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Abstract

Spontaneous pain and function-associated pain are prevalent symptoms of multiple acute and
chronic muscle pathologies. We established mouse models for evaluating spontaneous pain and
bite-evoked pain from masseter muscle, and determined the roles of TRPV1 and the contribution
of TRPV1- or NK1-dependent nociceptive pathways. Masseter muscle inflammation increased
mouse grimace scale (MGS) scores and face wiping behavior which were attenuated by
pharmacological or genetic inhibition of TRPV1. Masseter inflammation led to a significant
reduction in bite force. Inhibition of TRPV1 only marginally relieved the inflammation-induced
reduction of bite force. These results suggest differential extent of contribution of TRPV1 to the
two types of muscle pain. However, chemical ablation of TRPV1-expressing nociceptors or
chemogenetic silencing of TRPV1-lineage nerve terminals in masseter muscle attenuated
inflammation-induced changes in both MGS scores and bite force. Furthermore, ablation of
neurons expressing neurokinin 1 (NK1) receptor in trigeminal subnucleus caudalis also prevented
both types of muscle pain. Our results suggest that TRPV1 differentially contribute to spontaneous
pain and bite-evoked muscle pain, but TRPV1-expressing afferents and NK1-expressing second
order neurons commonly mediate both types of muscle pain. Therefore, manipulation of the
nociceptive circuit may provide a novel approach for management of acute or chronic craniofacial
muscle pain.
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INTRODUCTION

Musculoskeletal pain is a major medical problem?®. Muscle pain to pressure (tenderness)
and spontaneous pain are major symptoms of acute or chronic myopathies such as infection-
or exercise-mediated myalgia, myofascial pain syndrome, temporomandibular joint
disorders (TMJD), or low back pain. These conditions also interfere with normal muscle
functions, e.g., limited range of motion in low back pain or decreased bite force in TMJD.
Although mechanisms underlying muscle pain have been studied in multiple preclinical
models?1:37 molecular mechanisms and neural circuits underlying spontaneous muscle pain
or muscle function-related pain, such as reduced bite force34:3¢, are not well understood.
Scarcity of readily available rodent models for assessing spontaneous pain and muscle
function-related pain is an impediment to progress.

TRPV1 is a receptor of capsaicin and contributes to thermal hyperalgesia in skin13.
However, the data regarding the roles of TRPV1 in spontaneous pain produced by
inflammation or injury of skin or joint are equivocal and seem to show different extent of
contribution in different models20:2543.44.57.60 TRPV/1 is expressed in muscle nociceptors
and contribute to mechanical hyperalgesia in response to external pressure following muscle
inflammation, acid injection, occlusal interference, and eccentric or lengthening
contraction®11.184559 |t s not known, however, whether TRPV1 mediates spontaneous
pain and muscle function-related pain during muscle inflammation.

Nociceptive primary afferents are mostly composed of peptidergic nociceptors, in which
TRPV1 is enriched, and of non-peptidergic nociceptors, to which isolectin B4 (1B4) binds.
In skin, TRPV1-expressing nociceptors are exclusively involved in thermal but not
mechanical pain839. A high proportion of muscle nociceptors express TRPV1, whereas a
relatively few muscle nociceptors are 1B4-positive349, Despite the paucity, IB4-positive
muscle afferents are known to contribute to muscle hyperalgesia and hyperalgesic priming in
rats12. Since TRPV1 is involved in mechanical hyperalgesia following muscle
inflammation1145, it is reasonable to presume that TRPV1-expressing nociceptors are
primary contributors to spontaneous pain and function-evoked pain following muscle
inflammation. In contrast, central neural circuitry of muscle pain is less well understood. In
spinal cord superficial laminae, the majority of projection neurons express neurokinin 1
(NK1) receptor®. Loss of NK1-expressing neurons in spinal cord reduces not only
capsaicin-induced nocifensive behavior but also thermal hyperalgesia and mechanical
allodynia under inflammation and neuropathy#2. Chemical algogens or mechanical
stimulation of muscle nociceptors also activates projection neurons of spinal cord517,
However, it is not clear whether NK1-expressing neurons contribute to spontaneous pain and
muscle function-related pain following muscle inflammation.

In this study, using newly established models to assess spontaneous pain and bite-evoked
pain in mice with inflamed masseter muscle, we determined the roles of TRPV1 and
TRPV1-expressing nociceptors as well as NK1-expressing second order neurons. This study
provides one of the potential molecular mechanisms and neural circuits of muscle pain,
which may lead to improved strategies to manage acute or chronic muscle pain conditions.
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Experimental animals

Drugs

All procedures were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals (Publication 85-23, Revised 1996) and under the University of
Maryland approved Institutional Animal Care and Use Committee protocol. All animals
were housed in a temperature-controlled room under a 12:12 light-dark cycle with access to
food and water ad libitum.

Unless otherwise indicated, adult male C57BL/6 mice (https://www.jax.org/strain/000664)
and TRPV1 knockout (KO) mice (https://www.jax.org/strain/003770) were used for
behavioral assays. For chemogenetic silencing of TRPV1-expressing neurons, we used two
mouse lines: First, TRPV1-Cre mice (https://www.jax.org/strain/017769)7 expresses Cre
recombinase under the control of TRPV1 and labels afferents expressing TRPV1 in any
stage of development (TRPV1-lineage). Consequently, TRPV1 is expressed in
approximately half of TRPV1-lineage neurons in adult sensory ganglia’. Ablation of
TRPV1-lineage neurons eliminates heat- and cold responses but mechanical sensitivity is
not affected, which shows TRPV1-lineage neurons do not include mechano-sensitive
neurons??. Second, we used a mouse line conditionally expressing an engineered human
muscarinic 4 receptor (hM4Di; Gi-coupled Designer Receptors Exclusively Activated by
Designer Drugs (DREADD)) from Rosa26 locus (R26-LSL-hM4Di; https://www.jax.org/
strain/026219)51. Upon removal of loxP-stop-loxP cassette (LSL) by Cre recombination, the
Gi-coupled hM4Di is expressed and the neuronal function is silenced by the administration
of clozapine-N-oxide (CNO). In this line, mCitrine yellow fluorescent protein is also
expressed to identify neurons expressing hM4Di.

