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Acute p38-Mediated Modulation of Tetrodotoxin-Resistant
Sodium Channels in Mouse Sensory Neurons by Tumor
Necrosis Factor-o

Xiaochun Jin and Robert W. Gereau IV
Washington University Pain Center and Department of Anesthesiology, Washington University School of Medicine, St. Louis, Missouri 63110

Tumor necrosis factor-o (INFa) is a proinflammatory cytokine involved in the development and maintenance of inflammatory and
neuropathic pain conditions. TNFa can have long-lasting effects by regulating the expression of a variety of inflammatory mediators,
including other cytokines and TNF« itself. However, the speed with which TNF« induces tactile and thermal hypersensitivity suggests
that transcriptional regulation cannot fully account for its sensitizing effects, and some recent findings suggest that TNFo: may act
directly on primary afferent neurons to induce pain hypersensitivity. In the present study, we show that peripheral administration of
TNFa induces thermal hypersensitivity in wild-type mice but not in transient receptor potential vanilloid receptor TRPVI '~ mice. In
contrast, TNFa produced equivalent mechanical hypersensitivity in TRPV1~'~ mice and wild-type littermates, suggesting a role for
TRPV1 in TNFa-induced thermal, but not mechanical, hypersensitivity. Because tetrodotoxin (TTX)-resistant Na * channels are a
critical site of modulation underlying mechanical hypersensitivity in inflammatory and neuropathic pain conditions, we tested the effects
of TNFa on these channels in isolated mouse dorsal root ganglion (DRG) neurons. We report that acute application of TNFa rapidly
enhances TTX-resistant Na * currents in isolated DRG neurons. This potentiation of TTX-resistant currents by TNFa is dramatically
reduced in DRG neurons from TNF receptor 1 (TNFR1) knock-out mice and is blocked by the p38 mitogen-activated protein kinase
inhibitor $B202190 [4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl) 1H-imidazole]. Mechanical hypersensitivity induced by pe-
ripherally applied TNFa is also significantly reduced by $B202190. These results suggest that TNFoe may induce acute peripheral me-
chanical sensitization by acting directly on TNFR1 in primary afferent neurons, resulting in p38-dependent modulation of TTX-resistant

Na ™ channels.
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Introduction

Tumor necrosis factor-a (TNFa) is an important proinflamma-
tory cytokine produced by a variety of cell types, including im-
mune, neuronal, and glial cells (Tchelingerian et al., 1993; Wag-
ner and Myers, 1996; Wagner et al., 1998; Schafers et al., 2002; Li
etal., 2004). In response to injury or inflammation, TNFa serves
as a trigger for activation of other cytokines and growth factors.
In addition, TNFa plays a critical role in the development and
maintenance of inflammatory and neuropathic pain (Woolf et
al., 1997; Junger and Sorkin, 2000; Joseph and Levine, 2004; Som-
mer and Kress, 2004). For example, TNFa-neutralizing agents
attenuate thermal hyperalgesia and mechanical allodynia in ani-
mal models of neuropathic pain (Lindenlaub et al., 2000; Som-
mer et al., 2001; Sweitzer et al., 2001), and intraplantar adminis-
tration of TNFa produces hypersensitivity to thermal and
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mechanical stimuli in rats and mice (Cunha et al., 1992; Perkins
and Kelly, 1994; Woolfetal., 1997; Wacnik et al., 2005). However,
the mechanisms underlying the behavioral effects of TNFa are
not fully understood.

Although TNFa can have long-lasting effects by regulating the
expression of a variety of inflammatory mediators, the rapid on-
set of TNFa-induced pain hypersensitivity suggests that tran-
scriptional regulation cannot fully account for the sensitizing ef-
fects of TNFa (Sommer and Kress, 2004). TNFa applied directly
to dorsal root ganglion (DRG) neurons induces mechanical allo-
dynia (Homma et al., 2002; Schafers et al., 2003c¢), and subcuta-
neous TNF« increases mechanical sensitivity of C-fibers (Junger
and Sorkin, 2000). Furthermore, in vitro perfusion of TNFa to
intact or injured DRG elicits neuronal discharges in A- and
C-fibers (Liu et al., 2002; Zhang et al., 2002; Schafers et al.,
2003b), and application of TNFe to isolated skin enhances heat-
evoked CGRP release from nociceptor terminals (Opree and
Kress, 2000). Many of these effects occur in <5 min and are
therefore too rapid to be mediated by changes in gene expression.
However, the molecular mechanisms underlying these rapid sen-
sitizing effects of TNFa have not been elucidated.

