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Phosphatidylinositol 3-Kinase Activates ERK in Primary
Sensory Neurons and Mediates Inflammatory Heat
Hyperalgesia through TRPV1 Sensitization
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Although the PI3K (phosphatidylinositol 3-kinase) pathway typically regulates cell growth and survival, increasing evidence indicates the
involvement of this pathway in neural plasticity. It is unknown whether the PI3K pathway can mediate pain hypersensitivity. Intradermal
injection of capsaicin and NGF produce heat hyperalgesia by activating their respective TRPV1 (transient receptor potential vanilloid
receptor-1) and TrkA receptors on nociceptor sensory nerve terminals. We examined the activation of PI3K in primary sensory DRG
neurons by these inflammatory agents and the contribution of PI3K activation to inflammatory pain. We further investigated the
correlation between the PI3K and the ERK (extracellular signal-regulated protein kinase) pathway. Capsaicin and NGF induce phosphor-
ylation of the PI3K downstream target AKT (protein kinase B), which is blocked by the PI3K inhibitors LY294002 and wortmannin,
indicative of the activation of PI3K by both agents. ERK activation by capsaicin and NGF was also blocked by PI3K inhibitors. Similarly,
intradermal capsaicin in rats activated PI3K and ERK in C-fiber DRG neurons and epidermal nerve fibers. Injection of PI3K or MEK (ERK
kinase) inhibitors into the hindpaw attenuated capsaicin- and NGF-evoked heat hyperalgesia but did not change basal heat sensitivity.
Furthermore, PI3K, but not ERK, inhibition blocked early induction of hyperalgesia. In acutely dissociated DRG neurons, the capsaicin-
induced TRPV1 current was strikingly potentiated by NGF, and this potentiation was completely blocked by PI3K inhibitors and primar-
ily suppressed by MEK inhibitors. Therefore, PI3K induces heat hyperalgesia, possibly by regulating TRPV1 activity, in an ERK-
dependent manner. The PI3K pathway also appears to play a role that is distinct from ERK by regulating the early onset of inflammatory
pain.
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Introduction
Tissue injury is normally associated with inflammation and in-
flammatory pain. Inflammatory pain is induced by inflammatory
mediators released in injured tissue, such as prostaglandin E2,
nerve growth factor (NGF), and bradykinin, acting on nocicep-
tors in the peripheral nerve terminals (Woolf and Salter, 2000;
Julius and Basbaum, 2001). This pain is characterized by hyper-
algesia (increased response to noxious stimulation) and allodynia
(noxious response to previous innocuous stimulation). The cap-
saicin receptor TRPV1 [transient receptor potential vanilloid
receptor-1 (VR1)] is expressed in unmyelinated C-fiber sensory
neurons and plays an important role in mediating heat sensitivity
(Caterina et al., 1997) and inflammatory heat hyperalgesia (Ca-
terina et al., 2000; Davis et al., 2000; Chuang et al., 2001). The
TTX-resistant sodium channel (NaV1.8/1.9) is also important for
inflammatory hyperalgesia (Porreca et al., 1999; Kerr et al., 2001).

Inflammatory mediators activate several signaling pathways,
such as protein kinase A (PKA) and protein kinase C (PKC-�) in
the peripheral nervous system, leading to pain hypersensitivity
(Aley and Levine, 1999; Cesare et al., 1999; Khasar et al., 1999).
PKA and PKC appear to regulate hyperalgesia through phos-
phorylation and activation of TRPV1 (Premkumar and Ahern,
2000; Bhave et al., 2002) and NaV1.8/1.9 (Gold et al., 1998;
McCleskey and Gold, 1999; Julius and Basbaum, 2001; Bhave and
Gereau, 2003). ERK (extracellular signal-regulated protein ki-
nase), a member of the MAPK (mitogen-activated protein ki-
nase) family, is activated in primary sensory neurons and epider-
mal nerve fibers after peripheral inflammation and contributes to
inflammatory pain (Aley et al., 2001; Dai et al., 2002; Dina et al.,
2003; Ji, 2003).

PI3K (phosphatidylinositol 3-kinase) is a lipid kinase that
phophorylates the D-3 position of phosphatidylinositol lipids to
produce PI(3,4,5)P3, acting as a membrane-embedded second
messenger (Toker and Cantley, 1997). The downstream protein
kinase AKT (protein kinase B) is postulated to mediate most of
the effect of PI3K (Franke et al., 1997; Chan et al., 1999). PI3K is
typically activated by neurotrophins mediating neuronal survival
and axonal growth (Atwal et al., 2000; Patapoutian and
Reichardt, 2001; Markus et al., 2002). A growing body of evidence
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indicates that PI3K is also involved in regulating neural plasticity,
including long-term potentiation (LTP) (Kelly and Lynch, 2000;
Lin et al., 2001; Yang et al., 2001; Izzo et al., 2002). In particular,
PI3K inhibitors suppress NMDA receptor-mediated ERK activa-
tion in neurons (Chandler et al., 2001; Perkinton et al., 2002).
PI3K and ERK have overlapping but distinct roles in regulating
LTP (Opazo et al., 2003) and have opposing effects on muscle cell
hypertrophy (Rommel et al., 1999).

Although PI3K has been implicated in NGF-induced TRPV1
expression (Bron et al., 2003) and the potentiation of the
capsaicin-induced [Ca 2�]i rise after NGF stimulation (Bonning-
ton and McNaughton, 2003), it is not clear whether this pathway
actually regulates inflammatory pain. We show that capsaicin
and NGF can activate PI3K and ERK in primary sensory dorsal
root ganglion (DRG) neurons and that the activation of ERK
requires PI3K. Thus, both PI3K and ERK pathways are necessary
for capsaicin- and NGF-induced heat hyperalgesia, possibly
through their regulation of TRPV1 activity.

