPV1 channels in the membrane. Other evidence, however,

suggests that TRPV1 channels can be inserted into the

membrane by regulated exocytosis (Morenilla-Palao et al,

2004; Van Buren et al, 2005). In the present study, we show

that this latter mechanism is the most important contributor

to sensitization by NGF.

Results

TRPV1 sensitization by NGF is reproduced in an

expression system

We used HEK293 cells transfected with plasmids containing

cDNAs coding for TRPV1 and for the TrkA receptor for NGF
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as a model system to investigate the sensitization of TRPV1.

Capsaicin was initially used as an experimentally convenient

surrogate for heat stimuli to activate TRPV1, a reasonable

strategy because capsaicin activates only TRPV1 (Caterina

et al, 2000; Davis et al, 2000), and because the TRPV1 ion

current, whether activated by heat or by capsaicin, is sensi-

tized by inflammatory mediators in a similar manner

(Premkumar and Ahern, 2000; Vellani et al, 2001).

Transfected cells were loaded with the intracellular calcium

indicator fluo-4 and imaged in a confocal microscope. The

increase in calcium-dependent fluorescence (DF) caused by

applying a subsaturating concentration of capsaicin was used

as an index of the activation of TRPV1 (Figure 1A).

Application of NGF increased DF in a subpopulation of

transfected cells expressing high levels of TrkA (see

Supplementary Figure 1). We calculated the ratio between

the values of DF when sensitization had reached a peak, and

that immediately before exposure to NGF. Without NGF the
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Figure 1 NGF enhances TRPV1 function and total phosphorylation. (A) Calcium-dependent fluorescence, F, relative to maximal fluorescence,
Fmax, as a function of time from a single HEK293 cell stably transfected with TrkA and transiently transfected with hTRPV1. Pulses of capsaicin
(100 nM, applied as shown at top) elicited submaximal increases in [Ca]i. Exposure to NGF (100 ng/ml, see top) enhanced the capsaicin-
induced calcium increase. Arrows show responses used for calculation of sensitization ratio (see B). (B) Frequency distributions of ratios
between DF for arrowed capsaicin applications in (A), with NGF (black bars) and without NGF (open bars). Ratios greater than 8 collected at
right. Continuous curve shows Gaussian function fitted to data without NGF. Arrow shows the upper 95% confidence limit of Gaussian. Cells
with ratios above this value were categorized as sensitized. The mean DF ratio enhancement following NGF application, averaged over all
capsaicin-responsive cells, was 3.3070.38 (mean7s.e.m., n¼ 125). (C) Percentage of cells sensitized without (first bar) and with NGF
(100 ng/ml), and with an inhibitor of PI3 kinase (wortmannin, 100 nM) and of PKA (H89, 10 mM). The final bar shows sensitization with
S502A/S801A TRPV1. Error bars show s.e.m.; significance levels (see Materials and methods) given relative to the data in NGF (second bar).
(D) Time course of increase in total phosphorylation. Mean ratios (n¼ 2) between TRPV1 phosphor-specific (ProQ Diamond) and total protein
(SyPro Ruby) fluorescence intensities. Ratios normalized to that before exposure to NGF. (E) Comparison between phosphor-specific
fluorescence increase following exposure to NGF (100 ng/ml, 40 min) in WT TRPV1, and in S502A/S801A and Y200F mutant TRPV1. Pro-Q
Diamond fluorescence at the top, restained with SyPro Ruby for total protein at the bottom. Arrows show the position of the main TRPV1 band.
TRPV1 appears as multiple bands because of variable glycosylation (Jahnel et al, 2001). (F) NGF-dependent phosphor-specific fluorescence
increase, relative to control, in experiments similar to that shown in (E), for WT TRPV1 and TRPV1 mutants S502A/S801A and Y200F (n¼ 3).
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distribution of these ratios was well fitted by a Gaussian

(Figure 1B). We calculated the percentage of cells in which

the ratio exceeded the 95% confidence limit of the control

distribution as an index of the sensitization of TRPV1 follow-

ing exposure to NGF (see Figure 1B). Sensitization was

markedly inhibited by the PI3 kinase inhibitor wortmannin,

but was little affected by the PKA inhibitor H89 (Figure 1C),

as was found in nociceptive neurons (Bonnington and

McNaughton, 2003).

TRPV1 sensitization is associated with phosphorylation

Bradykinin causes sensitization of TRPV1 by activating PKCe
(Cesare et al, 1999), which potentiates gating by phosphor-

ylating rat TRPV1 at serine residues 502 and 800 in rat TRPV1

(Numazaki et al, 2002). We therefore investigated the possi-

bility that sensitization of TRPV1 by NGF is also caused by

phosphorylation. We quantified the total phosphorylation

at serine, threonine and tyrosine groups by using ProQ

Diamond, a fluorescent dye that binds to all phosphorylated

residues (Martin et al, 2003). TRPV1 was observed to be

phosphorylated in the basal state, and following exposure to

NGF the normalized fluorescence increased by approximately

20% (Figure 1D and E). However, mutating serines 502 and

801 (the hTRPV1 residues corresponding to those for

rTRPV1) had only a small effect on either the increased

level of phosphorylation (Figure 1E and F) or on the func-

tional enhancement following exposure to NGF (Figure 1C,

last bar). NGF must therefore sensitize TRPV1 by a pathway

different from bradykinin. We show below that phosphoryla-

tion of tyrosine 200 is critical for NGF-induced sensitization,

and mutation of this residue was found to substantially

reduce the NGF-induced increase in total phosphorylation

(Figure 1E and F).

