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Abstract
The proinflammatory cytokine TNF-alpha has been shown to promote activation and sensitization
of primary afferent nociceptors. The downstream signaling processes that play a role in promoting
this neuronal response remain however controversial. Increased TNF-alpha plasma levels during
migraine attacks suggest that local interaction between this cytokine and intracranial meningeal
nociceptors plays a role in promoting the headache. Here, using in vivo single unit recording in the
trigeminal ganglia of anesthetized rats, we show that meningeal TNF-alpha action promotes a
delayed mechanical sensitization of meningeal nociceptors. Using immunohistochemistry, we
provide evidence for non-neuronal localization of the TNF receptors TNFR1 to dural endothelial
vascular cells and TNFR2 to dural resident macrophages as well as to some CGRP-expressing
dural nerve fibers. We also demonstrate that meningeal vascular TNFR1 is co-localized with
COX-1 while the perivascular TNFR2 is co-expressed with COX-2. We further report here for the
first time that TNF-alpha evoked sensitization of meningeal nociceptors is dependent upon local
action of cyclooxygenase (COX). Finally, we show that local application of TNF-alpha to the
meninges evokes activation of the p38 MAP kinase in dural blood vessels that also express
TNFR1 and that pharmacological blockade of p38 activation inhibits TNF-alpha evoked
sensitization of meningeal nociceptors. Our study suggests that meningeal action of TNF-alpha
could play an important role in the genesis of intracranial throbbing headaches such as migraine
through a mechanism that involves at least partly activation of non-neuronal TNFR1 and TNFR2
and downstream activation of meningeal non-neuronal COX and the p38 MAP kinase.

1. Introduction
Throbbing headaches of intracranial origin, such as migraine are mediated by primary
afferent nociceptive neurons that innervate the intracranial meninges and their related large
blood vessels [23,27,40]. Increased discharge of these meningeal nociceptors has been
suggested to promote the ongoing headache while increases in their mechanosensitivity is
believed to mediate the throbbing pain as well as the exacerbation of the headache during
events that increase intracranial pressure. The endogenous processes that promote meningeal
nociceptors’ activation and mechanical sensitization during a headache episode remain

© 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

Correspondence and reprint requests: Dan Levy, Ph.D., Department of Anesthesia, Critical Care, and Pain medicine, Center for Life
Science, Room 639, 330 Brookline Avenue, Boston MA 02215. Tel: 617 735-2836, Fax: 617 735-2826, dlevy1@bidmc.harvard.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors declare no conflicts of interest.

NIH Public Access
Author Manuscript
Pain. Author manuscript; available in PMC 2012 July 09.

Published in final edited form as:
Pain. 2011 January ; 152(1): 140–149. doi:10.1016/j.pain.2010.10.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



speculative although local sterile meningeal inflammatory response has been suggested to
play a critical role [18].

One particular proinflammatory mediator, the cytokine tumor necrosis factor- α (TNF-α)
has been shown to promote in vivo activation and sensitization of primary afferent
nociceptors innervating the hind paw [4,14], as well as deep musculoskeletal [17] and
cranial muscular tissues [11]. The finding of elevated levels of TNFα in the internal jugular
blood during migraine attacks [30,34] and increases in its CSF levels in chronic migraine
patients [33] point to TNF-α as a potential critical mediator of migraine pain. However,
whether this cytokine affects the response properties of meningeal nociceptors is not known.

Under normal physiological conditions, TNF-α has been suggested to promote enhanced
nociception primarily through the activation of the TNF receptor 1 (TNFR1) [7,20,36,38]
while under persistent injurious condition, activation of a second TNF receptor (TNFR2) has
been implicated [4,36]. The peripheral cell types that express TNF-α receptors and the
downstream signaling processes that mediate the pro-nociceptive effect of TNF-α remain
however highly controversial. In-vitro studies conducted on dorsal root and trigeminal
ganglia neurons have suggested that the nociceptive effects of TNF-α are mediated through
direct interaction with neuronal TNF receptors and the consequent activation of various
downstream intracellular signaling cascades including among others TRPV1 channels [26],
TTX-resistant sodium channels [13], voltage activated calcium channels [8], intracellular
calcium mobilization-related sphingolipid signaling [31] as well as the p38 MAP Kinase
[4,13]. Whether these signaling cascades also play a role in mediating nociceptor
sensitization at the nerve endings level is not known at present.