Materials and Methods
Animals and drugs. Male adult Sprague Dawley rats (180 –230 gm) were
used under Harvard Medical School Animal Care Institutional Guide-
lines. The animal room was artificially illuminated from 7:00 A.M. to
7:00 P.M. MEK (ERK kinase) inhibitors PD98059 and U0126, PI3K in-
hibitors LY294002 and wortmannin, and capsaicin were all purchased
from Sigma (St. Louis, MO). NGF was purchased from Roche Applied
Science (Indianapolis, IN).

Primary DRG culture. Despite the apparent early anatomical and neu-
rochemical maturity of C fibers, physiological function is not fully estab-
lished until the second week of life (Fitzgerald and Gibson, 1984). NGF
has been shown to exert a sensitizing effect on sensory neurons on the
second week (Zhu et al., 2004). In this study, we used 2- to 3-week-old
rats to obtain high quality DRG neuronal cultures without NGF while
maintaining the properties of adult DRG neurons. We found no differ-
ence in the activation of PI3K and ERK pathways between young and
adult cultures, in agreement with a previous study (York et al., 2000).
DRGs were removed aseptically, first incubated with collagenase (1.25
mg/ml; Roche Products)/dispaseII (2.4 U/ml; Roche Products) at 37°C
for 90 min, and digested with 0.25% trypsin (Cellgro, Herndon, VA) for
8 min at 37°C, followed by 0.25% trypsin inhibitor (Sigma). Cells were
then mechanically dissociated with a flame-polished Pasteur pipette in
the presence of 0.05% DNase I (Sigma). The cell suspension was layered
on a cushion of 15% fatty acid-free BSA and Percoll gradient to remove
connective tissue and debris. Cells were plated onto poly-D-lysine
(Sigma) and laminin (�) -coated slide chambers (eight-chamber slide for
immunostaining, 3000 neurons per chamber) or plates (six-well plate for
Western blot, 30,000 neurons per well) and grown in a neurobasal-
defined medium (with 2% B27 supplement; Invitrogen, Gaithersburg,
MD) in the presence of 5 �M AraC to decrease non-neuronal cell num-
bers, at 36.5°C, with 5% carbon dioxide. These neurons were grown in
the culture for 24 hr before experiments.

Western blot analysis. DRG cells were homogenized in a lysis buffer
containing a mixture of proteinase inhibitors and phosphatase inhibitors
(Sigma). The protein concentrations of the lysate were determined using
a BCA Protein Assay kit (Pierce, Rockford, IL), and 30 �g of protein was
loaded for each lane. Protein samples were separated on SDS-PAGE gel
(4 –15% gradient gel; Bio-Rad, Hercules, CA) and transferred to polyvi-
nylidene difluoride filters (Millipore, Bedford, MA). The filters were
blocked with 5% dry milk and incubated overnight at 4°C with primary
antibody, phosphorylated (p) AKT-T (1:500; Cell Signaling Technology,
Beverly, MA) or pERK (1:1000; Cell Signaling Technology) for 1 hr at
room temperature (RT) with HRP-conjugated secondary antibody (1:
5000; Amersham Biosciences, Arlington Heights, IL). The blots were
visualized in ECL solution (NEN, Boston, MA) for 1 min and exposed
onto hyperfilms (Amersham Biosciences) for 1–30 min. Nonphospho-
rylated AKT and ERK2 antibodies were used as loading controls.

Immunocytochemistry and immunohistochemistry. The DRG cultures

were fixed with 4% paraformaldehyde for 30 min and blocked with 2%
goat serum– 0.3% Triton X-100 PBS for 1 hr. The cultures were incu-
bated with pAKT-T (Thr308, anti-rabbit, 1:200) pAKT-S (Ser473, anti-
rabbit, 1:100), or pERK (p44/42 MAPK, anti-rabbit, 1:500) antibodies.
The cultures were then incubated for 1 hr at RT with Cy3-conjugated
secondary antibody (1:300; Jackson ImmunoResearch, West Grove, PA).
For double immunofluorescence, DRG cultures were incubated with a
mixture of polyclonal pAKT-T and monoclonal pERK (1:200; Cell Sig-
naling Technology) antibodies overnight at 4°C, followed by a mixture of
FITC- and Cy3-congugated secondary antibodies for 1 hr at RT.

Five minutes after intredermal capsaicin injection, animals were ter-
minally anesthetized with isoflurane and perfused through the ascending
aorta with saline, followed by 4% paraformaldehyde with 1.5% picric
acid in 0.16 M phosphate buffer, pH 7.2–7.4 (4°C). After the perfusion,
the L5 DRGs were removed and postfixed in the same fixative for 3 hr and
then replaced with 15% sucrose overnight. All of the DRGs were embed-
ded in OCT, and DRG sections (14 �m) were cut in a cryostat and
processed for immunofluorescence. All of the sections were blocked with
2% goat serum in 0.3% Triton X-100 for 1 hr at RT and incubated
overnight at 4°C with anti-pAKT-T antibody (1:200; Cell Signaling Tech-
nology). The sections were then incubated for 1 hr at RT with Cy3-
conjugated secondary antibody (1:300; Jackson ImmunoResearch). For
double immunofluorescence, DRG sections were incubated with a mix-
ture of polyclonal pAKT-T–monoclonal NF-200 (1:5000; Chemicon, Te-
mecula, CA) or pAKT-T–polyclonal VR1 (1:5000, anti-guinea pig;
Chemicon) antibodies overnight at 4°C, followed by a mixture of FITC-
and Cy3-congugated secondary antibodies for 1 hr at RT. For immuno-
staining of epidermal nerves, a piece of skin (5 � 5 mm) was dissected
from the plantar surface of a hindpaw and fixed in 4% paraformaldehyde
for 16 hr. The skin sections (30 �m) were cut in cryostat and processed
for immunofluorescence with pAKT-T (1:100) and pERK (1:200) anti-
bodies as described above.

