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Abstract
Inflammatory thermal hyperalgesia is principally mediated through transient receptor potential
vanilloid 1 (TRPV1) channels, as demonstrated by prior studies using models of cutaneous
inflammation. Muscle pain is significantly different from cutaneous pain, and the involvement of
TRPV1 in hyperalgesia induced by muscle inflammation is unknown. We tested whether TRPV1
contributes to the development of mechanical and heat hypersensitivity of the paw in TRPV1−/−

mice after muscle inflammation. Because TRPV1−/− mice lack TRPV1 at the site of inflammation
(muscle) and at the testing site (paw), we do not know whether TRPV1 is important as a mediator
of nociceptor sensitization in the muscle or as a heat sensor in the paw. Using recombinant
herpesviruses, we reexpressed TRPV1 in TRPV1−/− mice in primary afferents innervating skin,
muscle, or both to determine which sites were important for the behavioral deficits. Responses to
repeated application of noxious mechanical stimuli to the hind paw were enhanced in TRPV1−/−

mice; this was restored by reexpression of TRPV1 into skin. Withdrawal latencies to noxious heat
were increased in TRPV1−/− mice; normal latencies were restored by reexpression of TRPV1 in
both skin and muscle. Heat hypersensitivity induced by muscle inflammation did not develop in
TRPV1−/− mice; mechanical hypersensitivity was similar between TRPV1−/− and TRPV1+/+ mice.
Heat hypersensitivity induced by muscle inflammation was restored by reexpression of TRPV1
into both muscle and skin of TRPV1−/− mice. These results suggest that TRPV1 serves as both a
mediator of nociceptor sensitization at the site of inflammation and as a heat sensor at the paw.
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1. Introduction
The transient receptor potential vanilloid 1 (TRPV1) channel, a member of the TRP family
of ion channels, is a polymodal receptor expressed on sensory neurons. TRPV1 channels are
activated by a variety of noxious physicochemical stimuli that lead to inflammatory thermal
hyperalgesia [6,14]. TRPV1 is predominantly expressed in a subset of sensory neurons that
send sensory afferents to innervate skin, muscle, joint and viscera [10,28,30,35, 39,43].
TRPV1 is directly activated by temperatures greater than 43 °C, acidic pH less than 6.0, and
a variety of endogenous lipid metabolic products. Further, inflammatory mediators such as
prostaglandins and bradykinin potentiate TRPV1 mainly through phosphorylation-dependent
upregulation of channel function [8,11,25, 44,52]. Such potentiation decreases the TRPV1
channel’s temperature-activation threshold, decreases channel desensitization, and increases
cell surface expression of the channel protein [1,2,32, 34,44,52]. Further, after tissue injury
and inflammation there is increased TRPV1 protein expression in sensory neurons [27,50].
Overall, TRPV1 serves as a key peripheral sensor of heat and acidic pH under normal
physiological conditions.

The most compelling evidence in support of the role of TRPV1 in the development of
inflammatory thermal hyperalgesia are deficits in inflammatory thermal hyperalgesia and
heat sensitivity of TRPV1−/− mice [3,6,14]. However, these mice seem to have normal
mechanical sensitivity and mechanical hypersensitivity induced by inflammation [3,6,14]. In
contrast, systemic or intrathecal administration of TRPV1 antagonists in normal animals
results in a reversal of both heat and mechanical hyperalgesia [12,50]. Prior studies in
TRPV1−/− mice and studies using TRPV1 antagonists in wild-type animals have all used
cutaneous paw inflammation and measured hyperalgesia at the site of inflammation, ie,
primary hyperalgesia. Cutaneous pain and muscle pain utilize different mechanisms [15].
Furthermore, primary hyperalgesia and secondary hyperalgesia are thought to have distinct
underlying mechanisms.

We hypothesized that TRPV1−/− mice would develop similar mechanical hyperalgesia, but
not heat hyperalgesia, after muscle inflammation when compared to TRPV1+/+ mice. We
further hypothesized that the loss of heat hyperalgesia was a result of the loss of TRPV1 in
the afferent fibers innervating the skin where the testing occurred. In this study, we utilized a
mouse muscle inflammation model to examine secondary hyperalgesia in TRPV1−/− mice
by measuring mechanical and heat sensitivities of the paw. We reexpressed TRPV1 in
TRPV1−/− mice in the skin, muscle, or both simultaneously, then examined the resultant
effects on the hypersensitivity in uninjured animals and development of thermal
hypersensitivity after muscle inflammation.