For experiments in which facial grimace and wiping behaviors were assessed, 8 to 12 week-
old mice were used. For all experiments involving bite force measurements, 12 to 16 week-
old mice were used. In all behavioral assays, the animals were randomly allocated to
experimental groups.

Complete Freund adjuvant (CFA; Sigma) was emulsified in an equal volume of isotonic
saline. Carrageenan (3%) was dissolved in PBS. AMG9810 (10 nmol/ul; Sigma), a TRPV1
antagonist, was dissolved in PBS containing 5% DMSO and 10% Tween-80. Resiniferatoxin
(RTX; 100 ng/ul PBS; Sigma) was dissolved in PBS containing 1% DMSO and 10%
Tween-80. Capsaicin was dissolved in 25% polyethylene glycol (0.5 mg/ml; a generous gift
from Centrexion Therapeutics). The neurotoxin saporin conjugated to substance P (SP-Sap)
or unconjugated saporin (Sap; 0.5 pg/ul; Advanced Targeting Systems, San Diego, CA,
USA) were dissolved in isotonic saline. For intramuscular injection, mice were briefly
anesthetized using 3% isoflurane. Intramuscular injection was performed using 1.0 ml
syringe fitted with a 30 G needle.
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Inflammation of masseter muscle

Unless otherwise indicated, inflammation was induced by injection of 20 ul CFA into mouse
masseter muscle. For injection, mice were briefly anesthetized using 3% isoflurane. CFA
was injected unilaterally or bilaterally as indicated in each experiment. Injection of CFA
produced invariable swelling of the mouse masseter muscle. CFA-injected masseter muscle
weighed greater by ~40% than contralateral saline-injected masseter muscle after 1 day
(140.8+5.6 mg in CFA versus 105.5+7.7mg in saline; n=10, p<0.0001 in Student’s paired t-
test). These data suggest that 20 ul of CFA in the masseter muscle produce a comparable
level of inflammation, measured by the extent of edema, from mouse to mouse. In one
experiment, we injected 3% carrageenan (20 pl in PBS) into masseter muscle.

Measurement of mouse grimace scale (MGS)

Standardized coding of facial expression provides a reliable, quantitative assay of
spontaneous pain in mice3®. We used a facial grimace scale to assess spontaneous pain from
muscle inflammation and showed that inhibition of transient receptor potential ankyrin
subtype 1 (TRPAL1) attenuated spontaneous pain from masseter inflammation in rats®.
Animals were acclimated to the testing environment for 3 days (30 minutes per day) prior to
all behavioral assessments. For facial grimace scale, the mice were placed in a cubicle
(9%5x5 cm high), with four transparent Plexiglas walls, a ventilated metal shelf bottom and
an opaque middle wall that separated two cubicles, which allowed the recording of two mice
at a time. Two digital video cameras (Sony HDR-CX230/B High Definition Handycam
Camcorder) were placed at a fixed distance from the cubicle, with one on each side of the
cubicle to maximize the probability of capturing the faces of the mice. The mice were
videotaped for 30 min for each experimental time point. To capture facial images of mice in
an unbiased manner, image extraction was performed by blinded experimenters. Images
containing a clear view of the entire face were manually captured every 3 min during the
video recording (10 images per 30 min session). In an experiment evaluating MGS scores
following masseter injection of capsaicin, the mice were videotaped for 10 minutes in
baseline and following capsaicin injection. Images were captured every two minutes (5
images per 10 minute session). For consistency in assessing MGS, one experimenter scored
all the images in a blinded manner. Five facial action units (AUs) were scored: orbital
tightening, nose bulge, cheek bulge, ear position, and whisker change. Each AU was scored
0, 1, or 2 based on criteria described previously3°. A score of “0” represented absence of the
AU, a score of “2” indicated obvious detection of the AU. A score of “1” was assigned when
the scorer was not highly confident that the AU was present or absent, or when the AU
exhibited a moderate appearance. An initial MGS score of each photograph was calculated
by averaging the scores of the five AUs, and a mean MGS score was obtained from the 10
images, which was presumed to reflect the level of spontaneous pain. The mean MGS score
of each mouse before CFA treatment was used as the baseline value. Time-dependent
changes in MGS scores before and after CFA or vehicle were analyzed with two-way
ANOVA with repeated measures. The effects of pharmacological or genetic manipulations
were also analyzed with two-Way ANOVA with repeated measures. All multiple group
comparisons were followed by Bonferroni post hoc test.
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Measurement of face wiping behaviors

Facial injection of capsaicin induces wiping of face with forelimb, which has been used as
an indicator of pain in mice>3. To assess spontaneous pain, we measured face wiping
behaviors following masseter injection of CFA. After facial grimace scale video recording,
the same group of mice were used for measuring wiping behaviors as well. Each mouse was
placed in plastic containers (9x9x13 cm high) with two mirrored back walls, affording the
camera a four-sided view. A digital video camera (Sony HDR-CX230/B High Definition
Handycam Camcorder) was placed at a fixed distance from the cubicle. Free behaviors of
mice were recorded for 30 min. Wiping behaviors were analyzed as described previously®3.
We defined the wiping behavior as a motion of the ipsilateral forelimb that begins at the
back of the masseter muscle in front of the ear and moves forward in one direction from
caudal to rostral. We excluded similar behaviors such as face wiping using both forelimbs
simultaneously or repeated wiping using both forelimbs alternatively, or hindlimb scratching
directed to sites other than the cheek such as the nose, eye, or ear.

