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Signalling pathways involved in the sensitisation of mouse
nociceptive neurones by nerve growth factor

Jennifer K. Bonnington and Peter A. McNaughton
Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge CB2 1PD, UK

Nerve growth factor (NGF) causes a rapid sensitisation of nociceptive sensory neurones to painful
thermal stimuli owing to an action on the heat and capsaicin receptor TRPV1 (formerly known as
VR1). We have developed a new technique to study this rapid sensitisation of TRPV1 by monitoring
the effects of NGF on the increase in intracellular calcium concentration ([Ca’'];) following
exposure to capsaicin. Brief applications of capsaicin caused a rise in [Ca?'];, and NGF was found to
enhance this rise in 37 % of capsaicin-responsive neurones within 2 min. Pathways responsible for
transducing the sensitisation of TRPV1 by TrkA, the NGF receptor, were characterised by observing
the effects of inhibitors of key members of NGF-activated second messenger signalling cascades.
Specific inhibitors of the ras/MEK (mitogen-activated protein and extracellular signal-regulated
kinases) pathway and of phospholipase C did not abolish the NGF-induced sensitisation, but
wortmannin, a specific inhibitor of phosphatidylinositol-3-kinase (PI3K), totally abolished the
effect of NGF. Pharmacological blockade of protein kinase C (PKC) or calcium—calmodulin-
dependent protein kinase IT (CaMK II) activation also prevented NGF-induced sensitisation, while
blockade of protein kinase A (PKA) was without effect. These data indicate that the crucial early
pathway activated by NGF involves PI3K, while PKC and CaMK II are also involved, probably at
subsequent stages of the NGF-activated signalling pathway.
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Nerve growth factor (NGF) has been well characterised as  thermal hyperalgesia, indicating that p75"™ is unlikely to
essential for the growth and development of sensory  be essential for NGF-mediated sensitisation to noxious
neurones. An involvement of NGF as an important  thermal stimuli (Bergmann et al. 1998).

extracellular signalling molecule in enhancing the
sensation of pain has, however, only more recently been
described. Injection of NGF induces both thermal and
mechanical hyperalgesia in the adult rat (Lewin et al. 1993)
and causes hypersensitivity to noxious heat and
mechanical stimuli in humans (Petty et al. 1994). NGF
appears to signal an important component of physiological
inflammation, as removal of endogenous NGF by the
injection of NGF-specific antibodies largely reverses both
the thermal and the mechanical hyperalgesia caused by
injection of complete Freund’s adjuvant (CFA; Woolf et al. N - )
1994; McMahon et al. 1995). Lewin et al. (1993) showed gat?d by capsaicin, bl_lt it is not the only mejzhamsm by
that sensitisation to noxious thermal stimuli developed ?Nhlch'l‘.lOXIOllS he’flt' is detected, as TRP,VI mice are
within minutes of an injection of NGF into the hind paw of insensitive to capsaicin but respond to noxious hea't (Daws
arat, and is therefore far too rapid to involve upregulation et al. 2000; Catenpa et al. 2900)' The use .Of capsaicin as a
of gene transcription. This rapid sensitisation subsequently surrogate for noxious heat in these experiments therefore

developed into a thermal and mechanical hyperalgesia d.emogstrates that NGF —a}ctlvated. t<;ec9nd messenger
lasting for days, and there is a general consensus that signalling cascades cause a direct sensitisation of TRPV1.
>

changes in expression of proteins involved in nociception  Activation of TrkA receptors recruits many signalling
are important in maintaining long-term hyperalgesia  molecules that can bind to the intracellular phosphorylated
(Lewin & Mendell, 1993; Lee et al. 2002; Bron et al. 2003) tyrosine residues within TrkA by means of Src homology
The sensitisation caused by NGF is mediated by the TrkA  (SH2) domains. Three proteins in particular have been
receptor, because in p75™"*-null mice NGF canstill induce  jdentified based on their specific binding to phosphorylated

The rapid sensitisation to noxious thermal stimuli
observed by Lewin et al. (1993) was shown to result from a
direct action of NGF on peripheral nociceptors (Shu &
Mendell, 1999, 2001). In these experiments capsaicin, the
active ingredient of chilli peppers, was used in place of
thermal stimuli to activate the heat and capsaicin receptor,
TRPV1 (vanilloid receptor 1, initially called VR1; Caterina
etal. 1997), and an enhancement of the membrane current
gated by a brief capsaicin application was observed within
10 min of NGF application. TRPV1 is the only ion channel




5
S
S

(7%
i
A
s
=

-

~

3
~

434 J. K. Bonnington and P. A. McNaughton

Trk receptors: Shc, which activates the ras/MEK pathway;
phospholipase C gamma-1 (PLCy1), which cleaves
phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P,) to
inositol 1,4,5-trisphosphate (IP;) and 1,2-diacylglycerol
(DAG); and phosphatidylinositol-3-kinase (PI3K), which
3-phosphorylates PtdIns-4,5-P, (Vetter et al. 1991; Soltoff
et al. 1992; Raffioni & Bradshaw, 1992; Obermeier et al.
1993; Dikic et al. 1995). In the present study we
investigated the role of each of these three pathways in
TRPV1 sensitisation by the use of specific inhibitors.

The end point of a putative sensitisation pathway may
be phosphorylation of TRPV1 itself. The amino acid
sequence of TRPV1 contains potential phosphorylation
sites for many different serine/threonine kinases, most
notably protein kinase C (PKC), protein kinase A (PKA)
and calcium—calmodulin-dependent protein kinase II
(CaMK II). Of these, PKC and PKA have been shown to
enhance TRPV1-mediated responses (Hingtgen et al.
1995; Cesare & McNaughton, 1996; Lopshire & Nicol,
1998; Cesare et al. 1999; Vellani et al. 2001; Bhave et al.
2002; Numazaki et al. 2002). We therefore investigated the
effects of kinase inhibitors on TRPV1 sensitisation.