In addition to its postulated action on neuronal receptors, data from behavioral studies
suggests that the enhanced nociception evoked by peripheral administration of TNF-α
depends upon the local release of other immune or vascular-related mediators [6,
7,28,32,43]. The findings that pain hypersensitivity evoked by peripherally administered
TNF-α can be ameliorated by systemic administration of non-selective cyclooxygenase
(COX) inhibitors indometacin [7] or ibuprofen [35] suggest in particular the involvement of
COX-derived prostaglandins in this process. Whether the nociceptors’ sensitizing effect
exerted by TNF-α is mediated by local COX action is unknown.

Given its potential role as a headache mediator, in this work we initially investigated
whether TNF-α can activate or sensitize meningeal nociceptors. Using local dural
application of specific inhibitors, we then examined the relative contributions of local COX
activity and the p38 MAPK signaling cascade in mediating the sensitizing effect of TNF-α
effects. Finally, using immunohistochemistry, we investigated cell types that express TNF-α
receptors in the dura mater.

2. Materials and methods
2.1 Animals

Sprague-Dawley male rats (250–300 g) were used in compliance with the experimental
protocol approved by the institutional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center and Harvard Medical School and adhered to the guidelines of the
Committee for Research and Ethical Issues of the international association for the study of
Pain [48].

2.2 Electrophysiological recordings
Rats were deeply anesthetized with an initial intraperitoneal dose of 1.5 g/kg urethane plus
0.2 g/kg supplemental doses as needed. Single-unit recordings of meningeal nociceptors in
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the trigeminal ganglion were conduced as described before [19,46]. Briefly, the rat’s head
was mounted in a stereotaxic apparatus and a craniotomy was used to expose the left
transverse sinus, as well as the adjacent dura extending approximately 4 to 6 mm rostral and
2 mm caudal to the sinus. The exposed dura was then constantly bathed with modified
synthetic interstitial fluid (SIF; 135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 5 mM CaCl2, 10
mM glucose and 10 mM HEPES, pH 7.2). For single unit recording, a platinum-coated
tungsten microelectrode (impedance ~150 KΩ; FHC, Bowdoin, ME) was lowered into the
trigeminal ganglion through a small circular opening (2-mm wide) located 2 mm caudal to
Bregma and 2 mm left to the midline. Meningeal nociceptors were identified by their
constant latency responses to electrical stimuli (0.5 ms pulse, 0.5–5 mA, 0.5 Hz) applied to
the transverse sinus. Conduction velocities were calculated based on a conductance distance
between the stimulation site on dura and the recording site in the trigeminal ganglion of 12.5
mm and units were classified as either Aδ units (CV >1.5 m/sec) or C units (CV ≤1.5 m/
sec). During the experiments, action potentials were acquired using a real-time waveform
discriminator (Spike 2, CED, Cambridge, UK). Only one unit was tested in each animal.

2.3 Mechanical stimulation
Mechanical receptive fields of meningeal nociceptors were initially mapped using a series of
calibrated von Frey monofilaments exerting pressure stimuli in the range of 38–443 kPa.
Mechanically evoked neuronal responses were then determined quantitatively using a servo
force-controlled stimulator (Series 300B, Aurora Scientific, Aurora, ON) fitted with a flat-
ended plastic cylinder. One of three probe diameters (0.5, 0.8, or 1.1mm) was selected for
each neuron, depending on the sensitivity of the neuron. Stimulus intensity is reported in
units of pressure or force per area (kPa, where 1kPa = 1mN/mm2). Stimulus trials for testing
changes in mechanical sensitivity consisted of graded square-wave stimuli (100-msec rise
time, 2-sec width, 60-sec inter-stimulus interval) delivered in ascending order, which
included threshold and suprathreshold stimuli. Neuronal responses to mechanical
stimulation of the dura as well as ongoing spontaneous activity, were recorded every 15 min
throughout the experiment. Baseline measurements of spontaneous and mechanically
evoked activity were obtained in at least 3 consecutive trials prior to drug administration.
Only units that exhibited consistent responses were tested further.