Bite force assay in mice

Reduced muscle force following muscle inflammation has been regarded as a model of
muscle hyperalgesia?’:48. Carregeenan-mediated reduction in grip strength was readily
reversed by three different analgesics (opioid, NSAIDs, steroid)??, which argues against that
the reduction of grip strength is entirely derived from impaired muscle contractility. We
previously demonstrated that masseter injection of CFA resulted in reduced bite force in rats,
and the reduction could be prevented by anti-inflammatory agents, suggesting that bite force
measurement in rodents could be a useful method for studying muscle function-related pain
from masseter muscle8. Recently, bite force measurement was also used to evaluate pain
behaviors following inflammation in temporomandibular joint!0. To assess bite-evoked pain
associated with craniofacial muscle inflammation in mice, we measured changes in bite
force. Mice were acclimated to the testing environment and handling for two days prior to
behavioral testing. Bite force was measured using a bite force transducer consisting of two
parallel aluminum plates connected to a force-displacement transducer (FT03; Grass
instruments). Spike 2 software was used to measure the voltage changes from the transducer
displacement. SigmaPlot 8.0 was used to convert the voltage change into force based on
calibration using standard weights. Mice were placed in a modified 60-ml plastic syringe
with a wide opening in one side to accommodate the head of the mouse. In order to prevent
the mouse from escaping, the syringe plunger was inserted into the syringe to loosely
restrain the mouse inside the syringe. The syringe containing the mouse was held manually
and moved slowly at 0.5-1 cm/sec toward bite plates so that the mouse could bite the plates.
Unlike rats that require a reward paradigm for producing continuous bites*8, the induction of
bite was instantaneous in mice once biting plates touched their lips. To minimize stress, the
mouse was released immediately from syringe in case the mouse vigorously moved or tried
to hide inside the syringe. Bite force was recorded for 120 sec per session and top five force
measurements were averaged. We performed preliminary bite force measurement on day
before the actual experiment. Mice showed biting less than 450 g in the preliminary
measurement, they were not used for the actual assay afterward since mice showing weak
bite force tended to show unreliable change in biting behaviors following inflammation.
When cutoff was set at 450 g, masseter inflammation consistently produced averaged
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reduction of bite by approximately 30%. The baseline bite force measurements from all data
from C57 mice included in the manuscript ranged from 484 to 870 (694+£102 g, mean£SD,
n=77), which indicates that the cutoff was more stringent than two SD below the average.
The experimenter was blinded to the experimental groups.

Hargreaves assay for measuring thermal sensitivity in hind paw skin

The mice were acclimated to the testing environment for two days. The mice were placed on
the glass platform of a Hargreaves device (PAW Thermal Stimulator, UC San Diego) under
an acrylic box for at least 30 min for habituation. For testing, the mice were placed on the
glass platform under an acrylic box for 10 minutes until they were settled down. Baseline
latency of the radiant heat source was adjusted to a range of 10-12 s with a cutoff time of
20.5 s to prevent tissue damage. To record paw withdrawal latency in response to the heat
stimulus, both hind paws were measured 3 times with a 10-min interval, and the average
latency of three withdrawals was used for analysis. The experimenter performing the
procedure was blinded to the experimental group status of the mouse.

Von Frey measurement in hind paw skin

Mice were placed under an acrylic box on elevated wire mesh platforms. All mice were
habituated to the box in a behavioral room for at least 30 min per day for 3 days prior to the
testing procedures. A series of von Frey filaments were applied perpendicularly to the
plantar surface of hind paw. The von Frey filaments had bending forces ranging from 0.008
g to 4 g. Lifting of the hind paw or flinching immediately upon removal of the probing
filament was defined as a response. Each von Frey filament was applied 5 times at intervals
of a few seconds. The response frequencies [(number of responses/number of stimuli)
x100%] to a range of von Frey filament forces were determined and a stimulus-response
frequency curve was plotted. The plot was fitted with a logistic function, from which EF50,
the mechanical force that produced a 50% response frequency, was obtained.

Microinjection into trigeminal subnucleus caudalis (Vc)

Microinjection into V¢ was performed as described previouslyZ8. Animals were anesthetized
by intraperitoneal injection of Ketamine and Xylazine cocktail (100-150 mg/kg
ketamine/10-16 mg/kg xylazine) and placed in a Kopf stereotaxic apparatus. After a midline
incision (3-5 mm), an opening was made in the skull. A 0.5 pul Hamilton microsyringe was
used for microinjection. The syringe needle was placed in the left or right V¢ regions
according to the stereotaxic coordinates of the mouse brain (7.80 mm anterior to bregma, 4.3
mm ventral to it, and +£1.60 mm lateral to the midline)*6. To ablate central terminals of
TRPV1-expressing afferents, RTX (50 ng in 0.5 pl PBS per side) was administered for 1 min
(0.5 pl/min) in both the left and right side of VVc. PBS (0.5 ul per side) was used to treat
control mice. To ablate NK1-expressing neurons, SP-Sap (0.25 pg in 0.5 pl PBS per side) or
Sap (0.25 pg in 0.5 pl PBS per side) was administered in 1 min (0.5 pl/min) in both the left
and right side of VVc. Following injection, the injection needle was held in the tissue for 2
min to allow diffusion before removal. After the surgery, the animal was returned to its home
cage. MGS and bite force assay were performed 2—3 weeks after RTX or PBS injection or
4-5 weeks after SP-sap or Sap injection.
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Immunohistochemistry

Immunohistochemical analysis was performed as described previously'2. Mice were
transcardially perfused with 3.7% paraformaldehyde. TG were dissected, cryoprotected, and
sectioned at 12 um intervals. The brainstem around the obex region was sectioned at 30 pm
intervals. Conventional immunohistochemical procedures were performed with rabbit anti-
NK1 (1:500; Novus Biologicals) and rabbit anti-TRPV1 (1:1000; a generous gift from Dr.
Michael Caterina), and chicken anti-GFP (1:1000; Aves Labs, Inc; for detecting mCitrine)
followed by appropriate secondary antibodies. Images were acquired by optical sectioning
fluorescence microscopy (Zeiss Axiovert, Carl Zeiss Microlmaging).

