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Primary Sensory Neurons via PKC�: A Novel Pathway for
Heat Hyperalgesia
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The neuropeptide substance P (SP) is expressed in unmyelinated primary sensory neurons and represents the best known “pain”
neurotransmitter. It is generally believed that SP regulates pain transmission and sensitization by acting on neurokinin-1 receptor
(NK-1), which is expressed in postsynaptic dorsal horn neurons. However, the expression and role of NK-1 in primary sensory neurons
are not clearly characterized. Our data showed that NK-1 was expressed in both intact and dissociated dorsal root ganglion (DRG)
neurons. In particular, NK-1 was mainly coexpressed with the capsaicin receptor TRPV1 (transient receptor potential vanilloid subtype
1), a critical receptor for the generation of heat hyperalgesia. NK-1 agonist [Sar 9, Met(O2 )11]–substance P (Sar-SP) significantly poten-
tiated capsaicin-induced currents and increase of [Ca 2�]i in dissociated DRG neurons. NK-1 antagonist blocked not only the potentiation
of TRPV1 currents but also heat hyperalgesia induced by intraplantar Sar-SP. NK-1 antagonist also inhibited capsaicin-induced sponta-
neous pain, and this inhibition was enhanced after inflammation. To analyze intracellular cross talking of NK-1 and TRPV1, we examined
downstream signal pathways of G-protein-coupled NK-1 activation. Sar-SP-induced potentiation of TRPV1 was blocked by inhibition of
G-protein, PLC� (phospholipase C-�), or PKC but not by inhibition of PKA (protein kinase A). In particular, PKC� inhibitor completely
blocked both Sar-SP-induced TRPV1 potentiation and heat hyperalgesia. Sar-SP also induced membrane translocation of PKC� in a
portion of small DRG neurons. These results reveal a novel mechanism of NK-1 in primary sensory neurons via a possible autocrine and
paracrine action of SP. Activation of NK-1 in these neurons induces heat hyperalgesia via PKC�-mediated potentiation of TRPV1.
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Introduction
The neuropeptide substance P (SP) is the first known “neuro-
transmitter” for pain transmission, which expresses in a subset of
unmyelinated nociceptive primary sensory neurons in the dorsal
root ganglion (DRG). SP is required for experiencing moderate
to intense pain (Cao et al., 1998; Woolf et al., 1998). The centrally
directed axonal terminals of SP-containing DRG neurons project
to the superficial laminas of the spinal dorsal horn, and their
distally directed axonal terminals reside in peripheral tissues. The
SP receptor neurokinin-1 (NK-1) is densely expressed in the su-
perficial and deep laminas of the dorsal horn, as well as in periph-
eral tissues such as mast cells, vascular epithelium, etc. (Khawaja
and Rogers, 1996).

Most studies have focused on postsynaptic NK-1 receptors
expressed in the spinal neurons, which respond to SP released

from central terminals of primary afferents. Spinal NK-1 plays a
crucial role in spinal neuron sensitization and pain hypersensi-
tivity after intense noxious stimulation and tissue/nerve injury
(Mantyh et al., 1997; Nichols et al., 1999; Suzuki et al., 2002).
However, whether NK-1 receptors are also expressed in primary
sensory neurons and the involvement of this expression in pain
sensitization are still obscure. Since Dray and Pinnock (1982)
first reported that SP induced depolarization of rat DRG neu-
rons, similar results have been shown in bullfrog and cat DRG
neurons as well as in guinea pig trigeminal ganglion neurons by
intracellular or whole-cell patch recordings (Inoue et al., 1995;
Akasu et al., 1996; Li and Zhao, 1998). Together, the results sug-
gest an existence of functional NK-1 receptors in primary sensory
neurons. Morphological studies have supported this view, al-
though these studies are limited, even conflicting (Andoh et al.,
1996; Carlton and Coggeshall, 2002; Li and Zhao, 1998; McCar-
son, 1999; Segond von Banchet et al., 1999; Suzuki et al., 1999).

The transient receptor potential vanilloid subtype 1 (TPRV1)
is specifically expressed in C-fiber nociceptors and responds to
capsaicin, noxious heat, protons, and various endogenous li-
gands. TRPV1 senses noxious heat and is required for the gener-
ation of heat hyperalgesia (Nagy et al., 2004). TRPV1 activity is
enhanced by various inflammatory mediators such as NGF, so-
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matostatin, bradykinin, prostaglandins, serotonin, etc., implicat-
ing an essential role of TRPV1 in integrating different signal path-
ways for mediating nociceptor sensitization (Cesare and
McNaughton, 1996; Shin et al., 2002; Sugiura et al., 2002; Bon-
nington and McNaughton, 2003; Moriyama et al., 2003; Amadesi
et al., 2004; Carlton et al., 2004; Dai et al., 2004; Ferreira et al.,
2004; N. Zhang et al., 2005; X. M. Zhang et al., 2005). However,
whether there are interactions between TRPV1 and NK-1, two
critical receptors for pain sensitization, is still unknown. We now
show that NK-1 and TRPV1 are coexpressed in DRG neurons and
that there is a cross talk between these two receptors via protein
kinase C� (PKC�). As a consequence, NK-1 activation in DRG
neurons increases the sensitivity of TRPV1, leading to heat
hyperalgesia.

Materials and Methods
Animals. Experiments were performed on male Sprague Dawley rats ob-
tained from the Experimental Animal Center, Shanghai Medical College
of Fudan University, China and the Harvard Medical School Animal
Center. Rats were on a 12 h light/dark cycle with a room temperature of
22 � 1°C and received food and water ad libitum. All experimental pro-
cedures were approved by the Shanghai Animal Care and Use Committee
and Harvard Medical School Standing Committee on Animals and fol-
lowed the policies issued by the International Association for the Study of
Pain on the use of laboratory animals. All efforts were made to minimize
animal suffering and reduce the numbers of animals used.

Preparation of DRG neurons. Cells were acutely dissociated from young
Sprague Dawley male rats (postnatal days 28 –35) as described previously
(Zhou et al., 2001). Briefly, the DRGs at spinal L4 – 6 segments were picked
out and treated with collagenase (type IA, 3 mg/ml; Sigma, St. Louis,
MO) and trypsin (type I, 1 mg/ml; Sigma) in DMEM at 36.8°C for 25
min. The ganglia were then gently triturated using fine fired-polished
Pasteur pipettes. The dissociated DRG neurons were plated onto cover-
slips (10 mm in diameter) in the 3.5 cm culture dishes for the subsequent
electrophysiological, calcium imaging, and immunocytochemistry
experiments.