Peripheral sensitization can be induced by modulation of a
variety of ion channels that mediate the transduction of thermal
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and mechanical stimuli or regulate excitability and action poten-
tial propagation (Bhave and Gereau, 2004). For example, the
noxious heat transduction channel transient receptor potential
vanilloid receptor 1 (TRPV1) can be sensitized by chronic TNFa
treatment (Nicol et al., 1997), a possible mechanism for the de-
velopment of heat hypersensitivity, but it is not obvious how
TRPV1 modulation would mediate enhanced sensitivity to me-
chanical stimuli. Among other ion channels critical in the genesis
of inflammatory and neuropathic pain are the TTX-resistant
(TTX-R) sodium channels (Bhave and Gereau, 2004; Wood et al.,
2004a,b). In the present study, we examined the modulation of
TTX-R Na™ channels in mouse DRG neurons by TNFa. We
show that acute application of TNFa to cultured mouse DRG
neurons rapidly enhances TTX-R currents via a TNF receptor 1
(TNFR1)- and p38-dependent pathway. These studies provide
the first evidence of rapid receptor-mediated modulation of no-
ciceptor excitability by TNFa and may provide an explanation
for the rapid sensitization to mechanical stimuli induced by
TNFa.

Materials and Methods

Animals. Adult male mice, 6—8 weeks old, of the following strains, ICR
(Taconic Farms, Germantown, NY), TRPVI~’~, TNFp55rKO
(TNFR1™/7), TNFp75rKO (TNFR2/~), and their appropriate wild-
type (WT) control strain (C57BL/6]) were purchased from The Jackson
Laboratory (Bar Harbor, ME). All studies were performed under the
guidelines of the National Institutes of Health and The International
Association for the study of Pain and were approved by the Animal Care
and Use Committee of Washington University School of Medicine.

Behavioral analysis. Mice were allowed to acclimate for 1d before base-
line testing. Mechanical sensitivity was assessed using von Frey hairs
(North Coast Medical, San Jose, CA). Mice were placed on elevated wire
mesh and allowed to acclimate to the testing environment for 2 h before
testing. The plantar surface of the hindpaw was stimulated with a series of
von Frey hairs. Each filament was applied five times, and threshold was
determined as the lowest force that induced hindpaw withdrawal on at
least three of five trials. Baseline values were defined as the mean of three
measurements before injection. To test the effect of TNFa on the basal
mechanical sensitivity, 1 ng of TNFe (in 10 ul) was injected into the
hindpaw plantar surface, and the paw-withdrawal thresholds of the ipsi-
lateral hindpaw were measured at 30, 45, 60, and 90 min after injection.
For the inhibitor experiments, vehicle (0.12% DMSO, 10 ul) or
SB202190 [4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl) 1H-
imidazole] (12 uM in 10 ul) was injected in the paw 20 min before the
injection of TNFa.

Thermal sensitivity was measured using radiant heat applied to the
plantar surface of the hindpaw (IITC Life Sciences, Woodland Hills, CA).
Paw-withdrawal latency was measured. The heat stimulus was termi-
nated with a withdrawal response or cutoffat 20 s to avoid tissue damage.
Before injections, three withdrawal latencies were recorded and averaged
as the baseline for each animal. In TRPV1 ™/~ mice, the average baseline
withdrawal latency was 14.31 * 2.17 s. This was significantly different
from wild-type littermates in which the baseline withdrawal latency was
6.81 = 0.97 s (p < 0.01, ANOVA). TNFa« (1 ng in 10 ul) was injected
intradermally in the planter surface of the hindpaw, and withdrawal
latencies were measured at 30, 45, 60, and 90 min after injection.

Preparation of DRG neuronal cultures. DRG neuronal cultures were
prepared using procedures similar to those described in our previous
publications (Hu et al., 2002; Yang and Gereau, 2004). DRGs were re-
moved and collected in cold (4°C) PBS without Ca*" or Mg”* (Medi-
atech, Herndon, VA). Ganglia were incubated in 15 U/ml papain in HBSS
(Mediatech) for 18 min at 37°C. After this initial enzyme treatment, the
ganglia were rinsed three times in HBSS and then incubated for 18 min
with 1.5 mg/ml collagenase (Sigma, St. Louis, MO) in HBSS at 37°C.
After washing three times with HBSS, ganglia were gently triturated with
a flame-polished Pasteur pipette. The tissue fragments were centrifuged
at 1000 rpm for 5 min, and the pellet was resuspended in neurobasal
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culture media (Invitrogen, Grand island, NY) with 5% FBS, 1% B27, 100
U/ml penicillin/streptomycin, and 2 mM glutamax. Cells were plated
onto poly-D-lysine-coated 12 mm glass coverslips and maintained at
37°C in a 95% air—5% CO, incubator overnight. Electrophysiological
recordings were performed within 24 h of cell isolation.