Statistical analysis

RESULTS

Data are presented as meanzs.e.m. Comparisons between more than two groups with
different time points were performed using two-way ANOVA with Bonferroni post tests.
The criterion for statistical significance was P<0.05. All statistical analyses were performed
using GraphPad Prism 6.0.

TRPVL1 contributes to increased MGS and face wiping during muscle inflammation

To assess the extent of spontaneous nocifensive behaviors during CFA-mediated muscle
inflammation, we measured two outcomes: mouse grimace scale (MGS) scores and face
wiping behaviors. When we compared these behaviors in vehicle- or CFA-injected mice,
MGS scores were significantly greater in CFA-injected groups after 6 hours, 1 day, and 3
days than those in saline-injected groups. Face wiping behaviors were significantly greater
in CFA-injected groups after 6 hours and 1 day than those in saline-injected groups. MGS
and face wiping returned to control levels after 7 days (Fig. 1A, B). In contrast, MGS and
face wiping were significantly reduced, but not completely ablated, in TRPV1 KO mice. To
further determine the role of TRPV1 in spontaneous nocifensive behaviors during muscle
inflammation, we tested the effects of AMG9810, a TRPV1 antagonist (Fig. 1C, D).
Injection of AMG9810 into the masseter muscle 1 day after CFA injection significantly
attenuated MGS and face wiping. These effects of the inhibitor were reversible, as inhibition
was not observed 2 days after CFA injection. These results suggest that TRPV1 contributes
to increased MGS and face wiping associated with muscle inflammation.

TRPV1 only marginally affects bite force reduction during muscle inflammation

To assess muscle function-related nocifensive behaviors, we evaluated changes in bite force
following inflammation of the masseter muscle (Fig. 2A). Bilateral injections of saline to the
masseter muscle produced a slight decrease in bite force on 1 day, but the bite force
recovered to baseline thereafter. In contrast, CFA injections to bilateral masseter muscles
resulted in significantly reduced bite force (by approximately 30%), which gradually
recovered toward baseline over 3 days (Fig. 2A). There was a large variation in individual
bite force between animals. However, the baseline bite force measures between groups were
not statistically different. Therefore, we normalized post-treatment bite force measures to the
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baseline value in each mouse. The plots of normalized data showed the same trend as those
of the raw bite force data but with a lesser variation (Fig. 2B).

Since bite force reduction was maximal on CFA day 1, we tested the effects of the TRPV1
antagonist on that day (Fig. 3). Bilateral injection of vehicle to the masseter muscles on CFA
day 1 slightly decreased bite force. Bilateral injection of AMG9810 (200 nmol/side, the dose
that significantly inhibited MGS scores in Fig. 1) produced a slight, but non-significant,
increase in bite force (Fig. 3A). TRPV1 knockout mice exhibited a small, but significantly
less, reduction in bite force following CFA injection than WT mice (Fig. 3B). We further
tested the contribution of TRPV1 to bite force changes induced by masseter injection of
carrageenan, which also causes muscle inflammation?’. Knockout of TRPV1 showed only
modestly decreased bite force reduction 3 hours following carrageenan injection, which did
not reach statistical significance (Fig. 3C). These results suggest that TRPV1 marginally
contributes to reduction in bite force during muscle inflammation.

TRPV1-expressing afferents mediate changes in MGS and bite force during masseter
inflammation

Next, we tested whether changes in MGS and bite force during muscle inflammation were
dependent on TRPV1-expressing afferents (Fig. 4A). To prevent signal transmission through
TRPV1-expressing afferents, we bilaterally injected RTX (50 ng/side) directly into V¢ 2
weeks prior to behavioral measurements (Vc-RTX). Control animals received bilateral
injections of vehicle (Vc-Veh). Intrathecal administration 200 ng RTX has been shown to
ablate not only central terminals but also the majority of TRPV1-expressing primary
afferents in TG39. Two weeks following V¢ injection, we assessed MGS scores and bite
force in CFA-inflamed and saline-treated control animals. We observed no differences in
baseline MGS scores among the different treatment groups. In Vc-Veh animals with CFA-
induced inflammation (Vc-Veh/CFA), MGS scores were significantly greater than those of
Vc-Veh/\Veh. In Vc-RTX/CFA animals, MGS scores were greater than those of Vc-RTX/Veh
but significantly less than those in Vc-Veh/CFA animals (Fig. 4B). Bite force was also tested
in the same animals. CFA injection but not vehicle (saline) control significantly decreased
bite force of VVc-Veh mice. In contrast, neither CFA injection nor saline control decreased
bite force of Vc-RTX mice. The reduction in bite force following CFA injection was
significantly greater in VVc-Veh/CFA mice than in Vc-RTX/CFA mice (Fig. 4C). When
TRPV1 expression was examined by immunohistochemical staining, the central terminals of
TRPV1-expressing afferents in the V¢ were totally ablated in Vc-RTX mice but not in Vc-
Veh mice (Fig. 4D). These results suggest that changes in MGS and bite force during muscle
inflammation are both primarily mediated by TRPV1-expressing nociceptors.