An antiphosphotyrosine antibody was next used to probe

for specific phosphorylation at tyrosine residues in TRPV1.

Tyrosine residues in TRPV1 were to some extent phosphory-

lated in the basal state (see Supplementary Figure 2), and a

significant enhancement in phosphorylation was observed

following exposure to NGF (Figure 2A), with a time course

similar to the increase in total phosphorylation (Figure 1D)

but somewhat slower than that of the functional sensitization

(Figure 1A).

Src binds to and phosphorylates TRPV1

There is some evidence that Src family kinases may regulate

members of the TRP family (Xu et al, 2003; Jin et al, 2004; but

see Vriens et al, 2004). We therefore investigated the possi-

bility that Src may be responsible for phosphorylating

TRPV1. We found that the specific Src inhibitor PP2 reduced

basal tyrosine phosphorylation and abolished the NGF-

induced enhancement in phosphorylation (Figure 2B).

Transfection with src enhanced both the basal and the NGF-

stimulated tyrosine phosphorylation, while transfection with

dominant-negative src greatly reduced both the basal and the

NGF-stimulated tyrosine phosphorylation (Figure 2C). Src

kinase activity is increased by NGF with a time course similar

to that of TRPV1 tyrosine phosphorylation (Figure 2D).

Functional experiments also support a role for Src in sensi-

tization by NGF, because exposure to PP2 or transfection of

dominant-negative src considerably reduced sensitization

(Figure 2G).

Substrates that are efficiently phosphorylated by Src kinase

are in turn good substrates for the SHP-1 tyrosine phospha-

tase (Frank et al, 2004). Tyrosine phosphorylation of TRPV1

by Src was reversed by cotransfecting the tyrosine phospha-

tase SHP-1, and conversely was enhanced by cotransfection

of dominant-negative SHP-1C455S (Figure 2E). The tyrosine

phosphatase inhibitor pervanadate (Zhao et al, 1996) en-

hanced phosphorylation of TRPV1 by both endogenous and

transfected Src (Figure 2F). Figure 2G (last bar) shows that

pervanadate also enhanced the response of TRPV1 to capsai-

cin in functional experiments.

Other lines of evidence show that Src binds to and directly

phosphorylates TRPV1. Tyrosine phosphorylation of TRPV1

was seen when TRPV1 and Src were cotransfected in the

absence of TrkA, indicating that the kinase activity of Src

alone was sufficient for TRPV1 tyrosine phosphorylation (see

Figures 2E and 4A). Src and TRPV1 coimmunoprecipitate,

and the binding is promoted by TrkA activation with a time

course similar to that of the increase in phosphorylation of

TRPV1 (Figure 3A). Finally, purified Src can be shown to

directly phosphorylate purified TRPV1 in vitro (Figure 3B).

Src binds to target proteins either via its SH2 domain,

which recognizes phosphotyrosine, or via the SH3 domain,

which binds proline-rich regions containing the motif PXXP

(Pawson et al, 2001). To determine which Src domains

directly bind to TRPV1, glutathione S-transferase (GST)–

Src–SH2 and GST–Src–SH3 fusion protein were produced

and in vitro pulldown assays were performed. As shown in

Figure 3C, the isolated SH3 domain of Src binds strongly to

TRPV1, while the binding of the adjacent SH2 domain was

not above the nonspecific background binding of GST.

Binding of the SH3 domain of Src to a PXXP motif in the

N-terminal tail of TRPV1 (residues 35–38) as a prerequisite

for phosphorylation of TRPV1 is demonstrated by experi-

ments in which these two prolines were mutated to alanines,

and Src-dependent tyrosine phosphorylation of TRPV1 was

found to be largely abolished (Figure 3D).

We next investigated binding of Src to the N- and

C-terminal tails of TRPV1 by constructing GST-coupled frag-

ments of these regions. Binding of Src to the N-terminal

fragment was observed, as would be expected on the basis

of the experiments outlined above, but the C-terminal tail of

TRPV1 was also found to bind Src (Figure 3E). We also

examined the effect of removing the N- and C-terminal tails

of TRPV1 on the ability of Src to phosphorylate TRPV1.