2. Methods
2.1. Mice

TRPV1+/+ and congenic TRPV1−/− mice were obtained from Jackson Laboratories and were
bred at the University of Iowa. All the experiments involving mice were performed in
accordance with the animal care and use protocol approved by the University of Iowa
Institutional Animal Care and Use Committee.
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2.2. Behavioral assessments
All behavior experiments were performed with the tester blinded to group, ie, genotype or
virus injection. Importantly, TRPV1+/+ and TRPV1−/− mice were tested simultaneously over
multiple days. Similarly, those injected with virus into a particular tissue type (ie, muscle)
were always tested simultaneously with those injected with the control virus and several sets
of animals were tested over multiple days. This ensured that we always tested control and
experimental animals on the same days, and that control and experimental animals were
tested in multiple litters.

2.2.1. Mechanical sensitivity—Mechanical sensitivity was tested by measuring the
threshold to withdrawal to a series of von Frey filaments (0.07, 0.2, 0.4, 0.7, 1.6, 3.92, 5.88,
9.8 mN) applied to the paw. The lowest force that produced a withdrawal was recorded as
the withdrawal threshold. We also tested the responsiveness of mice to repeated application
of 3 different von Frey filaments (0.4, 0.7, 1.6 mN) [49]. Von Frey filaments were applied to
the paw once every second, 10 times. For baseline sensitivity before inflammation, the
number of withdrawals out of 10 trials was measured twice and averaged. The 0.4, 0.7, and
1.6 mN forces were chosen because they all produced a withdrawal response to the stimulus;
lower forces did not routinely result in withdrawal responses. Thus, we interpret these forces
as a mildly noxious stimulus.

For responses before and after inflammation, the sensitivity to mechanical stimulation was
assessed using a single von Frey filament (0.4 mN) and was tested in separate groups of
animals (TRPV1−/− n = 15, TRPV1+/+ n = 15) as previously described [40]. The 0.4 mN
filament was applied 5 times, and 10 trials were averaged. We routinely use the 0.4 mN
force to test mechanical hypersensitivity in mice after tissue insult because normal animals
show a low number of responses (1 or less out of 5) and increases are clearly observable
[40].

2.2.2. Heat sensitivity—Heat sensitivity was tested by measuring withdrawal latency of
the paw to radiant heat with 3 different intensities of stimulation based on the voltage output
of the stimulator (115 V, 125 V, 135 V). This resulted in baseline latencies in TRPV1+/+

mice of 15.2 ± 0.63 s, 10.3 ± 0.55 s, and 8.6 ± 0.31 s for the 115 V, 125 V, and 135 V of
stimulation. Thus, the rate of temperature increase was different for each voltage so that
higher voltages had a faster rate of increase and resulted in faster withdrawal thresholds.
Three trials per intensity were tested and averaged. Prior work by Yeomans and colleagues
showed longer thermal latencies activate C-fiber nociceptors and shorter latencies activate
Aδ nociceptors [48].

For responses before and after inflammation, the sensitivity to heat stimuli was assessed
with 125 V of stimulation in TRPV1−/− (n = 15) and TRPV1+/+ mice (n = 15). Three trials
were tested and averaged. We routinely use this voltage to test responses after tissue injury
[48].

2.3. Induction of inflammation
Inflammation was induced by injecting 20 μL of 3% carrageenan into the left gastrocnemius
muscle of mice anesthetized with 4% isoflurane.

2.4. Virus construction
Recombinant herpesviruses (HSV-1) were constructed as previously described [51]. NPG is
the control virus (HSV-GFP), and NPG-TRPV1 (HSV-GFP-TRPV1) is similar to NPG and
contains the cDNA for rat TRPV1 inserted between the herpes UL36 and UL37 genes,
downstream of the human cytomegalovirus immediate–early enhancer promoter. Expression
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of enhanced green fluorescent protein (eGFP) is also driven by the human cytomegalovirus
promoter in both HSV-GFP and HSV-GFP-TRPV1 viruses. These vectors yield replication-
conditional viruses, which do not replicate in nondividing cells because they do not express
ICP434.5 or thymidine kinase. The viruses were used at a titer of 107 plaque-forming units/
μL.