There is some disagreement over the pathways intervening
between the activation of TrkA by NGF and sensitisation
of TRPV1. Chuang et al. (2001) suggested a system of
regulation similar to that used for some other TRP
channels, i.e. that binding of NGF to TrkA activates PLCYy,
leading to breakdown of PtdIns-4,5-P, and the relief of
TRPV1 from constitutive inhibition by PtdIns-4,5-P,. Shu
& Mendell (2001) proposed instead that phosphorylation
of TRPV1 by PKA was involved, as inhibition of PKA
reduced the amplitude of sensitisation of TRPV1 caused
by NGF, whilst inhibition of mitogen-activated protein
kinases (MAPKs) or PKC caused no significant alterations
in the sensitising effects of NGF on TRPVI. In a related
study Aley et al. (2001) found that sensitisation by
adrenergic receptor activators was partly mediated by
MEK, which is also activated by NGF.

In the present study we set out to identify the intracellular
signalling pathways that mediate NGF-evoked sensitis-
ation of TRPVI1 in mouse dorsal root ganglion (DRG)
neurones. A new technique was developed to study rapid
thermal sensitisation in large numbers of neurones by
monitoring the effects of NGF on the response of sensory
neurones to capsaicin. Isolated, cultured sensory neurones
were loaded with a Ca**-sensitive dye and imaged using
confocal microscopy. Brief applications of capsaicin
caused arise in [Ca**]; resulting from activation of TRPV1,
and the effects of NGF on the amplitude of these capsaicin-
induced Ca* increases could then be monitored. NGF was
shown to sensitise the response to capsaicin in 37 % of
capsaicin-responsive neurones. The intracellular signalling
pathway responsible for transducing the sensitisation of
TRPV1 by NGF was then characterised by observing the
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effects of inhibitors of key members of the NGF-activated
second messenger signalling cascades. Of the three
pathways known to be activated by TrkA, inhibition of
PI3K completely abolished sensitisation, while inhibition
of PLC or the ras/MEK pathway was without effect on the
numbers of neurones sensitised, though there was some
reduction in the amplitude of the sensitisation. Inhibition
of PKC or CaMK IT also abolished sensitisation, suggesting
an involvement of these kinases further down the pathway
leading to sensitisation.

METHODS

Primary culture of neonatal DRG neurones

Neonatal mice (2-5 days old, C57BL/6] strain) were killed by
cervical dislocation and then decapitated, the spinal cord was
removed, and approximately 40-45 DRGs were removed and
transferred into 2 ml phosphate-buffered saline (PBS, Life
Technologies). Nerve trunks and connective tissue were dissected
away and the DRGs were transferred into 2 ml Dulbecco’s
Modified Eagle’s Medium (DMEM, Life Technologies)
supplemented with 0.25 % collagenase (type IV, Worthington) for
1 hin a humidified incubator (37 °C, 5% CO,), then washed with
20 ml medium A (DMEM containing 10% fetal bovine serum
(FBS); Life Technologies) and resuspended in 2 ml medium A.
DRGs were triturated through a 23 gauge needle followed by a
25 gauge needle to produce a suspension of single cells. Cells were
concentrated by centrifugation at 1000 r.p.m. (110 g) for 10 min
and the resulting pellet was resuspended in 1.2 ml medium B
(DMEM containing 10% FBS, 1% penicillin-streptomycin
solution (5000 u ml™', Life Technologies), 1% L-glutamine
(20 mM, Life Technologies), 100 ng ml™' NGF (Promega) and
10 uM cytosine arabinoside (Sigma)).

Glass coverslips (BDH, 13 mm diameter, thickness 0) coated with
10 ug ml™" poly-L-lysine (Sigma) and 5 ug ml™" laminin (Stratec)
were placed in four-well plates (Costar) and washed in medium B.
Neuronal suspension (100 xl) was then slowly added to 1.2 ml
medium B in each well. Neurones were incubated for 48 hat 37°C
in a humidified incubator gassed with 5 % CO, in air. After 48 hin
culture, NGF was withdrawn by washing and replacing medium B
with medium C (DMEM containing 1 % penicillin-streptomycin,
1% L-glutamine, 10 % N-2 supplement (Life Technologies) and
500 ng ml™' anti-NGF antibody (mAb 27/21, Boehringer
Mannheim). Neurones were maintained in medium C for 24 h
with all experiments performed on the third day of culture.
Neonatal neurones survive NGF withdrawal well provided they
have an initial period of exposure to NGF and there was no
evidence of neuronal death in the 24 h period of culture without
NGF.

Imaging of intracellular calcium

Neurones were loaded with the acetoxymethyl ester of the
calcium-sensitive fluorophore fluo-4 (5 gm in DMEM for 15 min
at 37°C). Coverslips were then mounted in an imaging chamber
and continuously perfused with Hank’s balanced salt solution
(HBSS (mm): 140 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,, 10 Hepes (all
Sigma), 5 D-glucose, pH 7.4). Cells were imaged using a BioRad
MRC-600 confocal microscope fitted with a x 20 objective lens,
NA 0.75. Fluo-4 was excited at 488 nm and images were captured
every 3 s using the TCSM time course software package (BioRad).
Fluorescence from individual neurones was monitored as a
function of time by outlining a region near to but within the cell
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boundary, and measuring total fluorescence signal from this
region.

Neurones were distinguished from non-neuronal cells by the
increase in [Ca’*]; which is caused by application of KCI (25 mm)
in HBSS (15 s application at the beginning of the experiment).
Capsaicin (Calbiochem, typically 500 nm in HBSS) was then
applied for 15 s every 4 min. The amplitude of the Ca** signal in
response to capsaicin declined substantially over the first few
applications because of Ca**-dependent tachyphylaxis (see e.g.
Vellani et al. 2001). NGF (Promega, 100 ng ml™' in HBSS, 2 min)
was applied between the fifth and sixth applications of capsaicin,
when the response to capsaicin had largely stabilised. The protocol
is shown in Fig. 1A and was modified where indicated.

Maximal dye fluorescence (F,,,) was measured at the end of the
experiment following elevation of [Ca**]; to a high level by
application of the Ca’* ionophore ionomycin (10 M) in a high
Ca’*, high K* solution (mm: 30 CaCl,, 125 KCl, 10 Hepes, pH 7.4).
Background fluorescence from instrumental sources and from
intrinsic cell fluorescence was then measured by lysing cells with
water and was subtracted from the fluorescence signal to obtain
the Ca**-dependent fluorescence F, which was then expressed as
FIF px.

