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Endogenous Tumor Necrosis Factor � (TNF�) Requires TNF
Receptor Type 2 to Generate Heat Hyperalgesia in a Mouse
Cancer Model
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To provide a tool to investigate the mechanisms inducing and maintaining cancer-related pain and hyperalgesia, a soft tissue tumor/
metastasis model was developed that is applicable in C57BL/6J wild-type and transgenic mice. We show that the experimental tumor-
induced heat hyperalgesia and nociceptor sensitization were prevented by systemic treatment with the tumor necrosis factor � (TNF�)
antagonist etanercept. In naive mice, exogenous TNF� evoked heat hyperalgesia in vivo and sensitized nociceptive nerve fibers to heat in
vitro. TNF� enhanced the expression of the nociceptor-specific heat transducer ion channel transient receptor potential vanilloid 1
(TRPV1) and increased the amplitudes of capsaicin and heat-activated ionic currents via p38/MAP (mitogen-activated protein) kinase
and PKC (protein kinase C). Deletion of the tumor necrosis factor receptor type 2 (TNFR2) gene attenuated heat hyperalgesia and
prevented TRPV1 upregulation in tumor-bearing mice, whereas TNFR1 gene deletion played a minor role. We propose endogenous TNF�
as a key player in cancer-related heat hyperalgesia and nociceptor sensitization that generates TRPV1 upregulation and sensitization via
TNFR2.
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Introduction
Cancer is one of the leading causes of death, and in advanced
stages 75–95% of the patients experience cancer-related pain,
including a local hypersensitivity (hyperalgesia) to mechanical
and/or thermal stimuli (Mantyh et al., 2002). The improvement
of cancer pain therapies is impeded by our rudimental knowledge
of the basic mechanisms and chemical mediators leading to can-
cer pain. In the past few years, mouse models of bone cancer-,
skin cancer-, and neuropathic cancer-induced pain and hyperal-
gesia have been developed in C3H or BALB/c mice (Schwei et al.,
1999; Honore et al., 2000; Wacnik et al., 2001; Shimoyama et al.,
2002). Injection of fibrosarcoma cells into the femur of C3H mice
resulted in development of a tumor mass accompanied by behav-
ioral changes that closely resembled some aspects of human dis-
ease: animals showed signs of tenderness and ongoing and
movement-evoked pain, which were well correlated with the tu-

mor growth and the degree of bone destruction (Schwei et al.,
1999; Honore et al., 2000). In the surroundings of the tumor,
sprouting of epidermal nerve fibers was found, which was accom-
panied by an increase in excitability of “pain-sensing” neurons,
so-called nociceptors (Cain et al., 2001a,b; Wacnik et al., 2001).
Progression of tumor growth leads to a variety of local changes,
such as the chemotaxis of immune cells (macrophages, leuko-
cytes, and thrombocytes) and the production of mediators that
are also found in inflamed tissue, e.g., cytokines (Alexander et al.,
1998). Especially the proinflammatory and proalgesic cytokine
tumor necrosis factor � (TNF�) may be of importance in this
respect, because it is one of the first cytokines produced and
released in the inflammatory cascade.

In the present study, we aimed to address the mechanisms of
cancer pain and hyperalgesia and the contribution of TNF�. In the
tumor tissue, cytokine protein concentrations were determined, and
treatment with the soluble receptor etanercept was used to neutralize
endogenous TNF�. To define the importance of specific TNF recep-
tor subtypes or ion channels, mice carrying null mutations for the
respective genes were investigated. We have therefore established a
soft tissue tumor/metastasis model in the C57BL/6J mouse strain
that allowed recording from nociceptive primary afferents under
controlled in vitro conditions in transgenic and wild-type C57BL/6J
mice. Correlative data from in vivo, in vitro, and biochemical assays
suggest a contribution of tumor necrosis factor receptor type 2
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(TNFR2) and a TNF�-dependent upregulation and sensitization of
transient receptor potential vanilloid 1 (TRPV1).

Materials and Methods
Tumor cell culture and implantation. Lung carcinoma cells (ETCC clone
1642; European Collection of Cell Cultures, Wiltshire, UK) cultivated in
DMEM (PAA, Vienna, Austria) with 4 mM L-glutamine and 10% fetal
bovine serum were grown to confluence and passaged once a week. Tu-
mor cells were prepared for implantation by pouring off the media and
rinsing with PBS. Trypsin-EGTA (1�; Invitrogen, Paisley, UK) was
added for 2 min to detach cells from the flask. The enzymatic reaction was
stopped with 1 ml of DMEM. Just before implantation, cells were
counted, washed twice, and then resuspended in PBS for implantation.
Mice were anesthetized with isoflurane (Baxter, Vienna, Austria), and
7 � 10 5 lung carcinoma cells in 25 �l of PBS were injected subcutane-
ously in the plantar and dorsal side of the mouse hindpaw.

Drug preparation and administration. Twenty mice received the TNF�
antagonist etanercept (Enbrel; 1 mg/d; Wyeth, Taplow, Maidenhead,
UK) by systemic intraperitoneal injection starting from the day of tumor
cell inoculation over the whole period of investigation. Mouse TNF� 5
�g/ml (Roche Diagnostics, Basel, Switzerland) was aliquoted (50 ng/10
�l) and kept at �20°C. Subsequent dilutions before administrations
were made in PBS for treatment of mice, which received TNF� intraplan-
tarly (10 ng/10 �l). In electrophysiological recordings, TNF� was applied
for 10 min to the receptive fields of primary afferents or for 1 min to
single neurons in culture.

Tumor size and cytokine quantification. At the terminal day (7–10 d
after carcinoma cell inoculation), the footpad diameter of the injected
(ipsilateral) and noninjected (contralateral) paw was determined using a
caliper. The mice were killed by CO2 inhalation, and plantar and dorsal
tumors were dissected from the surrounding tissues and weighed.

Tumor and control tissue (spinal cord and muscle) were collected,
homogenized in liquid nitrogen, and resuspended in ice-cold PBS con-
taining 0.025% Tween 20 and protease inhibitor mixture (Sigma-
Aldrich, St. Louis, MO). Tissue suspension was centrifuged at 16,000 � g
for 20 min, and the protein content of both pellet and supernatant was
determined using the Bradford assay. Tumor cells in culture were har-
vested and treated in the same way. Cytokine levels were determined
using a 3-Bioplex mouse cytokine assay (IL1�, IL6, and TNF�) from
Bio-Rad (Hercules, CA) according to the manufacturer’s protocol.