Removal of the N-terminal cytoplasmic region almost com-

pletely abolished phosphorylation of TRPV1 (Figure 3F),

consistent with the evidence outlined above that Src binds

to and phosphorylates the N-terminal region. Removal of the

entire C-terminal cytoplasmic region, however, increased

tyrosine phosphorylation of TRPV1 (Figure 3F), consistent

with the idea that Src binds to both the N- and the C-terminal

tails and that these two regions compete for the available

active Src, but that only binding to the N-terminal tail leads to

phosphorylation of TRPV1.

Removal of amino acids 777–820 in the C-terminal domain

enhances the sensitivity of TRPV1 and abolishes sensitization

by NGF, one of the main lines of evidence behind the

idea that PIP2 inhibits TRPV1 channel activity by binding to

this domain (Prescott and Julius, 2003). In Figure 3F, how-

ever, we found that removal of the 777–820 domain promoted

tyrosine phosphorylation of TRPV1 as potently as removal

NGF increases surface membrane TRPV1
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of the entire C-terminal. The enhanced tyrosine phosphoryla-

tion caused by the 777–820 deletion is at the crucial

N-terminal Y200 site (see below), because mutation of

the Y200 site largely abolished the increased phosphory-

lation caused by the 777–820 deletion (last lane in

Figure 3F). Mutations in the 777–820 region of the C-terminal

therefore have an indirect modulatory effect on phospho-

rylation by Src of tyrosine 200 in the N-terminal tail

of TRPV1.

TRPV1 tyrosine residues involved in sensitization

To identify specific sites involved in sensitization by NGF, we

mutated tyrosine residues in TRPV1. We showed above that

deletion of the entire N-terminal domain abolished tyrosine

phosphorylation, and we therefore focussed on N-terminal

tyrosines. Mutation of Y195, Y199, Y375, Y383 and Y402 to

the similarly sized phenylalanine, either singly or in combi-

nation, did not abolish the NGF-induced enhancement

in tyrosine phosphorylation, although some reduction was
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Figure 2 Src kinase and tyrosine phosphorylation of TRPV1. (A) Increase in tyrosine phosphorylation (pY) of TRPV1 on exposure to NGF
(100 ng/ml). TRPV1 immunoprecipitated with anti-V5 antibody (IP: TRPV1) and probed for tyrosine phosphorylation with 4G-10 antibody (IB:
pY). Blot then stripped and reprobed with anti-V5 to quantify total TRPV1 (IB: TRPV1). (B) Basal and NGF-induced pYare inhibited by the Src
inhibitor PP2. Cells pretreated with 10mM PP2 for 1 h before application of NGF (100 ng/ml, 30 min). Densities of bands in the top gel, relative
to the first band, are 1.00, 1.32, 0.45, and 0.54. (C) Basal and NGF-induced pYor TRPV1 are enhanced by cotransfection of c-Src (lanes 3 and 4)
and inhibited by cotransfection of dominant-negative Src (lanes 5 and 6). Band densities 1.00, 1.31, 1.39, 1.67, 0.64, and 0.61. (D) Src tyrosine
kinase activity increases following NGF exposure. Cells transfected with TrkA and Src exposed to NGF as indicated. In vitro tyrosine kinase
assay using acid-denatured enolase as substrate (see Materials and methods). Blot stripped and reprobed with anti-Src to quantify total Src
(lower). (E) Src-dependent tyrosine phosphorylation of TRPV1 is reduced by SHP-1 and enhanced by dominant-negative SHP-1 C455S. Cells
transfected with hTRPV1 and c-Src, and with SHP-1 constructs as indicated. (F) The tyrosine phosphatase inhibitor pervanadate (250mM for
20 min) enhanced TRPV1 tyrosine phosphorylation (lanes 1 and 2). The effect is greater when either TrkA (lanes 3 and 4) or Src (lanes 5 and 6)
is cotransfected. (G) Functional enhancement of TRPV1-dependent Ca influx by NGF is inhibited by the Src inhibitor PP2 (10 mM) or by
dominant-negative Src. Pervanadate (1 mM for 4 min) enhances TRPV1 gating. See Figure 1A–C for other details. Significance levels (see
Materials and methods) relative to NGF (second bar) except for pervanadate data, which are relative to the bar without NGF.
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observed with mutations of Y195, Y199 or Y383 (Figure 4A,

and other results not shown). The Y195F mutant and a triple

Y195F/Y199F/Y383F mutant were tested in functional experi-

ments similar to those shown in Figure 1A, but both exhibited

sensitization by NGF similar to that of wild-type (WT) TRPV1

(Figure 4C), showing that any changes of tyrosine phosphor-

ylation at these residues do not have major functional con-

sequences. However, when Y200 was mutated, there was a

substantial reduction in Src-dependent tyrosine phosphoryla-

tion (Figure 4A), and the additional phosphorylation induced

by NGF was completely abolished (Figure 4B). In functional

experiments, the Y200F mutant was found to be markedly

less sensitive to capsaicin than WT TRPV1 (DF/

Fmax¼ 0.262970.0189 in response to 100 nM capsaicin, com-

pared with DF/Fmax¼ 0.418270.0252 for WT TRPV1, differ-

ence significant, P¼ 7.1�10�4, t-test). The Y200F mutation

also largely removed functional sensitization following NGF

application (Figure 4C).