2.5. Injection of virus
HSV-GFP or HSV-GFP-TRPV1 viruses were injected into the skin of the hind paw, the
gastrocnemius muscle, or both sites while the mice were anesthetized with 2–4% isoflurane.
All injections were made with a Hamilton syringe with a 30-gauge needle attached at flow
rate of 5 μL per minute. For skin, two 10 μL injections of recombinant viruses were injected
intradermally, one into the rostral and the other into the caudal portion of the paw. For
muscle, the skin overlying the gastrocnemius muscle was incised, and two 10 μL injections
of viruses were injected 2 min apart. After injection, saline-soaked sterile gauze was placed
over the muscle for 10 min to minimize leakage of the virus into the overlying skin. The
skin was then sutured closed with 5-0 silk. Behavioral testing began 4 weeks after injection
with HSV-1.

2.6. Real-time PCR
To confirm expression of TRPV1, we performed real-time PCR on L4–L6 dorsal root
ganglion (DRG) from TRPV1−/− mice injected with virus into the skin, muscle, or both, as
well as DRGs from TRPV1+/+ mice. RNA was purified from ipsilateral and contralateral
L4–L6 DRGs with Trizol reagent (Invitrogen, Carlsbad, CA). RNA concentration and purity
were assessed by spectrophotometric measurement at 260 and 280 nm. First strand cDNA
was synthesized from 0.2–1 μg of each RNA sample using Superscript III or VILO reverse
transcriptase (Invitrogen, Carlsbad, CA). Taqman PCR was carried out using an ABI prism
7900HT sequence detector (Applied Biosystems, Inc., Foster City, CA) on diluted cDNA
samples (University of Iowa, DNA Facility, Iowa City, IA). Reactions were carried out for
40 cycles in triplicate. Rat TRPV1 (Rn01460299_m1) and the mouse control assay for
glyceraldehyde-3-P-dehydrogenase (GAPDH) were obtained from Applied Biosystems
(Foster City, CA). Quantitative RT-PCR data were normalized with GAPDH mRNA levels.

2.7. Electrophysiological recordings on cultured DRG neurons
To confirm the functional expression of TRPV1 in DRG neurons, we recorded capsaicin-
induced currents in L4–L6 DRG from uninjected mice as well in as mice injected with HSV-
GFP or HSV-GFP-TRPV1 virus into the hind paw skin or gastrocnemius muscle in both
TRPV1−/− and TRPV1+/+ mice. Two weeks after virus injections, L4–L6 DRGs from each
mouse were dissected, dissociated, and cultured (separately for each injection and genotype)
on poly-L-ornithine/laminin-coated glass coverslips, as previously described [18]. Cultured
neurons were used 48 h after plating for whole-cell voltage-clamp recordings.

Capsaicin (100 nM, 5 s) induced inward currents were recorded from cultured DRG neurons
(both small/medium-and large-diameter neurons) with whole-cell voltage-clamp technique,
using an Axopatch-200B amplifier connected to a Digidata 1440A data acquisition system
and controlled with the pClamp10 software (Molecular Devices, Sunnyvale, CA). Holding
potential was −70 mV. Current recordings were sampled at 2 kHz and filtered at 1 kHz with
a low-pass Bessel filter. Patch pipettes were pulled from borosilicate glass tubes (World
Precision Instruments, Sarasota, FL) and heat polished at the tip to give a resistance of 3–6
MΩ when filled with the intracellular solution. Currents were recorded with an extracellular
solution containing (in mM) 140 NaCl, 5 KCl, 0.1 CaCl2, 1 MgCl2, 10 HEPES, and 10
glucose, and adjusted to pH 7.3 with NaOH; pipettes were filled with intracellular solution
containing (in mM) 5 NaCl, 140 KCl, 1 MgCl2, 10 EGTA, 3 MgATP, 0.3 NaGTP, and 10
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HEPES with the pH adjusted to 7.3 with KOH. Capsaicin was dissolved in DMSO, and the
final working capsaicin solution was made by dilution with extracellular buffer.
Electrophysiological data were analyzed and figures were prepared by Origin 7.0 software.
Current density was calculated by dividing the peak capsaicin (100 nM, 5 s) current (pA) to
the whole-cell capacitance (pF) of that particular neuron, as reported earlier [32]. The
experimenter performing the voltage-clamp experiments was blinded for the mouse
genotypes and the type and the site of virus injections.