All experiments were carried out at room temperature (18-20°C).

Data analysis

Amplitudes of Ca®* increases, AF/F,,, caused by stimulation of
neurones with capsaicin were measured by subtracting the
‘baseline’ F/F,,, (mean for 30 s prior to capsaicin addition) from
the peak F/F,, achieved on exposure to capsaicin. Possible
sensitising actions of, for example, NGF on the capsaicin-induced
Ca’* increase were characterised by taking the ratio of AF/F,
after the sixth to that after the fifth application of capsaicin (b and
a in Fig. 1, respectively). In the absence of any treatment the
distribution of these ratios was well fitted by a normal distribution
(see Fig. 1C), and from the mean and standard deviation of this
control distribution a criterion level for denoting a neurone as
exhibiting sensitisation in response to NGF application was set at
1.96 s.D. above the mean (the 5% two-tailed confidence level).
The mean percentage of cells exhibiting sensitisation in response
to NGF for each experimental condition was compared
statistically by one-way analysis of variance (ANOVA) with
Bonferroni’s post hoc test. Pairwise comparisons were carried out
using Student’s ¢ test, using SPSS for Windows.

Immunocytochemistry

Cultures of DRG neurones (control or exposed to stimuli such as
NGF or bradykinin) were fixed for 10 min at room temperature
(4% wiv formaldehyde, 4% w/v sucrose dissolved in 50 %
PBS : 50 % distilled water) and were then washed three times in
PBS before permeabilisation in Triton X-100 (0.2% in PBS,
10 min at 4 °C) and incubation with primary antibody (overnight
at 4°C in TTBS: 0.1 M Tris HCL, 0.9 % NaCl w/v, 0.3 % Triton
X-100 v/v, pH 7.4) in the presence of 10 % goat serum (Sigma) to
reduce non-specific binding. Primary antibodies (polyclonal)
were used at the following concentrations: anti-PKCd (Olivier &
Parker, 1994), 12.5 ug ml™'; anti-PKCe (Schaap et al. 1989),
15 pgml™; anti-PKC{ (Upstate Biotechnologies), 12 ug ml™;
anti-CaMK II (Transduction Laboratories), 0.5 ug ml™". Coverslips
were then washed three times in PBS followed by exposure to
secondary antibody (anti-rabbit Alexa Fluo 488, Molecular
Probes, 4 ug ml™', 2 h at room temperature) and mounted with
Moviol (Calbiochem). Neurones were visualised using a BioRad
MicroRadiance confocal microscope. Specificity of antibodies was
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checked by pre-incubation with the peptide used to raise the
antibody (at x 20 antibody concentration); in all cases neurone-
specific labelling was completely blocked.

RESULTS

NGF-induced sensitisation of TRPV1

Neonatal mouse neurones were used in the present study
as they are readily cultured and a high proportion respond
to capsaicin. We found that 83 % of neonatal mouse DRG
neurones cultured for 3 days as described in Methods
responded to 500 nM capsaicin with an increase in Ca**-
dependent fluorescence of AF/F,,,, > 0.05. To investigate
the possibility that the remaining 17 % of neurones were
capsaicin-sensitive but that the responses were below the
threshold of detection, we exposed cells to phorbol
myristate acetate (PMA, 1 uM), which enhances the
response of TRPV1 in DRG neurones by activating PKC
(Cesare & McNaughton, 1996; Vellani et al. 2001).
Treatment of cultures with PMA substantially enhanced
the mean amplitude of the Ca®* increase elicited by
capsaicin, but caused no alteration in the proportion of
neurones that responded to capsaicin with a detectable
Ca’* signal (data not shown).

NGF caused a sensitisation of the response to capsaicin
which was large in some neurones (Fig. 14) and absent in
others. The variability in the degree of sensitisation is likely
to reflect the variable expression of the TrkA receptor for
NGF in the population of DRG neurones (Molliver &
Snider, 1997). The sensitisation caused by NGF was both
rapid (< 2 min, Fig. 1A) and long-lasting, as sensitisation
at a level significantly above control remained for at least
16 min in the continued presence of NGF (Fig. 1B).

Repeated application of capsaicin caused progressive
desensitisation of the Ca?" increase, an effect that has been
shown to depend on Ca** entry through capsaicin-gated
channels (Docherty et al. 1996; Vellani et al. 2001). We
therefore allowed desensitisation to reach a quasi-steady
state by applying capsaicin five times before exposing the
neurone to NGF (see protocol in Fig. 1A; Fig. 1B s the only
experiment in which an earlier application protocol was
adopted). Sensitisation was measured by calculating the
ratio between the Ca’* increase observed on the sixth
capsaicin application, after exposure to NGF, to that
observed on the fifth application, immediately before
exposure to NGF.

In order to determine the degree of sensitisation and the
proportion of neurones sensitised by NGF we first studied
the variability of the Ca** signal with no NGF added. The
ratios produced by dividing the sixth by the fifth capsaicin-
evoked Ca’" increase in 112 cells (n. = 112) from eight
separate experiments (1., = 8) were found to be normally
distributed with a mean of 0.76, s.p. of 0.134 and upper
95 % two-tailed confidence limit of 1.023 (Fig. 1C). The
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mean percentage of ‘false positives’ with ratios above 1.023
was 1.88 + 1.24 % (all values are means =+ S.E.M.).