Signalling intermediates leading to TRPV1 sensitization

We used measures of tyrosine phosphorylation of TRPV1, in

combination with functional experiments, to probe for signal-

ling intermediates leading to TRPV1 sensitization. NGF-

induced tyrosine phosphorylation was greatly reduced by

the PI3 kinase inhibitors LY294002 and wortmannin (Figure

4D and E). Functional sensitization was reduced to a similar

extent by both inhibitors (Figures 1C and 4F). Transfection

with dominant-negative PI3 kinase abolished the NGF-
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immunoprecipitated with B-12 antibody and TRPV1 association probed with anti-V5. Blot reprobed with anti-Src (middle blot). Lower blot
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induced increase in TRPV1 tyrosine phosphorylation (see

Supplementary Figure 2). These experiments confirm that

PI3 kinase is an important element in the signalling chain

leading to sensitization of TRPV1 by NGF.

Experiments in sensory neurons have shown that

the broad-spectrum PKC inhibitor bisindolylmaleimide

(BIM) abolishes the sensitization of TRPV1 by NGF

(Bonnington and McNaughton, 2003). We found, however,

that another broad-spectrum PKC inhibitor, Ro-31-8220, did

not inhibit either NGF-dependent phosphorylation of TRPV1

(Figure 4E) or functional sensitization (Figure 4F). A differ-

ence between the two PKC inhibitors is that Ro-31-8220 is less

effective against PKCd (Shah and Catt, 2002), suggesting that

the action of BIM may be due to inhibition of PKCd.

Consistent with this idea, the PKCd-specific inhibitor rottlerin

was found to inhibit NGF-dependent phosphorylation of

TRPV1 (Figure 4E) and functional sensitization of TRPV1

by NGF in mouse sensory neurons (Figure 5D).

Nonspecific activation of PKC using PMA caused a large

sensitization (Figure 4F), which can be attributed in part to

activation of PKCe and direct phosphorylation of TRPV1 as

described previously (Cesare et al, 1999; Numazaki et al,

2002). The evidence described above, however, suggests that

a component of the sensitization by PMA can also be attrib-

uted to activation of PKCd and consequent activation of Src.

Sites on TrkA initiating sensitization

Two phosphorylated tyrosine residues on TrkA have been

proposed to activate different signalling cascades: Y499 acti-

vates the PI3 kinase and ras/Erk pathways, while Y794
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activates PLCg (Kaplan and Miller, 2000). However, mutation

of either of these residues, or both together, enhanced rather

than abolished tyrosine phosphorylation of TRPV1

(Figure 5A and other results not shown). Mutation of Y499

had little effect on functional sensitization (Figure 5C).

Mutation of Y794, however, did reduce sensitization

(Figure 5C), a result which has been interpreted by Chuang

et al (2001) as showing that PLCg initiates the pathway

leading to TRPV1 sensitization (Chuang et al, 2001).

However, another possible explanation is that mutation of

the Y794 site improves access to a third site responsible for

activating PI3 kinase, leading to constitutive activation of the

PI3 kinase pathway. The consequent basal phosphorylation

of TRPV1, as seen in Figure 5A, would then reduce the

sensitizing effect of NGF, because few further sites are avail-

able to be phosphorylated.

The Y760 site on TrkA has been implicated in activation of

PI3K (Obermeier et al, 1993) and we found that mutation of

this site abolished tyrosine phosphorylation of TRPV1 (Figure

5A and B) and substantially reduced sensitization by NGF

(Figure 5C). The Y760F TrkA mutant exhibited normal activ-

ity in other respects (see Supplementary Figure 3). The

remaining sensitization seen with the Y760F TrkA mutant

can be attributed to parallel activation of PKCe, because it is
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abolished by a double mutation of S502 and S801, the sites

phosphorylated by PKCe (Figure 5C, and see below). These

experiments show that the Y760 site is the principal means by

which activated TrkA causes tyrosine phosphorylation and

sensitization of TRPV1, at least on the time scale examined

here.

Two pathways mediate sensitization

The Y760 mutant of TrkA completely lesioned tyrosine phos-

phorylation of TRPV1 (Figure 5A), but did not completely

abolish sensitization in response to NGF (Figure 5C). This

result, together with earlier data showing that some residual

sensitization remains following block of PI3K or Src (Figures

1C and 2G), or removal of the Y200 site on TRPV1

(Figure 4C), suggests that another pathway activated by

TrkA may be able to cause a low level of sensitization. One

possibility is that the PKCe pathway activated by bradykinin

(Cesare et al, 1999) could also be recruited as a result of the

ability of TrkA to activate PLCg (Kaplan and Miller, 2000),

and could sensitize TRPV1 by phosphorylating serines 502

and 801. Mutating both these TRPV1 serine residues to

alanine had only a slight effect on sensitization by NGF

(see last bar in Figure 1C), as expected if the major pathway

for sensitization depends on phosphorylation of Y200.