Tissue preparation for light and transmission electron microscopy. Mice
were killed by ventilation with 100% CO2, and the hindpaws with tumor
were dissected and sectioned transversely. The tissue was fixed in 4%
paraformaldehyde (PFA) in PBS (0.1 M), decalcified in 3% ascorbic acid
in sodium chloride (0.15 M), dehydrated, and embedded in paraffin.
Serial sections (5 �m) were made on an HM 355S microtome (Microm,
Walldorf, Germany) and stained with hematoxylin– eosin. Other hind-
paws with tumor were fixed in 2.5% glutaraldehyde, 2% paraformalde-
hyde buffered in sodium cacodylate (0.1 M), pH 7.4, and postfixed in
0.5% osmium tetroxide, 1% potassium hexacyanoferrate III in distilled
water. Samples were decalcified as described above, followed by dehydra-
tion and embedment in Spurr’s epoxy resin. Semithin sections (2 �m)
were cut on a Reichert Ultracut S microtome (Leica Microsystems, Wet-
zlar, Germany) with a histo-jumbo-diamond knife (Diatome, Biel, Swit-
zerland) (Blumer et al., 2002) and stained with toluidine blue. Ultrathin
sections (80 nm) were cut on the same microtome with an ultra-diamond
knife, mounted on dioxan-formvar-coated copper slot grids and stained
with an aqueous solution of uranyl acetate (1%) and lead citrate. Ultra-
thin sections were examined with an electron microscope 10A (Zeiss,
Oberkochen, Germany).

Semithin resin and histological paraffin sections were examined with a
Zeiss Axioplan 2 and photographed as color images using Zeiss AxioCam
HR and AxioVision 4.1. software.

Nerve fiber staining within the tumor. Tumor tissue was frozen on
liquid nitrogen and cut on a cryostat (Microm). The respective sections
were fixed for 20 min in 4% PFA, blocked in PBS containing 0.2% Triton
X-100, 2% BSA, and 2% normal goat serum (NGS) for 120 min and
incubated for 18 h with an anti-CGRP antibody (1:2000; Immunostar,
Hudson, WI). Thereafter, sections were washed with PBS, incubated with

a secondary antibody (1:4000; Alexa 594 goat anti-rabbit; Invitrogen),
and examined on a Zeiss Axioplan 2 microscope equipped with a Zeiss
Axioscan CCD 24 bit color digital camera.

Macrophage staining within the tumor. Fixed sections were permeabil-
ized in PBS containing 0.1% Triton X-100 (PBS-T) for 20 min. After
blocking the endogenous peroxidase with 0.3% H2O2 in PBS, nonspecific
binding sites were blocked with 9% NGS and 3% BSA in PBS-T. Tumor
sections were incubated with an anti-cd11b antibody (0.1 �g/ml; BD
Biosciences, San Jose, CA) overnight, followed by detection with the
avidin– biotin complex (Vectastain ABC Elite Kit). Immunoreaction
products were visualized by addition of 0.06% 3.3�-diaminobenzidine
and 0.003% H2O2. Sections were counterstained with hematoxylin and
processed as described above.

Quantitative PCR: TaqMan real-time PCR analysis. For analysis of
mRNA levels, total RNA was isolated from murine lumbar dorsal root
ganglion (DRG) neurons of untreated and treated animals immediately
after preparation by using TRI reagent (Sigma-Aldrich) according to the
manufacturer’s instructions. Reverse transcription to cDNA was per-
formed using the GeneAmp RNA PCR Kit (Applied Biosystems, Foster
City, CA). Each cDNA sample was analyzed for expression of TRPV1,
TNFR1, and TNFR2 by real-time quantitative PCR using the TaqMan 5�
nuclease assays Mm01246301_m1 (TRPV1), Mm01182929_m1
(TNFR1), Mm00441889_m1 (TNFR2), and Mm99999915_g1
[glyceraldehyde-3-phosphate dehydrogenase (GAPDH)]. The reactions
were performed in a MicroAmp Fast Optical 96-Well Reaction Plate
(Applied Biosystems) using the 7500 Fast Real-Time PCR System (Ap-
plied Biosystems) for thermal cycling and real-time fluorescence mea-
surements. The PCR cycle protocol consists of 10 min at 95°C and 40
two-step cycles of 15 s each at 95°C and of 1 min at 60°C. Positive and
negative controls were included in all the experiments, and each sample
was run in triplicate for each PCR. Threshold cycle (CT) values were
recorded as a measure of initial template concentration. Relative fold
changes in RNA levels were calculated by the ��CT method using
GAPDH as a reference standard. CT values from triplicate samples were
averaged and then subtracted from the reference standard, yielding �CT.
The mean of the �CT values with SDs of the treated animals was set in
relation to the control (nontreated) animals.

Western blot analysis. Lumbar DRGs (L3–L5) from mice with and
without tumor were homogenized in lysis buffer (10 mM Tris-HCl, pH
7.4, protease inhibitor mixture from Sigma-Aldrich) using a glass potter.
Crude membranes were obtained by centrifugation (20 min at 100,000 �
g) and resuspension of the respective pellet in 20 mM Tris-HCl, pH 7.4.
Protein samples were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes. These membranes were probed with
anti-TRPV1 antibody (0.4 �g/ml) or anti-�-tubulin antibody (0.4 �g/
ml; Sigma-Aldrich). Antibody-stained bands were visualized by incuba-
tion with HRP-conjugated secondary antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA) followed by enhanced chemiluminescence
reagent (GE Healthcare, Little Chalfont, UK). Immunoreactive bands
were quantified by densitometric scanning using TotalLab software
(Nonlinear Dynamics, Newcastle upon Tyne, UK).

Behavioral studies. A total number of 205 C57BL/6J mice of either sex
(�6 weeks of age) and three different genotypes (TNFR1 �/�,
TNFR2 �/�, and TRPV1 �/�) were used in all experiments. The genera-
tion of homozygous TNFR1-deficient (TNFR1 �/�), TNFR2-deficient
(TNFR2 �/�), and TRPV1-deficient (TRPV1 �/�) mice by gene targeting
has been described previously (Rothe et al., 1993; Erickson et al., 1994;
Davis et al., 2000). The background strain of TNFR1 �/�, TNFR2 �/�,
and TRPV1 �/� mice is C57BL/6J. All animal experiments were ap-
proved by the Austrian Ethical Commission. Mice were housed on a 12 h
light/dark cycle with ad libitum access to mouse chow and water. Stan-
dard testing procedures were used to quantify signs of pain-like behavior.
The area tested was the plantar side of the hindpaw, where the tumor cells
were inoculated. Mechanical sensitivity at the tumor site was determined
with calibrated von Frey monofilaments with bending forces between 2.8
and 45.3 mN. The withdrawal threshold was determined by increasing
and decreasing stimulus intensity on the basis of the up– down method
(Sommer and Schafers, 1998). Heat sensitivity was assessed using the
Hargreaves test (Hargreaves et al., 1988). Paw-withdrawal latency in re-
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sponse to an increasing heat stimulus was mea-
sured automatically (Ugo Basile, Comerio,
Italy).