Upon addition of NGF for 2 min between the fifth and
sixth pulses of capsaicin, the ratio values shifted to the right
to a variable extent (Fig. 1C). A simple and readily
calculated index of sensitisation was the percentage of
neurones for which the ratio exceeded the 5% two-tailed
confidence limit (arrow in Fig. 1C). Sensitisation on this
definition occurred in 38.74 £ 5.61% of neurones.
Because 1.88 % of these ratio values were false positives
(see above), ~37% of DRG neurones in culture were
sensitised by NGF. A second useful index of sensitisation is
the mean enhancement of the ratio in these sensitised
neurones, which was 1.81 + 0.14.
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Sources of Ca’* contributing to NGF-induced
sensitisation

Activation of TRPV1 causes a direct influx of Ca®* though
the capsaicin-gated ion channel, but it also depolarises the
neurone, which may supplement the Ca®* entry by
allowing entry through voltage-gated Ca®* channels
(VGCCs). Release from intracellular stores may also
enhance the Ca®* signal. An effect of NGF on these
processes could enhance the Ca** signal without the need
to invoke a direct effect on TRPV1. In addition, an NGF-
dependent change in the threshold of other voltage-
sensitive ion channels (Zhang et al. 2002), or indeed an
NGF-dependent modulation of any process which alters
neuronal excitability, could also lead to enhanced Ca*
influx.

Figure 1. Enhancement of the capsaicin-
induced Ca?* increase by nerve growth factor
(NGF)

A, trace illustrating a typical experimental
procedure. Ca*" increases shown in a single neurone
from a coverslip containing (typically) 10-30
neurones. Neurones loaded with the Ca’*-sensitive

fluorophore fluo-4 as detailed in Methods. The Ca**
increase observed on application of KCI (25 mM,

15 s first exposure) distinguished neuronal from
non-neuronal cells. Subsequent applications of
capsaicin (500 nM, 15 s) caused activation of
TRPV1, which was potentiated by exposure to NGF
(100 ng ml™", 2 min). NGF did not itself cause an
increase in [Ca®"];in any experiment. The ratio b/a
of the Ca** increases before and after exposure to
NGF was used as an index of enhancement. B, NGF
causes a long-lasting enhancement. Neurones

(neen = 32) were separated into two groups: those in
which an enhancement was (H) or was not (@)
observed in the first exposure following NGF
addition (lower bar). Bars give * s.E.M. Significance
levels (two-tailed ttest) are: ** P < 1074 ***P < 107,
(NB in this experiment a continuous NGF exposure
followed the third capsaicin application while in all

KCl
RN Capsaicin
5
£
&
[
Time (mins)
1.4
o —@— Not sensitised
13 4 —l— Sensitised
= NGF addition
1.2
g T
=1 4
5} 1.1
=)
8 10
<
0.9 4
0.8 4
0.7 T T T T
3 4 5 6 7
C Capsaicin addition

20

[ Control
Il NGF

Cells (%)
s
1

Gaussian fitted to control

others a 2 min exposure was given between the fifth
and sixth capsaicin applications). C, collected ratio
values obtained from experiments asin A. Open bars
give ratios obtained without exposure to NGF

(M = 112, 1, = 8). The distribution was well fitted
by a Gaussian function with mean 0f 0.76, s.D. of
0.134 and upper 95 % two-tailed confidence limit of
1.023 (arrow). Filled bars give ratios following 2 min
exposure to NGF (100 ng ml™; ny = 152, 11, = 26).
Following NGF exposure 38.74 * 5.61 % of ratios
exceeded the 95 % confidence limit, and the mean of
these ratio values was 1.81 + 0.14.

6



] Physiol 551.2

To test whether or not the observed sensitisation was
attributable to an indirect effect of NGF, the depolarising
effects of TRPV1 activation were mimicked by applying
pulses of 25 mm KCI, which caused a Ca’* signal of
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0.869 + 0.078 with NGF (P = 0.82, not significant, two-
tailed ¢ test). The percentage of neurones above the upper
95% two-tailed confidence limit (1.13 for exposures to
KCl) was also not significantly different (0% in control

gxo comparable magnitude to that elicited by 500 nM  and 2.42 £1.32% following NGF; see histogram in
) capsaicin, and NGF was applied between the fifth and sixth ~ Fig. 2D). These data show that NGF did not sensitise the
8 KCl applications (Fig. 2A). In parallel experiments the  depolarisation-induced Ca** influx, and therefore that the
";’\ ratio values were calculated in control experiments effect of NGF on the Ca®" responses evoked by capsaicin is
'é without the addition of NGF. NGF did not cause a  notdueto changesin neuronal excitability.
significant difference between the mean ratio values, . .
Ha' ws}élich were 0.870 + 0.097 for control experiments and We next tested whether NGF could sensitise Ca** signals
= R caused by activation of ATP-gated ion channels. P2X, and
§
= A 1oq KCl
0.8 NGF
£ 06-
3
0.4 4
0.2 4
0.0 T T T T T T )
Figure 2. NGF enhances Ca”* entry KCI
; B ¢ ATP
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effect on the Ca** increase evoked by ATP % 0.6
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thapsigargin (10 xMm) for 20 min prior to = 0.4 7
experiments; the Ca** increase evoked by
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Figure 3. The effects of inhibition of PLC, PI3K, ras, and MEK1 and 2 on NGF-induced
sensitisation of TRPV1

Ratio distributions as in Fig. 1C are shown for NGF (100 ng ml™") plus the following treatments, compared
with control ratio distribution in absence of NGF (fitted with Gaussian function as in Fig. 1C): A, 10 M
neomycin; B, 20 nM wortmannin; C, 10 M Sos-inhibitory peptide; D, 10 M U0126. Inhibitors were applied
5 min before experiment and were included in all solutions. Numbers of cells and separate experiments
as follows: neomycin, #1e = 240, 1., = 33; wortmannin, #1ey = 139, #.,, = 20; Sos-inhibitory peptide,
Hea = 259, flegy = 205 U026, 11 = 155, 11y = 8.



5
S
S

(7%
i
A
s
=

-

~

3
~

] Physiol 551.2

P2X; ATP-gated channels are present in DRG neurones
and ATP released from damaged cells is thought to be an
activator of primary sensory neurones (Chen et al. 1995;
Hamilton & McMahon, 2000). Neurones were pretreated
with thapsigargin (10 uM) to empty Ca*" stores and so
eliminate the possibility that a component of the effects of
ATP on [Ca®*]; may result from P2Y-induced release of
Ca’". Neurones were exposed to pulses of 100 um ATP
(Fig. 2B), and TRPV1-expressing cells were selected by
testing responsiveness to capsaicin at the end of the
experiment. Mean ratio values from experiments with and
without exposure to NGF were not significantly different
(0.86 £ 0.06 in control experiments and 0.81 + 0.03 with
NGF addition, not significant, P = 0.13). The upper two-
tailed 95 % confidence limit from control data was 1.33
and no cells in either group had ratios greater than this (see
histogram in Fig. 2D). These data show that NGF does not
sensitise responses mediated by P2X receptors in DRG
neurones.