However, transfecting TrkA mutated at Y760, to lesion the

pathway leading to tyrosine phosphorylation of TRPV1,

together with TRPV1 mutated at S502 and S801, to lesion

serine phosphorylation of TRPV1 arising from activation of

the PKCe pathway, completely abolished sensitization

(Figure 5C), showing that these two pathways account for

all of the sensitization of TRPV1 by NGF. Note also that the

S502A/S801A mutation of TRPV1 does not affect sensitiza-

tion caused by the Y794 mutant of TrkA (Figure 5C), con-

sistent with the hypothesis advanced above that signalling

to Src with this TrkA mutant is intact, but that functional

sensitization is lower than with WT TrkA because of basal

hyperphosphorylation of TRPV1.

Sensitization of TRPV1 in neurons

Selected experiments were repeated in mouse dorsal root

ganglion (DRG) neurons. As in the HEK293 expression sys-

tem, the specific Src inhibitor PP2 was found to largely but

not completely abolish sensitization by NGF (Figure 5D). The

PKCd inhibitor rottlerin, which inhibited tyrosine phosphor-

ylation of TRPV1 (Figure 4E), also inhibited sensitization by

NGF in neurons (Figure 5D), consistent with an involvement

of PKCd in activating Src (see above).

Sensitization of TRPV1 is agonist-independent

Protons activate TRPV1 by binding to a site remote from the

capsaicin-binding site (Jordt et al, 2000), and are therefore a

suitable stimulus to test the generality of our findings. In cells

transfected with TRPV1, a robust increase in [Ca]i was

observed on lowering the pH to 5.5 (Figure 5E). The increase

in [Ca]i in response to low pH was sensitized by NGF in a

manner similar to that of capsaicin (Figure 5E and F). As was

found with capsaicin as agonist (see above), the Y200F

TRPV1 mutant was found to be markedly less sensitive to

low pH than WT TRPV1 (DF/Fmax¼ 0.169870.0213 in re-

sponse to pH 5.5, compared with DF/Fmax¼ 0.403270.0239

for WT TRPV1, significant difference, P¼ 7.9�10�5, t-test).

The TRPV1 Y200F mutant largely abolished sensitization by

NGF (Figure 5F). A TrkA Y760F mutation, in combination

with mutation of the S502 and S801 sites on TRPV1 (see

above), completely abolished sensitization. These results are

identical within experimental error to those obtained using

capsaicin to activate TRPV1. We note in addition that

Galoyan et al (2003) showed that the membrane current

activated by heat stimuli in neurons is sensitized by NGF.

NGF increases expression of TRPV1 in the surface

membrane

Sensitization of TRPV1 could occur because the gating of

existing channels is enhanced, or because new channels are

inserted into the surface membrane. Figure 6A shows that

there is an increase in surface membrane TRPV1 following

exposure to NGF, with a time course similar to that of TRPV1

phosphorylation (Figures 1D and 2A). The TRPV1 Y200F

mutation reduces the basal level of surface membrane

expression of TRPV1, consistent with the lower sensitivity

of this mutant to both capsaicin and low pH (see above), and

with the lower level of basal tyrosine phosphorylation ob-

served in this mutant (Figure 4A and B). The Y200F mutation

also abolishes the increase in membrane TRPV1 following

exposure to NGF (Figure 6A). Consistent with the effect of

inhibitors of PI3 kinase or Src in abolishing the sensitizing

actions of NGF, inhibitors of these signalling intermediates

also abolished NGF-dependent membrane insertion of TRPV1

(Figure 6B).

Figure 6C shows that an increase in surface membrane

TRPV1 is also observed 10 min after application of the non-

selective PKC activator PMA. The S501A/S801A mutation,

which abolishes the sensitizing effect of agents acting

through PKCe, does not abolish the increased membrane

insertion of TRPV1 caused by application of PMA. This result

suggests that membrane insertion of TRPV1 following PMA

treatment may be mediated by activation of PKCd followed by

activation of Src, for which evidence has been obtained in

other experiments (Figures 4E and 5D).

Whole-cell patch clamp was used to confirm that NGF

increases expression of functional TRPV1 ion channels in the

surface membrane. Figure 6D shows experiments in which

we applied a saturating concentration of capsaicin (10 mM) in

order to activate all TRPV1 channels maximally. NGF caused

a substantial increase in current, which was absent in cells

cotransfected with dominant-negative Src or in cells trans-

fected with TRPV1 mutated at the Y200 Src phosphorylation

site (lower two traces). The results are summarized in

Figure 6E. Note also that the maximal membrane current

density is lower both with cotransfection of DN Src and with

Y200TRPV1, in support of the idea that phosphorylation of

TRPV1 at Y200 regulates the basal level of membrane ex-

pression of TRPV1 as well as the increase caused by NGF.

Translocation of TRPV1 to the membrane following NGF

application is also seen in DRG neurons (Figure 6F).