The specificity for pAKT and pERK antibodies and immunostaining
was confirmed by (1) loss of staining in the absence of primary antibod-
ies, (2) suppression of induced pAKT signal by blocking PI3K pathway,
and (3) single bands for pAKT and pERK in Western blotting.

Behavioral testing and drug injection. Animals were habituated to the
testing environment daily for at least 2 d before baseline testing. The
room temperature and humidity remained stable for all experiments. For
testing heat sensitivity, animals were put in a plastic box placed on a glass
plate, and the plantar surface was exposed to a beam of radiant heat
through a transparent Perspex surface (Hargreaves et al., 1988; Ji et al.,
2002a,b). The baseline latencies were adjusted to 12–18 sec with a maxi-
mum of 25 sec as cutoff to prevent potential injury. The latencies were
averaged over three trials, separated by a 3 min interval. Ten microliters
of the inhibitors, including PD98059 (1 and 10 �g), U0126 (1 �g),
LY294002 (1 and 10 �g), or wortmannin (0.1 and 0.2 �g), all dissolved in
20% DMSO as vehicle, were injected into the center of the plantar surface
of a hindpaw with a 30 gauge needle. This vehicle did not produce any cell
toxicity in the skin. Neither did the vehicle change pain behavior, because
both LY294002 and PD98059 dissolved in this vehicle had no effect on
normal pain perception (see Fig. 3d). Five minutes after the injection of
LY294002 and wortmannin, or 5 and 20 min after U0126 and PD98059,
5 �l of capsaicin (15 �g) or NGF (0.5 �g) was injected into the same site,
and heat sensitivity was measured 15, 30, 60, 180, and 360 min after the
second injection. The latencies were averaged over two trials, separated
by a 3 min interval.

Electrophysiology. Acutely dissociated neurons from 5-week-old rats
were used as reported previously (Shu and Mendell, 2001). Cell cultures
were made as above, using neurobasal-defined medium without NGF.
Cells were plated onto coverslips, and whole-cell recordings were per-
formed within 2–12 hr after plating. All of the recordings were made
from small-diameter (15–35 pF) DRG neurons. Bath solution contained
the following (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 20 HEPES, and
10 glucose, pH 7.4. BSA at 0.1%, which had no effect on capsaicin-
induced current (ICap), was added to aid the delivery of NGF during
perfusion. The pipette solution contained the following (in mM): 120
cesium methane-sulfonate, 8 NaCl, 10 cesium BAPTA, 2 Mg-ATP, and
20 HEPES, pH 7.4. Several initial experiments were conducted using an
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EGTA-based pipette solution containing the fol-
lowing (in mM): 147 cesium, 120 methane-sulfon-
ate, 8 NaCl, 10 EGTA, 2 Mg-ATP, and 20 HEPES,
pH 7.4. The effect of NGF was more robust when
we used the BAPTA-based pipette solution, which
prevented desensitization more effectively than
the EGTA-based pipette solution. Whole-cell cur-
rents were recorded at �60 mV holding potential.
Other voltage-gated currents were inactivated.
Data were collected using an Axopatch 2A patch-
clamp amplifier, Digidata 1320, and pClamp 8.0
software (Axon Instruments, Foster City, CA), fil-
tered at 1 kHz, and sampled at 5 kHz.

Quantification and statistics. For the quanti-
fication of immunofluorescence signal in DRG
cultures, three optical fields (20�, 450 � 338
�m square) were randomly selected in each
chamber (8 � 8 mm), and the images of immu-
nostained neurons were captured with a CCD
camera. The intensity of all of the positive neu-
rons in each field was measured with NIH Im-
age software, and mean intensity was averaged
for that chamber. Four chambers from different
experiments were included. The backgrounds
of the areas (cell free) nearby the positive neu-
rons were subtracted. An internal control (non-
treated chambers) was included for each exper-
iment with DRG cultures, and the intensities of
the treated chambers were normalized to the
internal control (as 100%). The immunohisto-
chemistry signal (number of positive neuronal
profiles) in the DRG was quantified as de-
scribed previously and expressed as the per-
centage of total neuronal profiles (Ji et al., 1996,
2002b). Four rats were included in each group
for quantification of immunohistochemistry,
and six rats were included in each group for
behavioral studies. All of the data were ex-
pressed as mean � SEM. Differences between
groups were compared using ANOVA, fol-
lowed by Fisher’s PLSD or t test. The criterion
for statistical significance was p � 0.05.

Results
Activation of PI3K and ERK by
capsaicin in cultured DRG neurons
Capsaicin activates C-fibers via the TRPV1
channel, producing inflammation and hy-
peralgesia (Julius and Basbaum, 2001). We
examined whether capsaicin activates
PI3K and ERK pathways in cultured DRG
neurons. Phosphorylation of the down-
stream kinase AKT at threonine 308
(pAKT-T) or at serine 473 (pAKT-S) is
used as a marker of PI3K activation (Ku-
ruvilla et al., 2000; Lin et al., 2001; Yang et
al., 2001; Sanna et al., 2002; Opazo et al.,
2003). Phosphorylation at these two sites is
necessary for the catalytic activity of AKT
(Datta et al., 1999). Bath application of
capsaicin (3 �M) induced phosphorylation
of both AKT-T and ERK within 2 min in
dissociated DRG neurons (Fig. 1a– c). The induction of pAKT-T
and pERK had similar time courses, reaching peak levels at 10
min and maintaining elevated levels for �90 min (Fig. 1d). Dou-
ble immunofluorescence indicated that pAKT-T and pERK were

colocalized in the same DRG neurons, providing a cellular basis
for the interaction between the PI3K and ERK pathways (Fig.
1b,b�). A specific PI3K inhibitor, LY294002, blocked the
capsaicin-induced increase in pAKT-T levels in a dose-