2.4 Experimental Design
Following the establishment of baseline neuronal responsiveness, the exposed dura was
bathed for 60 min with recombinant rat TNF-α (rrTNF-α, 100 ng/ml, Peprotech, Rocky
Hill, NJ) followed by a wash with SIF for another 60 min. The dose of TNF-α was chosen
based on previous studies [3,13,31] as well as our preliminary data. To control for non-
specific effects of TNF-α, in another group of animals, baseline neuronal responses were
first obtained while the dura was pretreated with a SIF solution containing also a pegylated
soluble TNFR1 which binds and neutralizes TNF (PEG-sTNFR1, 1.5 mg/ml, a gift from
Amgen). Changes in ongoing activity and neuronal mechano-responsiveness were then
recorded while the dura was bathed for 60 min with a mixture containing TNF-α and the
PEG-sTNFR1 followed by 60 min wash period with SIF.

To examine the relative contribution of COX-related mediators in the development of TNF-
α evoked meningeal nociceptors’ sensitization, a mix of TNF-α and the presumed selective
inhibitors of COX-1 (SC-560, 100 nM) or COX-2 (NS-398, 10 µM) was applied for 60 min
while recording changes in neuronal responses. The relative contribution of the MAP kinase
p38 was tested similarly by applying a mixture of the p38 inhibitor SB203580 (50 µM,
Tocris, International) and TNF-α for 60 min. Drug doses chosen for this study were derived
from previous reports [2,12,19,22,25]. Some additional units were tested only with the COX
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and p38 inhibitors to examine their effect on the ongoing discharge rate and
mechanosensitivity. In these studies, the inhibitors were applied for 60 min to the dura.

2.5 Immunohistochemistry
Rats were anesthetized with urethane as above and perfused transcardially with cold
heparinized solution of 0.1 M phosphate-buffered saline (PBS, pH 7.4), followed by freshly
made cold 4% paraformaldehyde in 0.1 M PBS. To study the expression of TNF-α
receptors, the dura was removed and processed for either single or double labeling
immunohistochemistry. Following an antigen retrieval protocol (2 hr incubation with citrate
buffer, pH 6.0 at room temperature), sections were further incubated for 2 h at room
temperature in 0.1 M PBS containing 2% fetal bovine serum as well as a non-immune serum
from the host species of the secondary antibody and 0.1% Triton-X to block non-specific
binding. Following blocking, specimen were incubated for 48 h at 4 °C with primary
antibodies against TNFR1 (mouse monoclonal antibody raised against amino acids 30–301
mapping within the extracellular domain of TNFR1, SC-8436, 1:250, Santa Cruz
Biotechnology) or against TNFR2 (goat polyclonal antibody raised against the C-terminus
of TNFR2, SC-1072, 1:500, Santa Cruz Biotechnology). To examine dural cell types that
might express TNFR1 and TNFR2, double labeling were conducted in conjunction with
another antibody to detect: 1) peripheral nerve fibers (Peripherin, Rabbit polyclonal
antibody, 1:1000, Ab1530, Millipore, or CGRP, Rabbit polyclonal antibody, 1:1000 T-4032,
bachem), 2) dural vascular endothelial cells (vimentin, Rabbit polyclonal antibody, 1:250,
SC-5565, Santa Cruz biotechnology), or 3) resident macrophages (mouse monoclonal
antibody, CD163, clone ED2, 1:500, MCA342, Serotec) as we described earlier [47]. For all
indirect immunofluorescence, Alexa 594 and/or Alexa 488- conjugated secondary antibodies
(1:200, Invitrogen,) were employed. To investigate changes in dural expression of the
phosphorylated form of p38 (pp38) after TNF-α treatment, a bilateral craniotomy was made
to expose the dura mater. A TNF-α solution (100 ng/ml in SIF) was then placed on the left
side of dura for 30 min. Ipsilateral and contralateral dural samples were then processed for
immunohistochemistry using a rabbit polyclonal antibody that recognizes the p38 MAPK
when phosphorylated at Thr180 and Tyr182 (1:500, Cat# 9211, Cell Signaling). Given that
TNF-α evoked pp38 expression was detected only on dural blood vessels, TNF-α incubated
dura mater samples were also dually labeled with the TNF-R1 antibody (also found to be
expressed in dural blood vessels) and the pp38 antibody. To examine potential changes in
dural vascular pp38 expression, the number of pp38 labeled vessels were counted in 15
separate visual fields, under X200 objective. For all immunohistochemical studies, controls
for non-specific staining included omission of the primary antibody. For the TNFR2
antibody, a pre adsorption protocol (2 hr incubation with a blocking peptide for TNFR2,
sc-1072 P, Santa Cruz biotechnology) was also conducted. Immunofluorescence images
were obtained using a Leica fluorescent microscope (Leica DM6000). For each image, a
montage was created from at least 10 consecutive optical images (≤1 micron sections) by
utilizing the advanced motorized Z-stacking capability of the microscope.

