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Abstract
Non-invasive, movement-based models were used to investigate muscle pain. In rats, the masseter
muscle was rapidly stretched or electrically stimulated during forced lengthening to produce
eccentric muscle contractions (EC). Both EC and stretching disrupted scattered myofibers and
produced intramuscular plasma extravasation. Pro-inflammatory cytokines (IL-1β, TNF-α, IL-6)
and vascular endothelial growth factor (VEGF) were elevated in the masseter 24h following EC.
At 48h, neutrophils increased and ED1 macrophages infiltrated myofibers while ED2
macrophages were abundant at 4d. Mechanical hyperalgesia was evident in the ipsilateral head
4h-4d after a single bout of EC and for 7d following multiple bouts (1 bout/d for 4d). Calcitonin
gene-related peptide (CGRP) mRNA increased in the trigeminal ganglion 24h following EC while
immunoreactive CGRP decreased. By 2d, CGRP-muscle afferent numbers equaled naive numbers
implying that CGRP is released following EC and replenished within 2d. EC elevated P2X3
mRNA and increased P2X3-muscle afferent neuron number for 12d while electrical stimulation
without muscle contraction altered neither CGRP nor P2X3 mRNA levels. Muscle stretching
produced hyperalgesia for 2d whereas contraction alone produced no hyperalgesia. Stretching
increased CGRP mRNA at 24h but not CGRP-muscle afferent number at 2–12d. In contrast,
stretching significantly increased the number of P2X3-muscle afferent neurons for 12d. The
sustained, elevated P2X3 expression evoked by EC and stretching may enhance nociceptor
responsiveness to ATP released during subsequent myofiber damage. Movement-based actions
such as EC and muscle stretching produce unique tissue responses and modulate neuropeptide and
nociceptive receptor expression in a manner particularly relevant to repeated muscle damage.
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1. Introduction
Musculoskeletal pain is one of the most frequent symptoms encountered by primary care
providers [48,57]. In spite of this prevalence, the mechanisms involved in deep tissue pain
are poorly understood and current therapies are not only ineffective but can be dangerous
[21,37,69]. Musculoskeletal disorders in the craniofacial region include temporomandibular
disorders which frequently involve pain in the muscles of mastication [18,62]. Fibromyalgia,
a musculoskeletal disorder characterized by widespread muscle pain, also frequently
involves pain in craniofacial muscles [40,76,77].

There are no widely accepted models of muscle pain in part because previous models are
invasive and do not reproduce the characteristics of muscle pain. A common experimental
method used to study muscle pain is to inject complete Freund’s adjuvant (CFA) into muscle
[3,5,6,8,16,39,86]. Other exogenous substances (hypertonic saline, mustard oil, carrageenan,
capsaicin) and endogenous (serotonin, bradykinin, ATP, TNF-α, NGF) substances have also
been used to model muscle pain [26,29,42,49,63,78,87,88,94,98]. While these methods may
provide insight into certain aspects of muscle pain such as pain produced by infection,
poisoning and autoimmune dysfunction they do not incorporate movement or contractility,
fundamental properties of muscle. For this reason we employed in vivo muscle contraction
and rapid muscle stretching to study muscle nociceptive mechanisms.

Considerable evidence implicates the neuropeptide calcitonin gene-related peptide (CGRP)
in deep tissue nociceptive mechanisms [14,80]. Recently there has been a resurgence of
interest in the role of neuropeptides in pain, in part due to the development of neuropeptide
antagonists which show considerable promise for the treatment of migraine headache
[41,71]. We suspect that these neuropeptide antagonists may have broader therapeutic
applications including muscle pain. Therefore we investigated the effects of muscle
contraction and stretching on CGRP expression. We also examined P2X3 receptor
expression since trigeminal ganglion muscle afferent neurons express a high percentage of
P2X3 receptors [3] which can not only be upregulated by CGRP [28] but also potentially
activated by ATP released from damaged or undamaged myofibers.