Figure 1. a– h, Capsaicin induces activation of AKT and ERK in cultured DRG neurons. a– c�, Bath application of capsaicin
induces a rapid phosphorylation, within 2 min, of AKT at Thr308 (pAKT-T) and ERK. pAKT-T and pERK are colocalized in the same
DRG neurons (b, b�’, as indicated by arrows), and the capsaicin-induced phosphorylation of AKT-T (a, b) and ERK (a�, b�) is
abolished by the PI3K inhibitor LY294002 (100 �M) (c, c�). a�, b�, and c� are the same fields as a, b, and c, respectively, showing
double staining. a�, b�, and c� are images with high contrast to show all of the cells in each field. Scale bar, 50 �m. The DRG
cultures were grown for 24 hr and stimulated with 3 �M capsaicin for 2 min. d, Time course of capsaicin (3 �M)-induced pAKT-T
and pERK levels, as measured by the intensity of immunofluorescence. At all time points, pAKT-T and pERK levels are significantly
higher ( p � 0.01) than control (Cont) levels (n 	 4). e, Concentration-dependent inhibition of capsaicin (Cap)-evoked pAKT-T
induction by LY249002 and wortmannin. *p � 0.01, compared with control; �p � 0.01, compared with capsaicin group (n 	 4).
f, Inhibition of capsaicin-evoked pERK induction by LY294002 (LY) and wortmannin (Wort). *p � 0.01, compared with control;
�p � 0.01, compared with capsaicin group (n 	 4). g, Western blot reveals that the capsaicin-induced increase in pAKT-T and
pERK levels is blocked by LY294002 (100 �M). Total AKT levels were used as loading controls. h, Capsaicin-induced pAKT-T and
pERK is suppressed by EGTA (4 mM). *p � 0.01, compared with control; �p � 0.01, compared with capsaicin group (n 	 4). The
medium (containing 1.8 mM Ca 2�) was incubated with 4 mM EGTA for 30 min in the culture incubator. The control medium, with
or without capsaicin (3 �M), and EGTA-containing medium with capsaicin were added to DRG cultures for 2 min.
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dependent manner (Fig. 1e), with complete inhibition at 100 �M

(Fig. 1e). This concentration (Kuruvilla et al., 2000; Sanna et al.,
2002; Shi et al., 2003) does not cause cellular toxicity (Vlahos et
al., 1994). Not surprisingly, our results confirm that AKT is
downstream of PI3K in DRG neurons. Bath application of
LY294002 (100 �M) completely blocked the capsaicin-evoked
pERK induction (Fig. 1f,g), indicating that PI3K is required for
the capsaicin-induced ERK activation in DRG neurons. Another
PI3K inhibitor, wortmannin, at concentrations (100 nM) used in
other studies (Lin et al., 2001; Perkinton et al., 2002), also com-
pletely abolished the capsaicin-induced increase in pAKT-T and
pERK levels (Fig. 1e,f).

Activation of TRPV1 by capsaicin induces Ca 2� influx (Cate-
rina et al., 1997). To test whether extracellular Ca 2� is required
for the activation of PI3K and ERK, we added the Ca 2� chealater
EGTA (4 mM) into the culture medium. EGTA primarily attenu-
ated capsaicin-induced activation of PI3K and ERK (Fig. 1h),
indicating that Ca 2� influx is essential for capsaicin activation of
PI3K and ERK.

Activation of PI3K by capsaicin in the DRG and skin in vivo
In normal unstimulated DRG, in only 10% of neurons was
pAKT-T detected. Five minutes after intradermal injection of

capsaicin into the plantar surface of a
hindpaw, 23% of neurons ( p � 0.01) be-
came pAKT-T immunoreactive (IR) (Fig.
2a– c). Double staining with NF-200, a
marker for myelinated A-fiber DRG neu-
rons, showed that pAKT-T was mainly
found in NF-200-negative, small-sized
C-fiber neurons after capsaicin stimulation
(Fig. 2d). pAKT-T was also colocalized with
TRPV1 (Fig. 2e). These results indicate that
capsaicin can induce AKT activation in
TRPV1-expressing C-fiber neurons.

PI3K is activated in axons and growth
cones (Kuruvilla et al., 2000; Markus et al.,
2002; Shi et al., 2003), and hyperalgesia is
mediated by nociceptors on the nerve fi-
bers and terminals of DRG neurons after
injection of inflammatory mediators into
the hindpaw. The epidermis is mainly in-
nervated by capsaicin-sensitive C-fibers
(Simone et al., 1998). We examined
whether AKT is activated in the hindpaw
skin. pAKT-T-IR nerve fibers were barely
detected in nonstimulated hindpaw skin
(Fig. 2f), but many labeled fibers were
found in the epidermis of the capsaicin-
stimulated hindpaw (Fig. 2g). Intradermal
capsaicin also induced pERK in epidermal
nerve fibers (Fig. 2h,i) and induces pERK
in small-sized neurons in the DRG (Dai et
al., 2002).