Although the results above indicates the importance of TRPV1-expressing afferents in
transmission of muscle pain, we cannot exclude the possibility that structural or functional
plasticity of pain pathways occur following initial excitation and ablation by RTX, which
potentially compound the interpretation. To exclude such possibility, we further tested the
contribution of TRPV1-expressing afferents by selectively silencing the activity of TRPV1-
expressing afferents. Because these experiments require bilateral manipulation over large
areas of muscle tissue, we chose a chemogenetic approach rather than an optogenetic
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approach. Designer Receptors Exclusively Activated by Designer Drugs (DREADD),
engineered G-protein coupled receptors, are exclusively activated by biologically inert drugs
such as clozapine-N-oxide (CNO)*. We took advantage of an inhibitory DREADD in which
a modified human muscarinic M4 receptor is coupled to Gi (hM4Di). We employed a newly
developed R26R-LSL-hM4Di/mCitrine mouse line that expresses floxed hM4Di and
mCitrine from the R26 locus8? (Fig. 5A). We crossed this line with TRPV1-Cre mice, which
express Cre recombinase only in TRPV1-lineage neurons. The offspring that were
heterozygous for both R26R-hM4Di-mCitrine and TRPV1-Cre (TRPV1-hM4Di) expressed
mCitrine in a subpopulation of TG neurons (Fig. 5B). All TRPV1-expressing neurons were
mCitrine -positive, and approximately 45% of mCitrine-positive neurons expressed TRPV1,
which is consistent with previous findings from TRPV1-reporter mice®. To assess the effects
of hM4Di activation by CNO on TRPV1-expressing afferents, we assessed thermal
sensitivity of hindpaw in TRPV1-hM4Di mice. Intraplantar injection of CNO, but not
vehicle, significantly increased withdrawal latency to radiant heating in TRPV1-hM4Di
mice compared to TRPV1-Cre control mice (Fig. 5C). In contrast, mechanical sensitivity of
hindpaw in TRPV1-hM4Di mice was not significantly different from that of TRPV1-Cre
mice following the injection of CNO or vehicle (Fig. 5D). Since TRPV1 lineage neurons
contribute to thermal but not mechanical pain in skin®39, these data validate specific
inhibition of TRPV1-lineage neurons by CNO in TRPV1-hM4Di. Furthermore, masseter
injection of CNO in TRPV1-hM4Di mice significantly attenuated MGS scores upon
masseter injection of capsaicin compared to TRPV1-Cre (Fig. 5E). These results suggest
that local injection of CNO effectively silenced TRPV1-lineage afferent terminals in
TRPV1-hM4Di mice both in skin and muscle tissues. Next, we evaluated whether functional
silencing of TRPV1-lineage muscle afferent terminals affected MGS and bite force during
muscle inflammation (Fig. 6). TRPV1-hM4Di and TRPV1-Cre mice showed comparable
MGS scores both at baseline and 1 day following CFA injection. When CNO was bilaterally
injected to masseter muscles, MGS was significantly suppressed in TRPV1-hM4Di mice but
not in TRPV1-Cre mice (Fig. 6A). We also evaluated bite force in the same animals.
TRPV1-hM4Di and TRPV1-Cre mice showed comparable bite force at baseline and 1 day
following CFA injection. Bilateral injection of CNO into masseter muscles significantly, but
not completely, relived the decreased bite force in TRPV1-hM4Di mice but not in TRPV1-
Cre mice (Fig. 6B). These results provide further evidence that muscle inflammation-
induced changes in MGS and bite force depends on TRPV1-lineage neurons.

NK1-expressing neurons in Vc mediate changes in MGS and bite force during muscle
inflammation

NK1-expressing second order neurons in spinal dorsal horn comprise a major ascending
pathway for nociceptive signals®®. Since TRPV1-expressing afferents are ultrastructurally
and functionally connected with NK1-positive second order neurons426, we postulated that
NK1-positive second order neurons were responsible for muscle inflammation-induced
changes in MGS and bite force. To test this, we took advantage of selective chemical
ablation of NK1-positive neurons using the neurotoxin saporin conjugated to substance P42,
We microinjected SP-Sap or Sap control directly into V¢ (bilaterally) 1 month prior to
behavioral assays (Fig. 7A). Mice that received Sap control injection into V¢ (Vc-Sap)
showed comparable baseline MGS scores to mice that received saporin conjugated to
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substance P (SP-sap) injection into V¢ (Vc-SP-Sap). Bilateral injections of CFA, but not
saline, into the masseter muscles of Vc-Sap mice significantly increased MGS scores. MGS
scores were also significantly increased by CFA injection in VVc-SP-Sap mice (Vc-SP-Sap/
CFA), but the extent of increase was significantly less than that which occurred in Vc-
Sap/CFA mice (Fig. 7B). We tested bite force in the same animals. Bilateral injections of
CFA into the masseter muscles in VVc-Sap mice resulted in significantly decreased bite force
compared to saline injection. In contrast, injections of CFA in VVc-SP-Sap mice did not result
in decreased bite force compared to saline injection. The bite force of VVc-SP-Sap mice
following CFA day 1 and day 2 were significantly greater than bite force of VVc-Sap mice
following CFA injection (Fig. 7C). In immunohistochemical staining, NK1 receptor was
substantially reduced in the superficial layer of V¢ from mice injected with SP-Sap
compared to mice injected with Sap control (Fig. 7D). These results indicate that myositis-
induced changes in MGS and bite force largely depends on NK1-positive projection
neurons.