We investigated muscle pain in the masticatory muscles for several reasons. Not only is
muscle tension commonly associated with temporomandibular disorders and craniofacial
pain [36], but the masseter muscle also exhibits a reduced ability to repair following injury
[73] and an increased tendency to undergo apoptosis [27]. Thus muscle damage, subsequent
inflammation and increased primary afferent drive could initiate or exacerbate chronic
craniofacial pain. A high percentage of craniofacial deep tissue primary afferent neurons
also express the P2X3 receptor and co-localize CGRP with P2X3 [2].

We employed eccentric muscle contraction (EC) and rapid muscle stretching, movement-
based stimuli, to produce muscle pain and inflammation. We characterize the EC and muscle
stretching models by quantifying their effects on myofiber integrity, plasma extravasation,
inflammatory cytokine levels and inflammatory cell density. We then examined the effects
of EC and stretching on nocifensive behavior and the expression of neuropeptides and P2X
receptors in the trigeminal ganglion thus providing unique insight into the mechanisms of
muscle nociception by utilizing movement-based models.

2. Methods
Male Sprague Dawley rats (239–441g, n=198) were used for all experiments. Animals
received humane care in compliance with the Guide for the Care and Use of Laboratory
Animals (NIH publication no. 86-23, revised 1985) and the Use Committee and the
Committee for Research and Ethical Issues of the IASP. All laboratory procedures were
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reviewed and approved by the University of Maryland Animal Care and Use Committee.
Every effort was made to minimize any suffering.

2.1. Eccentric muscle contraction and rapid muscle stretching
The skin overlying the masseter muscle was anesthetized by applying an anesthetic cream
(2.5% lidocaine, 2.5% prilocaine). Two hours later, rats were anesthetized with iosfluorane.
A rod coupled to a stepping motor, torque transducer and potentiometer was then positioned
in the diastema of the mandible. To produce eccentric muscle contractions, the masseter
muscle was stimulated with 1s trains (100Hz, 0.3ms pulse) at 0.3Hz using custom-made
surface electrodes (3×5 mm contact area). Electrically-induced neurogenic extravasation
was prevented by using this high frequency stimulation regime which does not activate
group III and IV masseter muscle afferent neurons [23]. Stimulation current was adjusted
(5–7mA constant current) to produce a supramaximal tetanic muscle contraction. One
hundred fifty milliseconds following activation of the masseter muscle, the mandible was
displaced 25 degrees (jaw opening) at a rate of 0.6°/ms. Mandibular displacement was
achieved by activating a stepping motor (1.8°/step; NMB Technologies, Chatsworth, CA)
controlled by a custom Labview program (Labview, version 8.5, National Instruments,
Austin, TX). Torque was measured using a torque sensor (model QWLC-8M Sensotec,
Columbus, OH) and amplifier (model DV-05, Sensotec) while angular position of the
mandible was monitored via a potentiometer. Mandibular displacement, torque and angular
position data were synchronized using a custom Labview program. Signals were sampled at
a rate of 2K Hz using a 16 bit analog to digital board (PCI-6221, National Instruments). Five
sets of 100 eccentric muscle contractions were produced with a 5min rest between sets. A
few initial experiments were conducted by manually displacing the mandible at a rate of 20
degrees per second to lengthen the masseter muscle. Rapid stretching of the masseter muscle
was produced by displacing the mandible (25 degrees, 0.6°/ms) without muscle contraction.
Concentric contraction of the masseter was produced by muscle stimulation without
stretching.

2.2. Injection of complete Freund’s adjuvant
For comparison to eccentric muscle contraction and stretching, muscle inflammation was
produced in a separate group of animals by injecting complete Freund’s adjuvant (CFA,
Sigma F5881, 150μl of 0.5mg/ml heat killed Mycobacterium tuberculosis suspended in
oil:saline (1:1) emulsion) into the masseter muscle.