Skin-nerve preparation and single-fiber re-
cordings. An in vitro skin-nerve preparation was
used to investigate the properties of the afferent
nerve fibers innervating the skin of the mouse
dorsal hindpaw as described previously (Kress
et al., 1992; Koltzenburg et al., 1997). Briefly,
the preparation was superfused (15 ml/min)
with an oxygen-saturated modified synthetic
interstitial fluid solution containing (in mM)
108 NaCl, 3.48 KCl, 3.5 MgSO4, 26 NaHCO3,
1.7 NaH2PO4, 2.0 CaCl2, 9.6 sodium gluconate,
5.5 glucose, and 7.6 sucrose at a temperature of
31 � 1°C and pH 7.4 � 0.05. Action potentials
of single sensory neurons were recorded extra-
cellularly from fine filaments dissected from the
saphenous nerve, amplified (5000-fold), fil-
tered (low-pass 1 kHz, high-pass 100 Hz), visu-
alized on oscilloscope, and stored on a PC-type
computer with the Spike/Spidi software pack-
age (Forster and Handwerker,1990). The fibers
were characterized as unmyelinated (C) ac-
cording to their conduction velocity. The re-
ceptive field was identified by mechanical prob-
ing of the skin with a glass rod; standard heat
stimuli linearly raising the intracutaneous tem-
perature from 31 � 1°C to 47°C were applied. A
fiber was considered heat sensitive if three or
more action potentials were evoked during the
stimulus. The heat threshold was defined as the
temperature that elicited the third spike of the
response. In tumor-injected mice, electrophys-
iological recordings were performed 7–10 d af-
ter inoculation, when a tumor mass had formed
at the injection site.

DRG cell culture. Lumbar DRGs were har-
vested, treated enzymatically, and dissociated as
described previously (Obreja et al., 2002, 2005).
The resulting cell suspension was washed,
plated on coverslips coated with poly-L-lysine/
laminin, cultivated in synthetic serum-free me-
dium (supplemented TNB; Biochrom, Vienna,
Austria) at 37°C in 5% CO2 and used within
32 h.

Quantitative analysis of TRPV1 immunoreac-
tivity. After 2 d in culture, DRG neurons were
stimulated with TNF� (10 ng/ml) for 1 or 2 h.
The cultures were fixed with 4% PFA for 30 min
and immunostained with TRPV1 (1:1000; anti-
rabbit; Millipore Bioscience Research Reagents,
Temecula, CA). The intensity of staining was
measured with NIH Image J. Four cultures were
included for each group.

Patch-clamp recordings. Using the voltage-
clamp configuration of the patch-clamp technique, whole-cell ion cur-
rents were recorded from isolated neurons as previously described (Ob-
reja et al., 2002, 2005). External solution contained the following (in
mM): 145 NaCl, 5 KCl, 2 CaCl2, and 1 MgCl2 (all Sigma-Aldrich) and 10
glucose and 10 HEPES (Merck, Darmstadt, Germany), at pH 7.3 adjusted
with NaOH (Merck). Patch-clamp pipettes from borosilicate glass (Sci-
ence Products, Hofheim, Germany), filled with internal solution [(in
mM) 148 KCl, 2 MgCl2, 2 Na2-ATP, 0.1 CaCl2, and 1 EGTA (all from
Sigma-Aldrich) and 10 HEPES (Merck), at pH 7.3 adjusted with KOH
(Merck)], had a resistance of 2– 4 M�. Currents were filtered at 2.9 kHz,
sampled at 3 kHz, and recorded using an EPC 9 (HEKA, Lambrecht/
Pfalz, Germany) and the Pulse v8.74 software (HEKA). A seven-barrel
system with common outlet was used for fast drug administration and

heat stimulation (Dittert et al., 1998). Heat-activated inward currents
(Iheat) were elicited at �80 mV holding potential by applying ramp-
shaped heat stimuli at 60 s intervals (linear temperature increase from
room temperature to 50°C within 5 s). TNF� (1 ng/ml) was used as
intermittent conditioning stimulus (60 s) followed by a 3 min washout.
In some experiments TNF� was applied together with p38 mitogen-
activated protein (MAP) kinase inhibitor SB203580 (EMD Biosciences,
San Diego, CA) or protein kinase C (PKC) inhibitor BIM1 (EMD Bio-
sciences). Capsaicin was purchased from Sigma-Aldrich.

Statistical analysis. For detailed statistical analysis, the SigmaStat 3
program was used. Data are presented as mean � SEM and were analyzed
using one-way repeated-measures ANOVA for comparison between
groups and test days, followed by a Student’s t test if not otherwise stated.
Differences were considered statistically significant at p � 0.05.

Figure 1. Tumor histology. A, Hematoxylin– eosin (HE) staining of paraffin-embedded longitudinal sections through the
mouse hindpaw 10 d after carcinoma cell inoculation (plantar side overview). The tumor tissue (tu) was located below the dermis.
Scale bar, 100 �m. B, Toluidine blue staining of resin-embedded cross sections through the mouse hindpaw. Tumor tissue was
distributed through the whole hindpaw surrounding nerve fibers (N) and muscles (M). Scale bar, 20 �m. C, D, Innervation of
tumor tissue by sensory afferent fibers. C, Phase-contrast image showing an overview of the tumor mass. D, Labeling of unmy-
elinated primary afferent fibers with anti-CGRP antibody revealed that sensory neurons sprout into the tumor tissue. Scale bars: C,
D, 100 �m. E, Tumor tissue contained tumor and immune cells. Macrophage labeling with biotin-conjugated anti CD11 (brown)
revealed that these immune cells were spread throughout the whole tumor mass. Scale bar, 100 �m; inset, 25 �m. F, Electron
microscopy images showing a macrophage (ma) in the vicinity of tumor cell. Scale bar, 1 �m.
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Results
Tumor-induced heat and mechanical hyperalgesia
Subcutaneous inoculation of lung carcinoma cells into the plan-
tar and dorsal side of the mouse hindpaw led to development of a
tumor mass, which grew continuously with time (Fig. 1). At the
terminal day (7–10 d after carcinoma cell inoculation), the diam-
eter of the ipsilateral paw was increased 2.7-fold compared with
the contralateral side (n 	 11). The mean size of the plantar
tumor was 25.77 � 4.78 mg, whereas the dorsal tumor had a
mean weight of 17.39 � 0.47 mg. Tumor tissue contained densely
packed cells at all mitotic stages and surrounded muscular struc-
tures, nerve bundles, and blood vessels but did not invade the
tarsal bones (Fig. 1A,B). Similar to other cancer pain models,
carcinoma cell inoculation induced mechanical hyperalgesia.
Paw-withdrawal thresholds in response to mechanical von Frey
stimulation decreased from 41.21 � 2.20 mN before to 13.37 �
2.59 mN (ANOVA, with Fisher’s post hoc test, p � 0.001) on day
10 after inoculation (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material).