Electrophysiological recording. Standard whole-cell patch-clamp re-
cordings from cultured DRG neurons were performed at room temper-
ature (~22°C) using an Axopatch 200B amplifier. The pipettes were
prepared on a Flaming-Brown horizontal puller (P-87; Sutter Instru-
ments, Novato, CA) and fire polished. The resistance of the pipettes was
1-3 M(Q. In whole-cell voltage-clamp mode, the pipette capacitance cur-
rent was cancelled using the amplifier circuitry, and series resistance was
compensated by 70—80%. Currents were acquired using Clampex 8.2
software, filtered at 5 kHz, and digitized at a sampling rate of 20 kHz via
a Digidata 1322 series interface (Axon Instruments, Union City, CA). To
determine the voltage dependence of activation, channels were fully in-
activated by holding at —100 mV for 500 ms and then stepped to various
test potentials from —60 to 25 mV in +5 mV increments. The peak
current amplitudes observed at the different test potentials were con-
verted to macroscopic conductance using the equation G = I/(V — V),
where V is the calculated reversal potential. To determine the voltage
dependence of inactivation, a two-pulse protocol was used. Condition-
ing prepulses ranging from —100 to +20 mV were applied at 5 s intervals
in +5 mV increments for 1000 ms, followed by test voltage 0 mV for 100
ms. The values for voltage of half-maximal activation or inactivation
(V,,,) and slope factor k were estimated by fitting the activation and
steady-state inactivation curves with the Boltzmann equation G =
Goad (1 + exp[(Vy,, — V,)/k]), where V,,, is the potential at which
activation is half-maximal, V. is the membrane potential, and k is the
slope factor.

For voltage-clamp experiments, the pipette solution contained the
following (in mm): 120 KCl, 20 HEPES, 2.25 CaCl,, 5 EGTA, 5 ATP, and
0.4 GTP. The pH of the solutions was adjusted to 7.2 with KOH. To
measure A-type transient potassium currents (I,), cells were bathed in
Tyrode’s solution containing the following (in mm): 140 NaCl, 4 KCI, 2
MgCl,, 2 CaCl,, 5 glucose, and 5 HEPES, pH 7.4 (with NaOH). To record
Na™ currents, the solution was switched to an external solution that
suppressed K and Ca?* currents. This solution contained the following
(in mm): 40 NaCl, 90 tetraethylammonium (TEA)-Cl, 10
4-aminopyridine (4-AP), 10 HEPES, 2 BaCl,, 0.1 CaCl,, 0.4 CdCl,, and
10 glucose. The pH was adjusted to 7.4 with HEPES.

All patch-clamp analysis of Na ™ currents performed in this study was
restricted to small-diameter DRG neurons with TTX-resistant sodium
currents. These cells were identified in our studies by the presence of an
I,-like current of >200 pA evoked during repolarization to —50 mV
after a hyperpolarization to —110 mV. We found that 100% of I, ex-
pressing neurons expressed TTX-resistant sodium currents.

Immunohistochemistry. Cultured DRG neurons were washed with
Ca?*-free PBS and treated with drugs diluted in the external solution
used in Na™ current recording experiments. Cells were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer for 30 min and blocked with
3% goat serum in 0.2% Triton X-100/PBS for 1 h at room temperature.
The cells were then incubated with anti-phospho-p38 (p-p38) primary
antibody (rabbit, 1:400; Cell Signaling Technology, Beverly, MA) over
two nights at 4°C, followed by biotinylated secondary antibody (goat
anti-rabbit, 1:100, Vector Laboratories, Burlingame, CA) for 1.5 h at
room temperature and then extrAvidin peroxidase (1:100; Sigma) for 1 h
atroom temperature. DAB (Vector Laboratories) was used for detection.
The level of p38 phosphorylation in the cultures was quantified by both
counting p-p38-immunoreactive neurons and by measuring the inten-
sity of staining using a computerized image analysis system (SimplePCI;
Compix, Lake Oswego, OR). For each condition, 100 cells were selected
at random, and the staining intensity (in arbitrary units, ranging from 0
to 255) was measured from each cell while subtracting background. For a
given experiment, identical exposure times and illumination intensities
were used for all treatment conditions, and the experimenter was blind to
treatment during the random selection and measurement of staining
intensities.

Drug application. Recombinant murine TNFa was obtained from R &
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Figure1. Loss of TNFa-induced thermal hyperalgesia, but not mechanical hypersensitivity,

in TRPV1 ™/~ mice. Thermal withdrawal latencies (expressed as percentage of preinjection
baseline values) (4) and mechanical withdrawal thresholds (in grams) (B) before (baseline) and
after intraplantar injection of TNFcx (1 ng/10 wl) in TRPVI /" mice and WT littermates. The
experimenter was blind to the genotype of the animals. Three measurements were taken from
each animal overa period of 30 —90 min after TNFcinjection, and the average was taken as the
postinjection withdrawal threshold. Asterisks above the bars indicate the results of comparisons
for each condition to the preinjection baseline (paired  test for A; ANOVA for B). Asterisks above
the brackets indicate results of comparisons between the genotypes (unpaired ¢ test in 4;
ANOVA with post hoc Tukey's test for B). *p << 0.05; **p << 0.01. n = 6-9 animals per
condition. n.s., Not significant.

D Systems (Minneapolis, MN) and prepared as concentrated stock solu-
tions at 50 ug/ml in 0.1% BSA. 4-AP was purchased from Sigma.
SB202190 and its inactive analog SB202474 [4-ethyl-2( p-
methoxyphenyl)-5-(4'-pyridyl)-1 H-imidazole] were purchased from
Calbiochem (La Jolla, CA) and dissolved in DMSO (final concentration,
0.12%).