We next tested whether inhibition of voltage-gated Na*
channels (VGSCs) or emptying of internal Ca®" stores
changed the proportion of cells sensitised by NGEF.
Lidocaine (lignocaine; 2 mm throughout the experiment)
inhibits all VGSCs in DRGs (Scholz & Vogel, 2000), and
we found that the Ca** increase in response to application
of 25 mM KCI was rapidly and completely abolished
(Fig. 2C), but there was no effect on the enhancement by
NGF of the capsaicin-evoked Ca®" signal. As shown in
Fig. 2D, the proportion of neurones sensitised by NGF in
the presence of lidocaine was 54.03 +7.31%, not
significantly different from the proportion sensitised in
the absence of lidocaine (P =0.23). We also emptied
intracellular stores using 10 yM thapsigargin, a
concentration sufficient to evoke a large Ca** signal which
returned to baseline within 20 min. After emptying
intracellular Ca’" stores with thapsigargin (20 min pre-
application) 48.02 £ 9.01 % of neurones were sensitised by
NGF, not significantly different to the proportion in the
absence of NGF (P = 0.825). Values with lidocaine and
thapsigargin are highly significantly different to the
proportion of cells sensitised without NGF application
(P=4.5%x 10"*and 7 x 107, respectively).

These results show that modulation by NGF of VGSCs or
VGCCs, or of the release of Ca®* from intracellular stores,
does not mediate the NGF-evoked sensitisation of the Ca*
signal, and nor was a comparable sensitisation of the Ca**
signal evoked by P2X ion channel activation observed
following NGF application. We conclude that the Ca®*
imaging method outlined above provides a simple and
direct means of monitoring direct modulation of TRPV1
following NGF activation, and that the measurement is
not contaminated to any significant extent by artefacts
which might arise from modulation of other cellular
processes by NGF.
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Intracellular signalling cascades activated by NGF
NGF-induced autophosphorylation of tyrosine residues
in the C-termini of TrkA receptors recruits several
intracellular signalling cascades, most notably pathways
leading to activation of PLC7y, PI3K and ras (Kaplan &
Stephens, 1994; Kaplan & Miller, 2000). The Ca** imaging
technique described above was used in conjunction with
specific inhibitors to block each of these pathways in turn
and hence establish their importance in mediating the
NGF-induced sensitisation of TRPV1.

Inhibition of phospholipase Cy. In preliminary
experiments we attempted to inhibit PLCy by applying
the widely used inhibitor U73122, which has been shown
to abolish agonist-evoked PLC activation (Smith et al.
1990; Broad et al 1999). U73122 proved to have
unacceptable side effects in DRG neurones, however,
because at the concentration of 10 M required to abolish
PLC activation, a long-lasting increase in resting [Ca*];
was observed following capsaicin addition, which reached
saturating levels within 3-5 min. This inhibitor was
therefore not used further.

An alternative PLC inhibitor is neomycin, which has been
used successfully in several systems, including cultured
DRG neurones (Eun et al. 2001; Fernandez-Tome et al.
2002). In the presence of neomycin the proportion of
neurones sensitised following NGF exposure was
34.6 + 4.5 %, comparable to the value 0f38.74 + 5.61 % in
the absence of neomycin (Figs 3A and 4A; difference not
significant, P=0.89, but highly significantly different
from neurones without NGF application, P=1 X 107°).
The mean amplitude of sensitisation in those neurones
exceeding the 95 9% criterion level was, however, slightly
less in the presence of neomycin, with a mean ratio value of
1.34 £ 0.04 (Fig. 4B), significantly less than the value of
1.81 = 0.14 observed in NGF alone (P = 1.6 x 107%).

Inhibition of phosphatidylinositol-3 kinase. The
contribution of PI3K to NGF-induced sensitisation of
TRPV1 was studied by using the potent PI3K inhibitor
wortmannin, which at 20 nM is a highly specific inhibitor
of PI3K, with actions on other kinases only apparent at
much higher concentrations (the lowest being ICs, values
0f 200 nM for MLCK and 260 nM for SmMMLCK, see Davies
et al. 2000). In the presence of 20 nM wortmannin the
amplitude of the Ca’" increase caused by activation of
TRPV1 by capsaicin was normal, but the sensitising effect
of NGF was completely abolished (Fig. 3B). Ratios
following NGF application in the presence of wortmannin
were normally distributed, with mean ratio 0.78 £ 0.14
(see Fig. 3B), similar to the value of 0.76 + 0.134 in the
absence of NGF. Wortmannin treatment reduced the
proportion of capsaicin-responsive neurones that were
sensitised by NGF to 5.79 £ 0.58 % (Fig. 4A) compared
with 38.74 + 5.61 % in the absence of wortmannin. The
reduction in the proportion of neurones sensitised by NGF
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in the presence of wortmannin was highly significant
when compared with cultures treated with NGF alone
(P=1.2%x10"), and the proportion of neurones
sensitised by NGF in the presence of wortmannin was not
significantly different from the proportion of false positive
values in control data (P = 0.120). These data show that
PI3K activation is critical for the NGF-activated
sensitisation of TRPV1.

Inhibition of Sos-ras binding and MEK activation.
Binding of Sos to ras was inhibited by means of a peptide
that binds to the SH3 region of Sos (Cussac et al. 1999).
The peptide is linked to a 16-residue sequence of the
homeodomain of Antennapedia that promotes membrane
permeation by a non-receptor-dependent process, causing
complete inhibition of Sos-dependent downstream
signalling from TrkA. Neurones were exposed to 10 uM
Sos-inhibitory peptide (Upstate Biotechnology) for
20 min prior to experimentation, and the peptide was also
included throughout. The percentage of neurones
sensitised by NGF in the presence of Sos-inhibitory
peptide (44.49 + 5.84 %, Fig. 4A) was comparable to the
percentage of neurones sensitised when treated with NGF
alone (P = 0.65), but the suppression of some of the largest
values of sensitisation meant that the mean ratio value
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from sensitised cells was 1.21 + 0.02, compared with the
value of 1.81 £ 0.14 from neurones exposed to NGF alone
(Fig. 4B; significantly different, P = 6.4 X 107).