At the same time, tumor growth led to an increasing heat
hyperalgesia: in the Hargreaves test, paw-withdrawal latencies
decreased significantly from 7.33 � 0.25 s before to 5.82 � 0.41 s
on the second day (ANOVA, p � 0.001) and reached latencies as
low as 4.09 � 0.47 s on day 10 after carcinoma cell inoculation
(Fig. 2A). Labeling with a specific anti-CGRP antibody revealed
that the tumor was densely innervated by peptidergic unmyeli-
nated fibers (Fig. 1C,D). The skin in the vicinity of the tumor is
easily accessible, and therefore, our newly developed soft tissue
cancer/metastasis model offers the unique advantage of allowing
one to directly record discharge activity from peripheral afferents
associated with the tumor tissue under in vitro conditions. In
general, the subpopulations of unmyelinated primary afferents
innervating the skin attached to the tumor area were similar to
those found in healthy skin (Table 1). However, 31% (17 of 54) of
the C-fibers investigated in the tumor-treated mice exhibited ir-
regular resting activity compared with only 7% in healthy skin.
The rate of ongoing activity in fibers from tumor mice ranged
from 0.2 to 1.5 impulses (imp)/s with a mean rate of 0.46 � 0.09
imp/s. Ten of the spontaneously active fibers had an irregular
pattern of discharge, two discharged regularly at a rate of 1–2 Hz,
and five exhibited burst-like discharges at intervals ranging from
13.2 to 59.4 s. Among the spontaneously active fibers, two were
classified as mechanosensitive, three were heat sensitive, and six
reacted to both mechanical and heat stimuli. The remaining six
fibers were not further classified. In the skin from the control
(naive) mice, 7% (4 of 54) of the C-fibers exhibited resting activ-
ity ranging from 0.1 to 0.83 imp/s (mean, 0.49 � 0.17 imp/s).

No difference in the proportions of mechanosensitive (61% in
both groups) or heat-sensitive fibers between the tumor and the
control group (70% vs 65%) was observed. However, the mean
discharge rates during heat responses in the tumor group were
significantly higher than controls (4.18 � 0.58 imp/s vs 2.79 �
0.53 imp/s; p � 0.001, ANOVA) (Fig. 2B). In addition, the mean
activation threshold temperatures of heat-sensitive fibers were
significantly lower in the tumor group than in controls [34.51 �
0.51°C (n 	 38) vs 37.30 � 0.64°C (n 	 35); p � 0.001, t test] (Fig.
2C). The majority of neurons in the tumor group (63%) were
excited by very small rises in ambient temperature (�3°C) com-
pared with 34% in healthy skin ( p � 0.02, � 2 test) (Fig. 2C). All
observed changes point toward an increased heat sensitivity of
nociceptors projecting into the tumor area as a functional corre-
late for the heat hyperalgesia observed in vivo. Immunocyto-

chemistry with specific marker antibodies showed that the tumor
tissue was densely infiltrated with macrophages (Fig. 1E,F),
which are generally accepted as a major source of proinflamma-
tory cytokines.

Figure 2. Tumor-induced heat hyperalgesia. A, Paw-withdrawal latency (in seconds) in
response to ramp-shaped heat stimuli applied to the plantar side of the hindpaw ipsilateral (�)
and contralateral (f) to tumor cell inoculation (n 	 42). After tumor induction, paw-
withdrawal latency to heat stimuli applied to the tumor area (ipsilateral paw) decreased signif-
icantly ( p � 0.001, ANOVA) starting from day 2 after injection and persisted over the 10 d of
investigation. Asterisks indicate the values significantly different ( p � 0.05) between ipsilat-
eral and contralateral paw. B, C, Properties of heat-sensitive C-fibers innervating the dorsal site
of the hindpaw recorded in vitro. B, Discharge profiles of the heat-activated C-fibers. Mean
discharge rates were significantly higher in heat-sensitive C-fibers from tumor mice (n 	 38)
than from control mice (n 	 35; p � 0.001, ANOVA). C, Distribution of the activation threshold
temperatures of heat-sensitive C-fibers in tumor (black columns; n 	 38) and healthy control
(gray columns; n 	 35) mice. Asterisks mark significant differences ( p � 0.05, � 2 test). temp,
Temperature.
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Endogenous TNF� and TNFR2 are
required for tumor-induced
heat hyperalgesia
We therefore searched for the presence of
cytokines in the supernatant of tumor cells
in culture and in tumor homogenates us-
ing a Bioplex ELISA assay. In cell culture
supernatant or cell lysates, TNF�, IL1�,
and IL6 concentrations were below the de-
tection limits of the assay, suggesting that
tumor cells in vitro do not release appre-
ciable amounts of these cytokines. How-
ever, in tumor sample homogenates col-
lected from mice that had received an injection of carcinoma
cells, TNF� and IL1� were detected in pathophysiologically rel-
evant concentrations (20.82 � 0.22 pg/mg protein and 36.38 �
12.72 pg/mg protein, respectively) whereas IL6 levels were con-
siderably lower (1.43 � 0.22 pg/mg protein) (Fig. 3A). Together,
these data suggest that the increased heat sensitivity of polymodal
nociceptors in the tumor area might be secondary to the release of
cytokines (e.g., TNF�) from the tumor tissue, which in turn may
induce nociceptor sensitization. We therefore investigated
whether TNF� contributes to tumor-induced heat hyperalgesia
and nociceptor heat sensitization. Daily systemic treatment with
the TNF�-neutralizing soluble receptor etanercept (1 mg, i.p.)
largely prevented the development of heat hyperalgesia in the
tumor-bearing mice. Paw-withdrawal latencies in response to
heat stimuli were very similar to those of healthy controls even 6 d
after tumor induction (Fig. 3B). This beneficial effect was not
attributable to treatment-induced reduction of tumor size, be-
cause the weight of the tumor mass was similar in tumor mice and
tumor mice treated with etanercept [21.95 � 3.39 mg (n 	 46) vs
19.94 � 3.44 mg (n 	 30)]. A lower dose of etanercept (100 �g,
i.p., daily) did not block initiation and maintenance of heat hy-
peralgesia after tumor development (supplemental Fig. 2A, avail-
able at www.jneurosci.org as supplemental material).