2.3. Muscle edema
Edema was analyzed by harvesting the masseter muscle and determining the wet masseter
muscle weight. The muscle was then placed in an oven, dried for 3d and weighed to
determine the dry muscle weight. Muscle fluid content was defined as (wet muscle weight −
dry muscle weight/wet muscle weight) × 100.

2.4. Plasma extravasation
Leakage of Evans Blue dye (EB, E2129-10G Sigma) from the circulation was used to
evaluate plasma extravasation. Animals were anesthetized with sodium pentobarbital and
Evans Blue (50mg/kg in 0.2–0.3ml distilled H2O) was infused through the jugular vein.
Fifteen minutes after injection of Evans Blue, animals were sacrificed and perfused with
0.9% saline. Masseter muscle tissue was diced, placed in an extraction solution (acetone and
35.2mM sodium sulfate in H2O) and shaken for 48h. Supernatant was then decanted and
centrifuged at 10,000 rpm for 20min. The adsorbance of this solution was read at A620 using
a spectrophotometer. The dye content of each sample was compared to a standard curve of
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known Evans Blue concentrations. The amount of Evans Blue in grams was calculated per
gram of dry tissue.

2.5. Determination of myofiber membrane integrity
Muscle myofiber integrity was determined by injecting Evans Blue [55]. Evans Blue (1% in
phosphate-buffered saline, pH 7.4; 1mg Evans Blue/10g body weight) was filtered (0.2μm)
and injected intraperitoneally. After 24h, the masseter muscle was eccentrically contracted
(500 contractions) or stretched (500 stretches). Twenty-four hours following EC or
stretching the animals were decapitated and the muscles of mastication were removed,
dissected into three portions (anterior, middle, posterior) and quick frozen by immersion in
isopentane (−150°C) cooled by liquid nitrogen. Muscle specimens were cryosectioned
(10μm) and coverslipped with aqueous mounting media (PermaFluor, Thermo). Muscle
sections were then examined under epifluorescent illumination (excitation 535–550nm,
barrier 565nm). Myofibers containing Evans Blue indicative of membrane disruption were
readily identified by the presence of strong, homogeneous labeling within a myofiber.
Disrupted myofibers were quantified by dividing the masseter muscle into three blocks and
randomly selecting and analyzing a muscle section from each block. Images were collected
from each entire muscle section (average=22.1 images/section) and thresholded (SigmaScan
Pro). Myofibers with intensities 50% greater than background myofibers were considered to
be Evans Blue positive myofibers. All myofibers above and below threshold were manually
counted from each entire selected muscle section to determine the number of myofibers
containing Evans Blue in each muscle section.

2.6. Histology and immunocytochemistry
Muscles were examined for signs of muscle damage and inflammation using histological
and immunohistochemical techniques. Naive and contracted muscles were sectioned (12μm)
and stained with hemotoxylin and eosin (H+E). Sections of the masseter muscle were
randomly selected and myofibers in that section were quantitatively analyzed for myofiber
area, shape, compactness, and average intensity using image analysis software (Sigmascan
Pro 5.0, SPSS, Chicago, USA). Area was calculated as the sum of pixels within an object.
Compactness is a numeric representation of the shape of an object as it moves from a circle
to a line. Compactness was calculated as the perimeter squared divided by the area. Thus
minimum compactness (i.e. a circle) is about 12.57and as an object tends towards the shape
of a line the value increases. The shape factor calculates circularity of a myofiber. The shape
factor is calculated as shape factor = (4π × Area)/perimeter2. Thus the shape factor of a
perfect circle would equal 1.0 and a line would have a shape factor approaching 0.