Statistical analysis. All data are expressed as mean £ SEM. Treatment
effects were statistically analyzed by one-way ANOVA, followed by post
hoc analysis using the Bonferroni’s correction, Tukey’s test, or Dunnett’s
test for multiple comparisons as indicated using Statistica Software (Stat-
soft, Tulsa, OK). Student’s ¢ test was used when comparisons were re-
stricted to two experimental groups. Error probabilities of p << 0.05 were
considered statistically significant.

Results

TNFa-induced thermal and mechanical hypersensitivity: the
role of TRPV1

As mentioned above, application of TNF can sensitize the nox-
ious heat transduction channel, TRPV1(Nicol et al., 1997). It is
clear that this modulation of TRPV1 could underlie the induction
of heat hypersensitivity by TNFa, but it is less obvious how
TRPV1 modulation would mediate the enhanced sensitivity to
mechanical stimuli induced by TNFa. To test the hypothesis that
TRPV1 is required only for TNFa-induced thermal hypersensi-
tivity, we examined the induction of thermal and mechanical
hypersensitivity by intraplantar injection of TNFa in TRPV1 ™/~
mice and wild-type littermates. Consistent with previous reports,
we found that intraplantar injection of TNFa induced both ther-
mal and mechanical hypersensitivity in wild-type mice (Fig. 1).
However, thermal hypersensitivity was not observed in
TRPVI™'~ mice, whereas mechanical hypersensitivity in
TRPV1~'~ mice was not significantly different from that ob-
served in WT littermates. These data support the hypothesis that
TNFa-induced thermal hyperalgesia requires the expression of
TRPV1, whereas TNFa-induced mechanical hypersensitivity oc-
curs via a TRPV1-independent mechanism.

Characterization of TTX-resistant Na ™ currents in mouse
DRG neurons

Previous studies suggest that TTX-R Na™ currents and TNF re-
ceptors are colocalized with TRPV1 and other nociceptive mark-
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ers in a subpopulation of DRG neurons (Cardenas et al., 1995,
1997; Li et al., 2004). To minimize variability in our recordings,
we chose to record from an electrophysiologically identified sub-
class of DRG neurons that is likely to include neurons expressing
both TTX-R Na* channels and TNF receptors. To do this, we
used electrophysiological signatures to classify small-diameter
DRG neurons, as described in Materials and Methods. Small-
diameter DRG neurons with an I, of >200 pA were selected for
study. I, was measured using the protocol as shown in Figure 2 A.
These were small-diameter DRG neurons, with an average diam-
eter of 25 = 2.5 um. The average peak current of I, in these cells
was 435 = 26 pA. Following this classification, Na ™ currents were
measured using an external solution containing TEA and 4-AP to
block K* currents and CdCl, to block Ca** currents. Figure 2B
shows an example of original Na " current records obtained from
an I,-expressing DRG neuron. To define whether currents were
TTX resistant, we perfused the cells with 250 nm TTX for 3 min.
There was no significant reduction in current amplitude in the
presence of TTX. This is in agreement with previous studies
showing that rat DRG neurons that express a prominent I, also
express only TTX-resistant Na * currents (Cardenas et al., 1999,
2001). The peak current value at multiple potentials was recorded
to generate I-V curves (Fig. 2C), and the voltage dependence of
activation and steady-state inactivation were measured using
protocols as shown in Figure 2D. The activation curve had an
average V,,, of —23.57 mV and a slope factor of 6.95 (n = 15),
whereas the V;,, for inactivation averaged —39.21 mV with a
slope factor of 10.16 (n = 12).

TNFa enhances TTX-RNa ™ currents

Previous studies have reported that TNFa can evoke action po-
tentials and increase discharge rates when applied locally to no-
ciceptive neurons (Sorkin et al., 1997; Junger and Sorkin, 2000;
Sorkin and Doom, 2000; Liu et al., 2002). The mechanisms un-
derlying this alteration in firing are not known, and we hypoth-
esized that this effect of TNFa might be mediated in part by
modulation of TTX-R Na ™ channels. As illustrated from the rep-
resentative recording in Figure 3A—C, bath application of mouse
recombinant TNFa (100 ng/ml) rapidly enhanced peak TTX-R
Na™ currents. The enhancement of TTX-R currents by TNFa
was typically observed within ~1 min of the onset of TNFa« ap-
plication and reached its peak effect within 3—5 min. This effect
was concentration dependent, with significant potentiation of
TTX-R currents seen at 20, 50, and 100 ng/ml TNFa;, as shown in
Figure 3D. The largest increase in currents was observed at 100
ng/ml TNFeq, in which we observed a 37.7% increase in peak
currents compared with the pre-TNFa current amplitude.