2.6 Statistical analyses
Data are presented as mean ± SEM. TNF-α evoked sensitization was analyzed by applying
the Friedman test on all time points tested. The level of significance was set at p=0.05. The
time course of sensitization was analyzed by comparing neuronal responses at baseline to
those obtained at 15, 30, 45 and 60 min after treatment with TNF-α and 60 min after wash
with using the wilcoxon matched pairs signed ranks test. For this subsequent post hoc test,
the Bonferroni correction was applied to lower the level of significance to 0.001 (i.e.,
0.05/5). To test inhibition of TNF-evoked sensitization, the wilcoxon matched pairs signed
ranks test was used. To test changes in the number of p38-labled dural vessels, the Mann
Whitney test was applied. For these tests, p<0.05 was considered statistically significant.
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3. Results
3.1 Responses of meningeal nociceptors to exogenous application of TNF-α

TNF-α evoked changes in ongoing discharge levels and mechanosensitivity was examined
in 15 meningeal nociceptors (6 Aδ and 9 C-units). Among the units tested, neuronal
activation was rare with only 2 Aδ units showing increased neuronal discharges. This
increased activity returned to baseline almost immediately upon wash with SIF. As the
example in Figure 1 demonstrates, in contrast to the lack of activation, dural application of
TNF-α resulted in a progressive increase in mechanosensitivity. TNF-α evoked sensitization
was noted in 10/15 units tested (5 Aδ and 5 C-units) with similar response profiles exhibited
by both neuronal populations. Overall for the populations, there was a significant increase in
threshold responses over time (Figure 2a, p<0.05 Friedman test). While some units showed
sensitization beginning at 30 min, post hoc analysis revealed a statistically significant
increase in threshold responses starting at 45 min post TNF-α application (p<0.05,
Wilcoxon test). Following 60 minutes of wash with SIF, 8/10 units remained sensitized with
overall enhanced threshold responsiveness elevated for the population (p<0.05, Wilcoxon
test). Similar to the increases seen in threshold responsiveness, TNF-α application also
promoted an increase in the suprathreshold responses in 9/15 units (5 Aδ and 4 C-units)
tested (p<0.05, Friedman test). This increased responsiveness, similar to the increase in
threshold responses, also began at 45 min (p<0.05, Wilcoxon test). The enhanced
responsiveness of most units (7/9) remaining elevated (p<0.05, Wilcoxon test) even after a
60 min wash with SIF. To determine whether the effects of TNF-α were specific, changes in
neuronal responses were tested in additional 10 units (5 Aδ, 5 C units) while bathing the
receptive field with a mixture of TNF-α and PEG-sTNF-R1, which specifically binds and
neutralizes TNF-α. As Fig 2B demonstrates, co-administration of TNF-α with PEG-sTNF-
R1 completely blocked the TNF-α evoked increases in threshold and suprathreshold
responsiveness. (p>0.05, Friedman test). Application of PEG-sTNF-R1 alone did not have
an effect on baseline mechanosensitivity or ongoing activity (data not shown)