Electrophysiology. The whole-cell recording was performed as reported
previously (Zhou et al., 2001). Whole-cell patch-clamp recording of
DRG neurons was performed at room temperature (20 –22°C) with an
EPC-9 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). Neu-
rons were prepared as above, and all recordings were performed within
2– 8 h after plating. All of the recordings were made from small-diameter
(15–25 �m) DRG neurons. Standard external solution contained the
following (in mM): 150 NaCl, 5 KCl, 2 CaCl2, MgCl2, 10 HEPES, and 10
glucose, pH 7.4. Microelectrodes were fabricated with a P97 puller (Sut-
ter Instruments, Novato, CA), and those with the resistance of 2– 6 M�
were used. The pipette solution contained (in mM) 140 KCl, 5 NaCl, 1
MgCl2, 0.5 CaCl2, 5 EGTA, 3 Na2-ATP, and 10 HEPES, pH 7.2. Series
resistance was routinely compensated (70 – 80%), and data were sampled
at 5 kHz and low-passed at 1 kHz. Stimulation protocols and data acqui-
sition were controlled by the software Pulse and Pulsefit 8.5 (HEKA
Elektronik). Capsaicin-induced currents were recorded under the
voltage-clamp mode, with the membrane potential held at �70 mV.
Only one recording was performed on each dish to ensure that data were
not obtained from cells that had been inadvertently exposed to other test
treatments. Drugs were applied through a DAD-8VC superfusion appli-
cation system (ALA Scientific Instruments, Westbury, NY). The perfu-
sion tube (inner diameter, 150 �m) was located 150 �m from the re-
corded cell with a rapid solution exchange within 20 ms. Heat-sensitive
currents were evoked by superfusing preheated solutions modified from
a reported protocol (Sugiuar et al., 2004). The preheated solution ex-
changed with the bath solution at a speed of 3 ml/min, and the temper-
ature was monitored with a thermometer placed 100 �m from the cell.
Data acquired with Pulse software were analyzed with SigmaPlot 8.0 and
SigmaStat 3.0 software (Systat Software, Point Richmond, CA) or Igor
Pro 4.0. Data are presented as the mean � SEM or as numerical values �
SE with n indicating the number of cells in a given series of experiments.

Statistical comparisons were made using the paired or unpaired Stu-
dent’s t test, and significance of difference was considered when p � 0.05.

Drugs. All the drugs for patch-clamp and calcium imaging were pur-
chased from Sigma, except that the PKC� inhibitor �V1-2 and myristoy-
lated �V1-2 were from Biomol (Plymouth Meeting, PA). All the drugs are
prepared on the day of the experiment from stocks kept at �20°C at a
concentration at least 1000-fold the working concentration. [Sar 9,
Met(O2) 11]–substance P (Sar-SP) and capsaicin were applied close to the
cells through a DAD-8VC superfusion drug application system. Inhibi-
tors were applied (where appropriate) to the chamber for 30 min before
the addition of Sar-SP and capsaicin.

Western blot analysis. The DRGs and spinal cords from anesthetized
rats were homogenized in a lysis buffer containing a mixture of protein-
ase inhibitors and phosphatase inhibitors (Sigma). The protein concen-
trations 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 an SDS-PAGE gel (10% gradient gel;
Bio-Rad, Hercules, CA) and transferred to polyvinylidene difluoride fil-
ters (Millipore, Bedford, MA). The filters were blocked with 5% dry milk
for 2 h and incubated overnight at 4°C with NK-1 primary antibody
(1:1000; Cell Signaling Technology, Beverly, MA), followed by HRP-
conjugated secondary antibody (1: 5000; Amersham Biosciences, Arling-
ton Heights, IL). The blots were visualized in ECL solution (NEN, Bos-
ton, MA) for 1 min and exposed onto hyperfilms (Amersham
Biosciences) for 1–30 min.

Immunocytochemistry. For PKC� visualization, DRG neurons on the
coverslips were treated with different activators and inhibitors. Activa-
tors were added for the indicated time. Inhibitors were added 15 min
before stimulation. Negative controls were treated alike but without the
addition of any pharmaceutical reagent. DRG cultures on coverslips were
rapidly fixed with 4% paraformaldehyde for 10 min at room tempera-
ture. After three washes with PBS, fixed cells were blocked with 10% goat
serum– 0.3% Triton X-100 PBS for 1 h and incubated overnight at 4°C
with a rabbit polyclonal serum against p-PKC� Ser729 (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA) and TRPV1 (1:800; Santa Cruz Biotech-
nology). After three washes with 0.3% Triton X-100 PBS, cultured neu-
rons were incubated for 1 h at room temperature with rhodamine- or
Cy3-conjugated donkey anti-rabbit IgG (1:200; Jackson ImmunoRe-
search, West Grove, PA). The coverslips were mounted with Vectashield
onto microscope slides, sealed with a mixture of glycerol and PBS (1:9
v/v), and stored at 4°C until observation. Cells were evaluated with an
Olympus (Tokyo, Japan) IX70 inverted fluoresce microscope, using a
40� objective. To quantify PKC� translocation, 100 randomly selected
cells were evaluated for each optic field, and only one optic field was
selected per coverslip. Data are represented as the percentage of translo-
cating cells per evaluated culture. All counting was done in a blind man-
ner by the same observer. All treatments were repeated with DRG neu-
rons from at least three rats. Epifluorescent images were taken with a 40�
or 63� oil-immersion object lens using an Olympus IX70 microscope.
The criterion to determine PKC� membrane translocation was based on
previous reports (Cesare et al., 1999; Hucho et al., 2005). In brief, a
random line was drawn across the cell body to measure the florescence
intensity along the line. If the intensity for a particular cell was higher in
the cytoplasm than that in membrane, this cell was sorted as �1. Con-
versely, if the intensity in the distal membrane of a cell was very high
(threefold of cytoplasm intensity) with two peak values, this cell was
sorted as the �1.

Immunohistochemistry. Rats were perfused through the ascending
aorta with saline followed by 4% paraformaldehyde containing 1.5%
picric acid and 0.16 M phosphate buffer, pH 7.4 (4°C). After perfusion,
the DRGs (L4/L5) were removed and postfixed overnight. DRG sections
(15 �m) were cut on a cryostat. The Tyramide Signaling Amplification
(TSA) kit (NEN) was used to amplify immunofluorescence signal as
reported previously (Ji et al., 2002). The DRG sections were blocked with
TNB buffer (NEN) and incubated with NK-1 antibody (1:3000; Chemi-
con, Temecula, CA) overnight at 4°C, followed by a biotinylated second-
ary antibody (1:200) for 2 h at room temperature. The sections were then
incubated with StreptaAvidin (1:100) for 30 min at room temperature
and finally visualized with Cy3-conjugated tyramide (1:50) at room tem-
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perature for 10 min. For the double staining, TSA was followed by nor-
mal TRPV1 immunofluorescence using polyclonal TRPV1 antibody (1:
1000; Chemicon) and FITC-conjugated secondary antibody. The
specificity for double staining was controlled by the omission of the
primary antibody in the second immunostaining.