We also determined the effects of TNFa on biophysical prop-
erties of TTX-R currents, including conductance, the voltage de-
pendence, and slope factor in both activation and steady-state
inactivation from each individual cell. The results of this analysis
are shown in Table 1. Application of TNF« resulted in a signifi-
cantincrease in total TTX-R conductance from 121.23 = 21.43 to
172.20 = 25.30 pS (n = 8). However, TNFa had no effect on the
gating properties as assessed by comparing V,, and k in the acti-
vation or steady-state inactivation curves.

p38 mitogen-activated protein kinase modulates TTX-R Na ™
currents and mediates sensitization of TTX-R by TNF«

It has been reported that TNF receptors can signal through acti-
vation of the p38 mitogen-activated protein kinase (MAPK) cas-
cade in DRG neurons as well as many other cell types (Pollock et
al.,, 2002; Wu, 2004). Furthermore, p38 inhibitors can block
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TNF-induced pain sensitization in vivo (Schafers et al,
2003b). These data suggest the possibility that TNFa might
modulate TTX-R Na ™ currents via activation of p38 MAPK.
We therefore investigated the role of p38 MAPK in the TNFa-
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induced enhancement in TTX-R Na * cur-
rents in cultured mouse DRG neurons.
First, we exposed DRG neurons to the p38
inhibitor SB202190 alone for at least 3
min. We found that SB202190 induced a
significant decrease in basal TTX-R Na ™
currents in these cells (Fig. 4). The average
peak current was reduced by 19.03 =
2.84% (n = 19) in the presence of
S$B202190 (10 uMm), whereas in vehicle
(0.1% DMSO)-treated cells under the
same recording conditions, currents were
reduced by an average of only 6.38 *
1.84% (n = 13). The decrease under the
control conditions represents the typical
time-dependent rundown of TTX-R cur-
rents observed over a 5 min recording pe-
riod under our conditions (Figs. 3D, 4D)
(see Fig. 7C). SB202190 had no effect on
V., or the slope factor but significantly
decreased maximal conductance (Table
1). The G,,,, was 118.92 = 11.77 pS under
control conditions and was 88.11 * 11.34
pS (n = 8) after SB202190 application. In
contrast to the effects of the p38 inhibitor
S$B202190, TTX-R currents were not sig-
nificantly reduced relative to control in
the presence of SB202474 (10 uM), an in-
active structural analog of SB202190 that
does not inhibit p38 (Lee et al., 1994) (Fig.
4D).

The effects of SB202190 were precisely
the opposite of what was observed with
TNFa application, suggesting that there
might be basal p38 activation in these cells
and further that p38 might mediate the po-
tentiation of TTX-R currents induced by
TNFa. To test this hypothesis, we next in-
vestigated whether the enhancement of
TTX-R currents by TNF could be blocked by
inhibition of p38. Cells were treated with
SB202190 (10 um) before and during appli-
cation of TNFa (100 ng/ml). Under these
conditions, TNF had no significant effect on
TTX-R currents compared with vehicle-
treated cells (Fig. 5). Pretreatment with
SB202190 decreased peak currents and
abolished the TNF-induced enhancement
of TTX-R.

It should be noted that, in some of our
recordings, there was a residual unblocked
outward current (Figs. 2B, 4B). It is con-
ceivable that, in cells in which there is signif-
icant unblocked outward current, some of
the effects of TNFa or the p38 inhibitor on
the amplitude of the inward current may be
impacted by effects on this outward current.
However, we did not see significant effects
on this outward current, and we have ob-

served modulation of TTX-R sodium currents by TNFa and the
p38 inhibitor in cells with no unblocked outward current. Thus,
modulation of the unblocked outward current is not the primary
mechanism for this modulation.
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Table 1. Effects of TNFa: (100 ng/ml) and $B202190 (10 p m) on properties of TTX-R Na™ currents in mouse DRG neurons

l/'I/Z

Slope factor Grnax

Pre-TNFor Post-TNFor Pre-SB Post-SB

Pre-TNFa Post-TNFax Pre-SB Post-SB Pre-TNFor Post-TNFar Pre-SB Post-SB

—24.19 = 361
—34.13 £ 417

—22.94*62
—43.88 = 6.24

—18.86 = 2.8
—40.64 = 6.24

Activation
Inactivation

—17.64 =33
—3941 =215

401 =101
1152 = 1.67

542103 676 =047 542*052
10.65 =099 736 =076 8.04 +3.59

12159 £1299 17221 £253% 11892 = 1177 88.11 £ 11.34*

*p << 0.05 indicates significant differences by paired ¢ test. SB, $8202190.