The presence of inflammatory cells was examined using immunocytochemistry. Muscles
were cryosectioned (15μm) onto slides and fixed in cold acetone for 2min. Sections were
then washed in PBS (5–10min) and incubated in 1%H2O2 in methanol for 30min at room
temp. After washing in PBS, sections were incubated in normal horse serum (Vector, 2.5%)
for 30min at room temperature. Sections were then incubated in either: mouse monoclonal
anti-ED1 (1:50 Serotec MCA 341R); mouse monoclonal anti-ED2 (1:50 Serotec
MCA342R) or granulocyte antibody for neutrophils (HIS) antibody (1:25 BD Pharmigen
550304) for 2h at room temperature in a humid chamber. Sections were then incubated in
biotinylated anti-mouse (1:600, Vector Laboratories) for 30min in a humid chamber. After
washing in PBS, sections were incubated in ABC (Vector ABC elite PK-6102, 1:400) for
30min at room temperature. Sections were then washed in PBS and rinsed in Tris buffer (pH
7.6) for 5min. Tissue sections were then incubated in diaminobenzedine (DAB, 0.02%) for
5min. Reactions were monitored under a microscope and terminated by dilution with PBS.
Muscle sections were then dehydrated in graded alcohols and coverslipped (Permount). For
each antibody, a control was conducted by incubating in PBST instead of the primary
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antibody. These omission controls showed no staining. Rat spleen tissue was used as
positive controls for HIS48, ED1, ED2 and showed large numbers of stained cells.

2.7. Enzyme-linked immunosorbent assay (ELISA)
Animals were decapitated and the masseter muscles dissected and minced with scissors.
Muscles were then ground in RIPA buffer (Santa Cruz Biotechnology) containing protease
inhibitor (complete, EDA-free, Roche) in a teflon glass homogenizer. Homogenates were
centrifuged for 8min (15,000xg, 4°C) and the supernatant was saved for assay. Protein
content was determined by the Bradford method (Bio-Rad). The cytokines were measured
by two-antibody ELISA using biotin-strepavidin-peroxidase detection. Polystyrene plates
(Maxisorb; Nunc) were coated with capture antibody in PBS overnight at 25°C. The plates
were washed 4 times with 50mM Tris, 0.2% Tween-20, pH 7.0–7.5 and then blocked for
90min at 25°C with assay buffer (PBS containing 4% BSA and 0.01% Thimerosal, pH 7.4).
The plates were washed 4 times and 50μl assay buffer was added along with 50μl of sample
or standard prepared in assay buffer and incubated at 37°C for 2h. After washing 4 times,
the plates were incubated with biotinylated detecting antibody for 1h at 25°C. The plates
were washed 4 times and reacted with strepavidin-peroxidase polymer in casein buffer
(RDI) at 25°C for 30min. Following 4 washes the plates were reacted with 100μl substrate
(TMB; Dako) for approximately 10–30min at 25°C. The reaction was stopped with 100μl
2N HCl and the A450 was read on a microplate reader (Molecular Dynamics). Following
subtraction of A650, a curve was fit to the standards using a computer program (SoftPro;
Molecular Dynamics) and cytokine concentration in each sample was calculated from the
standard curve equation.

2.8. Behavioral assessment
Animals were tested for their response to mechanical stimulation of the masseter muscle
region using a rigid von Frey filament coupled with a force transducer (Electrovonfrey,
model no 2290, IITC, tip diameter 1.03mm). Animals were habituated using the
methodology described by Ren [82] and a continuously variable force transducer with a
fixed contact area was used to measure withdrawal thresholds. Initially animals were
habituated to stand unrestrained on their hindpaws and lean on the experimenter’s hand
enclosed in a leather glove. Mechanical thresholds were then tested by probing the masseter
muscle through the facial skin or the lateral edge of the hindpaw. The force needed to elicit a
withdrawal of the head or foot was recorded following five stimulus presentations at
approximately one 1min intervals and the mean values of the five readings were used for
analysis.