3.2 The effect of local COX inhibition
To examine the relative contribution of COX in mediating the nociceptive effect of TNF-α
we tested whether SC-560 could inhibit meningeal nociceptors’ sensitization evoked by
TNF-α. Application of SC-560 (5 Aδ, 6 C-units) did not affect baseline values (Fig 3 A).
However, when co-administered with SC-560 (6Aδ, 6C-units), TNF-α failed to increase
threshold as well as suprathreshold neuronal responsiveness (both p>0.05, Wilcoxon test,
Fig 3B). When administered with NS-398 (4Aδ, 4C-units), TNF-α failed to increase
threshold as well as suprathreshold neuronal responsiveness. At the suprathreshold levels,
responses were actually lower than baseline (p<0.05, Wilcoxon test, Fig 3A). Application of
NS-398 alone also reduced baseline threshold as well as supra-threshold response in 3 Aδ
and 5 C units (both p<0.05. Wilcoxon test, Fig 3B).

3.3 The effect of local MAPK p38 inhibition
To investigate whether phosphorylation of the p38 MAPK is involved in mediating TNF-α
evoked meningeal nociceptors’ sensitization, we tested in 5 Aδ and 5 C-units whether co-
administration of the p38 inhibitor SB203580 could inhibit TNF-α evoked mechanical
sensitization. As Figs 4A and B demonstrate, in the presence of SB203580, TNF-α did not
increase threshold or suprathreshold responses (both p>0.05, Wilcoxon test). Application of
SB203580 alone (4Aδ, 4-C units) did not affect baseline sensitivity (p>0.05 for both
threshold and suprathreshold responses). To further address the role of p38, we examined
the effect of dural application of TNF-α on the ensuing dural expression of pp38 using
immunofluorescence in 4 animals. Following topical TNF-α application, pp38
immunofluorescence was detected only on dural vessels: the number of pp38
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immunolabeled dural vessels at the side exposed to TNF-α was significantly higher than that
observed at the contralateral SIF-only treated dura (7.65±0.3 vs 4.35±0.2, p<0.05 Mann
Whitney, Fig 4C).

3.4 Expression of TNF receptors in the rat’s dura mater
Dural TNFR1 expression was examined in 7 animals. TNFR1 immunolabeling was
predominantly localized to the dural vasculature with medium and small dural blood vessels
showing the highest expression. As figure 5 demonstrates, TNFR1 was co-localized in dural
vessels with vimentin, indicating its presence in endothelial cells [47]. Vascular TNFR1 was
also co-labeled with vascular COX-1. TNFR1 immunoreactivity was not co-localized with
peripherin indicating its lack of expression in dural nerve fibers. TNFR1 was also not co-
localized with COX-2 (data not shown). In animals treated with TNF-α, vascular TNFR1
was also co-localized with pp38. In control studies, omission of the TNFR1 antibody
resulted in no labeling.

Dural TNFR2 expression was examined in 8 animals. The bulk of TNFR2 immunolabeling
was found in perivascular cells. As Fig 6 demonstrates, TNFR2 was co-labeled with ED-2
positive cells, indicating its expression in dural macrophages. Additional double labeling
immunohistochemistry reveled co-localization of TNFR2 with COX-2 in perivascular cells
resembling those labeled with the ED-2 marker. TNFR2 was not co-localized with COX-1
(not shown). In addition to perivascular labeling, we identified a small number of dural
nerve fibers expressing TNFR2, which were also labeled with antibodies against peripherin
and CGRP. Incubation of the TNFR2 antibody with a blocking peptide resulted in a lack of
TNFR2 expression in both perivascular cells and dural axon-like structures.

4. Discussion
The present study provides, for the first time evidence that TNF-α evoked mechanical
sensitization of nociceptors is mediated by local COX activity as well as local
phosphorylation of the p38 MAP kinase. Previous in vivo electrophysiological studies have
shown that local administration of TNF-α evokes a relatively rapid activation of cutaneous
nociceptors and small diameter DRG cells [4,14]. TNF-α also promotes rapid nociceptor
activation when applied in the vicinity of the sciatic nerve [17,39]. In contrast, our data
indicates a marginal propensity of meningeal nociceptors to become activated in response to
TNF-α. This is unlikely due to a dose issue given that a similar lack of responsiveness was
also noted recently when much higher doses of TNF-α were applied to the receptive field of
trigeminal afferents that innervate the masseter muscle [11]. We propose that such lack of
responsiveness is related to differences in the responsiveness of trigeminal compared to non-
trigeminal nociceptors.