DISCUSSION

In this study, we adapted two different methods to assess non-evoked nocifensive behaviors
associated with masseter inflammation in mice: MGS and face wiping3®:53. Using these
assays, we found that masseter inflammation commonly resulted in measurable effects,
which were collectively interpreted as enhanced spontaneous pain from the masseter muscle.
In addition, we assessed function-related pain by assessing bite force during masseter
inflammation. Outcomes from MGS and bite force assay may be affected by factors not
relevant with pain, e.g. stress or grooming3® and direct effects of inflammation on muscle
contractility®. We cannot completely rule out potential contribution of these factors. We
concluded, however, that the observed behaviors during masseter inflammation are primarily
a consequence of nociception and likely reflect different types of pain based on our results
that the manipulation of nociceptive pathway through inhibiting or ablating nociceptor
terminals or second order neurons attenuated changes in MGS and bite force. TRPV1-
positive afferents may mediate spontaneous pain due to inflammation and nerve injury:
Deactivation of TRPV1-expressing fibers by capsaicin or RTX reduces conditioned place
preference (CPP) following hindpaw inflammation and spinal nerve ligation injury or
guarding behaviors following hindpaw incision22:2%:41.43 |n contrast, the contribution of
TRPV1 molecule itself to spontaneous pain following tissue injury or inflammation is
equivocal and seems to depend on pain models. TRPV1 antagonists do not affect guarding
behaviors following skin plus deep tissue incision®’ or intraplantar injection of CFA%3,
Inhibition of TRPV1 does not affect CPP in knee joint arthritis model either*4. Inhibition of
TRPV1, however, attenuates mouth rubbing in oral ulcerative mucositis or guarding in bone
cancer20:2560, Ouyr data show that TRPV1 contribute to facial grimace and face wiping
associated with masseter inflammation supporting its role in spontaneous pain. Constitutive
activation of TRPV1 in peripheral terminals of muscle nociceptors might contribute to
spontaneous pain. Low level, prolonged chemical activation of TRPV1 induces non-
desensitizing firing of nociceptors similar to spontaneous firing®®. Intraplantar injection of
linoleic acid, an endogenous TRPV1 agonist, induces TRPV1-dependent spontaneous
nocifensive behaviors during CFA-induced inflammation®C. Therefore, it is possible that
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generation of putative endogenous ligands of TRPV1 during inflammation may cause
constitutive activation of these channels leading to spontaneous pain. Constitutive activation
of TRPV1-expressing nociceptive terminals not only induces spontaneous pain but can also
drive central plasticity to produce referred hyperalgesia®®.

Unlike spontaneous pain, the inhibition of TRPV1 only marginally contributed to bite force
reduction following masseter inflammation. These results may appear contradictory to our
previous findings that showed pressure-evoked pain from masseter inflammation depends on
TRPV11L However, it is unclear whether the two types of muscle pain are mediated through
similar mechanisms. Our data on time course and pharmacological sensitivity suggested that
reduction of bite force and pressure-evoked withdrawal response may be generated through
distinct neurobiological processes. Similar pharmacological disparity has been reported
between weight bearing and tactile hypersensitivity following peripheral neuropathy, and
was attributed to apparently different mechanisms30. Although we used the bite force
reduction as a measurable index of muscle hyperalgesia, the mechanisms of associated
hyperalgesia during masseter inflammation are unclear. Activation of fine muscle afferents
inhibits alpha-motor neurons33, suggesting that masseter inflammation-mediated ongoing
nociceptive inputs may produce inhibitory control of masseter activity. Alternatively, muscle
contraction upon bite might cause mechanical irritation to muscle nociceptors under muscle
inflammation and thus peripheral sensitization of muscle nociceptors leads to reduction of
bite force as a nocifensive behavior as suggested in an ischemic contraction model38. Even
S0, it is possible that biting-evoked pain might involve indirect chemical transduction
between non-neuronal cells within muscle and adjacent TRPV1-expressing nociceptive
terminals, which is analogous to the stretch-evoked responses of bladderS. It is also possible
that aversive ongoing inputs from muscle nociceptors might drive secondary mechanical
hyperalgesia in the muscle. Major molecular contributors to bite-evoked muscle pain are not
known either. Results from current study suggest that bite-evoked muscle pain may be
attributable to unidentified molecules expressed in TRPV1-expressing afferents. The results
from our recent transcriptome analysis suggested that a subset of genes enriched in TRPV1-
lineage neurons were differentially regulated under masseter inflammationl. We are
investigating the roles of these candidate genes to identify the primary molecular
contributors to bite-evoked muscle pain.

Despite differential contributions of TRPV1 to spontaneous pain versus bite-evoked muscle
pain, our data from chemical ablation or chemogenetic inhibition suggest that TRPV1-
expressing primary afferents commonly contribute to the transmission of both types of pain
from masseter muscle. Our findings on the roles of TRPV1-positive afferents in spontaneous
muscle pain are consistent with reports that TRPV1-positive afferents contribute to CPP
following hindpaw inflammation and spinal nerve ligation injury or to guarding behaviors
following hindpaw incision?22941.43 Qur finding of a role for TRPV1-expressing afferents
in bite-evoked muscle pain is consistent with the effects of neonatal capsaicin treatment on
grip strength change by carrageenan injection to triceps muscle?’. Such effects of TRPV1-
expressing afferents on muscle hyperalgesia would seem to conflict with findings made in
regard to cutaneous pain, showing that TRPV1-expressing afferents are predominantly
involved in thermal but not mechanical pain®3°. However, intra-articular injection of RTX
attenuates weight-bearing responses in a knee arthritis model3!, which is thought to
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represent mechanical hyperalgesia. These putatively conflicting results suggest that the
contribution of TRPV1-expressing afferents to mechanical hyperalgesia may be tissue-
dependent. Nonetheless, our data clearly show that TRPV1-expressing afferents contribute
to spontaneous pain and bite-evoked pain from masseter muscle during inflammation. In
rats, ablation of 1B4-positive afferent terminals in spinal cord partially attenuates
hyperalgesia from gastrocnemius muscle induced by carrageenan injection, eccentric
exercise, or hindlimb vibrationl-2. Along with our data, these reports indicate that
pathological muscle pain is attributable to the two major nociceptive pathways, TRPV1-
positive and 1B4-positive afferents.

To further validate the roles of TRPV1-expressing afferents, we took advantage of the
recently developed chemogenetic strategy by using a knock-in mouse line in which Cre-
dependent inhibitory DREADD is expressed from Rosa26 locus. Recently, another
independently generated inhibitory DREADD line was reported to show altered neuronal
functions®L. In our experiments by using TRPV1-hM4Di line, baseline mechanical or
thermal /n vivo phenotypes were not different from those in TRPV1-Cre control mice.
Furthermore, spontaneous and bite-evoked pain during masseter inflammation was identical
between two genotypes suggesting that any potential altered neuronal functions in the
TRPV1-hMA4Di line are dispensable in our measurements. Therefore, we interpreted the
consequences of CNO as an inhibition of spontaneous and bite-evoked muscle pain by
suppressing TRPV1-lineage neurons. Of note, chemogenetic silencing in this experiment
was not confined to TRPV1-expressing neurons since TRPV1-lineage neurons include
TRPV1-negative neurons in adult. Therefore, this experiment argues for the involvement of
TRPV1-expressing afferents but does not necessarily argue against the involvement of
TRPV1-negative afferents.