Calcium imaging. The acutely isolated DRG neurons were loaded with
1 �M Fura-2 acetoxymethyl ester (Fura-2/AM; DoJinDo Laboratories,
Kumamoto, Japan). The neurons were observed on an inverted micro-
scope (Olympus IX51) with a 40� UV flour oil-immersion objective
lens. The fluorescence in individual neurons was recorded by a cooled
CCD camera (Hamamatsu, Hamamatsu City, Japan), with a 1 Hz alter-
nating wavelength time scanning with excitation wavelengths of 340 and
380 nm and an emission wavelength of 510 nm (monochromators; Till
Polychrome IV, Munich, Germany). Images were captured every 1 s.
Digitized images were acquired and analyzed in a personal computer-
controlled by SimplePCI (Compix, Lake Oswego, OR). The ratio of the
fluorescence at the two excitation wavelengths was represented to esti-
mate changes of [Ca 2�]i.

Behavioral test. Male Sprague Dawley rats weighing 200 –250 g were
used. Intraplantar injections of drugs were performed using a 28 gauge
needle connected to a 25 �l Hamilton syringe. The needle was inserted
into the subcutaneous space of the plantar skin, and 1 nmol of Sar-SP
(Research Biochemicals, Natick, MA) was injected in a volume of 10 �l.
In some rats, the inhibitors (10 �l) were injected 5 min before Sar-SP. In
the control group, the vehicle solution did not affect the basal paw with-
drawal latency (PWL; data not shown). Rats were placed in an individual
transparent observation chamber and allowed to acclimate for 30 min
before testing. The intensity of the thermal stimulus was adjusted to
obtain baseline latencies of �10 s, and a cutoff time of 20 s was set to
prevent tissue damage. Before drug injection, the ipsilateral hindpaw was
tested (three trials, 10 min interval) to determine the baseline. After drug

administration, the hindpaw was tested on only one trial at different time
points within 1 h. To observe TRPV1-induced spontaneous behavioral
pain, 0.1% capsaicin (10 �l) was injected into a hindpaw of naive or
Complete Freund’s adjuvant (CFA; Sigma)-treated rats. The capsaicin-
induced paw flinching was observed every 5 min for 10 min. Differences
in changes of PWL were tested using one-way ANOVA, followed by
individual post hoc comparisons (Fisher’s exact test). Differences in val-
ues over time between the treatment groups were tested using two-way
ANOVA. Pairwise comparisons (t test) were used to assess differences of
values between the treatment groups. A difference was accepted as sig-
nificant if p � 0.05.

Results
Expression of NK-1 in DRG neurons
Western blotting analysis with an NK-1 antibody showed the
�55 kDa band in the DRG tissues of naive rats. The same band
was also found in the spinal cord of dorsal horn tissues, which are
known to express high levels of NK-1 (Fig. 1A). Interestingly,
NK-1 in the DRG was upregulated after CFA-induced inflamma-
tion (Fig. 1A). Immunohistochemistry revealed that NK-1 was
widely expressed in neurons of intact DRGs with various diame-
ters (Fig. 1B). NK-1 was also expressed in isolated DRG neurons
in cultures (Fig. 1C). Double staining indicated that NK-1 was
heavily colocalized with TRPV1 (Fig. 1Da). As shown in Table 1,
56% of NK-1-positive neurons expressed TRPV1, and 62% of
TRPV1-positive neurons also expressed NK-1. It is notable that
in many TRPV1-positive small-diameter cells, NK-1 was primar-
ily expressed on the membrane (Fig. 1Da). To determine whether
NK-1 can be an autoreceptor, we double stained NK-1 with its

Figure 1. Expression of NK-1 in rat DRG neurons. A, Western blotting shows NK-1 expression in the DRG and spinal dorsal horn. Note that inflammation by CFA injection increases NK-1 expression.
�-Tubulin serves as the loading control. This result has been repeated in three rats. B, Immunofluorescence of NK-1 in the DRG section. Left, NK-1 expression in many DRG neurons. Right, Absence
of NK-1 staining after omission of NK-1 primary antibody. C, Immunofluorescence of NK-1 in acutely isolated DRG neurons. Left, NK-1 expression in small DRG neurons. Right, A contrast image
showing all neurons in the same field shown in the left panel. D, Colocalization of NK-1 with TRPV1 (a), SP (b), and NF-200 (c) in DRG neurons of naive rats. Two single-stained images were merged
(right) to demonstrate double staining. Arrowheads indicate double staining in the cytoplasm. Small arrows indicate double staining on the membrane. It is notable that NK-1 is only expressed on
the membrane of some small DRG neurons. Scale bars: B, D, 50 �m; C, 25 �m.
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ligand SP. Our data showed that 35% of SP-positive neurons
expressed NK-1 (Fig. 1Db, Table 1). In addition to small-
diameter cells, NK-1 was also expressed in large-diameter cells,
and 53% of NK-1-positive neurons expressed neurofilament-200
(NF-200), a marker for myelinated A-fibers (Fig. 1Dc, Table 1).

Potentiation of TRPV1 activity by NK-1 activation
Whole-cell patch recordings indicated that capsaicin induced in-
ward currents (ranging from 30 pA to 3 nA) in 72.3% of small
DRG neurons (diameter, �25 �m; n 	 87), in a dose-dependent
manner. To minimize desensitization of TRPV1, a low concen-
tration of capsaicin was used. When 500 nM capsaicin was repet-
itively applied (3 s per minute four times), there was no detectable
desensitization of TRPV1 currents in 20 neurons tested (supple-
mental Fig. 1A,B, available at www.jneurosci.org as supplemen-
tal material).

Calcium imaging showed that capsaicin (20 nM, 3 s per minute
four times) induced [Ca 2�]i increases in 77.9% of small DRG
neurons (n 	 166), without desensitization after repetitive per-
fusions. The averaged change in fluorometric intensity of intra-
cellular calcium was F 	 0.23 � 0.05 (n 	 36) (supplemental Fig.
1C, available at www.jneurosci.org as supplemental material).