Despite its lack of excitatory action, TNF-α promoted an increase in the responses of
meningeal nociceptor to mechanical stimulation of their dural receptive field. The complete
blockade of this action by local co-administration of a soluble TNF receptor indicates that
this action is specific to TNF-α and is likely mediated by activation of peripheral dural
TNF-α receptors. In rodents’ cutaneous tissues, TNF-α promotes mechanical sensitization
within 15 min [14,4,39]. In our study, however sensitization was delayed in most neurons by
at least 45 minutes suggesting the involvement of complex neuronal or non-neuronal
downstream processes that mediate this sensitization.

Previous in-vitro studies, conducted on somata of putative nociceptors have concluded that
TNF-α promotes nociceptor activation and sensitization by acting directly on neuronal TNF
receptors [8,13,15,31]. However, a study conducted by Parada et al. [28] showing that
administration of TNF-α to the hind paw can still promote peripheral sensitization despite
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specific ablation of neuronal TNFR1 receptors in DRG neurons that innervate this region
suggesting the potential involvement of non-neuronal TNFR1 receptor.

In agreement with the lack of peripheral neuronal TNFR1 involvement, using
immunohistochemistry, we were unable to detect TNFR1 expression in axon-like structures
in the dura mater. An additional double labeling study, using peripherin, a marker of
peripheral nerve fibers further confirmed the lack of TNFR1 axonal expression. While it is
possible that technical limitations hampered our ability to detect TNFR1 in dural nerve
fibers, the immunolabeling of vascular TNFR1 suggests otherwise. The lack of axonal
TNFR1 expression in our study is in agreement with previous studies showing its lack of
axonal expression in the skin [16] and sciatic nerve [41,42]. Although we do not discount
the possibility that a very limited distal axonal transport of trigeminal TNFR1 hinders its
immunohistochemical detection, it is tempting to speculate that TNFR1 expression in
nociceptive neurons is purely somatic. It is noteworthy that a lack of peripheral transport of
receptors in sensory neurons has also been described for the neuropeptide Y NPY1, which
are expressed in DRG cells but do not undergo axonal transport [45]. Despite the lack of
TNFR1 immunoreactivity in dural axons, we detected its expression in dural blood vessels.
Dural vascular TNFR1 expression was also co-localized with vimentin, a marker that
identifies dural vascular endothelial cells [47] and is in agreement with its expression on
vascular endothelial cells from other tissues [21]. Dural vascular TNFR1 was also co-
localized with COX-1 which we have shown recently also localized to dural vascular
endothelial cells [47].

Systemic administration of COX inhibitors has been shown to inhibit the local hyperalgesic
effect of TNF-α [7,35]. Our study provides for the first time direct evidence that in vivo,
TNF-α evoked peripheral nociceptor sensitization involves local COX action. We have
found that the sensitizing effects of TNF-α were blocked by the presumed selective
inhibitors of COX-1 (SC-560) and COX-2 (NS-398). It should be noted however that a
recent in vitro study has demonstrated the ability of SC-560 to abolish TNF-α evoked
prostaglandin release from primary cell cultures obtained from the spinal cord of COX-1
knockout mice, suggesting its lack of COX selectivity. Data from other studies conducted
either in vivo or ex-vivo suggests however that SC-560 effects are unrelated to COX-2
inhibition. For example bradykinin-mediated induction of nociceptor sensitization is
inhibited by SC-560 but not NS-398 [22] and IL-1 induced hyperalgesia is prevented by
NS-398 but not SC-560 [1]. In our study there was also a marked difference between the
actions of SC-560 and NS-398 on the baseline responsiveness of meningeal nociceptors:
local application of SC-560 did not reduce baseline mechanosensitivity while NS-398 had a
marked inhibitory effect. Based on this data it is conceivable that, at least in the dura mater,
SC-560 inhibits primarily the activity of COX-1, and that such action blocked the sensitizing
effect of TNF-α we observed. The findings that TNFR1 is expressed on dural vascular
endothelial cells that express COX-1 and that in endothelial cells, TNF-α binds specifically
to TNFR1 [37] and evokes rapid release of prostaglandins in a COX-1 dependent manner
[44] further suggest that dural vascular COX-1 plays, at least partly a role in mediating the
sensitization of meningeal nociceptors by TNF-α