Spontaneous pain and evoked pain are apparently mediated by different mechanisms (e.g.
Eisenach et al.16). In rodents, spinal administration of an antagonist of the NK1 receptor
attenuates myositis-induced hyperexcitability of spinal neurons in response to input from Aé
and ¢ muscle afferents, but does not affect background activity24. In contrast, nitric oxide
synthase inhibitor affects background activity but not excitability leading to activation of
muscle afferents23. This neurophysiological evidence and our data support the notion that
myositis-induced spontaneous pain and mechanically or functionally evoked pain are
produced and regulated via differential molecular mechanisms at the level of both
nociceptors and spinal cord. Our results, however, suggest that inflammation-induced
changes in MGS scores and reductions of bite force depend on NK1-expressing neurons in
Vc. Thus, NK1-expressing second order neurons likely comprise a primary common
pathway for both spontaneous pain and bite-evoked pain from muscle. Our data also indicate
that myositis-induced changes in MGS and bite force are consequences of transmission of
nociceptive signals through TRPV1-expressing nociceptors and NK1-expressing nociceptive
neurons. This provides clear evidence that MGS scores and bite force reduction represent
nociception-related behaviors in inflamed mice. Masseter inflammation upregulates multiple
genes from trigeminal ganglia implicated in synaptic function and structure!l, which may
produce central sensitization and lead to more widespread craniofacial pain such as
secondary cutaneous hyperalgesia32. Further investigation of central mechanisms in
craniofacial hyperalgesia following muscle inflammation is needed to address this issue.
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In this study, we used a model of inflammation caused by injection of CFA into masseter
muscles to assess spontaneous pain and bite-evoked pain. Inflammation is one of the major
contributors to acute and chronic muscle pain. Acute trauma, injury, and infection are
accompanied by inflammatory reactions in muscle, which cause peripheral and central
sensitization leading to hyperalgesia3’. Inflammatory mediators also appear to contribute to
chronic muscle pain conditions, such as myofascial pain syndrome®2, Therefore, rodent
models of muscle inflammation have been widely used to study mechanisms of muscle
pain?l, However, multiple chronic muscle pain conditions, e.g., fibromyalgia, often do not
involve overt muscle inflammation. It is possible that the mechanisms of spontaneous pain
and bite-evoked pain associated with non-inflammatory muscle pathologies may be different
from the mechanisms presented in this study.

We conclude that TRPV1 differentially contribute to spontaneous and bite-evoked pain
during masseter inflammation, but that both types of muscle pain are mediated by TRPV1-
expressing nociceptors as well as NK1-expressing second order neurons. Results of this
study suggest that targeting TRPV1 might be used to treat spontaneous muscle pain;
whereas, manipulation of muscle nociceptive terminals might be a potential therapeutic
approach for simultaneously reducing multiple modes of muscle pain.
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Perspective

We report the profound contribution of TRPV1 to spontaneous muscle pain but not to
bite-evoked muscle pain. These two types of muscle pain are transmitted through a
common nociceptive pathway. These results may help to develop new strategies to
manage multiple modes of muscle pain simultaneously by manipulating pain circuits.
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Highlights

We established models for spontaneous pain and bite-evoked pain from
masseter muscle in mice.

TRPV1 is a major contributor to spontaneous pain but not bite-evoked pain
from masseter muscle.

TRPV1-positive afferents and NK1-positive neurons commonly mediate both
types of muscle pain.
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Figure 1. Pharmacological inhibition and knock-out of TRPV1 attenuates spontaneous pain
during masseter inflammation in mice

A-B. Averaged mouse grimace scale (MGS) scores (A) or number of face wiping behaviors
(B) by mice following unilateral masseter injection of either CFA (20 pl) or vehicle (saline)
in WT or TRPV1 KO mice.

C-D. Effects of AMG9810 (AMG, TRPV1 antagonist; 200 nmol in 20 pl) on MGS scores
(C) and number of face wiping behaviors (D). Drugs or vehicle were injected on CFA day 1,
and drug effects were evaluated 1 hour later (CFA day 1) and 1 day later (CFA day 2).
*p<0.05, **p<0.01;***p<0.001, #p<0.0001; Bonferroni post-hoc test following two-way
ANOVA with repeated measures. Numbers in parenthesis represent numbers of mice.

J Pain. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al. Page 20

A

s))

Bite force (

700 - B _ 104
E 0
600 o o}
- Saline (12) g 101
500 - - CFA(9) é -20 - *ok
[&]
400 - * 590 #
) £ -40
OT T T : . . - 50 11— T T T T
base 1 2 3 7 base 1 2 3 7
Day after CFA Day after CFA

Figure 2. Measurement of bite-foce during masseter inflammation in mice
Absolute bite force (A) or bite force change (B) measured before and after bilateral injection

of vehicle (saline) or CFA (20 pl) into the masseter muscles; *, p<0.05; **p<0.01;
#p<0.0001; Bonferroni post-hoc test following two-way ANOVA with repeated
measurement. Numbers in parenthesis represent the numbers of mice.
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Figure 3. Limited contribution of TRPV1 to bite-evoked pain during masseter inflammation
A. Effects of bilateral injection of AMG9810 (200 nmol/side) or vehicle into the masseter

muscles 1 day following bilateral CFA injection. Bite force was measured before and 1hr
after drug injection. NS, not significant.