3. Results
3.1. Baseline pain behaviors

Mechanical paw withdrawal thresholds were similar between TRPV1−/− and TRPV1+/+

mice (Fig. 1A, inset), as previously described [6,14]. However, responses to repeated
stimulation with multiple von Frey filaments (0.4, 0.7, 1.6 mN) were significantly increased
in TRPV1−/− mice when compared to TRPV1+/+ mice (Fig. 1A), suggesting an increased
responsiveness to mechanical stimuli. Paw withdrawal latency to heat was significantly
increased with higher intensities of stimulation but not with lower intensities of stimulation
in TRPV1−/− mice when compared to TRPV1+/+ mice (Fig. 2A), suggesting a decreased
responsiveness to heat stimuli at higher intensity.

3.2. Pain responses after muscle inflammation
Mechanical sensitivity to repeated application of a 0.4 mN von Frey filament increased
significantly in TRPV1+/+ mice both ipsilaterally and contralaterally after inflammation of
the gastrocnemius muscle with carrageenan. There was also an increase in the mechanical
sensitivity in TRPV1−/− mice bilaterally after carrageenan-induced muscle inflammation,
and the magnitude of increase was similar to that observed in TRPV1+/+ mice (Fig. 3A).
There was no difference between mechanical paw withdrawal thresholds in TRPV1−/− and
TRPV1+/+ mice after inflammation when baseline withdrawal thresholds are used as a
covariate or when analyzed as a magnitude of change relative to the baseline values (P = .
143). Paw withdrawal latency to heat in TRPV1+/+ mice decreased ipsilaterally at 24 h to 2
weeks after carrageenan-induced muscle inflammation. This decrease in paw withdrawal
latency to heat was absent in TRPV1−/− mice. Further, there were significant differences
between TRPV1+/+ mice and TRPV1−/− mice when baseline latency was used as a covariate
(Fig. 3B, P = .0001).

3.3. Reexpression of TRPV1 into skin, muscle, or muscle and skin
Injection of HSV-GFP-TRPV1 into the skin, muscle or both skin and muscle of TRPV1−/−

mice increased the mRNA levels for TRPV1 in the L4–L6 DRGs, ipsilaterally 4 weeks after
injection. Relative expression of TRPV1 to GAPDH (2−ΔΔCT) in skin was 5.6 ± 1.8, muscle
was 59.2 ± 28.9 and skin and muscle combined was 195.7 ± 84.7. The lowest levels of
reexpression were in the skin innervating the paw which has the smallest volume of tissue
injected. The highest volume of tissue injected, skin and muscle combined, showed the
highest expression of TRPV1 mRNA. As expected, TRPV1 expression levels after
reexpression in DRG innervating selective peripheral tissues was less than that observed in
DRGs from TRPV1+/+ mice where TRPV1 is expressed in sensory neurons that send
sensory afferents to other regions in the body (2−ΔΔCT: 8437.6 ± 459.1 4).

Injection of HSV-GFP-TRPV1 into skin or muscle in TRPV1−/− mice resulted in the
reappearance of capsaicin-induced inward currents in DRG neurons infected with the virus
(GFP labeled but not in uninfected DRG neurons (unlabeled; Fig. 4A,B,D,E). Specifically,
in small-and medium-diameter neurons from the L4–L6 DRGs of TRPV1−/− mice injected
with HSV-GFP-TRPV1, the capsaicin current densities were 87.76 ± 16.28 pA/pF (n = 13)
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and 71.15 ± 21.7 pA/pF (n = 11) for skin-and muscle-injection groups, respectively (Fig.
4C,F). In contrast, there were no responses to capsaicin in DRG neurons that were not
labeled with GFP or in both GFP labeled and unlabeled DRG neurons from mice injected
with HSV-GFP (Fig. 4). In addition, capsaicin currents were also found in a number of
large-diameter L4–L6 DRG neurons from TRPV1−/− mice after injection of HSV-GFP-
TRPV1 into the skin or muscle. These results from our qRT-PCR and electrophysiological
analysis suggest that the TRPV1 channel can be functionally reexpressed in the DRG
neurons innervating the skin and muscles of TRPV1−/− mice.

To test whether TRPV1 at the site of behavioral testing is important in the baseline
responses, as well as for the development of heat hyperalgesia, we tested whether
reexpression of TRPV1 into the hind paw skin of TRPV1−/− mice restored these behavioral
responses.

Surprisingly, reexpression of TRPV1 into the skin of TRPV1−/− mice restored the
mechanical sensitivity of the hind paw to the levels observed in TRPV1+/+ mice (P = .01,
Fig. 1B). However, reexpression of TRPV1 into the skin had no effect on the heat
sensitivity, or the development of heat hyperalgesia after muscle inflammation (Fig. 2B).