Following application of NGF, TRPV1 was observed to be

either partially or completely translocated to the membrane

in a subset of neurons (lower part of Figure 6F).

Translocation was observed in 17.571.9% of TRPV1-positive

neurons following exposure to NGF, compared with

5.970.3% in control conditions.

The experiments described here show that a major effect of

NGF is to cause a translocation of TRPV1 to the cell surface

membrane. We note, however, that after 10 min NGF had
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stimulated a 1.6-fold increase in membrane TRPV1 (see

legend to Figure 6A), while the mean functional sensitization

after 8-min exposure to NGF was 3.3-fold (see legend to

Figure 1B). These results suggest that an additional mechan-

ism is active, particularly at early times. The PKCe–S502/S801

pathway outlined above contributes to this early sensitiza-

tion, because mutation of the S502 and S801 residues, to-

gether with inhibition of Y200 phosphorylation by mutation

of the Y760 site of TrkA, abolishes sensitization at all times

(Figure 5C and F). A possible additional involvement of

tyrosine phosphorylation in modulating gating of TRPV1 is

not, however, excluded by the present experiments.

Discussion

The work reported here shows that phosphorylation by Src

of a single tyrosine residue, Y200, is the major mechanism

by which NGF causes rapid sensitization of TRPV1. The Y200

site is well conserved among rat, human, mouse, guinea-pig,

rabbit, dog and chicken TRPV1, suggesting that this tyrosine
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may be an important common regulatory site for TRPV1. We

also note that this site is also conserved across TRPV1–4 (see

Figure 7A), suggesting a wider role in modulating TRPV

function.

Figure 7B summarizes the signalling pathways connecting

activated TrkA to sensitization of TRPV1 by NGF, as eluci-

dated in the present study. The major pathway (left) pro-

motes insertion of TRPV1 into the surface membrane. This

pathway is initiated by autophosphorylation of the Y760 site

of TrkA, followed by activation of PI3 kinase, and with Src as

the downstream element directly responsible for phosphor-

ylating TRPV1 at Y200. Other intermediate components are

also likely to be involved in this pathway. We have obtained

evidence for a role for PKCd in activating Src, but other

downstream members of the signalling pathways activated

by PI3 kinase, such as Akt and PDK1, are possible additional

intermediates. A second pathway, in which TrkA activates

PKCe, leading to phosphorylation of TRPV1 at S502 and S801

(right), plays a more minor role in sensitization by NGF, but

is the major mechanism by which bradykinin and ATP

sensitize TRPV1 (Cesare et al, 1999; Numazaki et al, 2002).

We have found no evidence in the present study for

involvement of PKA (Shu and Mendell, 2001) or PIP2

(Chuang et al, 2001; Prescott and Julius, 2003) in sensitiza-

tion of TRPV1 by NGF. Evidence for a role for PIP2 rested in

part on the observation that lesion of the PLCg activation site

on TrkA reduced sensitization (Chuang et al, 2001). The effect

of mutating this TrkA site can, however, be explained by

basal activation of the PI3K–Src pathway (see above and

Figure 5A), without the need to invoke a pathway leading to

PIP2 metabolism. A second line of evidence in support of a

role for PIP2 was the observation that TRPV1 function is

enhanced, and sensitization is reduced, by removal of a

supposed PIP2-binding cassette between residues 777 and

820 in the C-terminal tail (Prescott and Julius, 2003). Our

finding that removal of this domain promotes phosphoryla-

tion of the critical N-terminal Y200 site on TRPV1, probably

because an unidentified site in the 777–820 domain binds to

and competes for Src, provides an alternative explanation for

the effects of mutations in the C-terminal 777–820 domain.

A role for ERK has also been proposed (Zhuang et al,

2004). We note that the ERK inhibitor UO126 had no effect

on rapid potentiation of TRPV1 by NGF in DRG neurons

(Bonnington and McNaughton, 2003) and that lesion of the

Y499 site on TrkA, which is the major pathway for ERK

activation (Kaplan and Miller, 2000), also had no significant

effect on sensitization (see Figure 5C). An involvement of

ERK on a longer time scale is, however, not excluded by the

Figure 7 (A) Alignment of sequences adjacent to Y200 for human TRPV1–4. The bottom line shows conserved residues (*), which include the
TRPV1 Y200 site (yellow bar). (B) Schematic diagram of the signaling pathways important in sensitization of TRPV1 by TrkA. The functionally
most significant pathway is shown at the left (yellow, solid arrows). A smaller component of sensitization following exposure to NGF is
mediated by phosphorylation of TRPV1 at residues S502 and S801, probably by the PLCg/PKCe pathway (green, dashed arrows). PKCe is a
crucial intermediate in sensitization of TRPV1 by bradykinin (pathway shown at the lower right of the diagram).
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work reported in the present study, which is limited to the

period 10–20 min after NGF application.