2.9. Radioimmunoassay (RIA)
Trigeminal ganglia were harvested after rats were killed by decapitation. Since the somata of
non-spindle masticatory muscle afferent neurons lie within the mandibular (V3) division of
the trigeminal ganglion [23], V3 was separated from the opthalmic and maxillary divisions
of the trigeminal ganglion (V1/V2), frozen in dry ice and stored at − 80°C until processed.
Ganglion samples were homogenized in RIA buffer (RK-BUR, Phoenix Pharmaceuticals,
USA), and the homogenates were centrifuged for 10min at 5000xg at 4°C. Supernatants
were then separated and total protein content in each sample determined by Bradford’s
method. The supernatant was then used for a CGRP assay in duplicate using an RIA kit
according to the manufacturer’s instructions (#RK-015-09, Phoenix Pharmaceuticals Inc.).
The sensitivity was 32 pg/tube. The intra-assay variance was 5% while the inter-assay
variance was 10% (n=5). The cross-reactivity for the antibody used was 100% for rat CGRP
and 35.5% for human CGRP.
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2.10. Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Rats were decapitated 24h after muscle contraction or stretching. In some experiments
dantrolene sodium (100μM, 3.4μl in sterile saline) was intramuscularly injected to block
muscle contraction [17] during electrical stimulation. Right and left trigeminal ganglia were
dissected. The mandibular (V3) division of the trigeminal ganglion was dissected and frozen
with dry ice. Total RNA was extracted using an Absolute RNA kit (Stratagene) that includes
a DNase treatment. 200ng of total RNA was used to generate cDNAs in 15μl with a
Superscript II system (Invitrogen, Carlsbad, CA) [53]. The concentration and quality of
extracted RNA was determined using an Agilent BioAnalyzer 2100. RNA integrity was
evaluated by electropherograms, the 28S/18s rRNA subunit ratio and the RNA integrity
number (RIN) a proprietary Agilent Technologies algorithm [65]. cDNA was only
synthesized if extracted RNA had a RIN greater than 7 and a 28s/18s ratio greater than 1.1.
Real-time qPCR was performed with TaqMan primers and probes in the Fast Start Universal
Probe Master (Rox) (Roche RMB-04913957001) on the ABI Prism 7000 Sequence Detector
(Applied Biosystems). All TaqMan primers and probes with high efficiency were obtained
from ABI (cat. no. Rn00569199 for rat CGRP; Rn00579301 for rat P2X3; 4352338E for rat
GAPDH). Optimal concentrations were determined for single gene reaction (monoplex
mode) in 50μL volume containing cDNAs equal to 6–26ng RNA. Cycling parameters were
95°C for 10min followed by 45 cycles of 95°C for 15s and 58–60°C for 1min. Detection of
cDNA of interest was expressed as the amplification cycle at which the relevant PCR
product was first detected [threshold cycle (CT)]. The relative quantification of fold changes
of mRNA levels was calculated by the comparative CT method (ΔΔCT method) (ABI User
Bulletin 2) as described previously [8]. Each assay was run in triplicate. The express level of
the GAPDH gene was measured by TaqMan primer and probe from the same cDNA pools
and served as internal controls to normalize the CGRP signal.

2.11. Muscle afferent labeling and CGRP, P2X3 immunocytochemistry
Masticatory muscle afferent neurons were labeled essentially as described previously [4].
Briefly, rats were anesthetized with 2% isoflurane. A 1mm incision was made in the skin
overlying the masseter muscle using aseptic technique and several portions of the masseter
muscle were injected with rhodamine-dextran (10,000 kDa, D-1817, Molecular Probes,
USA, total 6–8μl) dissolved in sterile saline through a single penetration of the fascia
overlying the muscle. Leakage of tracer was prevented by applying petroleum jelly over the
point where the injection syringe penetrated the muscle fascia. All animals were closely
monitored for any signs of pain or distress after recovery from anesthesia.