When etanercept treatment (1 mg/d) was started on day 7
after tumor cell inoculation, the paw-withdrawal latencies before
and after treatment did not differ significantly (4.43 � 0.23 s on
day 6 vs 5.50 � 0.52 s and 4.62 � 0.86 s on days 8 and 10,
respectively; p � 0.05, t test; n 	 8) (supplemental Fig. 2B, avail-
able at www.jneurosci.org as supplemental material). This sug-
gests that etanercept treatment is inefficient once heat hyperalge-
sia has developed. Furthermore, a beneficial effect on the tumor-
induced mechanical hyperalgesia was observed neither with
etanercept treatment nor in any of the knock-out mouse strains
investigated (data not shown).

In vitro, the heat-sensitive fibers from tumor mice that had
received 1 mg of etanercept daily showed significantly reduced
heat responses compared with the nontreated tumor group
(mean, 2.47 � 0.44 after etanercept vs 4.18 � 0.58 imp/s; p �
0.001, ANOVA) (Fig. 3C). In etanercept-treated mice, the mean
heat response magnitudes were similar to those in the healthy
control group (mean, 2.47 � 0.44 vs 2.79 � 0.53 imp/s; p � 0.05;
ANOVA). We also found that the proportion of heat-sensitive
fibers and the activation threshold temperatures of heat-sensitive
fibers were not affected by the etanercept treatment (mean,
35.72 � 0.90 vs 34.51 � 0.51°C) (Fig. 3D). Thus, the neutraliza-
tion of TNF� has a significant beneficial effect on cancer-induced
heat hyperalgesia, and this suggests that TNF� is required for the
development of nociceptor heat sensitization in our cancer pain
model.

TNF� binds to two different types of receptors: TNFR1 and

TNFR2. To delineate which of the two TNF� receptors was in-
volved in the generation of heat hyperalgesia in the cancer pain
model, behavioral experiments in mice with a deletion of either
the TNFR1 (TNFR1�/�) or TNFR2 (TNFR2�/�) gene were per-
formed. TNFR1�/� mice injected with tumor cells still showed
significant (from day 6) heat hyperalgesia (Fig. 3E). Because these
mice showed a smaller increase in paw diameter than did wild-
type mice (0.35 � 0.01 vs 0.48 � 0.05 cm; p � 0.05, Mann–
Whitney), this minor effect might be attributable to a reduced
degree of inflammation rather than tumor growth. In mice with a
deletion of the TNFR2 gene, no heat hyperalgesia developed until
the very late stages of tumor development (Fig. 3F), suggesting
that TNFR2 plays the predominant role in the generation of
tumor-induced heat hyperalgesia.

TNF�-induced heat hyperalgesia and heat sensitization of
sensory neurons
To investigate whether TNF� itself can induce heat hyperalgesia,
the cytokine was administered by intraplantar injection in naive
(control) mice. Within 30 min, TNF� (10 ng in 10 �l of PBS)
induced a significant drop in paw-withdrawal latency in response
to heat stimuli from 7.25 � 0.51 s before to 3.41 � 0.28 s at the
injection site ( p � 0.001, ANOVA; n 	 12), which recovered to
preinjection values within 24 h (Fig. 4A). Intraplantar injection
of 10 �l of vehicle (PBS) did not induce any overt changes in
paw-withdrawal latency at any of the time points tested (7.67 �
0.4 s before vs 7.15 � 0.68 s 30 min after injection; p � 0.05,
ANOVA; n 	 6). In the in vitro skin-nerve preparation, applica-
tion of TNF� (1 ng/ml) to the receptive field induced a significant
increase in heat response magnitudes in 42% (5 of 12) of heat-
sensitive C-fibers obtained from healthy mice (mean, 1.62 � 0.39
vs 3.25 � 0.67 imp/s; p � 0.001, paired t test) (Fig. 4B). This
sensitization occurred within 10 min after TNF� application. In
addition, TNF� evoked ongoing activity in three of eight C-fibers
and increased the rate of discharge in two of four fibers that
initially exhibited resting activity. Together, the results indicate
that TNF� has a direct effect on heat-sensitive nociceptors.

TNF�-induced sensitization of capsaicin and
heat-activated currents
To address the cellular mechanism of the TNF�-induced noci-
ceptor heat sensitization, patch-clamp recordings were per-
formed in small-diameter DRG neurons using the whole-cell
voltage-clamp configuration of the patch-clamp technique. Neu-
rons responded to the TRPV1-selective agonist capsaicin (0.5
�M) with a slowly activating inward current (Icap), which was
significantly increased after a 60 s pretreatment with TNF� (n 	
13; p � 0.05, Wilcoxon test) (Fig. 5A,D). Similarly, heat-
activated inward currents (Iheat) were significantly increased after
a conditioning stimulation with TNF� (n 	 21; p � 0.05, Wil-

Table 1. Fiber properties

Properties Tumor Tumor 
 etanercept Control

Mechanical sensitivity 8 14 17
Mechanical sensitivity 
 spontaneous activity 2 3 1
Heat sensitivity 12 10 19
Heat sensitivity 
 spontaneous activity 3 0 1
Mechanical sensitivity 
 heat sensitivity 17 11 13
Mechanical 
 heat sensitivity 
 spontaneous activity 6 1 2
Only spontaneous activity 6 1 0
Total 54 40 53

Properties of primary afferent neurons innervating the dorsal side of the hindpaw recorded in an in vitro skin-nerve preparation from tumor mice, tumor mice
treated with etanercept, and control (naive, uninjected) mice. Data are the number of fibers with each property.
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coxon test) (Fig. 5B,E). Moreover, TNF� induced a shift in the
activation threshold temperature of Iheat from 43° before to 41°C
after TNF� ( p � 0.05, Wilcoxon test) (Fig. 5C). The p38 MAP
kinase inhibitor SB203580 (1 �M) and the PKC inhibitor BIM1 (1

�M) completely abolished the potentiating
effect of TNF� on both the capsaicin- and
heat-activated currents (Fig. 5D,E).
Moreover, TNF� induced decrease in heat
activation threshold was abolished both by
the p38/MAPK inhibitor SB203580 (1 �M;
42.93 � 0.64°C before vs 42.51 � 0.45°C
after TNF� stimulation; p � 0.05, Wil-
coxon test) or the PKC inhibitor BIM1 (1
�M; 42.08 � 0.59°C before vs 41.38 �
0.69°C after TNF� stimulation; p � 0.05,
Wilcoxon test). Together, these data sug-
gest that TNF� sensitizes the heat trans-
ducer ion channel TRPV1 neurons via a
p38 MAP kinase/PKC-dependent pathway
in sensory neurons.