Given that TRPV1 and NK-1 were coexpressed in nociceptive
DRG neurons, a functional interaction between these two receptors
may exist. To test this hypothesis, dissociated DRG neurons were
perfused with SP (1 �M) or Sar-SP (1 �M), a selective NK-1 agonist.
Both SP and Sar-SP significantly potentiated capsaicin (500 nM)-
induced currents by 409.0 � 44.5% (n 	 11) and 482.8 � 52.1%
(n 	 34), respectively (Fig. 2A,B). The potentiation was maximal at
3 min after perfusion (Fig. 2B) and was inhibited by GR82334 (1
�M), a selective NK-1 receptor antagonist (n 	 15), but not by NK-2
antagonist L659,877 and NK-3 antagonist SR-142,801 (n 	 8) (Fig.
2C). Because SP5–11, a C-terminal fragment of SP, specifically binds
to NK-1 receptors mediating nociception whereas SP1–5, an
N-terminal fragment of SP, produces antinociception via a non-
NK-1 mechanism (Cridland and Henry, 1988; Larson and Sun,
1992), we tested which fragment of SP potentiates TRPV1. SP5–11 (1
�M) evidently enhanced TRPV1 currents in 7 of 13 neurons, but
SP1–5 had no effect (n 	 17) (Fig. 2C). The results of patch-clamp
recordings were confirmed by that of calcium imaging. Sar-SP (1
�M) markedly enhanced capsaicin (20 nM)-induced intracellular
calcium increment (Fig. 2D). However, KCl-evoked calcium influx
was not enhanced by Sar-SP (data not shown). A dose–response

Table 1. Quantification of colocalization between NK-1, TRPV1, SP, and NF-200 in DRGs of naive rats

Number of
NK-1-IR neurons

Number of other
immunoreactive neurons

Number of double
immunoreactive neurons

Percentage of NK-1-IR neu-
rons expressing markers

Percentage of other marker-IR
neurons expressing NK-1

TRPV1 328 297 185 56 62
SP 239 113 40 17 35
NF-200 327 273 173 53 63

The number of NK-1-, TRPV1-, SP-, and NF-200-immunoreactive (IR) neurons were counted in DRG (L4) sections from three different animals, and the number of double-stained neurons were counted after merging two corresponding
single-stained images.

Figure 2. SP and the NK-1 agonist Sar-SP potentiate TRPV1 function in small DRG neurons. A, Representative trace of SP-induced potentiation of capsaicin (500 nM, 5 s)-activated current in rat
DRG neurons. Cells were perfused for 3 min with SP (1 �M) before the second capsaicin application. The inset shows the fold change of capsaicin currents in sensitized and nonsensitized cells. B, NK-1
agonist Sar-SP (1 �M) enhanced capsaicin (500 nM, 5 s)-activated current in a time-dependent manner. The inset indicates the time course of the potentiating effect after Sar-SP treatment. *p �
0.05, ***p � 0.001 versus pre-Sar-SP treatment (unpaired t test). C, Effects of SP, Sar-SP, and SP fragments (SP1–7, SP5–11), all at the concentration of 1 �M, on capsaicin currents. SP-induced
potentiation of capsaicin currents is blocked by the NK-1 antagonist (GR82334, 1 �M) but not by the NK-2/3 antagonists (L659,877 and SR-142,801, 1 �M). ***p � 0.001 versus pre-SP treatment.
D, Sar-SP (1 �M) enhanced capsaicin-induced increases in [Ca 2�]i in a time-dependent manner. E, Dose-dependent effects of Sar-SP potentiation of capsaicin currents. The maximum currents were
measured after a 1 min application of different concentrations of Sar-SP. EC50 	 0.522 � 0.133 �M (n 	 7). F, Summary of Sar-SP effect of on higher concentrations of capsaicin-induced currents
with and without extracellular Ca 2�. Cap, Capsaicin. *p � 0.05; **p � 0.01.
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study indicated that Sar-SP potentiated TRPV1 currents in a dose-
dependent manner with EC50 	 0.522 � 0.133 �M (n 	 7) (Fig. 2E).

In addition to capsaicin, TRPV1 is also activated by heat stim-
ulation. We recorded thermal stimulation-induced current in
DRG cultures. In 23 tested cells, 17 cells responded to 30 s perfu-
sion of preheated solution with a threshold at �42°C. At the end
of the experiment, each cell was stimulated by 500 nM capsaicin to
determine its capsaicin response; all 17 cells showed capsaicin
responses. As seen in Fig. 3A, 7 of these 17 cells also responded to
Sar-SP and showed both an increase in amplitude (Fig. 3B) and a
decrease in thermal threshold (Fig. 3C). To further study the
effect of SP on the thermal threshold, the preheated solution was
added for 20 s, which produced a maximal temperature just be-
low normal thermal threshold (42°C) for TRPV1. As shown in
Figure 3D, application of preheated solution (20 s) did not induce
any current in all 10 recorded cells. However, after Sar-SP appli-
cation, this protocol was able to induce currents in 5 of 10 cells.
The threshold was reduced to 36.5 � 1.5°C, which is close to the
body temperature of rat. These data suggest that after SP sensiti-
zation of TRPV1, even the physiological temperature is sufficient
to activate TRPV1. This might be a new mechanism of spontane-
ous pain. Insets show capsaicin response of the recorded neurons
tested at the end of each experiment.

Because capsaicin at high concentrations is known to produce
TRPV1 desensitization in a Ca 2�-dependent manner (Cholewin-
ski et al., 1993), we next investigated whether Sar-SP would en-
hance TRPV1 currents induced by high concentrations of capsa-
icin. As reported previously, high concentrations of capsaicin
induced significant desensitization (Cholewinski et al., 1993;
Zhou et al., 2001). At 1 �M, TRPV1 current induced by the third
application of capsaicin was reduced to 60.7 � 4.3%. At 5 �M, this
current was further reduced to 28.4 � 7.3% (Fig. 2F). With 1 �M

capsaicin, Sar-SP not only abolished the desensitization but fur-
ther enhanced the amplitude of TRPV1 current above the base-
line. However, with a saturated concentration of capsaicin (5
�M), Sar-SP only partially reversed the desensitization of TRPV1
current, without additional sensitization. Replacement of extra-
cellular Ca 2� with EGTA totally abolished the desensitization

caused by high concentrations of capsaicin (Fig. 2F). Notably,
after EGTA treatment, Sar-SP enhanced 1 �M capsaicin-evoked
current but had no effect on the current induced by a saturated
concentration of capsaicin (5 �M). It is suggested that Sar-SP
plays dual roles in reducing desensitization and enhancing sensi-
tization of TRPV1.

Involvement of G-protein, phospholipase C-�, and PKC in
TRPV1 potentiation after NK-1 activation
Given that NK-1 is a G-protein-coupled receptor, we first exam-
ined the effect of GDP-�-S, a G-protein-coupled receptor inhib-
itor, on NK-1-induced TRPV1 potentiation. GDP-�-S (1 mM)
was delivered intracellularly from a recording electrode. In all 18
GDP-�-S-treated neurons, Sar-SP (1 �M, 1 min) failed to poten-
tiate TRPV1 currents (92.7 � 2.2% of pretreatment levels) (Fig.
4A), confirming that G-protein-coupled receptor is involved in
Sar-SP-evoked potentiation of TRPV1.