TNF activates p38 MAPK in mouse DRG
neurons in vitro

The electrophysiological data described above
strongly suggest that p38 MAPK mediates the
modulation of TTX-R Na™ currents by TNF«
and suggest that TNFa activates p38 in mouse
DRG neurons. To test this more directly, we
used immunohistochemistry to determine
whether TNF caused increases in active (phos-
phorylated) p38 in mouse DRG neurons under
conditions similar to those used in our electro-
physiological recordings. Cultured DRG neu-
rons were treated with TNFa (100 ng/ml) or
anisomycin (200 nM, as a positive control) for
20 min. The cells were then fixed and processed
for immunohistochemistry using a phospho-
specific p38 antibody. As illustrated in Figure
6 A, there were few neurons labeled for p-p38 in
control DRG cultures, consistent with previous
reports (Pollock et al., 2002; Schafers et al.,
2003b). Application of TNFa clearly induced
p38 activation, both in terms of staining inten-
sity and in the number of positive cells, to an
extent similar to that observed in response to
the positive control (anisomycin). TNFa in-
creased  the  percentage  of  p-p38-
immunoreactive neurons to 14.9% compared
with 5.4% in control cultures; a similar en-
hancement was observed with anisomycin. The
staining intensity (in arbitrary units ranging
from 0 to 255) of p-p38 immunoreactivity was
also increased to 62.04 = 2.35 in TNFa« treat-
ment from 49.31 = 1.51 in control conditions,
again similar to what was observed with
anisomycin.

The role of TNFRI1 in the modulation of
TTX-R currents by TNFa

Recent evidence has indicated that TNFRI
(p55) and TNFR2 (p75) are expressed in rat
DRG neurons (Shubayev and Myers, 2001; Pol-
lock et al., 2002), although the presence of
TNFR2 in these cells is controversial (Li et al.,
2004; Inglis et al., 2005). To test whether the
TNFa-induced enhancement of TTX-R cur-
rents occurs via activation of TNFR1, TNFR2,
or both receptors, we compared the effects of
TNFa on TTX-R Na* currents in DRG neu-
rons prepared from wild type with those pre-
pared from TNFR1 or TNFR2 knock-out mice.
The TNFR1™'~ and TNFR2™'~ mice were gen-
erated in the C57BL/6J strain (Pfeffer et al.,
1993; Erickson et al., 1994), so C57BL/6] mice
were used as wild-type controls for this experi-
ment. We detected no major differences in
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DRG neurons in the C57BL/6] strain com-
pared with the ICR mice used in the exper-
iments above, including that there was no
significant difference in the magnitude of
potentiation of TTX-R by TNF« (potenti-
ation in ICR mice by TNF was 37.68 =
5.49%, and, in C57BL/6 mice, the potenti-
ation averaged 26.14 = 4.0%; p > 0.1,
ANOVA). As shown in Figure 7, the TNFa
(100 ng/ml)-induced enhancement of
TTX-R currents was significantly reduced
in TNFRI™/~ mice relative to WT con-
trols, with a 66% decrease in the enhance-
ment of TTX-R currents in TNFRI ™/~
mice. In contrast, the enhancement of
TTX-R currents by TNFa was not signifi-
cantly reduced in the TNFR2™/" mice rel-
ative to WT controls. This suggests that
TNFa sensitization of TTX-R Na ™ chan-
nels is dependent on TNFRI1 but not
TNEFR2.

The p38 inhibitor $B202190 induced a
similar inhibition of basal TTX-R Na™
currents in TNFRI™/~, TNFR2™/~, and
wild-type mice. This suggests that the
basal p38 activity in mouse DRG neurons
is not attributable to basal activity of
TNFR1 or TNFR2. The inhibition by
SB202190 was similar in neurons prepared
from wild-type C57BL/6] and ICR mice.

P38 activity is required for mechanical
hypersensitivity induced by TNFa
Thus far, our results suggest that TNFa
promotes thermal hyperalgesia (but not
mechanical  hypersensitivity) via a
TRPV1-dependent mechanism. Further-
more, our biochemical and electrophysio-
logical studies show that TNFa can sensi-
tize TTX-R sodium channels via activation
of p38. If this sensitization of TTX-R so-
dium channels underlies mechanical hy-
persensitivity induced by TNFq, then this
hypersensitivity should be reduced by in-
hibition of the p38 pathway. To test this
hypothesis, we performed behavioral
studies in which male ICR mice were pre-
treated with the p38 inhibitor SB202190
(12 uM in 10 pl) or vehicle (0.12%
DMSO) 20 min before intraplantar injec-
tion of TNFea (1 ngin 10 ul). Intraplantar
injection of TNFa induced robust me-
chanical hypersensitivity in the vehicle-
pretreated mice. This hypersensitivity was
significantly reduced when mice were pre-
treated with the p38 inhibitor SB202190,
whereas treatment with vehicle or
SB202190 alone did not produce any sig-
nificant analgesia (Fig. 8). These data sug-
gest that mechanical hypersensitivity in-
duced by TNF« is dependent on the p38
pathway.

The present results show that TNFe in-
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duces mechanical and thermal hypersensitivity in WT mice but
only mechanical hypersensitivity in TRPV1~’~ mice (Fig. 1).
This complete deficit in TNFa-induced thermal hyperalgesia in
TRPV1~'~ mice is curious given that TNFa still induces a robust
sensitization of TTX-R Na ¥ currents in DRG neurons prepared
from TRPV1~’~ mice (TNFa-induced potentiation of TTX-R is
26.12 = 4.0 (n =7) in WT mice compared with 25.43 = 3.33 (n =
7) in TRPV1™’" mice; data not shown). Together, these results
collectively suggest that thermal hyperalgesia induced by periph-
erally applied TNF« is mediated via TRPV1 and not TTX-R so-
dium channels, whereas mechanical hypersensitivity induced by
TNFa does not require TRPV1 and may involve modulation of
TTX-R sodium channels.