Both PI3K and ERK pathways mediate
capsaicin-induced heat hyperalgesia
Intradermal injection of capsaicin induced
immediate spontaneous pain behavior,
such as lifting and licking the affected paw.
After 
5 min, this was followed by heat
hyperalgesia, as demonstrated by a de-
crease in paw-withdrawal latency (PWL)
to radiant heat stimulation. Heat hyperal-

gesia by capsaicin was significant by 15 min and was maintained
for �3 hr (Fig. 3a). To test whether PI3K contributes to heat
hyperalgesia, we injected the PI3K inhibitor LY294002 (1 and 10
�g) intradermally 5 min before capsaicin injection. This pretreat-
ment suppressed hyperalgesia at 15, 30, and 60 min, in a dose-
dependent manner (Fig. 3a). Intradermal injection of another
PI3K potent inhibitor, wortmannin (200 ng), 5 min before cap-
saicin injection also attenuated heat hyperalgesia at 15, 30, and 60
min (Fig. 3a). A lower dose of wortmannin (100 ng) had no
detected effect (data not shown). Intradermal injection of the
MEK inhibitor PD98059 (1 and 10 �g) 5 min before capsaicin
reduced heat hyperalgesia at 30 and 60 min in a dose-dependent
manner (Fig. 3b). Another potent MEK inhibitor, U0126 (1 �g),
administrated 5 min before capsaicin also reduced hyperalgesia at
30 and 60 min (Fig. 3b). In contrast to PI3K inhibitors, MEK
inhibitors had no effect on capsaicin-induced heat hyperalgesia at
the first time point (15 min) (Fig. 3a,b). Because the delayed
effect of ERK inhibition may be caused by the delayed action of
MEK inhibitors, we also injected PD98059 20 min before capsa-
icin and still found no effect on heat hyperalgesia at 15 min after
capsaicin (data not shown). Together, these pretreatment studies

Figure 2. a–i, Intradermal capsaicin induces pAKT-T and pERK in the DRG and hindpaw skin. a, b, Capsaicin increases pAKT-T
levels in the L5 DRG. c, Quantification of the percentage of all pAKT-T-positive neuronal profiles in each section. *p � 0.01,
compared with vehicle control (n 	 4). d, e, Double immunofluorescence indicates that capsaicin-induced pAKT-T is rarely
colocalized with NF-200, a marker for myelinated A-fibers ( d), but primarily colocalized with the TRPV1 capsaicin receptor. f–i,
More pAKT-T- and pERK-positive nerve fibers are found in the capsaicin-stimulated epidermis of the hindpaw skin ( g, i) than in
controls ( f, h). The same settings of contrast and brightness were used in control and capsaicin-stimulated images. Arrows
indicate labeled single nerve fibers in the epidermis. Arrowheads show transected large nerve bundles in the border of the
epidermis and dermis. The animals were fixed by perfusion 5 min after the capsaicin injection. Scale bars, 50 �m.
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indicate that both PI3K and ERK are re-
quired for the generation of capsaicin-
induced heat hyperalgesia.

To investigate whether PI3K and ERK
pathway can reverse established heat hy-
peralgesia, LY294002 (10 �g) or PD98059
(10 �g) was intradermally injected 15 min
after the capsaicin injection (post-
treatment). Both LY294002 and PD98059
reversed the capsaicin induced-heat hy-
peralgesia (Fig. 3c). This result implies a
therapeutic potential for developing PI3K
and ERK inhibitors for treating clinical in-
flammatory pain. Furthermore, this result
suggests that these two pathways play a
role in both the induction and expression
of heat hyperalgesia.

To determine whether PI3K or MEK
inhibitor could attenuate hyperalgesia
rather than inhibiting basal pain sensitiv-
ity, we injected these two inhibitors into
the hindpaw of normal animals. Neither
LY294002 (10 �g) nor PD98059 (10 �g)
affected the paw-withdrawal latency to
heat stimulation (Fig. 3d), suggesting that
PI3K and ERK pathways do not regulate
basal heat sensitivity.

Both PI3K and ERK pathways mediate
NGF-induced heat hyperalgesia
PI3K and ERK pathways are two of the ma-
jor signal cascades mediating NGF-
induced cell survival and growth (Atwal et
al., 2000, Patapoutian and Reichardt, 2001).
Unlike capsaicin, NGF did not phosphory-
late AKT at Thr308 (Fig. 4g) but instead
phosphorylated AKT at Ser473 (pAKT-S)
(Fig. 4a–f, h), as reported previously (Kuru-
villa et al., 2000). LY294002 (100 �M) com-
pletely blocked NGF-induced increase in
both pAKT-S and pERK levels (Fig. 4h–j).
Wortmannin (100 nM) also abolished the
NGF-induced increase in pAKT-S and
pERK levels (data not shown).

Intradermal injection of NGF (0.5 �g) induced slow-onset
heat hyperalgesia, starting at 15 min, peaking at 1 hr, and returning
to baseline after 6 hr (Fig. 5). Intradermal injection of LY294002 (10
�g) 5 min before NGF administration blocked the hyperalgesia at 15
and 30 min (Fig. 5). However, intradermal PD98059 (10 �g) in-
jected 20 min before NGF suppressed the hyperalgesia at 30, 60, and
180 min (Fig. 5). These results suggest that, although PI3K induces
hyperalgesia, ERK is involved in the maintenance of the
hyperalgesia.

Both PI3K and ERK pathways mediate NGF-induced
potentiation of TRPV1 current
Previous studies in TRPV1 null mice have shown that TRPV1
current is an essential (if not the only) component of capsaicin-
induced current in sensory neurons, and, more importantly,
TRPV1 is required for inflammatory heat hyperalgesia (Caterina
et al., 2000; Davis et al., 2000; Chuang et al., 2001; Bandell et al.,
2004). To investigate the molecular mechanisms of PI3K- and
ERK-mediated heat hyperalgesia, we measured ICap in acutely

dissociated adult DRG cultures using whole-cell patch clamp. We
found a capsaicin response in 78% of DRG neurons. Among
these capsaicin-positive cells, capsaicin (40 nM) produced an in-
ward current with mean current density of 7.2 � 1.2 pA/pF (n 	
40) [average capacitance per cell, 24.0 � 0.4 pF (n 	 63)]. ICap

was outwardly rectifying, often with a negative slope at potentials
more negative than �60 mV, and was blocked by 10 �M capsaza-
pine. As reported previously (Shu and Mendell, 1999a, 2001;
Bhave et al., 2002), ICap was characterized by both acute desensi-
tization (desensitization during capsaicin application) and tachy-
phylaxis (a decreased response to subsequent capsaicin applica-
tion compared with the initial application). We used the ratio of
currents induced by the second capsaicin application (identical
duration but 10 min apart) to those induced by the initial appli-
cation, as an index for the degree of tachyphylaxis. In standard
bath solution, the ratio was 80 � 7% (n 	 9) when the pipette
solution contained 10 mM BAPTA (Fig. 6a,e). Tachyphylaxis was
much stronger when the slower buffer, EGTA (10 mM) (Naraghi
and Neher, 1997), was in the pipette solution (data not shown),