Next, we tested whether TRPV1 reexpression at the site of inflammation was important in
the development of secondary heat hyperalgesia of the hind paw. Reexpression of TRPV1
into the muscle alone had no effect on baseline mechanical (Fig. 1C) or heat sensitivities
(Fig. 2C). Further reexpression of TRPV1 into the muscle had no effect on heat
responsiveness after inflammation (Fig. 4), ie, TRPV1−/− mice did not develop heat
hyperalgesia with reexpression of TRPV1 in the muscle.

Because reexpression of TRPV1 in skin alone or muscle alone did not restore the heat
sensitivity in uninjured animals or the heat hypersensitivity after muscle inflammation, we
reexpressed TRPV1 in both skin and muscle. Reexpression of TRPV1 into skin and muscle
had no effect on the mechanical sensitivity in TRPV1−/− mice (Fig. 1D). Interestingly,
reexpression of TRPV1 into both the muscle and skin in TRPV1−/− mice significantly
decreased the paw withdrawal latency to high intensity heat stimuli (P = .04, Fig. 2D).
Further, reexpression of TRPV1 into both the muscle and skin in TRPV1−/− mice restored
the heat hypersensitivity induced by carrageenan-induced muscle inflammation (P = .01,
Fig. 5).

Altogether these results indicate that TRPV1 can be functionally reexpressed in DRG
neurons of mice lacking TRPV1, and that reexpression of TRPV1 in the L4–L6 DRG
neurons innervating both muscle and skin of TRPV1−/− mice leads to the restoration of
mechanical and thermal sensitivities in uninjured animals, as well as of heat hypersensitivity
after muscle inflammation.

4. Discussion
4.1. TRPV1 mediates cutaneous heat sensitivity in uninjured animals

Our present study demonstrates a small effect on the paw withdrawal latency to radiant heat
in TRPV1−/− mice without tissue injury at higher heat intensities (Fig. 2A). Previous reports
demonstrated a similar pattern in TRPV1−/− mice with an increase in paw withdrawal
latencies to heat at higher intensities but not to lower heat intensities [6,14,47]. We further
demonstrate that paw withdrawal latencies to heat were decreased by reexpressing TRPV1
in both muscle and skin simultaneously in TRPV1−/− mice, but not in the skin alone or
muscle alone. These data suggest that peripheral receptors at the site of radiant heat
application alone, ie, skin, are not sufficient to mediate the decreased heat sensitivity
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observed in TRPV1−/− mice. It is possible that localization of TRPV1 on central terminals of
afferent fibers from different tissues at the spinal cord dorsal horn is necessary for TRPV1-
mediated heat sensitivity. Recent reports that demonstrate abolished noxious heat sensitivity
in mice upon ablation of the central terminals of nociceptors expressing the TRPV1 channel
[7,26] supports this possibility.

It is highly likely that distinct nociceptive afferents that express TRPV1 are critical for
normal heat sensation. However, pharmacological blockade of TRPV1 channels spinally has
no effect on baseline withdrawal latencies to heat. It is likely that TRPV1 in the peripheral
site innervating the test area, as well as a sufficient amount of centrally located TRPV1
channels are necessary to produce normal heat sensitivity.

4.2. TRPV1 mediates cutaneous mechanical sensitivity in uninjured animals
The current study indicates that mechanical sensitivity of the hind paw to repeated
application of von Frey filaments is significantly increased in TRPV1−/− mice, as compared
to that in TRPV1+/+ mice. This effect, while significant, is relatively small representing a
difference of around 2/5 withdrawals. In animal models of hypersensitivity we routinely see
differences of 3–4/5 withdrawals to the 0.4 mN von Frey filament [5,40,41]. Further,
reexpression of TRPV1 into the skin of TRPV1−/− mice, the site of behavioral testing,
normalizes mechanical sensitivity similar to that observed in TRPV1+/+ mice. In direct
contrast, the current study, in combination with previous reports, demonstrates that
TRPV1−/− mice display no visible difference in mechanical sensitivity when measuring paw
withdrawal thresholds [3,6,47], and removal of central terminals of TRPV1 expressing
nociceptors has no effect on mechanical sensitivity in normal animals [7,26]. These data
suggest that responses to repeated application of mechanical stimuli of the hind paw are a
uniquely different measure of mechanical sensitivity. It is highly likely that the repeated
application test is more like a temporal summation effect because the noxious mechanical
stimulation is applied approximately once per second. Temporal summation is thought to be
the behavioral correlate to wind-up, the enhanced dorsal horn neuron response to repeated
stimulation of nociceptors. However, recordings from central neurons in TRPV1−/− mice are
inconclusive with respect to mechanical responsiveness of the hind paw.