Discussion

Peripheral administration of TNFa can induce rapid sensitiza-
tion to both thermal and mechanical stimuli. Nicol et al. (1997)
showed previously that TNFa can sensitize the noxious heat-
sensing protein TRPV1. Whether this effect is mediated by tran-
scriptional or posttranslational mechanisms is not known, al-
though it requires the increased production of prostaglandin E2.
TRPV1 sensitization was induced by prolonged pretreatment
with TNFa (>4 h) (Nicol et al., 1997). If TNF can also rapidly
sensitize TRPV1, then this could explain the ability of TNFa to
cause rapid sensitization to thermal stimuli. This hypothesis is
supported by our findings that TNFa induces thermal hyperal-
gesia in wild-type mice but not in their TRPVI /" littermates.
TRPV1 modulation is not involved in peripheral mechanical sen-
sitization induced by TNFa, however, because we found no re-
duction in tactile hypersensitivity in TRPVI /" mice compared
with WT littermates.

TNFa has been shown to regulate a variety of ion channels in
the nervous system. For example, TNFa decreases outward K*
currents in retinal ganglion neurons (Diem et al., 2001) and in-
creases L-type Ca®" currents in hippocampal (Furukawa and
Mattson, 1998) and superior cervical ganglion (Soliven and Al-
bert, 1992) neurons. Modulation of similar channels in DRG
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neurons could mediate TNFa-induced mechanical hypersensi-
tivity. Our results show that TNFa can acutely sensitize TTX-R
sodium currents in nociceptors. In theory, this mechanism could
account for acute sensitization to both thermal and mechanical
stimuli induced by TNFa. However, our behavioral results sug-
gest that modulation of TRPV1 is of greater importance than
modulation of TTX-R in establishing thermal sensitization after
exposure to TNFa. Although p38 sensitizes TTX-R and p38 in-
hibitors prevent mechanical sensitization induced by peripher-
ally applied TNFe, this is only suggestive that modulation of
TTX-R by p38 underlies this sensitization. In future studies, it
will be important to address this question more directly by testing
whether TNFa can induce mechanical hypersensitivity in mice
lacking TTX-R channel subunits.

TNFa exerts its effects on cells via activation of two receptor
subtypes: TNFR1 and TNFR2 (Wu, 2004). Previous studies have
shown that TNFa, TNFR1, and TNFR?2 are expressed in adult rat
DRG neurons (Shubayev and Myers, 2001; Pollock et al., 2002;
Schafers et al., 2003a), and both TNF« and its receptors are
upregulated in DRG neurons after chronic constriction injury
(Shubayev and Myers, 2001; Schafers et al., 2003a). TNFR1 ap-
pears to be particularly important in the pain-sensitizing actions
of TNFe, because mechanical hypersensitivity induced by exog-
enous TNFa or by inflammation is reduced in TNFRI ™/~ mice
(Cunha et al., 2005) and antisense knockdown of TNFR1 reduces
hyperalgesic priming after inflammation in the rat (Parada et al.,
2003). Furthermore, neutralizing antibodies against TNFR1, but
not those against TNFR2, reduce thermal and mechanical hyper-
sensitivity after nerve injury (Sommer et al., 1998). Our studies
are consistent with these findings in that we demonstrate a critical
role for TNFR1, but not TNFR2, in the sensitization of TTX-R by
TNFa.

TNF receptors activate multiple signaling pathways, including
ceramide signaling and activation of several MAPK pathways (Jo-
seph and Levine, 2004; Wu, 2004). It is now recognized that the
p38 MAPK pathway is an important regulator of inflammatory
and neuropathic pain (Ji et al., 2002; Kim et al., 2002; Jin et al.,
2003; Milligan et al., 2003; Svensson et al., 2003a,b; Inoue et al.,
2004; Ji, 2004; Ji and Strichartz, 2004; Obata et al., 2004a,b;
Sweitzer et al., 2004a,b; Mizushima et al., 2005; Svensson et al.,
2005a,b; Tsuda et al., 2005). Peripheral inflammation results in
p38 activation in nociceptive DRG neurons, and p38 participates
in the maintenance of inflammatory heat hyperalgesia by increas-
ing TRPV1 expression (Jietal., 2002). TNFa activates p38 MAPK
in cultured DRG neurons (Pollock et al., 2002), and treatment
with the TNFa antagonist Etanercept attenuates mechanical hy-
persensitivity before but not after spinal nerve ligation, an effect
that is mimicked by the p38 inhibitor SB203580 (Schafers et al.,
2003b). Although these data provide substantial evidence that
p38 activation is downstream of TNFa and participates in pain
hypersensitivity after inflammation and nerve injury, we do not
know the downstream targets of p38 that mediate this sensitiza-
tion. We show here that p38 activity modulates TTX-R Na™
channels in mouse DRG neurons. Furthermore, we show that
activation of TNFR1 induces p38 activity in mouse DRG neurons
and enhances TTX-R currents in a p38-dependent manner.