Tyrosine phosphorylation has been demonstrated to reg-

ulate the trafficking of ion channels (Wang et al, 2002),

transporters (Shiratori et al, 1997) and receptors (Hayashi

and Huganir, 2004; Cho et al, 2005). We present here evi-

dence that increased tyrosine phosphorylation at the Y200

site also promotes the trafficking of the TRPV1 channel to the

surface membrane. Trafficking following tyrosine phosphor-

ylation is a novel means of regulation of the heat- and

capsaicin-gated ion channel, TRPV1.

Materials and methods

Cell culture and transfection
HEK293 cells were cultured as described (Vellani et al, 2001). Cells
were transiently transfected using PolyFect reagent (Qiagen) in
accordance with the manufacturer’s instructions. To create a stable
cell line expressing the TrkA receptor, rat trkA cDNA was
incorporated into HEK293 cells using the Superfect transfection
reagent (Qiagen) as per the manufacturer’s instructions. Clones
were selected under G418. The stable clone was used for all
calcium-imaging experiments, except those for TrkA mutants.

Imaging of intracellular calcium
Calcium imaging of transfected HEK293 cells was performed as
described previously (Bonnington and McNaughton, 2003). Briefly,
cells were plated on coverslips and loaded with fluo-4 AM
(Molecular Probes). Coverslips were then transferred to a BioRad
confocal microscope and images were collected. Pulses of capsaicin
were applied at 4 min intervals and 100 ng/ml NGF was added after
the sixth pulse. Neither capsaicin nor NGF released significant
amounts of calcium from intracellular stores (see Supplementary
Figure 1). A pH 5.5 solution was also used to activate TRPV1 in
some experiments. Endogenous ASIC1a response in HEK293 cells
was inactivated by lowering pH to 6.7 (Vellani et al, 2001).
Inhibitors were applied (where appropriate) for 30 min before
addition of NGF. Significance was tested using one-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test (SPSS for
Windows). Significance levels in figures are given as: NS, not
significant, 45%; *, Po5%; **, Po1%; ***, Po0.1%. All errors
shown as bars in figures or quoted in the text are 7s.e.m.

Isolation and culture of neurons
Neurons from the dorsal root ganglia of 3–5-day-old mice (TO
strain) were isolated and cultured for 3 days as described
(Bonnington and McNaughton, 2003). Neurons were cultured in
medium with 50 ng/ml NGF for 1 day, followed by 2 days in 0NGF.
For 12 h before the experiment, anti-NGF antibody was added to
remove residual NGF.

Plasmids and DNA mutation
c-Src and DN-Src were from Dr Mark S Shapiro (Gamper et al,
2003), rat trkA and its mutants (Y499F and Y794F trkA) from
Dr David Julius (Chuang et al, 2001), SHP-1 and SHP-1 C455S from
Dr Frank D Böhmer (Frank et al, 2004) and dominant-negative PI3-
kinase DP85a from Dr Julian Downward (Wennstrom and Down-
ward, 1999). The Y499F/Y794F TrkA double mutant was con-
structed by combination of the Y499F site mutant with the Y794F
site mutant using BmgBI and BsiWI. The Y760F TrkA mutant was
constructed by using QuickChange (Stratagene) site-directed
mutagenesis. TRPV1 mutants were made using megaprimer-based
PCR as described (Barik and Galinski, 1991). All DNA constructs
were confirmed by DNA sequencing.

Immunoprecipitation and immunoblotting
The following antibodies were used: anti-pY (4G-10, Upstate
Biotechnology), anti-V5 (Invitrogen), anti-TrkA (Trk(C-14)), and
anti-Src (B-12) from Santa Cruz Biotechnology. Following treat-
ment, transfected cells were solubilized in lysis buffer (20 mM Tris,
pH 8.0, 150 mM NaCl, 1 mM EDTA, 2 mM EGTA, 1% NP-40, 1 mM
PMSF, 50 mM NaF, 1 mM sodium orthophosphate, 20 mM b-
glycerophosphate, 10 mM sodium pyrophosphate, and protease

inhibitors (Roche)), cell lysates were centrifuged at 12 000 r.p.m. for
10 min, cleared supernatant was mixed with anti-V5, to precipitate
TRPV1, or anti-Src antibody, to precipitate Src, and protein
A-agarose (Santa Cruz), and was incubated for 3 h. Immuno-
complexes were collected by centrifugation, washed with lysis
buffer, followed by boiling in SDS–PAGE sample buffer and loading
on 7.5% polyacrylamide gels. Proteins were transferred from the
gels to Hybond-P membrane. Blots were blocked and incubated
with primary antibody. Blots were washed prior to addition of HRP-
conjugated sheep anti-mouse (for 4G-10, B-12 and V5) or donkey
anti-rabbit secondary antibody (for Trk(C-14)). After washing, blots
were developed using ECL chemiluminescent reagent (Amersham
Biosciences) prior to being exposed to X-ray film. All blots shown in
figures are typical of at least two and in most cases three similar
results.