Figure 3. a– d, PI3K and ERK are required for the induction and expression of capsaicin-induced heat hyperalgesia without
affecting basal sensitivity. a, b, Pretreatment, Intradermal injection of PI3K inhibitors (LY294002, 1 and 10 �g; wortmannin, 0.2
�g) or MEK inhibitors (PD98059, 1 and 10 �g; U0126, 1 �g) before capsaicin injection prevents heat hyperalgesia in a dose-
dependent manner. *p � 0.01; �p � 0.05, compared with vehicle control (n 	 6). c, Posttreatment, Intradermal injection of
LY294002 (10 �g) or PD98059 (10 �g), 15 min after capsaicin injection, reverses heat hyperalgesia. *p � 0.01, compared with
control (n 	 6). d, LY294002 (10 �g) or PD98059 (10 �g) has no effect on basal heat sensitivity (n 	 6). p � 0.05. Heat
sensitivity was measured by PWL and plotted as a proportion of preinjection baseline. The basal PWL (in seconds) in a, b, c, and d
is 15.4 � 0.6 (n 	 24), 16.4 � 0.5 (n 	 24), 14.4 � 0.5 (n 	 18), 17.0 � 0.8 (n 	 12), respectively (mean � SEM). Cont,
Control; Ly, LY294002; PD, PD98059; Wort, wortmannin.
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suggesting a dependence on [Ca 2�]i. In 75% of neurons (15 of
20), NGF (100 ng/ml for 10 min) not only reversed tachyphylaxis
but also induced a striking potentiation (Fig. 6b) (2040 � 670%
of basal response; n 	 15) of ICap. Interestingly, the potentiation
was still maintained in many cells, even 10 min after NGF was

washed out (Fig. 6b). ICap did not return to
the basal level even after �30 min wash-
out. The cells (5 of 20) that did not re-
spond to NGF may reflect the fact that
TrkA is not expressed in every DRG neu-
ron (Snider and McMahon, 1998).

Pretreatment with the PI3K inhibitor
LY294002 (20 �M, for �10 min) com-
pletely prevented the NGF-induced po-
tentiation of the TRPV1 current (�54 �
11%, smaller than the basal response; n 	
6; p � 0.05) (Fig. 6c,e). After washout of
LY294002, NGF was applied again to de-
termine whether these cells were NGF re-
sponsive. We found a strong potentiation
of the TRPV1 current by NGF (Fig. 6c) in
most cells (six of seven), indicating that
these six cells are TrkA positive. NGF-
induced potentiation was also blocked by
pretreatment with another PI3K inhibitor,
wortmannin (10 nM; 30 � 30%; n 	 6; p �
0.05 compared with NGF alone) (Fig. 6e).
Pretreatment with the MEK inhibitor
PD98059 (20 �M, �10 min) markedly at-
tenuated the NGF-induced potentiation of
TRPV1 current (165 � 112%; n 	 5; p �
0.05 compared with NGF alone) (Fig.
5d,e). A similar result was obtained with
another MEK inhibitor, U0126 (5 �M;
87 � 57%; n 	 3) (Fig. 6e).

Discussion
The PI3K pathway has been implicated
in multiple biological responses, includ-
ing membrane trafficking, proliferation,
differentiation, and growth in non-neuronal
cells (Rameh and Cantley, 1999). In neuro-
nal cells, most of the previous studies on
PI3K studied neuronal survival and axon
outgrowth (Atwal et al., 2000, Patapoutian
and Reichardt, 2001; Markus et al., 2002).
Recent studies explored the roles of PI3K in
regulating neural plasticity. The PI3K path-
way has been shown to mediate LTP, fear
memory, and cocaine-induced behavioral
sensitization in the CNS (Kelly and Lynch,
2000; Lin et al., 2001, Izzo et al., 2002, Sanna
et al., 2002). We now show that PI3K also
regulates inflammatory hyperalgesia in the
peripheral nervous system, an action that is
likely to be mediated at least partially
through PI3K-induced ERK activation. We
further identified TRPV1 as a possible mo-
lecular target for this action.

Interaction between PI3K and
ERK pathways
Both PI3K and ERK are major down-

stream targets of NGF. The prevailing view is that they represent
distinct linear pathways and trigger distinct physiological roles
(York et al., 2000; Kaplan and Cooper, 2001). Increasing evidence
suggests that these two cascades are interconnected (Graness et

Figure 4. a–j, NGF induces activation of AKT and ERK in cultured DRG neurons. a–f�, Bath application of NGF (100 ng/ml) to
DRG cultures results in phosphorylation of AKT at Ser473 (pAKT-S; a, b) and ERK (d, e). The induction of pAKT-S ( c) and pERK ( f) is
abolished by LY294002 (100 �M; LY). a�–f� are images of corresponding to a–f with high contrast to show all of the cells in each
field. Scale bar, 50 �m. The DRG cultures were grown for 24 hr and stimulated with NGF for 10 min. g, NGF does not change AKT
phosphorylation at Thr308 (pAKT-T). h, i, Intensity of pAKT-S and pERK immunofluorescence. NGF-evoked pAKT-S ( h) and pERK ( i)
induction is effectively blocked by LY294002 (100 �M). *p � 0.01, compared with control; �p � 0.01, compared with NGF group
(n 	 4). j, Western blot confirms that NGF-induced increase in pERK levels is blocked by LY294002 (100 �M). Total AKT levels were
used as loading controls. Cont, Control.
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al., 1998; York et al., 2000; Chandler et al., 2001; Perkinton et al.,
2002). Our results support this link in DRG neurons. PI3K inhib-
itors blocked ERK activation induced by capsaicin and NGF.
However, in several cases, PI3K was reported to inhibit, rather
than increase, ERK activation (Rommel et al., 1999; Zimmer-
mann and Moelling, 1999). Thus, it has been proposed that the
ability of PI3K inhibitors to block ERK activation depends on the
cell type, type of stimuli, and the strength of signal (Duckworth
and Cantley, 1997; Wennstrom and Downward, 1999).