We found that p38 inhibitors have effects on basal TTX-R
Na™ currents in isolated DRG neurons, suggesting that there is
basal p38 activity in our preparation. This is perhaps not surpris-
ing given that an isolated sensory neuron could be looked at as a
rather severe axotomy model, and previous studies have shown
that nerve injury leads to enhanced p38 activity in DRG somata
(Kim et al., 2002; Jin et al., 2003). Indeed, our results indicate that
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there is a low level of active p38 in unstimulated DRG neurons
(Fig. 6). It is interesting to note that previous studies have shown
enhanced effects of TNFa when applied to injured and adjacent
uninjured neurons in the DRG from nerve-injured rats (Schafers
etal., 2003c¢). It is possible that the effects we are studying in our
isolated DRG neurons reflects more the sensitized state observed
in nerve-injured animals than it does the naive state. Neverthe-
less, we do find that peripherally administered TNF« sensitizes
naive mice to both thermal and mechanical stimuli by a p38-
dependent mechanism. Whether the enhanced response to
TNFa in nerve-injured animals represents an amplification of
the same mechanism seen in naive animals or a different mecha-
nism that is induced by injury remains to be determined.

The studies reported here show that TNFa can directly sensi-
tize nociceptors via a TNFRI1- and p38-dependent mechanism.
This effect is rapid, beginning ~1 min after the application of
TNFa, suggesting a direct action of TNFR1-mediated signaling
pathways on TTX-R. Our finding that the potentiation of TTX-R
by TNFa was significantly reduced in TNFRI ™/~ mice relative to
wild types suggests a prominent role of TNFR1 in mediating this
sensitization. The small potentiation of TTX-R by TNF« in
TNERI~’~ DRG neurons suggests a possible role for a TNFR1-
independent mechanism in mediating these effects in the
TNFRI™~ mice. Although we observed no difference in poten-
tiation of TTX-R in TNFR2™/~ mice compared with wild type, it
is possible that, in the context of the TNFR1 knock-out, TNFR2
might play a greater role. Nevertheless, our results show that
activation of TNFRI is the major mechanism by which TNF«
modulates TTX-R.

Our findings provide support for the hypothesis that the pain-
sensitizing actions of TNFa are mediated through activation of
p38 and suggest that p38 may enhance TTX-R by phosphorylat-
ing TTX-R sodium channels or an associated protein. Previously,
p38 has been reported to directly modulate other voltage-gated
sodium channels. For example, Wittmack et al. (2005) showed
that Nav1.6 is modulated by p38 activation, and this effect could
be eliminated by mutating a p38 phosphorylation site (Wittmack
et al., 2005). In this case, p38 activation resulted in a decrease in
current density, whereas our results show that p38 activation
leads to an increase in TTX-R currents in DRG neurons. Future
studies should endeavor to identify p38 phosphorylation sites in
sodium channel subunits to test whether the modulation of
TTX-R is mediated by direct phosphorylation of the channel. For
example, the published mouse Nav1.8 sequence contains 15 con-
sensus sites for phosphorylation by MAPKs, including p38 (Sous-
lova et al., 1997; Sharrocks et al., 2000). Twelve of these consensus
sites are located on predicted intracellular domains, making them
possible targets for p38-mediated phosphorylation and modula-
tion of Navl.8.

Although our results may help explain some of the more rapid
pain-sensitizing effects of TNF, it is clear that the overall role of
TNFa and related cytokines in mediating various types of chronic
pain is much more complex. Many effects of TNFa are mediated
by synergistic interactions with other cytokines. For example,
only the combination of TNFe, interleukin-13, and
interleukin-8 is capable of inducing nociceptive writhing re-
sponses after intraperitoneal injection in mice, whereas TNFa
alone does not (Ribeiro et al., 2000). Here, we have shown induc-
tion of mechanical and thermal hypersensitivity by injection of
TNFa alone and effects of TNFa on isolated DRG neurons in
vitro, but whether these effects require the concomitant activity of
other cytokines is not known. In addition, TNFa can have
TNFR1- and TNFR2-independent effects on cells; in vitro, TNFa
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can have intrinsic ion channel-forming activity, and this action
may underlie some physiological effects of TNFa (Kagan et al.,
1992).

TNFa inhibitors are effective for the treatment of inflamma-
tory pain conditions, including rheumatoid arthritis and inflam-
matory bowel diseases (Hanauer, 2004; Toussirot and Wendling,
2004; Wendling and Toussirot, 2004; Goldblatt and Isenberg,
2005). The agents currently on the market act by sequestering
endogenous TNFa. Our findings together with previous reports
showing amelioration of pain in a variety of models by reducing
TNFR1 activation suggest that agents that specifically target
TNFR1 or downstream signaling molecules, including p38, could
also be effective in specifically targeting pain hypersensitivity in-
duced by TNFa.
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