Because activation of Gq/11 by NK-1 will result in the activa-
tion of phospholipase C-� (PLC�) (Quartara and Maggi, 1997,
1998), we next examined the effects of U73122, an inhibitor of
PLC�, on TRPV1 sensitization. Sar-SP (1 �M, 1 min)-induced
enhancement of TRPV1 currents was abolished by 5 �M U73122
but not by 5 �M U73343, an inactive compound of U73122 (Fig. 5A).
Thus, PLC� appears to be involved in NK-1/TRPV1 interaction.
Activation of NK-1 and PLC� will also activate PKC that has been
strongly implicated in TRPV1 sensitization (Cesare et al., 1999;
Premkumar and Ahern, 2000; Crandall et al., 2002; Bhave et al.,
2003). Although the PKC inhibitor bisindolylmaleimide (BIS; 1 �M)
did not affect TRPV1 currents, it blocked Sar-SP-induced enhance-
ment of TRPV1 currents (Fig. 4B). Similar results were obtained
from calcium imaging; BIM (1 �M) completely blocked Sar-SP-
induced potentiation of [Ca2�]i increases by capsaicin (Fig. 4C)
(n 	 20). Conversely, PMA (0.3 �M), a PKC activator, potentiated
TRPV1 currents by 608.7 � 89.4% in 17 of 20 neurons (Fig. 4D), in
agreement of our previous study (Zhou et al., 2001). Notably, per-
fusion with Sar-SP (1 �M) failed to further enhance the currents after
PMA-induced peak potentiation (Fig. 4D).

Because activation of protein kinase A (PKA) has also been

Figure 3. Sar-SP enhances sensitivity of DRG neurons in response to thermal stimulation. A, Sar-SP potentiates the heat-evoked currents. Perfusion of a 30 s preheated solution enhanced the
temperature around the cell to the peak of 45°C. Sar-SP both enhanced the amplitude of the heat-evoked current and reduced the threshold of current activation (from 41.7 to 38.4°C). Normal
solution temperature is the temperature before heat stimulation. The inset shows capsaicin (Cap) response of the recorded cell tested at the end of the experiment. B, C, Comparison of amplitude
and threshold change of heat-evoked currents before and after application of Sar-SP. *p � 0.001 versus the threshold before Sar-SP application. D, Effects of SP on the thermal threshold of
heat-evoked current. After application of preheated solution for 20 s, the temperature around the recorded cells increased to a level that is just below normal thermal threshold (42°C). In the absence
of Sar-SP, this subthreshold temperature did not induce any currents in all 10 recorded cells. After application of Sar-SP, the same stimulation protocol induced inward currents in five cells, and the
thermal threshold was reduced to 36.5 � 1.5°C. The inset shows capsaicin response of the recorded cell tested at the end of the experiment. T, Temperature.
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implicated in regulating TRPV1 sensitivity
(Bhave et al., 2002), we next investigated
the involvement of the PKA signal path-
way in NK-1/TRPV1 interaction. In 13
DRG neurons incubated with the PKA in-
hibitor H89 (1 �M), Sar-SP (1 �M) still
fully enhanced TRPV1 currents by
414.8 � 50.1% (n 	 7) (Fig. 5A). Calcium
imaging also showed that H89 failed to
block Sar-SP-induced potentiation of
[Ca 2�]i increases (Fig. 5B) (n 	 7). Thus,
the PKA pathway is not involved in the
interaction of NK-1 and TRPV1.

Several calcium-dependent enzymes,
such as calcium/calmodulin-dependent
kinase, calcineurin, and traditional PKC,
may be involved in the sensitization or de-
sensitization of TRPV1 in DRG neurons
(Rosenbaum et al., 2004). We next exam-
ined whether SP can sensitize the TRPV1
receptor via a calcium-dependent mecha-
nism by chelating the intracellular calcium
with 10 mM BAPTA in the intracellular so-
lution. Ten minutes after the patch-clamp
recording, SP was still able to enhance the
TRPV1 current, and there was no signifi-
cant difference between the BAPTA group
and the control (normal intracellular solu-
tion) group (Fig. 5A). This result suggests
that intracellular calcium release may not
be essential for the interaction of NK-1
and TRPV1.

Membrane translocation of PKC� and
PKC� involvement in TRPV1
potentiation after NK-1 activation

Sar-SP-induced membrane translocation of PKC�
Among different PKC isoforms, PKC� is coexpressed with
TRPV1 in DRG neurons and phosphorylated after inflammation
(Zhou et al., 2003). PKC� plays an important role in the devel-
opment of hyperalgesia (Cesare et al., 1999; Khasar et al., 1999).
Translocation of PKC� to the cell membrane triggers TRPV1
phosphorylation and sensitization (Numazaki et al., 2002). Based
on these studies, we first examined the effects of chelerythrine
chloride (Chel.C), an inhibitor of PKC phosphorylation, which
subsequently prevents the PKC translocation (Chao et al., 1998),
on Sar-SP-induced potentiation of TRPV1 currents. In 15 DRG
neurons tested, incubation of Chel.C itself (5 �M, 30 min) had no
effect on TRPV1 currents, but prevented Sar-SP (1 �M)-induced
potentiation of TRPV1 currents (Fig. 6A).

As shown Fig. 6B, most TRPV1-positive neurons also ex-
pressed PKC�. At the resting status, PKC� was mainly expressed
in the cytoplasm; only 5% of neurons showed cell-surface expres-
sion of PKC�. After perfusion with Sar-SP (1 �M), PKC� was
significantly translocated to the cell membrane in 15% of DRG
neurons with small sizes. This translocation occurred as early as
5 s, peaked at 30 s, and was maintained at 5 min. Preincubation of
GR82334, a NK-1-specific antagonist, greatly diminished Sar-SP-
induced translocation.

Blockade of TRPV1 potentiation by PKC� inhibitor
�V1-2, a specific PKC� inhibitor (Cesare et al., 1999), was deliv-
ered intracellularly via a recording electrode. The potentiation of

TRPV1 currents by Sar-SP was completely blocked by �V1-2 (200
�M) in 17 neurons tested (Fig. 5A).