TNF�-mediated regulation of TRPV1
protein expression
Since its cloning, the nociceptor-specific
capsaicin-sensitive ion channel TRPV1
has evolved as a multimodal transducer
of nociceptive stimuli (Caterina et al.,
1997; Tominaga et al., 1998). It is essen-
tial for the development of heat hyperal-
gesia in inflammatory pain models
(Davis et al., 2000; Chuang et al., 2001).
Therefore, we investigated whether there
were differences in TRPV1 expression
between control and tumor-bearing
mice. Ten days after tumor cell inocula-
tion, the amount of TRPV1 protein was
2.2-fold increased in L3, L4, and L5
DRGs from wild-type mice with tumor
(n 	 6) compared with healthy (control)
mice (Fig. 6 A, B). In mice with a deletion
of TNFR2 gene, TRPV1 protein levels
were not significantly different in
healthy compared with tumor condi-
tions (Fig. 6 B), suggesting that TNF� in-
duces upregulation of TRPV1 via this re-
ceptor subtype in the tumor-bearing
mice. Consistent with these results,
TNF� (10 ng/ml) stimulation of cul-
tured DRG neurons for 1 and 2 h in-
creased the TRPV1 immunostaining and
protein levels (Fig. 6C,D). Further evi-
dence for the involvement of TRPV1 in
tumor-induced heat hyperalgesia was
obtained from mice lacking the TRPV1
gene. In TRPV1 �/� mice, inoculation of
tumor cells did not induce heat hyperal-
gesia (Fig. 6 E). In quantitative mRNA
analysis using Taqman PCR, however,
no significant difference in TRPV1
mRNA expression levels was found be-
tween tumor and control mice (data not
shown). These data are consistent with
previous reports on posttranscriptional

upregulation of TRPV1 in an inflammatory pain model (Ji et
al., 2002), and they support the hypothesis that heat hyperal-
gesia requires the expression of TRPV1 (Davis et al., 2000;
Chuang et al., 2001).

Figure 3. Tumor-induced heat hyperalgesia depended on TNF� and TNFR2. A, Proinflammatory cytokines are produced at the
tumor site. TNF�, IL1�, and IL6 levels (in picograms of cytokine per milligram of tumor protein) in tumor homogenates (plantar
and dorsal) isolated from 11 mice. Cytokine levels of control tissues (muscle and spinal cord) were below detection limits of the
assay (�0.3 pg/mg tissue protein). B, The TNF� receptor body etanercept prevented tumor-induced heat hyperalgesia. Paw-
withdrawal latency (in seconds) in response to ramp-shaped heat stimuli applied to the plantar side of the hindpaw ipsilateral
(�) and contralateral (f) to tumor cell inoculation in tumor mice daily treated with etanercept (n 	 20). Etanercept adminis-
tered systemically abolished heat hypersensitivity in mice with tumor. C, Discharge profiles of the heat-activated C-fibers. Mean
discharge rates in response to heat stimulation were significantly lower in nociceptors obtained from tumor mice treated with
etanercept (n 	 22) than in those from tumor mice without treatment (n 	 38; p � 0.001, ANOVA). D, Distribution of the
activation threshold temperatures of heat-sensitive C-fibers from nontreated tumor (black columns; n 	 38) versus etanercept-
treated tumor mice (white columns; n 	 22). E, Deletion of the TNFR1 gene delayed the onset of heat hyperalgesia in mice with
tumor (n 	 19). F, Mice lacking the TNFR2 gene develop heat hyperalgesia only on day 10 after tumor induction (n 	 18).
Asterisks indicate the data points at which a significant difference between the ipsilateral and contralateral side was observed
( p � 0.05, ANOVA). prot., Protein; temp, temperature.
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Discussion
In the present study, we established a soft
tissue cancer/metastasis model in mice to
investigate the mechanisms leading to
tumor-induced pain. We found that (1)
there was tumor growth with sprouting of
peptidergic nerve fibers into the tumor
mass; (2) this was accompanied by pro-
gressive mechanical and heat hyperalgesia
and a significant nociceptor sensitization;
(3) TNF� activating TNFR2 was a key
player in the development of cancer-
related heat hyperalgesia; (4) TNF� caused
heat hyperalgesia in vivo and augmented
nociceptor heat sensitivity in vitro; (5)
TNF� sensitized TRPV1 channels via p38/
MAP kinase- and PKC-dependent path-
ways and upregulated TRPV1 in cultured
DRG neurons; (6) tumor-induced heat
hyperalgesia was associated with an up-
regulation of TRPV1 protein content at
the posttranscriptional level, which was
abolished in TNFR2�/� mice; and (7)
TRPV1 was required for tumor-induced
hyperalgesia in vivo.

Recently, several animal models were developed to study bone
(Schwei et al., 1999; Wacnik et al., 2001), skin (Sasamura et al.,
2002), and neuropathic cancer pain (Shimoyama et al., 2002).
Among these, the bone cancer model in C3H mice was most
extensively used to study the contribution of particular proalgesic
mediators in tumor-induced pain. Injection of fibrosarcoma cells
into the mouse femur or calcaneus bone led to cancer-associated
pain with bone destruction by osteoclasts (Schwei et al., 1999)
and severe mechanical hypersensitivity of the respective limb
(Wacnik et al., 2005). TNF� is generally accepted as a potent
activator of osteoclasts, and subcutaneous injection of TNF� in-
duced mechanical hyperalgesia (Wacnik et al., 2005) and me-
chanical sensitization of C-nociceptors (Junger and Sorkin,
2000). Therefore, it is not surprising that the TNF� antagonist
etanercept reduced mechanical hypersensitivity in the bone can-
cer model (Wacnik et al., 2005). Thus, the bone cancer model has
provided some insight into cancer-related mechanical hyperalge-
sia. However, very few studies have addressed cancer-induced
heat hyperalgesia so far: in a melanoma model, tumor develop-
ment was accompanied by signs of ongoing pain and heat hyper-
algesia (Sasamura et al., 2002), and in the bone cancer model, a
recent study has reported upregulation of TRPV1 in distinct sub-
populations of DRG neurons (Niiyama et al., 2007). In the same
model, disruption of the TRPV1 gene or administration of a
TRPV1 antagonist attenuated both ongoing and movement-
evoked nocifensive behaviors, which were suggested to occur as a
consequence of tissue acidosis after bone cancer induction
(Ghilardi et al., 2005). None of these studies, however, has ad-
dressed the occurrence and mechanisms of heat hyperalgesia as-
sociated with cancer/metastasis. For the first time, we show here
that cancer induction leads to a pronounced increase in heat
sensitivity of peripheral nociceptors, which underlies cancer-
induced heat hyperalgesia. Both changes are prevented by neu-
tralization of TNF�. Although TNF� has been the focus of pre-
vious studies on cancer-related pain, we for the first time present
direct links between TNF�, TRPV1 regulation, and an important

role of TNFR2 in the development of heat hyperalgesia in cancer
pain.