B. Bite force of TRPV1 KO or WT mice measured before and 1 day after bilateral injections
of saline or CFA (20 pl) into the masseter muscles. *, p<0.05; Bonferroni post-hoc test
following two-way ANOVA with repeated measurement.

C. Bite force of TRPV1 KO or WT mice measured before and after bilateral injection of
carrageenan (3%; 20 pl) into the masseter muscles.

J Pain. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

A

Ve injection CFA Post-CFA
of RTX or Veh 5.3 weeks 1 day i) measurement
l | | | | ]
| | | | | |
Preliminary - eline 1d, 3d, 6d
baseline
*kkkkk
B 084 (o [ |
I Vc-Veh/Veh (4)
k%% kk*%k
55 i Bl Vc-Veh/CFA (4)
@ ] it 1 Vc-RTX/Veh (4)
5 Bl Vc-RTX/CFA (5)
% 0.4+
»
S
0.2+
0.0-
base CFA1d CFA3d CFA6d
C 10-
. -O- Vc-Veh/Veh (4)
X 0+ -e- \/c-Veh/CFA (4)
$-10 -0 Vc-RTX/Veh (4)
S -e- Vc-RTX/CFA (5)
G -20 4
(0]
(&)
5 -30
E *%k%
o -40 4
-50 T

1 1 1
base CFA1d CFA3d CFAG6d

Veh

Page 22

Figure 4. Ablation of central terminals of TRPV1-expressing afferents attenuates spontaneous

and bite-evoked pain during masseter inflammation

A. Time line of experiment. RTX (50 ng in 0.5 pl PBS per side) or vehicle (0.5 pl per side)
was microinjected bilaterally into trigeminal nucleus caudalis (\Vc) two weeks prior to the

start of behavioral assessments. CFA (20 pl per side) was bilaterally injected into the

masseter muscles. MGS and bite force were evaluated from same groups of animals 1, 3,

and 6 days after CFA injections.

B-C. Averaged MGS scores (B) and normalized bite force (C) before and after masseter
injection of Veh or CFA in Vc-Veh- or Vc-RTX-injected mice. ***p<0.001 (Vc-Veh/CFA vs
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Vc-RTX/CFA); post-hoc analysis following two-way ANOVA. Numbers in parenthesis
represent the number of mice.

D. Representative immunohistochemical staining of TRPV1 in V¢ from Vc-RTX mice or
Vc-Veh mice. Scale bar, 100 pm.
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Figure 5. Chemogenetic silencing of TRPV1-lineage neurons attenuates heat- and capsaicin-

evoked pain but not mechanical pain in mice

A. Schematic of recombinant transgenes in mice used in the study. TRPV1-Cre mice were
crossed with R26-hM4Di mice to generate TRPV1-hM4Di mice, in which an engineered
inhibitory receptor is expressed in TRPV1-lineage neurons. IRES, internal ribosome entry
sequence; Cre, Cre recombinase, CAG, CMV immediate enhancer/B-actin promoter;
hM4Di, G;-DREADD; pta, porcine Teschovirus cleavage site; mCit, mCitrine fluorescent

protein.

B. Immunohistochemical labeling of TRPV1 (left; red) and mCitrine (middle; green) in
trigeminal ganglia of TRPV1-hD4Mi (upper) and TRPV1-Cre mice (lower). Right panels

J Pain. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 25

show merged images. Examples of neurons expressing both mCitrine and TRPV1 (arrow) or
mCitrine only (arrow head) are marked. Scale bar, 30 um.

C. Thermal sensitivity of hindpaw evaluated by Hargreaves assay before and 15 min after
intraplantar injection of vehicle or CNO (20 pg in 10 pl) in TRPV1-hM4Di or TRPV1-Cre.
D. Mechanical sensitity of hindpaw evaluated by Von Frey assay before and 1 hour after
intraplantar injection of vehicle or CNO (20 pg in 10 ul) in TRPV1-hM4Di or TRPV1-Cre.
E. Changes in MGS scores before and after bilateral masseter injection of vehicle or CNO
(20 pg in 10 pl per side) and following bilateral masseter injection of capsaicin (0.1 pg in 10
ul per side) in TRPV1-hM4Di or TRPV1-Cre mice. CNO was injected 30 min before
capsaicin injection.
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Figure 6. Chemogenetic silencing of TRPV1-lineage neurons attenuates spontaneous and bite-

evoked pain during masseter inflammation

Averaged MGS scores (A) and bite force (B) evaluated before or after bilateral masseter
injection of CNO (20 ug in 20 pl per side) after 1day following bilateral masseter injection
of CFA in TRPV1-hM4Di or TRPV1-Cre mice. MGS was evaluated after 30 min and bite
force was evaluated after 1 hour following bilateral masseter CNO injection. **p<0.001,
#p<0.0001, +p<0.0001 versus respective base; post-hoc test following two-way ANOVA.
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Figure 7. Ablation of NK1-expressing second order neurons within V¢ suppresses spontaneous
and bite-evoked pain during masseter inflammation

A. Time line of experiments. Saporin conjugated to substance P (SP-Sap; 0.25 pg in 0.5 pl
PBS per side) or saporin (Sap; 0.25 pg in 0.5 ul PBS per side) was injected bilaterally into
V¢ one month prior to the start of assessments. CFA (20 pl) was injected bilaterally into the
masseter muscles. MGS and bite force were measured from same animals on the indicated
days.

B-C. Averaged MGS scores (B) and normalized bite force (C) before and after masseter
injection of vehicle (saline) or CFA in mice injected with VVc-Sap or Vc-SP-Sap. #p<0.0001,
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***n<0.001, *p<0.05 (Vc-Sap-CFA vs Vc-SP-Sap/CFA); post-hoc analysis following two-
way ANOVA. Numbers in parenthesis represent the number of mice.

D. Representative immunohistochemical labeling of NK1 receptor in V¢ from Vc-Sap-
injected or VVc-SP-Sap-injected mice. Scale bar, 100 pm.
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