Involvement of PLC� and PKC� in Sar-SP-induced thermal
hyperalgesia after intraplantar injections
To further determine the functional significance of NK-1 in DRG
neurons, we examined the role of peripheral NK-1 activation in
heat hyperalgesia after intraplantar Sar-SP injection in intact rats.
As shown in Fig. 7A, 20 min after intraplantar injection of 1 nmol
of Sar-SP, the PWLs significantly shortened, indicating the devel-
opment of heat hyperalgesia. The peak effect was found at 40 min.
This hyperalgesia was fully recovered after 60 min. Pretreatment
of capsazepine (5 nmol, intraplantar), the antagonist of TRPV1,
completely abolished Sar-SP-induced thermal hyperalgesia, indi-
cating that TRPV1 mediates Sar-SP-induced thermal hyperalge-
sia (Fig. 7A). Also, when Win 51708, a specific NK-1 antagonist,
was applied 5 min before Sar-SP, it completely prevented Sar-SP-
induced thermal hyperalgesia. Furthermore, we examined the
effects of interrupting NK-1 intracellular signaling by inhibition
of PLC, PKC, and PKC�. Intraplantar pretreatment of the PLC
inhibitor U73122 (0.5 nmol), PKC inhibitor BIM (2 nmol), and
PKC� inhibitor Myr-�V1-2 (2 nmol) completely blocked Sar-SP-
induced heat hyperalgesia, whereas the PKA inhibitor H89 (1
nmol) and U73122 inactive control compound U73343 failed.
These data suggest that activation of NK-1 receptors in DRG
neurons can produce heat hyperalgesia via sensitization of
TRPV1 receptor. It appears that NK-1 synthesized in the DRG
soma is transported to the peripheral nerve endings to induce
hyperalgesia (Fig. 7B).

Figure 4. TRPV1 potentiation by NK-1 activation is mediated by G-protein and PKC. A, Intracellular application of GDP-�-S (1
mM), a G-protein inhibitor, abolished Sar-SP-induced enhancement of TRPV1 currents. The inset shows fold change of the cur-
rents. ***p � 0.001 (vs control group) (n 	 18). B, PKC inhibitor BIM (1 �M) prevented Sar-SP (1 �M)-induced TRPV1 current
enhancement. Note that BIM alone had no effect on TRPV1 current, and after washout, Sar-SP was able to potentiate the current
again. The inset is the statistic result (n 	 18). ***p � 0.001 versus control group, C, Pretreatment of DRG neurons with BIM also
abolished Sar-SP-induced potentiation of capsaicin response indicated by calcium imaging, another way of showing TRPV1
sensitization. ***p � 0.001 versus Sar-SP plus capsaicin. The values inside or under the columns indicate the numbers of
responders to NK-1 versus the total number of TRPV1-positive neurons tested. When the antagonists were tested, the data show
all the neurons tested that had baseline capsaicin responses. D, After TRPV1 sensitization by the PKC activator PMA (0.3 �M, 1
min), Sar-SP failed to further enhance the TRPV1 sensitivity. Cap, Capsaicin.
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To examine the role of endogenous NK-1 activation in regu-
lating TRPV1-induced pain, we observed the effects of NK-1
blockade on capsaicin-induced nociceptive responses in the nor-
mal and CFA-treated rats. As shown in Fig. 7C, intraplantar in-
jection of capsaicin (0.1%, 10 �l) induced robust paw flinching, a
spontaneous pain, for 10 min. There was no significant difference

in the number of flinches between the normal and inflamed
groups, despite the fact that there are more TRPV1 receptors in
the inflamed paws (Ji et al., 2002). A possible explanation is that
spontaneous pain produced by this high dose of capsaicin in
noninflamed paws is already maximal. In noninflamed paws, the
NK-1 antagonist Win 51708 (20 nmol) inhibited capsaicin-
induced paw flinching in the second phase (5–10 min), but not in

Figure 5. A, Summary histogram shows the effects of different reagents on Sar-SP poten-
tiation of capsaicin (500 nM) currents. Currents are expressed as fold of the values of basal
capsaicin currents. Sar-SP evoked a strong potentiation of capsaicin currents in 34 of 59 cells
( ���p � 0.001 vs the control TRPV1 currents). Intracellular application of GDP-�-S (1 mM) or
�V1-2 (200 �M), or bath application of BIM, Chel.C, and U73122 but not U73343 (inactive
control of U73122), inhibited the Sar-SP-evoked potentiation (***p � 0.001 vs the Sar-SP
group; ###p � 0.001 vs the U73343 group). Bath application of H89 (1 �M) or eliminating
intracellular calcium by BAPTA (10 mM) did not prevent the Sar-SP potentiation ( p 
 0.05). B,
Summary of the effects of different reagents on Sar-SP enhancement of capsaicin (Cap)-induced
calcium increase. Averaged Fura 2 ratios of positive neurons were analyzed. Similar to the
patch-clamp results, Sar-SP significantly increased capsaicin (20 nM)-induced the Fura 2 ratio
( ###p � 0.001). Preincubation of GR82334 or BIM prevented the potentiation of Sar-SP
(***p � 0.001 vs the Sar-SP group). Capsaicin-induced calcium increase was also enhanced by
the PKC activator PMA (0.3 �M) ( ���p � 0.001 vs the 20 nM capsaicin-treated group).
However, the PKA inhibitor H89 (1 �M) had no effect. The values inside or under the columns
indicate the numbers of responders to NK-1 versus the total number of TRPV1-positive neurons
tested. When the antagonists were tested, the data show all the neurons tested that had
baseline capsaicin responses.

Figure 6. NK-1 activation induces membrane translocation of PKC� in DRG neurons that
coexpress TRPV1. A, Involvement of PKC translocation in Sar-SP induced TRPV1 current en-
hancement. Coapplication of PKC translocation inhibitor Chel.C (5 �M) and Sar-SP (1 �M) failed
to enhance the TRPV1 current. After washout, Sar-SP was still able to enhance the TRPV1
current. The inset summarizes the effect of Chel.C (***p�0.001 vs control group; n	15). Cap,
Capsaicin. B, Double staining of PKC� (red) and TRPV1 (green) in dissociated DRG neurons
before and after (1 min) Sar-SP (1 �M) treatment. PKC� and TRPV1 were heavily colocalized in
small DRG neurons. Before Sar-SP (1 �M) treatment, PKC� was found in the cytoplasm, whereas
TRPV1 was present both in the cytoplasm and on the membrane (top). After Sar-SP application,
PKC� was greatly translocated to the plasma membrane. Scale bars, 20 �m. C, Percentage of
neurons demonstrating PKC� membrane translocation after Sar-SP (1 �M for 5, 30, or 60 s).
Pretreatment with the NK-1-specific antagonist GR82334 (1 �M, 15 min) completely prevented
Sar-SP (1 min)-induced PKC� translocation. The PKC activator PMA serves as a positive control
for the translocation (*p � 0.05, **p � 0.01, ***p � 0.001 vs the control group; n 	 3).
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the first phase (0 –5 min), suggesting a delayed action of NK-1 in
regulating TRPV1 activity in normal conditions. However, in the
inflamed paws, Win 51708 (20 nmol) could suppress spontane-
ous pain even in the first phase, indicating an accelerating NK-1
regulation of TRPV1 after inflammation. Moreover, Win 51708
(20 nmol) was more effective in the inflamed paws in suppressing
capsaicin-induced paw flinches in the second phase (Fig. 7C).