To further investigate a possible involvement of the ras
signalling pathway we used the inhibitor U0126 (10 g,
Calbiochem), a potent and selective inhibitor of the
kinases MEK1 (ICs, = 72 nM) and MEK2 (IC5, = 58 nM),
which are activated downstream of ras (Davies et al. 2000;
Kaplan & Miller, 2000). Figure 3D shows that the
proportion of neurones sensitised by NGF when MEK was
inhibited was 33.01 + 2.71 % (Fig. 4A), not significantly
different from that observed with NGF alone (P = 0.406)
but very significantly higher than control levels of
sensitisation (P =9 x 107°). The mean amplitude of
sensitisation by NGF in the presence of U0126 was
1.41 £ 0.09, significantly different at the 5% level but not
at the 1% level from that in the presence of NGF alone
(P =0.016, Fig. 4B).

These observations do not support the idea that the
ras/MEK pathway is solely responsible for short-term
sensitisation, but do suggest a modulatory effect of the
ras/MEK pathway on the PI3K-induced signalling cascade,
as has been found in other studies (Rodriguez-Viciana et
al. 1994).

Figure 4. Sensitisation of TRPV1 by NGF
following inhibition of PLC, PI3K, ras and
MEK

A, the proportion of neurones sensitised in the
presence of 10 #M neomycin, 20 nM
wortmannin, 10 #M Sos-inhibitory peptide and
10 xM U0126, to inhibit PLC, PI3K, ras and MEK
activation respectively. B, mean ratio values of
sensitised neurones. Error bars show

means + S.E.M. Significance levels: * P < 5 %;
P < 1%;*** P <0.1%.
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Involvement of serine/threonine kinases in NGF-
induced sensitisation

The amino acid sequence for TRPV1 contains potential
phosphorylation sites for many kinases, amongst them
PKC, PKA and CaMK1, all of which are involved in many
different intracellular signalling pathways and could form
part of a second-messenger signalling cascade activated by
PI3K and ultimately leading to phosphorylation of
TRPV1. Staurosporine is a broad-spectrum kinase

A
g
%
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B

Figure 5. The effect of inhibition of PKC, PKA
and CaMK Il on NGF-induced sensitisation of g
TRPV1 z
Q
@)

Ratio distributions as in Fig. 1C shown for NGF

(100 ng ml™") plus the following treatments,
compared with control ratio distribution in absence
of NGF (fitted with Gaussian function as in Fig. 1C):
A, 200 nM staurosporine; B, 500 nM BIM; C, 200 nM
KT5720; D, 1 #M KN-62. Inhibitors were pre-applied
for 5 min and were included in all solutions C
throughout the experiment. Numbers of cells and
separate experiments as follows: staurosporine,

Mgl = 86, ey = 75 BIM, gy = 264, 1, = 15; KT5720,
Neen = 141, Negy, = 7; KN-62, 1y = 73, tey, = 8.
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inhibitor, which at the concentration used (200 nm) will
inhibit PKC, PKA, CamK II and other kinases (Wilkinson
& Hallam, 1994). In the presence of staurosporine there
was a reduction in the percentage of neurones sensitised by
NGF when compared with neurones treated with NGF
alone (Fig. 5A), from 38.74 + 5.61% to 7.25%2.69%
(difference highly significant, P = 1.9 x 107), the latter
value not significantly different from the proportion of
‘false positives’ in control data from neurones not treated
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with NGF (P =0.107). The mean ratio value for these
sensitised neurones is 1.12 = 0.04 (Fig. 6B), highly
significantly different from the mean ratio in NGF alone
(P=1.08 % 107).

Specific inhibition of PKC. PKC was inhibited by the use
of the specific PKC inhibitor bisindolylmaleimide I (BIM,
500 nM, Calbiochem), which inhibits PKA only at
concentrations exceeding 2 uM (Obreja et al. 2002). PKC
inhibition largely abolished the NGF-induced sensitis-
ation of TRPV1 (Fig. 5B), but the distribution of ratios was
skewed to the right when compared with control,
indicating that some modest NGF-induced sensitisation of
TRPV1 had occurred. Exposure to BIM reduced the
percentage of cells responsive to capsaicin that were
sensitised by NGF to 15.33 +2.78% (Fig. 6A), signif-
icantly lower than that obtained from neurones treated
with NGF alone (38.74+5.61%, P=1x 10, but
significantly higher than in the absence of NGF under
control conditions (1.88 + 1.24%, P =2.62 x 10™*). The
mean ratio of enhancement for neurones that were
sensitised by NGF in the presence of BIM was 1.11 + 0.02
(Fig. 6B), lower than with NGF alone (P = 5.8 X 10°°) but
above control.
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Bradykinin causes sensitisation of TRPV1 by specifically
translocating PKCe to the membrane (Cesare et al. 1999),
where it phosphorylates serine residues on TRPV1
(Numazaki et al. 2002). In view of the evidence for an
involvement of PKC in the NGF-activated signalling
pathway leading to sensitisation of TRPV1, we
investigated the possibility that PKC isoforms might be
translocated to the membrane by NGF. We examined the
PL BIL €, 6 and & isoforms of PKC, whose cellular location
in the mouse neurones used in the present experiments
was similar to that already described for rat DRG neurones
(Cesare et al. 1999). Upon exposure to NGF, PKCe was not
observed to translocate to the plasma membrane while a
clear translocation of PKCe was observed following
exposure to bradykinin (Fig. 7). Translocation of the PKC
BL, P11, 8 and & isoforms was also not observed in response
to exposure to NGF (data not shown).