[Ca 2�]i is important for the activation of the PI3K–ERK cas-
cade. Glutamate induces a rapid Ca 2�- and PI3K-dependent
phosphorylation of AKT (Perkinton et al., 2002). Ca 2�-
permeable AMPA receptors activate ERK through a PI3K-
dependent mechanism (Perkinton et al., 1999). NMDA receptor
activation of ERK is also PI3K dependent (Chandler et al., 2001;
Perkinton et al., 2002). We have shown that removal of extracel-
luar Ca 2� suppresses capsaicin activation of PI3K and ERK (Fig.
1h). Calmodulin activates PI3K by direct association with SH2
(Src homology 2) domains of the regulatory subunit (p85) of the
PI3K (Joyal et al., 1997). In addition, PI3K may activate atypical
PKC (PKC�) through PDK1 (PI3K-dependent kinase-1) (Parekh
et al., 1999), leading to ERK activation via Src family tyrosine
kinases (Finkbeiner and Greenberg, 1996; Williamson et al., 2002).

Regulation of TRPV1 activity by PI3K and ERK
Although the requirement of TRPV1 for basal heat response in
DRG neurons is still unclear (Caterina et al., 2000; Davis et al.,
2000; Woodbury et al., 2004), accumulating evidence indicates
that TRPV1 is essential for inflammatory heat hyperalgesia in-
duced by NGF, bradykinin, cinnamaldehyde, ATP, and the
protease-activated receptor agonists carrageenan and complete
Freund’s adjuvant (Caterina et al., 2000, Davis et al., 2000;
Chuang et al., 2001; Moriyama et al., 2003; Amadesi et al., 2004;
Bandell et al., 2004; Dai et al., 2004). NGF rapidly sensitizes DRG

neuron response to capsaicin in acutely dissociated cultures (Shu
and Mendell, 1999a, 2001). We used a similar preparation and
found a more robust (20-fold) enhancement of TRPV1 current
by NGF. However, the mechanisms underlying NGF sensitiza-
tion are controversial. In neonatal DRG neurons, NGF enhances
a capsaicin-induced [Ca 2�]i rise in 37% of capsaicin-responsive
neurons. This NGF-induced sensitization is abolished by the
PI3K inhibitor wortmannin (20 nM) and significantly suppressed
by the MEK inhibitor U0126 (10 �M) (Bonnington and Mc-
Naughton, 2003). However, a recent study did not see the sensi-
tization effect of NGF in neonatal DRG neurons (Zhu et al.,
2004). Using perforated whole-cell recording, Shu and Mendell
(2001) failed to block the NGF-enhanced TRPV1 current by
PD98059 (5–10 �M). In the present study, we found that the
NGF-evoked sensitization was blocked by the PI3K inhibitors
(LY294002 at 20 �M and wortmannin at 10 nM) and primarily
suppressed by the MEK inhibitors (PD98059 at 20 �M and U0126
at 5 �M). Although differences in cell preparation, pipette solu-
tion, concentrations of the drugs, and the sensitizing protocol
may all introduce variability, we found that a sufficient preincu-
bation time (�10 min) is critical for an optimal effect of the MEK
inhibitor PD98059.

A phospholipase C (PLC)-dependent mechanism has been
widely implicated in regulating the activation of many transient
receptor potential channels (Runnels et al., 2002; Clapham, 2003;
Bandell et al., 2004). In heterologous Xenopus oocyte expressing
TRPV1, PLC plays an essential role in regulating TRPV1 activity
through phosphatidylinositol-4,5-biphosphate. A C-terminal
residue critical for the sensitization of the channel has been iden-
tified (Chuang et al., 2001; Prescott and Julius, 2003). Although
PLC is implicated for the NGF-mediated sensitizing effect of heat
responses in DRG neurons (Galoyan et al., 2003), we still ob-
served a robust sensitization in cells pretreated with the compet-
itive antagonist of PLC, U73122 (10 �M). Another group has also
demonstrated that NGF-induced sensitization in DRG neurons
persists in the presence of the PI3K inhibitor neomycin (Bon-
nington and McNaughton, 2003). The discrepancy may be attrib-
utable to different cell types (oocytes vs DRG neurons) used or
different temporal roles (transient vs sustained, constitutive vs
induced) of these kinases.