Discussion
Expression of NK-1 in DRG neurons and its role
in hyperalgesia
Numerous studies have revealed that peripheral insulting events
produce SP release from the central terminals of SP-containing
DRG neurons in the superficial dorsal horn, activating postsyn-
aptic NK-1 receptors, which play a crucial role in processing spi-
nal nociception. However, whether DRG neurons also express
NK-1 receptors involved in presynaptic modulation of nocicep-
tive signal is unclear. The relevant evidence is limited and contra-
dictory (Malcangio and Bowery, 1999). Several electrophysiolog-
ical studies showed that SP activates DRG neurons in vitro and in
vivo, suggesting an existence of NK-1 in primary sensory neurons
(Dray and Pinnock, 1982; Inoue et al., 1995; Akasu et al., 1996; Li
and Zhao, 1998; Szucs et al., 1999). Reverse transcription-PCR
and in situ hybridization have detected NK-1 mRNA in the DRGs
of cat, rat, and mouse. SP-gold binding sites are also identified in
some cultured DRG neurons (Andoh et al., 1996; Li and Zhao,
1998; Segond von Banchet et al., 1999). However, there are also
contradictory reports (McCarson, 1999). The present study has
provided new evidence for the existence of a biochemical, mor-
phological, and functional NK-1 receptor in DRG neurons. First,
Western blotting has demonstrated a specific NK-1 band in DRG
tissues, which is upregulated in a persistent pain condition after
CFA inflammation. Second, immunohistochemistry has shown
that many DRG neurons express NK-1. In particular, NK-1 is
primarily coexpressed with TRPV1 in DRG neurons. Third,
NK-1 receptor agonist enhanced capsaicin-induced inward cur-
rents in isolated DRG neurons. Fourth, intraplantar injection of
NK-1 agonist induces heat hyperalgesia in intact animals, and
blockage of endogenous NK-1 receptors alleviates capsaicin-
induced paw flinching especially in CFA-inflamed rats.

The DRG neurons are characterized as the pseudo-
monopolar ones. Generally, proteins synthesized in the DRG cell
body are transported bilaterally to its central and peripheral ax-
onal terminals to exert physiological functions in the spinal cord
and peripheral targets, respectively. Although compelling studies
have revealed abundant distribution of NK-1 in postsynaptic
dorsal horn neurons and around the central cannel (Quartara
and Maggi, 1997, 1998), to our knowledge there is no evidence, so
far, showing the existence of NK-1 in the central terminals of

4

##p � 0.01, ###p � 0.001, Sar-SP�H89 versus saline at each time point (n 	 8). �p � 0.05,
��p � 0.01, ���p � 0.001, Sar-SP�U73343 versus Sar-SP�U73122 at each time point
(n 	 8). Group difference was compared by ANOVA, followed by a post hoc test. C, Effects of
peripheral blockade of NK-1 on capsaicin-induced paw flinching in noninflamed and inflamed
rats. Two days after CFA injection into the unilateral handpaw, intraplantar injection of capsa-
icin (0.1%, 10 �l) induced paw flinching, a spontaneous pain, and this spontaneous pain was
watched for 10 min, separated by two phases (0 –5 and 5–10 min). NK-1 antagonist Win 51708
(20 nmol, intraplantar) was given 10 min before capsaicin injection. Win 51708 reduced the
capsaicin-induced second-phase (5–10 min) paw flinching in both inflamed and normal rats.
Win 51708 also reduced the first-phase (0 –5 min) paw flinching in the inflamed rats. *p�0.05
versus vehicle of the normal group; #p�0.05, ###p�0.001 versus vehicle of the CFA-inflamed
group.

Figure 7. Involvement of peripheral NK-1 activation in thermal hyperalgesia. A, Intraplantar
SP-induced thermal hyperalgesia is mediated by TRPV1. Heat hyperalgesia, which was deter-
mined by PWL, was induced after intraplantar injection of Sar-SP but not saline. Pretreatment
of capsazepine (5 nmol, intraplantar) completely prevented Sar-SP-induced hyperalgesia
( ###p � 0.001 compared with the saline group; **p � 0.01, ***p � 0.001 compared with the
1 nmol Sar-SP�5 nmol Capsazepine group). Intraplantar capsazepine (5 nmol) did not affect
the basal PWL of normal rats. B, Pretreatment by intraplantar administration of NK-1 inhibitor
Win 51708 (1 nmol; filled triangles), PKC inhibitor BIM (2 nmol; open triangle), PKC� inhibitor
Myr-�v1–2 (2 nmol; filled squares), or U73122 (0.5 nmol; open squares) but not U73343 (in-
active control of U73122, 0.5 nmol; filled diamonds) prevented Sar-SP-induced thermal hyper-
algesia. Pretreatment of the PKA inhibitor H89 (1 nmol; open circles) failed to prevent the
hyperalgesia (filled circles; n 	 8). PWLs are expressed as fold of basal level. *p � 0.05, **p �
0.01, ***p � 0.001, Sar-SP injection versus the saline group at each time point. #p � 0.05,
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primary afferents in the spinal cord. However, Carlton et al.
(1996) have reported that NK-1 receptors are located in unmyli-
nated axons of rat glabrous skin, suggesting a preferential trans-
port of NK-1 from DRG soma to peripheral axons. Interestingly,
a previous study reported that the amount of SP transporting to
the peripheral terminals was fourfold to fivefold higher than that
transporting to the central terminals (Harmar and Keen, 1982).
Therefore, apart from SP released from central terminals acting
on NK-1-excpressing postsynaptic neurons in the spinal dorsal
horn, SP released from peripheral nerve endings might also play
an important role in pain modulation via activation of peripheral
NK-1 receptors. Indeed, SP released from peripheral nerve end-
ings has been implicated in neurogenic inflammation (Richard-
son and Vasko, 2002).

In addition to NK-1 expressed in the peripheral nerve end-
ings, NK-1 expressed in the DRG cell bodies may also play a role
in pain regulation. Because some NK-1-expressing neurons also
contain SP, our data have shown that NK-1 receptors expressed
by DRG neurons include both auto- and hetero-receptors. Con-
sistently, a recent study shows colocalization of SP and NK-1 in
DRG neurons innervating renal tissue (Boer and Gontijo, 2006).
It has been shown that depolarization of DRG neurons is capable
of evoking SP release from the cell body (Guan et al., 2005).
Therefore, SP may regulate nociception in an autocrine or para-
crine manner by acting on NK-1 receptor in the DRG soma. It is
noteworthy that sciatic nerve injury induces axonal sprouts that
contain SP and form pericellular baskets around DRG neurons
(Huang and Neher, 1996; McLachlan and Hu, 1998). These stud-
ies suggest SP might directly activate NK-1-expressing DRG cell
bodies to regulate excitability/sensitivity of these neurons.