Total phosphorylation
TRPV1 protein immunoprecipitation with anti-V5 was performed as
described above. Total phosphoprotein in polyacrylamide gel was
stained using Pro-QTM Diamond phosphoprotein gel stain (Mole-
cular Probes) in accordance with the manufacturer’s instructions.
The stained gel was visualized on a Typhoon 9400 scanner
(Amersham Biosciences) using excitation at 532 nm and a 580-nm
bandpass emission filter. To normalize the protein bands, the gel
was destained in 10% ethanol and 7% acetic acid solution, and total
protein was restained with SYPROs Ruby total protein gel stain
(Molecular Probes), and visualized on the scanner using excitation
at 457 nm and a 610-nm bandpass emission filter. The phosphoryla-
tion level of each protein band was determined by calculation of the
ratio of Pro-Q Diamond dye to SYPRO Ruby dye signal intensities.

Kinase assay
Src kinase activity was determined by an in vitro kinase assay.
Briefly, endogenous Src was precipitated with anti-Src antibody and
washed with lysis buffer. Followed by two washes with kinase
buffer (20 mM HEPES pH 7.4, 10 mM MgCl2, 10 mM MnCl2, 0.2 mM
sodium orthovanadate, 1 mM DTT), the kinase reaction was
initiated by adding 5mg acid-denatured enolase and 50 mM ATP at
301C for 10 min. The reaction was then stopped by mixing with
sample buffer and loaded onto 12% SDS–PAGE gel. Tyrosine
phosphorylation of enolase was evaluated by the 4G-10 anti-pY
antibody as described above.

For direct in vitro phosphorylation of TRPV1 by c-Src, TRPV1
protein was expressed in HEK293 cells and immunoprecipitated
with anti-V5 antibody, then 20 U of recombinant c-Src (Upstate) and
100mM ATP were added to the reaction tube to perform the Src
kinase assay as described above.

Sodium pervanadate
Sodium pervanadate was freshly prepared as described (Zhao et al,
1996) by mixing 100 mM sodium orthovanadate with 100 mM
hydrogen peroxide solution for 20 min at room temperature. The
reaction was terminated by the addition of catalase (Sigma) to
quench residual hydrogen peroxide, after which the pervanadate
solution was kept on ice until use.

GST fusion protein expression and pulldown assay
GST fusion protein constructs encoding the TRPV1 N-terminal
region (1–433, GST-N-TRPV1), TRPV1 C-terminal region (684–839,
GST-C-TRPV1), Src SH3 domain (83–144, GST-Src-SH3), and Src
SH2 domain (150–247, GST-Src-SH2) were PCR amplified. PCR
products were subcloned into the pGEX-2T expression vector
(Amersham Biosciences) with BamHI and EcoRI. For fusion protein
expression, IPTG was added to BL-21 cells with different DNA
constructs for 2 h. Cells were then solubilized, the supernatants
were incubated with glutathione-agarose (Sigma) at 41C with
constant shaking. For the pulldown assay, bead-bound GST fusion
proteins were incubated with lysates of HEK293 cells overexpres-
sing TRPV1 or Src at 41C. Protein-bound beads were thoroughly
washed and resolved on 12% SDS–PAGE. Bound proteins were
detected with anti-Src or anti-V5 antibody as above.

Biotinylation of cell surface protein
HEK293 cells transfected with both TrkA and TRPV1 were
biotinylated with 1 mg/ml sulfo-NHS-LC-biotin (Pierce) for 30 min
at 41C and washed with PBS containing 100 mM glycine. Biotiny-
lated cells were solubilized in RIPA buffer (20 mM HEPES, pH 7.4,
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150 mM NaCl, 1 mM EDTA, 2 mM EGTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS plus protease inhibitors). Supernatant
fractions were incubated with streptavidin-agarose (Sigma) over-
night at 41C, beads washed with RIPA buffer, and adsorbed proteins
boiled in sample buffer. Proteins were separated, transferred to the
blot, and surface TRPV1 was detected with anti-V5 tag antibody as
described above.

Electrophysiology
HEK293-TrkA stable cells transfected with TRPV1 were whole-cell
patch clamped as described by Vellani et al (2001). Cells were
maintained at �60 mV and were pulsed with 10 mM capsaicin for 1 s
at 30 s intervals until the response stabilized. NGF was then applied
for 10 min and the current evoked by further applications of
capsaicin was tested at the end of this period. [Na]o was reduced to
30 mM (substituted with choline chloride) in order to reduce the
membrane current amplitude.

Immunocytochemistry
Cultured DRG neurons exposed to 100 ng/ml NGF for 30 min were
fixed with 4% paraformaldehyde. Primary antibody was rabbit

anti-TRPV1 antibody (Alomone Labs), followed by Alexa-488-
conjugated anti-rabbit secondary antibody (Molecular Probes).
Coverslips were examined using confocal microscopy (Bio-Rad).
Fluorescence intensity was measured along a line across the cell
and cells in which surface fluorescence intensity was greater than
twice the mean cytoplasmic intensity were scored as positive. At
least 700 cells were scored for each condition in five separate
experiments.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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