Overlapping and distinct roles of PI3K and ERK in
regulating hyperalgesia
Because PI3K inhibition in DRG neurons blocked capsaicin and
NGF-induced ERK activation, it is reasonable to postulate that
PI3K acts in an ERK-dependent manner. The following evidence
further suggests an overlapping role of these two cascades. First,
our results have shown that intradermal injection of PI3K and
MEK inhibitors can prevent the heat hyperalgesia induced by
intradermal capsaicin and NGF, indicating that both pathways
are required for the generation of heat hyperalgesia. Second, PI3K
and MEK inhibitors did not affect basal heat sensitivity, indicat-
ing that these drugs are antihyperalgesic but not antinociceptive.
Third, inhibition of both PI3K and ERK could suppress NGF-
induced sensitization of TRPV1 current. Fourth, posttreatment
of PI3K and MEK inhibitors could reverse capsaicin-induced hy-
peralgesia, suggesting that both pathways are required for the
expression of capsaicin-induced hyperalgesia. There is contro-
versy regarding the role of PI3K in the induction versus expres-
sion of LTP. Although several studies support a role of PI3K in the
induction of LTP (Kelly and Lynch, 2000; Lin et al., 2001; Opazo
et al., 2003), Sanna et al. (2002) show that PI3K is only required

Figure 5. PI3K and ERK are required for NGF-induced heat hyperalgesia. Intradermal injection of
LY294002 (10�g; LY) or PD98059 (10�g; PD), 5 or 20 min before NGF injection, respectively, inhibits
NGF-induced heat hyperalgesia at the time points indicated. *p�0.01, compared with control (n	
6). Heat sensitivity was measured by PWL and plotted as a proportion of preinjection baseline. The
basal PWL is 16.6 � 1.0 sec (n 	 18; mean � SEM). Cont, Control.
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for the expression of LTP in hippocampal CA1 region. Finally, it
has been shown that both ERK and PI3K pathways are important
for �-opioid receptor agonist DAMGO (D-Ala 2-N-Me-Phe 4-
Glycol 5-enkephalin)-induced desensitization of high-voltage-
activated Ca 2� currents(primarily N-type currents) in DRG neu-
rons; combined application of PI3K and MAPK inhibitors was
not additive, suggesting that these two kinases act in a common
pathway to facilitate chronic desensitization (Tan et al., 2003).

PI3K and ERK also have distinct roles.
Opazo et al. (2003) showed that PI3K can
regulate the induction of LTP, thorough
ERK-dependent and -independent mecha-
nisms. Although both MEK and PI3K inhib-
itors suppress theta-frequency-induced
LTP, only PI3K inhibitors blocked the LTP
induced by high-frequency stimulation or
low-frequency stimulation paired with
postsynaptic depolarization (Opazo et al.,
2003). In particular, PKC is likely to mediate
some of the effects of PI3K. PI3K can activate
the atypical isoform (PKC�) and novel iso-
form (PKC�) (Parekh et al., 1999). PKC, in
particular PKC�, is involved in sensitization
of TRPV1 and in hyperalgesia (Cesare et al.,
1999; Khasar et al., 1999; Premkumar and
Ahern, 2000). Our results show that PI3K
but not ERK inhibition can reduce the early
event (onset, at 15 min) of the hyperalgesia
by both capsaicin and NGF. Compared
with capsaicin, NGF produced a slow but
more sustained heat hyperalgesia (Fig. 6)
(Rueff et al., 1996; Shu and Mendell,
1999b; Farquhar-Smith and Rice, 2003).
In this model, whereas PI3K was involved
in the early event (onset) of the hyperalge-
sia, ERK was involved in the late event
(maintenance) of the hyperalgesia. ERK
activation is strongly implicated in late phase
of LTP and long-term memory through pro-
tein synthesis (Impey et al., 1998; Huang et
al., 2000), as well as the induction of LTP
(English and Sweatt, 1997; Winder et al.,
1999; Watabe et al., 2000).

Concluding remarks
We have shown that the PI3K pathway af-
fects inflammatory hyperalgesia in the pe-
ripheral nervous system and have further
investigated its association with the ERK
pathway. In DRG neurons, the inflamma-
tory agents capsaicin and NGF activate the
PI3K and ERK pathways, and both path-
ways mediate heat hyperalgesia produced
by these agents. Following capsaicin and
NGF, PI3K activates ERK. Therefore, PI3K
could play a similar role as ERK in mediat-
ing heat hyperalgesia.

PI3K appears to be a common signaling
cascade mediating the early induction of
hyperalgesia. We explored the molecular
mechanisms underlying PI3K and ERK-
mediated heat hyperalgesia. Both kinases
can sensitize TRPV1, possibly through post-

translational regulation. They may also indirectly regulate the activ-
ity of this channel by inducing translation or trafficking–membrane
insertion of the channel. In addition to TRPV1, other key channels
implicated in sensory neuron sensitization (e.g., NaV1.8) are likely to
be regulated by these pathways. Thus, the PI3K pathway is a poten-
tial new pharmaceutical target for the management of inflammatory
pain in the peripheral nervous system.

Figure 6. a– e, PI3K and ERK are required for NGF-induced potentiation of capsaicin-induced current in DRG neurons. a,
Desensitization (tachyphylaxis) of ICap during multiple bath applications of capsaicin (Cap). Standard bath solution and BAPTA-
based pipette solutions were used. The cell was held at �60 mV. Interval between capsaicin (40 nM) applications was 10 min. b,
Long-lasting NGF-evoked potentiation of ICap. In the absence of NGF, the second ICap (170 pA) was slightly smaller than the first ICap

(200 pA). However, after exposure to 100 ng/ml NGF for 10 min, ICap increased by 14-fold to 
2400 pA. Inset, Enhanced view of
NGF-evoked augmentation of ICap. Note the continued potentiation (4th ICap ) 10 min after removal of NGF from the bath. c, NGF
failed to induce any potentiation of ICap in a neuron pretreated (�10 min) with the PI3K inhibitor LY294002 (20 �M). After
washout of LY294002, NGF markedly potentiated ICap. d, Attenuation of NGF-induced potentiation by pretreatment with the MEK
inhibitor PD98059 (20 �M). Washout of PD98059 was followed by a large NGF-induced potentiation. e, Summary of NGF effect on
ICap under various conditions. NGF evoked strong potentiation in 15 cells; the other five cells exhibited desensitization. Because of
the clear distinction between these two categories of responses, data were averaged separately. All cells that were included tested
positive for NGF potentiation (see c, d) after washout of inhibitors. *p � 0.05. LY, LY294002; PD, PD98059.
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