Although a number of candidate molecules have been associ-
ated with the generation of cancer pain, a mechanism-based un-
derstanding of tumor-induced heat hyperalgesia has not been
available so far. Antagonizing the effects of bradykinin, endothe-
lin, ATP, or certain neuropeptides in the bone cancer model had
beneficial effects on pain-like behavior in humans or mouse (Da-
var G, 2001; Sevcik et al., 2005a,b). Neutralization of NGF im-
proved bone cancer pain and reduced upregulation of ATF3 and
other biochemical markers of nociceptor activation in the mouse
(Sevcik et al., 2005a,b). Although nerve fibers have been found
sprouting into the bone cancer tissue, little information on noci-
ceptor function in cancer/metastasis has become available. In this
model, the experimental approach to directly record from noci-
ceptive afferents is very difficult and not applicable to investigat-
ing mechanisms of nociceptors at a larger scale. Therefore, we
developed a soft tissue carcinoma model that allows us to delin-
eate the mechanisms of the cancer-induced changes in nocicep-
tive neurons related to heat hyperalgesia in a very well controlled
preparation. We were able to obtain the first mechanistic electro-
physiological data on cancer-related functional changes in noci-
ceptors innervating cancer tissue. In bone cancer, 30% of the
fibers were spontaneously active, and heat activation thresholds
were decreased by 3.5°C (Cain et al., 2001a,b). We show similar
changes of nociceptors in vitro, which were largely prevented
after etanercept treatment, suggesting that endogenous TNF�
upregulated nociceptor heat sensitivity at the tumor site. Histol-
ogy of our experimental tumor shows dedifferentiated carcinoma
cells at various mitotic stages and a pronounced infiltration of the
neoplastic tissue with macrophages. This is similar to other mod-
els, in which cell types including malignant cells and immune
cells (e.g., macrophages) were found (for review, see Mantyh et
al., 2002). Macrophages are known as potential sources for proin-
flammatory and proalgesic cytokines such as TNF� (for review,
see Mantyh, 2006). Converging evidence points to strong corre-
lations between the number of macrophages, the level of TNF�
production, and the development of heat hyperalgesia in inflam-

Figure 4. TNF� induced heat hyperalgesia in control (naive) mice. A, Intraplantar injection of TNF� 10 ng/10 �l evoked a drop
of paw-withdrawal latency in response to heat stimulation. Asterisks indicate the data points at which a significant difference
( p � 0.05, ANOVA, with Student–Newman–Keuls post hoc test) between the ipsilateral (�) and contralateral (f) sides was
observed. B, Discharge profiles of heat-sensitive C-fibers before and after TNF� (1 ng/ml) application on their receptive fields in
an in vitro skin-nerve preparation. TNF� application for 10 min induced a significant increase in the mean rate of discharge of the
heat C-nociceptors investigated ( p � 0.001, ANOVA; n 	 5). temp, Temperature.
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matory and neuropathic animal models (Sommer and Schafers,
1998; Inglis et al., 2005). Moreover, an alleviation of heat hyper-
algesia was correlated with delayed recruitment of nonresident
macrophages and reduced levels of TNF� expression in neuro-
pathic mice (Sommer and Schafers, 1998). In clinical trials, anti-
TNF� therapy in patients with rheumatoid arthritis prevented
ongoing joint destruction and alleviated arthritic pain (Baum-
gartner et al., 2004; Moreland et al., 2006). Moreover, in two
clinical studies anti-TNF� therapy was successfully used for
treatment of refractory pain resulting from bone metastasis and
chronic back pain. In both studies, a beneficial effect on pain
scores was reported (Tobinick, 2003; Tobinick and Davoodifar,
2004). In our soft tissue carcinoma model, etanercept treatment
alleviated heat hyperalgesia in the tumor mice when started at the
day of tumor induction. The same treatment prevented sensiti-
zation of heat nociceptors projecting into the tumor area, sug-
gesting that patients not only with arthritic but also with cancer
pain could benefit from neutralizing TNF� therapy. However,
etanercept did not reverse tumor-induce heat hypersensitivity
when the treatment was started after heat hyperalgesia had al-

ready developed. This finding is in line with the role of TNF� in
initiating the proinflammatory cytokine cascade.

TNF� is a pleiotropic cytokine that stimulates the production
and release of other proalgesic factors from tumor or immune
cells, which in turn could act on sensory neurons (Woolf et al.,
1997). Although indirect effects of TNF� cannot be excluded, our
data favor a direct effect on heat nociceptors, because TNF� in-
duced heat hyperalgesia with short latency and a sensitization of
nociceptors to heat in vitro when applied on the receptive field
(Sorkin et al., 1997; Pollock et al., 2002; Schafers et al., 2003). In
normal skin, the sensation of heat pain occurs at a temperature
of � 44°C. This correlates well with the activation threshold tem-
perature of polymodal nociceptors and of the nociceptor-specific
heat transducer TRPV1 (Caterina et al., 1997; Tominaga et al.,
1998), a member of the thermoTRP family of ion channels (Jordt
et al., 2003). The sensitivity of TRPV1 to heat and capsaicin de-
pends on the phosphorylation status of the channel at intracellu-
lar serine/threonine or tyrosine sites (Bhave et al., 2002; Rathee et
al., 2002; Mandadi et al., 2006). Here, TNF� induced a fast in-
crease both in capsaicin- and heat-activated current amplitudes

Figure 5. TNF� has a direct effect on TRPV1. A, DRG neurons responded to capsaicin (0.5
�M) with a fast-activated inward current (Icap), which was potentiated after a preconditioning
stimulation with TNF� (1 ng/ml) for 60 s. B, Iheat was elicited by identical 5 s ramp-shaped heat
stimuli. C, Pretreatment of DRG neurons with TNF� shifted the heat activation threshold to a
lower temperature by 2°C (n 	 15). D, TNF�-induced potentiation of Icap (n 	 13; p � 0.05,
Wilcoxon test) was abolished in the presence of the p38/MAP kinase inhibitor SB203580 (1 �M)
and the PKC inhibitor BIM1 (1 �M; n 	 11). E, Stimulation of DRG neurons with TNF� (1 ng/ml)
for 60 s induced sensitization of Iheat (n 	 21; p � 0.05, Wilcoxon test), which was completely
abolished in the presence of p38/MAP kinase inhibitor SB203580 (1 �M; n 	 8) and PKC
inhibitor BIM1 (1 �M; n 	 11). D, E, Responses were normalized to the current amplitude
immediately before TNF� application. Asterisks mark significant differences ( p � 0.05, Wil-
coxon test). rel, Relative; temp, temperature.