In our study, in addition to the findings of vascular TNFR1 expression, we also noted
immunolabeling of TNFR2 primarily in perivascular cells that also expressed ED-2, a
marker of resident macrophages. These finding are in agreement with the expression of
TNFR2 on resident immune cells of the monocytes/macrophages lineage [5]. We have also
noted limited immunolabeling of TNFR2 in dural nerve fibers, most of which also expressed
CGRP, suggesting TNFR2 expression in peptidergic meningeal nociceptors. Although
peripheral TNFR2 involvement in the development of mechanical pain hypersensitivity has
been suggested only following a prolonged tissue injury [4,36], a recent study has also
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implicated this receptor in the development of acute sensitization of slow conducting
masseter afferents [11]. Determining the relative contribution of TNFR2 (whether of
neuronal or macrophage origin) in mediating the sensitization of meningeal nociceptors will
require further studies.

The co-expression of TNFR2 with COX-2 (likely in ED-2 positive cells) is in agreement
with previous data showing that TNF-α evoked prostaglandin release from macrophages is
COX-2 dependent [10]. In order to examine the relative contribution of COX-2 in mediating
the sensitizing effect of TNF-α we have tested the effect of the more selective COX-2
inhibitor NS-398. As indicated above, we observed that NS-398 had already an inhibitory
effect on the baseline sensitivity of meningeal nociceptors. Although this effect remains
puzzling, a recent study has shown the ability of another selective COX-2 inhibitor,
celecoxib to inhibit sodium currents in rat dorsal root ganglion neurons [29]. The inhibitory
effect of NS-398 at baseline thus precludes us from inferring at present a specific role for
COX-2 in mediating the sensitizing effect of TNF-α that is, the inhibition of the TNF-α
sensitizing effect may be related to direct neuronal inhibitory effect of COX-2 inhibition
rather than the interference with the downstream signaling of TNFR (presumably TNFR2).
Given the uncertainty regarding the specificity of “selective” pharmacological COX
inhibitors [29] future studies examining the relative contribution of COX-1 and COX-2 in
mediating the sensitizing effect of TNF-α on nociceptor nerve endings will require a
knockout approach.