Specific inhibition of PKA. PKA phosphorylates TRPV1
and enhances its response to capsaicin by abolishing
desensitisation (Lopshire & Nicol, 1997; Bhave et al. 2002).
We tested whether PKA is involved in the sensitisation by
NGF of TRPV1 using the specific PKA inhibitor KT5720
(200 nM, Calbiochem; Cai et al. 1999). PKA inhibition did

Figure 6. Sensitisation of TRPV1 by NCF
following inhibition of PKC, PKA and
CaMKII

A, the proportion of neurones sensitised by NGF
in the presence of 200 nM staurosporine, 500 nMm
BIM to inhibit PKC, 200 nm KT5720 to inhibit
PKA and 1 uMm KN-62 to block CaMK II activity.
B, mean ratio values of sensitised neurones.
Error bars show means + s.E.M. Significance
levels: *** P < 0.1 %.



5
S
S

(7%
i
A
s
=

-

~

3
~

] Physiol 551.2

not affect the desensitisation caused by repeated capsaicin
addition, and nor, when NGF was applied, did it have any
obvious effect on either the proportion of neurones
sensitised by NGF or on the amplitude of sensitisation
(Fig. 5C). In the presence of KT5720 49.95 + 14.41 % of
neurones were sensitised by NGF (Fig. 6A), not
significantly different from NGF alone (P = 0.489), and
significantly greater than the proportion in the absence of
NGF (P=5x%10"). The mean ratio amplitude in
sensitised neurones with KT5720 (1.69 = 0.11) was also
not significantly different from that in the presence of NGF
alone (P = 0.52).

Inhibition of CaMK II. We used a CaMKII-specific
antibody to determine whether CaMKII is expressed in
DRG neurones and therefore could be a possible
participant in the signalling pathway leading to
modulation of TRPV1. CaMK II was found to be expressed
strongly in 56.3% of cultured mouse DRG neurones
(e = 1080, 1, = 5, data not shown). We studied the
effects of CaMK II inhibition using the specific CaMK II
inhibitor, KN-62 (1 u#M, Calbiochem), which inhibits
CaMK II by binding to the calmodulin binding site
(Tokumitsu et al. 1990). We first tested for a possible
interaction of KN-62 with PKC by applying the specific
PKC activator PMA, which causes a substantial
enhancement in current through TRPV1 (Cesare &
McNaughton, 1996; Vellani ef al. 2001). Inhibition of
CaMK 1II activity by 1 uM KN-62 did not prevent
sensitisation of TRPV1 by PMA, showing that KN-62 does
not interfere with PKC activation (data not shown). In the
presence of the CaMK Il inhibitor, however, the sensitising
effect of NGF was found to be almost completely abolished
(Fig. 5D). With KN-62 6.41 £2.71% of neurones were
sensitised by NGF (Fig. 6A), which is significantly less than
that with NGF exposure alone (P =1.5% 10™*) and not
significantly above that in the absence of NGF (P = 0.24).
The mean ratio increase of the few sensitised neurones was
1.13 £ 0.06, highly significantly different from the value in
NGF (P = 2.8 x 10°°) (Fig. 6B).

DISCUSSION

The Ca’" imaging technique used in the present study has
the advantage that large numbers of neurones can be
monitored simultaneously, thus increasing the probability
that sensitisation occurring in only a limited population of
neurones could be studied in reasonable numbers of cells.
NGF was shown to cause a significant enhancement of the
response to capsaicin in 37% of capsaicin-responsive
DRG neurones, and the amplitude of the enhancement
was up to sixfold. Although it was not directly investigated
in the present study, NGF is likely to act via TrkA and not
p75~"® receptors because normal sensitisation in response
to NGF injection was observed in p75~"™ knockout mice
(Bergmann et al. 1998).
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The possibility was investigated that NGF may act, in
part or wholly, through mechanisms other than an
enhancement of TRPV1 channel gating. Activation of
TRPV1 depolarises the neurones, and some of the Ca**
increase following exposure to capsaicin may be due to
influx through voltage-gated Ca** channels or other
voltage-dependent Ca’" entry pathways, which in turn
could be modulated by NGF. However, when neurones
were directly depolarised with KCl or by activation of
ATP-gated ion channels NGF did not enhance the Ca*
signal, and neither complete block of voltage-gated
channels with lidocaine nor emptying intracellular stores
with thapsigargin affected the NGF-induced enhancement
of TRPV1. The enhancement of the capsaicin-induced
Ca®* signal is therefore due to a direct action of NGF in
enhancing Ca** influx through TRPV1.

Involvement of intracellular signalling cascades
activated by TrkA

Binding of NGF to TrkA receptors activates three main
signalling cascades, in which the initial steps involve
activation of PLC, PI3K and ras, and we investigated the
effect of inhibitors of each of these pathways. The PLC
inhibitor U73122 caused an irreversible increase in [Ca®*];
in DRG neurones, so we used instead neomycin, which has
also been shown to be an effective inhibitor of PLC.
Application of neomycin did not prevent NGF-mediated
sensitisation of TRPV1, showing that PLC is unlikely to
be involved. In contrast, inhibition of PI3K with
wortmannin, which is a specific inhibitor for PI3K at the
concentrations used, caused complete abolition of the
NGF-induced enhancement of TRPV1 channel gating,
highlighting the critical importance of pathways initiated
by PI3K. Suppression of ras activation using the Sos
inhibitory peptide significantly reduced the amplitude of
sensitisation caused by NGF, but did not affect the
proportion of neurones in which sensitisation was
observed. These results suggest that ras does not cause
sensitisation itself but instead enhances the degree to

Figure 7. Cellular location of PKCe following exposure to
bradykinin (left, 1 gm for 30 s) and NGF (100 ng ml™,

2 min)

Typical images of neurones fixed and imaged in a confocal
microscope as described in Methods. False-colour images with
blue indicating low fluorescence and red high fluorescence. Scale
bar: 10 pm.
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which the PI3K pathway is able to sensitise TRPVI,
consistent with the observation that ras interacts with the
catalytic domain of PI3K to enhance PI3K activity
(Rodriguez-Viciana et al. 1994). The effects of ras are not
mediated by downstream activation of MEK1 and 2,
because inhibition of these MEKs had no effect on the
proportion of neurones sensitised and only a marginally
significant effect on the amplitude of sensitisation. This
last result agrees with a recent study by Shu & Mendell
(2001) who, using the patch-clamp technique, applied the
MEK inhibitor PD98059 between the additions of
capsaicin, and found no significant reduction in the
sensitisation caused by NGF.