Specifically, responses of dorsal horn neurons to a single 15 s application of a von Frey
filament was reduced by systemic or spinal application of a TRPV1 antagonist [31], while
there were no differences in responses to innocuous brushing, noxious pressure, or noxious
pinching of the skin in TRPV1−/− mice, as compared to those in TRPV1+/+ mice [16].
Further, systemically administered TRPV1 antagonists reduced the responses to mechanical
stimulation in the hind paw of CFA-inflamed animals, as compared to animals without
inflammation [31]. Therefore, while responses to a single mechanical stimuli are unaffected
in TRPV1−/− mice or by the administration of TRPV1 antagonists, repeated application of a
mechanical stimuli results in enhanced sensitivity as a result of the precise location of
TRPV1 on cutaneous afferents.

4.3. TRPV1 mediates heat hyperalgesia in animals with muscle inflammation
Our present study demonstrates the loss of secondary heat hyperalgesia in TRPV1−/− mice
after muscle inflammation, and to our knowledge, ours is the first report regarding the
involvement of TRPV1 channel in inflammatory muscle hyperalgesia. The loss of heat
hyperalgesia in TRPV1−/− mice is consistent with several prior studies utilizing animal
models of tissue inflammation: CFA-paw, carrageenan-paw and mustard-oil-paw [6,14]. In
further agreement, systemic administration of TRPV1 antagonists reduces heat hyperalgesia
induced by CFA-paw inflammation, carrageenan-paw inflammation, or nerve injury
[9,12,13,19,24,37,46]. We further demonstrate that heat hyperalgesia requires TRPV1
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channels to be located both in the skin, where the behavioral testing occurs, as well as in the
muscle, where inflammation occurs, and leads to the development of heat hyperalgesia. This
suggests that TRPV1 in muscle afferents is important in sending information centrally
regarding the inflammatory environment, and that TRPV1 in the skin afferents is necessary
for full heat sensitivity. A loss of TRPV1 in either place eliminates the development of heat
hyperalgesia. Although the loss of heat hyperalgesia is in agreement with many prior studies
[12,13,19,24,37,46], our study extends these by showing that TRPV1 plays a role in sensing
the inflammatory environment, as well as in sensing the elevated temperature. Sensory
neurons expressing TRPV1 are critically important for the development of heat hyperalgesia
because elimination of the central terminals of nociceptors expressing TRPV1 prevents the
development of heat hyperalgesia in mouse models of tissue injury/inflammation and nerve
injury [7,26].

Inflammation is associated with a decrease in tissue pH, and a pH below 6.0 can directly
activate the TRPV1 channel [4,6]. However, pH levels below 6.0 are rare in inflammatory
conditions, particularly in muscle. However, the TRPV1 channel activity to other agonists
such as temperature and lipid metabolites can be upregulated at mild/moderated acidic pH
[20–23,25]. Further, release of inflammatory mediators, such as prostaglandins, bradykinin,
nerve growth factor, and ATP, can sensitize TRPV1 channels through activation of a variety
of G-coupled protein receptors, and downstream activation of a number of protein kinases
[8,11,25,44,52]. Specifically, phosphorylation of TRPV1 by protein kinases C and A (PKC
and PKA) leads to channel activation at temperatures below the body temperature (<37 °C)
[38]. Additionally, phosphorylation of TRPV1 protein by PKC and PKA increases the
channel probability and decreases channel desensitization, respectively, and phosphorylation
of TRPV1 by the tyrosine kinase src enhances TRPV1 channel trafficking to the cell surface
[1,2,32–34,44,52]. Thus, sensitization of TRPV1 by inflammatory mediators at the site of
inflammation would result in sensitization of TRPV1-expressing nociceptors, subsequently
increasing the nociceptive input to the spinal cord. Increased central sensitization could be
manifested as secondary heat hyperalgesia and removal of TRPV1 presumably eliminates
the increased central sensitization and thus the manifestation of secondary heat hyperalgesia.

Although sensitization of TRPV1 is one potential mechanism for the enhanced nociception,
there could also be an increased expression of TRPV1 after inflammation. After muscle
inflammation TRPV1 expression, measured by qPCR is unchanged 12 h after inflammation
[17] and is similar to that observed after paw inflammation [27,42,45]. However, after CFA-
induced paw inflammation there is an increased expression of TRPV1 protein in DRG
neurons measured either by Western blot or immunohistochemistry [27,50].