Our data shows for the first time that TNF-α evoked nociceptors’ sensitization at the
peripheral nerve endings level involves activation of the p38 MAP kinase. Previous studies
have demonstrated the ability of acute TNF-α treatment to activate (i.e. phosphorylate) the
p38 MAP kinase in cultured sensory neurons including of trigeminal origin [3]. In addition,
it has been shown that p38 inhibitors can block the potentiation of TTX-persistent currents
[13] as well as capsaicin and heat-evoked currents in DRG neurons [4] in response to TNF-
α In our in vivo experiments, however we did not detect axonal pp38 expression in response
to TNF-α application to the dura mater despite a similar incubation time of TNF-α as well
as the use of the same antibody as in one of the abovementioned in vitro study [13]. The
possibility that TNF-α activates p38 in primary afferent nociceptive neurons cell bodies
only in vitro, but not in their peripheral nerve endings in vivo is therefore plausible. Despite
the lack of TNF-α evoked pp38 in dural axons, we observed that TNF-α application to the
dura was associated with an increase in the number of dural vessels expressing pp38 which
also expressed TNFR1. The vascular upregulation of pp38 we observed is in agreement with
previous studies showing the ability of TNF-α to rapidly phophorylate p38 in vascular
endothelial cells [24] and to promote in vivo increased permeability of these cells in a p38-
dependent manner [9]. The exact mechanism by which vascular pp38 might contribute to the
development of the mechanical sensitization of meningeal nociceptors by TNF-α remains to
be established. Given that in endothelial cells TNF-α activates TNFR1 to promote a COX-1
dependent increase in prostanoid production [44], activation of vascular p38 in these cells
may be a link between TNF-α, COX-1 activation and the sensitization of meningeal
nociceptors.
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Figure 1.
TNF-α evoked sensitization of a C-unit meningeal nociceptor. A. Identification and
isolation of a C-unit meningeal nociceptor based on the response latency (11 milliseconds)
to electrical stimulation of the dura and a consistent waveform (insert). B. Peri-stimulus time
histograms depicting the responses to threshold (S1) and suprathreshold (S2–3) mechanical
stimulation of the dura at baseline, before TNF-α application, 30 and 60 min after TNF-α
(100 ng/ml), and then 60 min after wash with SIF. The numbers in parenthesis indicate mean
firing rate in spikes/sec. The rate of ongoing activity is depicted in all trials prior to S1. Note
the persistent sensitization during the wash period.
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Figure 2.
Time course changes in the average responses of Aδ and C-units meningeal nociceptors
following topical application of TNF-α (100 ng/ml) and the effect of co-application of the
TNF-α blocker Peg-sTNFR1 (1.5 mg/ml). A. Mean ± SEM response magnitude to
mechanical stimulation of the dura using threshold (top) and suprathreshold (middle)
pressure stimuli, and ongoing firing rate (bottom) at baseline with SIF, during TNF-α
treatment and during the wash with SIF. B. Time course changes in the mean ± SEM
responses to TNF-α in the presence of its blocker Peg-sTNFR1. Note the lack of TNF-
evoked sensitization in the presence of the blocker.
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Figure 3.
Effects of topical application of the COX inhibitors SC-560 (100 nM) and NS-398 (10µM)
on baseline mechanical responsiveness of meningeal nociceptors and the development of
TNF-α evoked mechanical sensitization. A. Median, 10th, 25th, 75th and 90th percentile
changes in threshold (top) and suprathreshold (bottom) responses of meningeal nociceptors
to mechanical stimulation of the dura 60 min following application of TNF-α alone (in SIF)
and TNF-α in the presence of SC-560 or NS-398. Note the additional inhibition of
suprathreshold values following treatment with NS-398. B. Median, 10th, 25th, 75th and 90th

percentile changes in baseline threshold (top) and suprathreshold (bottom) responses of
meningeal nociceptors following local application of SC-560 or NS-398. Note the inhibition
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in baseline responsiveness following NS-398 treatment. (* p<0.05 sensitization, # p<0.05,
inhibition, Wilcoxon test, 60 min after drug vs. baseline).
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Figure 4.
TNF-α evoked meningeal nociceptors’ sensitization involves p38 MAP kinase. Median,
10th, 25th, 75th and 90th percentile changes in threshold (A) and suprathreshold (B)
responses of meningeal nociceptors to mechanical stimulation of the dura 60 min following
application of TNF-α alone (in the presence of SIF), TNF-α in the presence of the p38
inhibitor SB203580 (SB), or SB203580 alone (in the presence of SIF). Note the blockade of
TNF-α evoked sensitization by SB203580 and the lack of effect of this drug on baseline
values. (* p<0.05 Wilcoxon test, 60 min after drug vs. baseline). C. Average number of pp38
labeled dural blood vessels observed per visual field following topical application of TNF-α
or SIF (# p<0.05, Mann Whitney test TNF-α vs. SIF).
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Figure 5.
Immunohistochemical localization of TNFR1 in dural blood vessels. Note the localization of
TNFR1 with vimentin (vim), COX-1, and pp38 and its lack of co-expression in peripherin
immunolabeled dural nerve fibers.
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Figure 6.
Immunohistochemical localization of TNFR2 in the dura mater. Note the localization of
TNFR2 with ED-2 (macrophages) and COX-2 positive cells. Also note the expression of
TNFR2 in axonal like structures that are immunolabeled with CGRP.
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