Our behavioral studies have revealed a pivotal role of NK-1
receptors expressed by primary afferent terminals in regulating
heat hyperalgesia. Thus, intraplantar Sar-SP produces marked
heat hyperalgesia, which is blocked by inhibition of NK-1, PLC�,
PKC, and PKC� but not by PKA. Consistently, all these signaling
molecules are necessary for Sar-SP-induced potentiation of
TRPV1 activity (see below). However, it is noteworthy that NK-1
receptors are also expressed in non-neuronal cells in the periph-
ery, such as mast cells. Thus, activation of NK-1 receptors on
mast cells may be involved in Sar-SP-induced thermal hyperlge-
sia by releasing inflammatory mediators such as histamine and
NGF. Nevertheless, this notion is not supported by our previous
study, because depletion of mast cells by 40/80 compound failed
to alter hyperalgesia produced by intraplantar SP (Chen et al.,
2006).

To determine the functional significance of CFA-induced
NK-1 expression in DRG neurons, we examined the effect of
peripheral blockade of NK-1 on capsaicin-induced spontaneous
pain. We have made two interesting observations. First, NK-1
antagonist inhibits this spontaneous pain more effectively in in-
flamed paws than in noninflamed paws. Second, the inhibitory
effect was stronger in the second phase (5–10 min) than in the
first phase (0 –5 min). Collectively, these results suggested that
G-protein-coupled receptor NK-1 plays a unique role in process-
ing inflammatory pain.

PKC� mediates interaction of NK-1 and TRPV1
PKC can phosphorylate many protein substrates to regulate the
sensitivity of nociceptors (Caterina et al., 1997; Cesare et al.,
1999). Capsaicin- and noxious heat-induced TRPV1 currents can
be enhanced by different inflammatory mediators such as brady-
kinin, ATP, interleukin-1�, chemokine, 5-HT, and protease-
activated receptor agonist. These effects are mediated, at least in

part, by PKC (Obreja et al., 2002; Sugiura et al., 2002; Moriyama
et al., 2003; Amadesi et al., 2004; Carlton et al., 2004; Dai et al.,
2004; N. Zhang et al., 2005). PKC is also known to regulate NK-1
activation-induced downstream events (Khawaja and Rogers,
1996). Therefore, we focused on the role of the PKC pathway in
mediating NK-1/TRPV1 interaction, in which multiple intracel-
lular signaling events following NK-1 activation, from activation
of the G-protein-coupled receptor to membrane translocation of
PKC�, were analyzed. As shown in Fig. 5, NK-1 agonist Sar-SP-
induced potentiation of TRPV1 activity was blocked by interrup-
tion of each of these events, clearly indicating the vital contribu-
tion of these signaling events to the interaction of NK-1 and
TRPV1. In addition to increasing sensitivity of TRPV1, PKC
phopsphorylation was also shown to antagonize TRPV1 desensi-
tization via calcineurin (Vellani et al., 2001). This is consistent
with our observation that in case of high concentrations of cap-
saicin, Sar-SP can also reduce the TRPV1 desensitization (Fig.
2F).

Cesare et al. (1999) found that five isoforms of PKC are ex-
pressed in DRG neurons, but only PKC� isoform is translocated
to the cell membrane after bradykinin stimulation. Our previous
study showed that in DRG neurons,TRPV1 and PKC� are coex-
pressed and that inflammation induces upregulation of PKC�
(Zhou et al., 2003). In the present work, �V1-2, a specific PKC�
inhibitor, completely abolished Sar-SP-induced potentiation of
TRPV1 currents. Furthermore, we observed that Sar-SP enabled
rapid translocation of PKC� to the cell membrane and NK-1-
specific antagonist GR82334 greatly diminished this transloca-
tion. Another noticeable finding was that chelation of intracellu-
lar calcium by BAPTA failed to prevent Sar-SP-induced
potentiation of TRPV1 currents (Fig. 5A). Among the PKC fam-
ily members, PKC� is DAG dependent but Ca 2� independent.
Activation of PKC by DAG results in a rapid translocation of the
PKC� to the plasma membrane in a calcium-independent man-
ner. The fact that the chelating intracellular calcium did not alter
NK-1 potentiation of TRPV1 supports the notion that PKC� is
Ca 2� independent, also arguing against the involvement of
calcium-dependent PKC isoforms. As shown in Figures 5 and 7,
both TRPV1 potentiation in dissociated DRG neurons and Sar-
SP-induced thermal hyperalgesia were completely blocked by
PKC� inhibitor, suggesting a critical role of PKC� in NK-1/
TRPV1 interaction. PKC� appears to play a more important role
in this interaction than bradykinin/TRPV1 interaction, because
PKC� inhibitor only partially inhibits TRPV1 potentiation by
bradykinin (Cesare et al., 1999).

In addition to PKC-mediated enhancement of TRPV1 activity
by several agents mentioned above, PKA is also involved in en-
hancement of TRPV1 activity by NGF, protaglands, anandamide,
5-HT, and glutamate (Shu and Mendell, 2001; Bhave et al., 2002;
Hu et al., 2002; Rathee et al., 2002; Sugiuar et al., 2004; Hucho et
al., 2005; Moriyama et al., 2005). However, PKA inhibition failed
to inhibit Sar-SP-induced potentiation of TRPV1. Therefore, the
interaction of NK-1 and TRPV1 is mediated by PKC, particularly
by PKC�, but not by PKA.

Concluding remarks
It was generally believed that SP, the best known neurotransmit-
ter for “pain,” regulates pain sensitivity by activating NK-1 recep-
tors expressed on postsynaptic neurons in the dorsal horn. How-
ever, we have provided compelling evidence showing the
existence of morphological and functional NK-1 receptors in pri-
mary sensory neurons. We postulate that NK-1 synthesized in
DRG neurons might be predominately transported toward the
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peripheral axonal terminals. SP released from the peripheral ter-
minals will bind to hetero- or auto-NK-1 receptors in nerve ter-
minals. SP may also be released from cell bodies of DRG neurons
to activate NK-1 in an autocrine or paracrine manner.

Activation of peripheral NK-1 receptors can modulate the
sensitivity/excitability of nociceptors, leading to heat hyperalge-
sia. This hyperalgesia is mediated by an interaction between NK-1
and TRPV1, which requires PLC� and PKC but not PKA and
appears to be enhanced after inflammation Activation of NK-1
results in membrane translocation of PKC� and subsequent po-
tentiation of TRPV1 function. Therefore, NK-1-induced hyper-
algesia is, in part, mediated by a previously underestimated
mechanism via activation of peripheral NK-1 receptors.
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