4.4. TRPV1 has no effect on mechanical hyperalgesia after muscle inflammation
The current study demonstrates that genetic elimination of TRPV1 has no effect on
secondary mechanical hyperalgesia that develops after muscle inflammation. This finding is
in agreement with prior studies in TRPV1−/− mice revealing no effects on inflammation-
induced or nerve injury-induced mechanical hyperalgesia [3,6]. However, cutaneous
mechanical hyperalgesia induced by cystitis was reduced in TRPV1−/− mice [47]. This
difference may be specific to visceral nociception as TRPV1−/− mice demonstrate reduced
sensitivity to colorectal distention, and reduced afferent sensitization to stretching [28].
Similarly, elimination of TRPV1 in the central terminals of primary afferents still results in
the development of mechanical hyperalgesia after inflammation [7,26].

Interestingly and in direct contrast, TRPV1 antagonists can reverse mechanical hyperalgesia
induced by paw inflammation, nerve injury, capsaicin, and cystitis [12,13,19,24,29,31,37,46,
47,50]. These effects occur if provided systemically or intrathecally, and studies therefore
suggest the importance of TRPV1 on central terminals and/or supraspinal sites. In support,
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endogenous or exogenous TRPV1 ligands injected intrathecally evoke mechanical
hyperalgesia that are blocked by intrathecal blockade of TRPV1 [36]. Further, antibodies to
endogenous TRPV1 ligands have been demonstrated to attenuate inflammation-induced
mechanical hyperalgesia, which suggest that inflammation results in release of endogenous
TRPV1 ligands spinally to produce hyperalgesia [36]. However, it should be noted that
mechanical hyperalgesia induced by carrageenan-induced muscle inflammation is
unaffected by the blockade of TRPV1 with capsazepine either systemically or
intramuscularly [17]. This may be related to species specificity of capsazepine [46], or to
differences between muscle and paw inflammation [15].

4.5. Conclusion
Our data demonstrate that TRPV1 mediates mechanical sensitivity to repeated stimulation,
heat sensitivity to high intensity stimulation, and the development of heat hypersensitivity
after muscle inflammation. In uninjured animals, the enhanced sensitivity to repeated
mechanical stimulation can be normalized by reexpression of TRPV1 in the sensory neurons
innervating the skin, and heat sensitivity is restored by reexpression in neurons innervating
both the skin and muscle. Because TRPV1 is not directly involved in the detection of
noxious mechanical stimulation, we conclude that lack of TRPV1 on the central terminals of
cutaneous nociceptors mediates the enhanced mechanical sensitivity. We further suggest that
TRPV1 serves as both a mediator of nociceptor sensitization at the site of inflammation and
a heat sensor at the site of testing because reexpression of TRPV1 in both the muscle and
skin is necessary to restore normal heat sensitivity and heat hypersensitivity induced by
inflammation.
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Fig. 1.
Mechanical sensitivity of the hind paw in TRPV1+/+ and TRPV1−/− mice. Mechanical
sensitivity of the paw was tested by measuring the number of responses to repeated
stimulation with 0.4, 0.7 and 1.6 mN von Frey filaments and by measuring the paw
withdrawal thresholds (insets). No changes in paw withdrawal thresholds were observed in
any groups (insets). (A) The number of responses in TRPV1−/− (open symbols) and
TRPV1+/+ (closed symbols) mice are shown. TRPV1−/− mice show a significantly enhanced
responsiveness to all 3 forces *P < .05. (B) Injection of HSV-GFP-TRPV1 virus into the
skin of TRPV1−/− mice (closed symbols) significantly restores the normal mechanical
sensitivity to repeated mechanical stimulation. The responses in the TRPV1−/− injected with
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HSV-GFP-TRPV1 virus (closed symbols) is similar to that observed in TRPV1+/+ mice in A
(closed symbols) and the responses observed in TRPV1−/− mice injected with HSV-GFP
virus (control) (open symbols) is similar to TRPV1−/− mice in A (open symbols). *P < .05
significantly less than TRPV1−/− injected with HSV-GFP virus (open symbols). (C)
Injection of HSV-GFP-TRPV1 virus into the gastrocnemius muscle had no effect on the
mechanical sensitivity of TRPV1−/− mice and was similar to TRPV1−/− mice injected with
control HSV-GFP virus. (D) Injection of HSV-GFP-TRPV1 into the hind paw skin and
gastrocnemius muscle had no effect on the mechanical sensitivity of TRPV1−/− mice and
was similar to control TRPV1−/− mice injected with control HSV-GFP virus. Data are
presented as mean ± SEM.
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Fig. 2.
Heat sensitivity of the hind paw in TRPV1+/+ and TRPV1−/− mice. Heat sensitivity of the
paw was tested by measuring the withdrawal latency to radiant heat from 3 intensities of
stimulation (115, 125, and 135 V). (A) Paw withdrawal latencies to heat were significantly
increased in TRPV1−/− mice with higher intensities of stimulation (125 and 135 V) but not
the lower intensity of stimulation (115 V). *P < .05 compared to TRPV1+/+ mice. (B)
Injection of HSV-GFP-TRPV1 into the skin of TRPV1−/− mice had no effect on the paw
withdrawal latency to heat when compared to control TRPV1−/− mice injected with HSV-
GFP. (C) Injection of HSV-GFP-TRPV1 into the gastrocnemius muscle of TRPV1−/− mice
had no effect on the paw withdrawal latency to heat when compared to control TRPV1−/−