Figure 6. Heat hyperalgesia in the mice with tumor depended on TRPV1. A, Western blot
analysis of TRPV1 expression in L3, L4, and L5 DRG neurons from control and tumor mice. TRPV1
protein level is 2.1-fold increased in tumor compared with naive mice. B, TRPV1 levels are
significantly increased in tumor-bearing wild-type (n 	 6) but not TNFR2 �/� (n 	 3) mice. C,
Immunocytochemistry illustrates an increase in TRPV1 levels after TNF� (10 ng/ml) stimulation
of DRG neurons in culture. Scale bar, 50 �m. The intensity of TRPV1 labeling increased signifi-
cantly 1 and 2 h after TNF� (10 ng/ml) stimulation ( p � 0.05 compared with control, ANOVA).
D, TRPV1 protein level as detected by Western blot analysis was upregulated after TNF� (10
ng/ml) stimulation. E, Mice lacking the TRPV1 gene developed heat hyperalgesia only on day 10
after tumor induction (n 	 12). Asterisks mark significant differences ( p � 0.05, ANOVA). WT,
Wild type.
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and a drop of the activation threshold by 2°C, which required
p38/MAP kinase and PKC. TNF� activates intracellular pathways
involving protein kinases including p38/MAPK and PKC (Van-
denabeele et al., 1995). PKC phosphorylates TRPV1 at specific
sites and affects channel function (Tominaga et al., 1998; Bhave et
al., 2002). Some of the phosphorylation sites at intracellular do-
mains of the TRPV1 channel protein do not show preference for
PKC, PKA (protein kinase A), or CaMKII (calcium/calmodulin-
dependent protein kinase II) and could be possible targets for p38
MAP kinase phosphorylation. The fast changes in heat and cap-
saicin sensitivity of the sensory neurons within 1 min of TNF�
stimulation are likely attributable to posttranslational modifica-
tion via phosphorylation of the already existing TRPV1 channels
in the cell membrane and might play a role in the early initiation
phase of heat hyperalgesia in tumor mice.

In addition to regulating TRPV1 channel function on the cell
membrane, TNF� also has been reported to induce upregulation
of TRPV1 expression within several hours (Nicol et al., 1997). We
found that TRPV1 protein but not mRNA was also upregulated
in DRG neurons innervating the tumor area in wild-type but not
TNFR-null mutant mice. Conventional gene expression via tran-
scriptional regulation often takes hours, starting from mRNA
synthesis. However, translational regulation is much faster, start-
ing from existing mRNAs. TRPV1 is a very unique molecule and
tightly controlled by translational regulation. Ji et al. (2002) have
shown that after complete Freund’s adjuvant-induced inflamma-
tion, there is a robust increase of TRPV1 protein levels but not
TRPV1 mRNA levels in the DRG, suggesting a translational reg-
ulation. We have used immunocytochemistry and Western blot-
ting, two conventional techniques for demonstrating protein ex-
pression, to examine TRPV1 expression. Both methods have
consistently shown an increase in TRPV1 levels in DRG neurons
(Fig. 6D,E). This increase in TRPV1 protein levels in DRG neu-
rons from tumor mice might contribute to maintaining tumor-
induced heat hyperalgesia. Because the proalgesic effect of TNF�
in our model seems to target a dual regulation of TRPV1, we
performed control experiments on TRPV1�/� mice, which did
not show signs of tumor-induced heat hyperalgesia as expected.

Both, TNF�-induced TRPV1 sensitization and upregulation
of TRPV1 suggest that TNF� plays an important role in develop-
ment of heat hyperalgesia in mice with tumor. TNF� binds to two
different membrane receptors, TNFR1 and TNFR2 (for review,
see Sommer and Kress, 2004). The expression of TNF receptors
on sensory neurons is still controversially discussed (Sommer et
al., 1998; Pollock et al., 2002; Li et al., 2004). Our behavioral data
show that in TNFR1�/� mice, the development of heat hyperal-
gesia is delayed in the early phase but remains in the later phase of
tumor progression. It therefore appears that TNFR1 is important
for the early phase of heat hyperalgesia, whereas TNFR2 seems to
be required for the induction of persistent hyperalgesia. In our
soft tissue tumor/metastasis model, a considerable improvement
of heat hyperalgesia was detected in TNFR2�/� mice. Moreover,
in TNFR2�/� mice, the expression of TRPV1 channel protein in
DRGs projecting in the tumor area was low and comparable with
that from naive (healthy) mice. This implies that cancer-related
heat hyperalgesia and TRPV1 upregulation to a large extend de-
pended on TNFR2. TNF� is well known to affect tumor cell
survival, cell attachment, and tumor vascularization (Marchand
et al., 2005). In our model, the sizes of the experimental tumors
were similar in wild-type and TNF receptor knock-out mice and
also after etanercept treatment. This suggests that the beneficial
effect observed in the present study was not attributable to anti-
proliferative effects of TNF neutralization. Paw diameters were

reduced in TNFR1�/� but not in TNFR2�/� mice, which may
indicate that the TNFR1 may contribute to tumor-induced in-
flammation and paw swelling. Inflammation-induced hyperalge-
sia was accompanied by an upregulation of TNFR1 mRNA in
neurons (Li et al., 2004), and TNFR1 was predominantly in-
volved in the generation of neuropathic pain (Sommer et al.,
1998).

We conclude that TNF� that is synthesized and released in
tumor tissue induces heat hyperalgesia by directly sensitizing no-
ciceptive neurons innervating the tumor area. As the main target
of TNF� signaling pathways, we identify TRPV1, which is up-
regulated in tumor-bearing mice. TNF� also causes fast sensiti-
zation of capsaicin and heat-activated ionic currents via p38/
MAP kinase and PKC in DRG neurons. Endogenous TNF�
requires TNFR2 to generate nociceptor sensitization and heat
hyperalgesia in our mouse soft tissue cancer pain model. To-
gether, our data support the use of TRPV1 and TNF� antagonists
in the treatment of cancer pain. In particular, blockade of TNFR2
may open new avenues for pain management in cancer patients.
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