In a recent study, Chuang et al. (2001) investigated NGF-
induced sensitisation of the response to capsaicin using
HEK?293 cells transfected with TRPV1 and TrkA receptors.
These authors found that activation of PLC was essential
for NGF-induced sensitisation of TRPV1 in HEK293 cells,
in contrast to the present study where inhibition of PLC
with neomycin was found to have no significant effect.
They proposed that TRPV1 is tonically inhibited by
binding to PtdIns-4,5-P,, and that breakdown of
PtdIns-4,5-P, by PLC removes the inhibition. The
disparity between the work of Chuang et al. (2001) and our
work may result from the different types of cells in which
NGF-evoked sensitisation was studied. In transient
expression systems TRPVI1 protein is heavily over-
expressed by comparison with the physiological
expression levels in sensory neurones. TRPV1 has been
shown to be more glycosylated in HEK293 cells when
compared with DRG neurones (Kedei ef al. 2000). TRPV1
has also been shown to form homotetramers in the plasma
membrane of DRG neurones, but a range of multimeric
states of TRPV1 were found in HEK293 cells. These
multimers ranged from monomers to aggregates of
protein with molecular weights far greater than the
tetrameric form of TRPV1 (Kedei et al. 2000). Finally,
TRPV1 was only found in the plasma membrane of DRG
neurones whereas it was distributed throughout internal
membranes as well as the plasma membrane in transiently
transfected HEK293 cells, thus highlighting differences in
protein targeting in native and transient expression
systems (Jahnel et al. 2001).

Type I PI3Ks are activated by TrkA and preferentially
phosphorylate PtdIns-4,5-P, over Ptdlns (Wymann &
Pirola, 1998). Phosphorylation of PtdIns-4,5-P, on the
D3 hydroxyl group produces Ptdlns-3,4,5-P;, which
subsequently recruits PLC to TrkA (Falasca et al. 1998). If
the hypothesis proposed by Chuang and colleagues (2001)
was correct and PtdIns-4,5-P, does indeed constitutively
inhibit TRPV1, then either PI3K or PLC could remove
PtdIns-4,5-P, from TRPV1. A parsimonious explanation
is that differences in signalling cascades between these two
cell types could mean that PI3K and PLC can both cause

] Physiol 551.2

removal of PtdIns-4,5-P, from TRPV1, by conversion to
PtdIns-3,4,5-P; in DRG neurones and breakdown to DAG
and IP; in HEK293 cells, respectively. This hypothesis
would not, however, account for the actions of kinase
inhibitors in abolishing NGF-induced sensitisation, as
described below.

Involvement of serine/threonine kinases in NGF-
induced sensitisation

Consensus sequences for phosphorylation by PKC, PKA
and CaMK I1 exist on intracellular domains of TRPV1, and
functionally active sites for PKC and PKA phosphoryl-
ation have recently been identified (Bhave et al. 2002;
Numazaki et al. 2002). We therefore explored the
possibility that activation of kinases by TrkA-recruited
pathways may underlie the sensitisation of TRPVI.
Application of the broad-spectrum kinase inhibitor
staurosporine was found to completely abolish NGF-
evoked sensitisation of TRPV 1. The specific PKC inhibitor
BIM produced a similar but slightly less complete
inhibition than that observed using staurosporine,
suggesting that PKC is at least partly responsible for NGF-
induced sensitisation. Inhibition of PKA with the specific
inhibitor KT5720 did not affect sensitisation of TRPV1 by
NGF, showing that the action of staurosporine is not due
to inhibition of PKA. Immunocytochemical studies were
conducted to identify the PKC isoform involved in
sensitisation by looking for translocation of PKC within
the cell. Both conventional and novel PKCs bind to
DAG and phosphatidylserine in membranes following
activation (Liu & Heckman, 1998), and translocation of
PKC to the membrane is therefore a sensitive indicator of
activation (Cesare et al. 1999). Translocation of PKC
isoforms A1, B11, €, & and & was, however, not observed in
response to NGF application, suggesting that none of these
isoforms is involved. The identity of the PKC isoform
which may mediate the sensitisation is therefore presently
unclear.

In contrast to the work described here, Shu &
Mendell (2001) did not observe an inhibitory effect of BIM
(500 nM) on sensitisation by NGF of the capsaicin-
induced membrane current in voltage-clamped DRG
neurones, but they did report an involvement of PKA. The
reasons for the conflicting findings between our work and
that of Shu & Mendell (2001) are unclear. There are a
number of differences in experimental protocol, of which
the most significant may be that capsaicin was repeatedly
applied in our experiments, and TRPV1 would have
therefore been in a relatively desensitised state, while in the
experiments of Shu & Mendell (2001) two applications
separated by 10 min were used. A second difference is that
neurones in the present study were intact, while the patch
clamp technique used by Shu & Mendell (2001) dialyses
the intracellular milieu and may interfere with signalling
pathways.
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Finally, we examined the possibility that CaMK II may be
involved in the sensitisation pathway. CaMK II is
expressed in 56 % of neurones, and using the specific
CaMK 1II inhibitor KN-62 we found that the NGF-
mediated sensitisation of TRPV1 was abolished. These
results suggest that both PKC and CaMK II may be
involved in sensitisation by NGF. A possible order for the
players in the pathway leading to TRPV1 phosphorylation
is PI3K — CaMK II — PKC — TRPV1, as sensitisation of
TRPV1 by direct activation of PKC using PMA was
unaffected by the CaMK Il inhibitor.

In conclusion, we have identified the PI3K pathway to be
crucial as an initial step in mediating sensitisation of
TRPV1 by NGF. The ras pathway may have a modulatory
role, but is it is unlikely to be on the direct pathway leading
to TRPV1 modulation, as neither ras nor MEK inhibitors
abolish the effect of NGF. There is evidence that both PKC
and CaMK II are involved downstream of PI3K, but
their respective roles, and whether either directly
phosphorylates TRPV1, has yet to be established.
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