mice injected with HSV-GFP. (D) Injection of HSV-GFP-TRPV1 into the hind paw skin
and gastrocnemius muscle in TRPV1−/− mice restored the normal heat sensitivity at 135
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V. *P < .05 significant differences between TRPV1−/− mice injected with HSV-GFP-TRPV1
and HSV-GFP. Data are presented as mean ± SEM.
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Fig. 3.
Mechanical (A) and heat (B) sensitivity of the hind paw after induction of muscle
inflammation with 3% carrageenan in TRPV1+/+ mice and TRPV1−/− mice. (A) An
increased sensitivity to repeated applications of a 0.4 mN von Frey filament was observed
24 h to 2 weeks after induction of muscle inflammation in both TRPV1−/− and TRPV1+/+

mice (*P < .05). No significant differences between TRPV1−/− and TRPV1+/+ mice were
noted when baseline was used as a covariate (P > .05). (B) A decreased paw withdrawal
latency to heat, when compared to baseline, occurred in the TRPV1+/+ mice but not the
TRPV1−/− mice (*P < .05). Significant differences between groups were observed when
baseline was used as a covariate (*P < .05). Data are presented as mean ± SEM.
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Fig. 4.
Reexpression of TRPV1 in TRPV1−/− mice. Injection of HSV-GFP-TRPV1 into either the
hind paw skin (A–C) or the gastrocnemius muscle (D–F) in TRPV1−/− mice led to the
functional reexpression of TRPV1 in L4–L6 DRG neurons. (A, D) Representative current
traces obtained from unlabeled, HSV-GFP-labeled and HSV-GFP-TRPV1-labeled small/
medium-diameter cultured DRG neurons recorded under whole-cell voltage-clamp with 2
successive capsaicin applications with an interval of 30 s. (B, E) Bar graphs showing the
total number of neurons recorded that responded (black bars) and did not respond (gray
bars) to 100 nM capsaicin in whole-cell voltage-clamp experiments. A – indicates they were
from animals injected with virus but did not express GFP, and + from animals injected with
virus that also expressed GFP. The group injected with HSV-GFP-TRPV1 and expressed
GFP were the only neurons that responded to capsaicin. (C, F) Current densities (pA/pF) of
unlabeled and labeled cultured small/medium-diameter neurons from L4–L6 DRGs in
response to 100 nM capsaicin in whole-cell voltage-clamp. – were from animals injected
with virus but did not express GFP; + were from animals injected with virus that also
expressed GFP. Data are presented as mean ± SEM.
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Fig. 5.
Percentage changes in withdrawal latencies to radiant heat after carrageenan-induced
inflammation. The percent change in withdrawal latencies 24 h after carrageenan-induced
inflammation in TRPV1−/− mice when HSV-GFP-TRPV1 was injected into the skin,
muscle, or both skin and muscle (black bars) as compared to control TRPV1−/− mice
injected with HSV-GFP (open bars). Heat hypersensitivity was restored in the group injected
with HSV-GFP-TRPV1 into both skin and muscle (*P < .05), but not in the groups injected
with HSV-GFP-TRPV1 into the skin or muscle alone. For comparison, the change in
withdrawal latencies of TRPV1+/+ mice with inflammation are shown (gray bar). The heat
hypersensitivity in TRPV1+/+ mice was similar to the group injected with HSV-GFP-
TRPV1 into both skin and muscle.
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