Four days after dextran was injected into the muscle, rats were sacrificed and perfused
transcardially with saline followed by a mixture of 4% paraformaldehyde. Trigeminal
ganglion were removed, cryoprotected by immersion in 30% sucrose and frozen sections
(20–30μm) were cut. Sections were incubated in PBS with 0.4% Triton-X-100 (PBST) for
48h at 4°C with a rabbit polyclonal antibody against α-CGRP (1:5,000 T4032, 1HC6006
Penninsula Labs, USA) or P2X3 (1:1000 Chemicon). Sections were then incubated in
biotinylated anti-rabbit or anti-guinea pig anti-serum (1:200, ABC Elite kit, Vector Labs,
USA) for 1h at room temperature. Sections were then incubated in fluorescein
isothiocyanate (FITC) conjugated to avidin (1:400, Vector) for 1h at room temperature.
Sections were mounted using an aqueous mounting medium (PermaFluor, Shandon, USA).
Non-specific labeling for all peptide antibodies was evaluated previously following
preadsorption and after omission of primary antibodies [4].

Ganglion sections were examined using wide-field epifluorescent illumination (Nikon
Eclipse E800 microscope) with filters for rhodamine (excitation wavelength (ex) 528–
553nm, barrier filter (bf) 600–660nm), FITC (ex 465–495nm, bf 515–555nm), and a dual
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filter for FITC/rhodamine (ex 478–494nm and 535–570nm, bf 523–604nm). Rhodamine-
labeled neurons and neurons double-labeled with both rhodamine and FITC were tallied
manually with no knowledge of experimental history (i.e. blinded). Only neurons with a
discernable nucleus and unambiguous labeling were included in the analysis. Since muscle
afferent neurons are not uniformly distributed throughout the ganglia, neurons in all sections
from each ganglion were counted to avoid potential sampling errors.

2.12. Statistical analysis
All data were initially tested for normality (Kolmogorov-Smirov test) and equal variance
(Sigma Stat, Jandel). Normally distributed data with equal variance were tested with
parametric statistics (t-test, ANOVA followed by a Holm-Sidak post-hoc test). Non-
normally distributed data or data with unequal variance were tested with non-parametric
methods (Mann-Whitney rank sum test, Kruskal Wallis ANOVA on ranks followed by
Dunn’s method for multiple comparisons [25] or Friedman repeated measures ANOVA on
ranks). A probability level of 0.05 was chosen for hypothesis testing. Actual p-values are
reported for further evaluation.

3. Results
3.1. Muscle contraction

Pre-activation of the masseter muscle typically generated about 10Nmm torque (Fig. 1).
Torque then increased during mandibular and muscle displacement reaching a peak as
movement ceased. Torque developed during muscle contraction ranged from an initial mean
of 189Nmm for the first contraction with a gradual decrease during subsequent contractions
to a mean of 118Nmm for the last contraction. In the initial experiments the mandible was
manually displaced to create eccentric contraction. Myofiber damage was less extensive
following manual mandibular movement although no significant differences were apparent
in other parameters.

3.2. Muscle edema
Eccentrically contracted muscles contained significantly more fluid than non-contracted
muscles indicating that EC produced edema. Specifically, eccentrically contracted masseter
muscles contained 2.8% more fluid than non-contracted muscles which was a significant
increase in intramuscular fluid (Table 1; t-test p=0.038, n=7 animals, 14 muscles).

3.3. Plasma extravasation
The amount of Evans Blue (μg/g dry tissue) was significantly increased in the masseter
muscle 1d after eccentric masseter muscle contraction (Fig. 2; one-way ANOVA on ranks
followed by Dunn’s method, p=0.014, naive n=26, 4h n=7, 1d n=13, 2d n=6, 4d n=12). In
contrast, no significant change in Evans Blue was found in the skin overlying the masseter
muscle after eccentric masseter muscle contraction (Fig. 2; one-way ANOVA, p=0.449,
naive n=28, 4h n=7, 1d n=11, 2d n=6, 4d n=10) demonstrating that the stimulation evoked
muscle inflammation without inflammation of the overlying skin. A significant increase in
Evans Blue was found in the stretched masseter muscle (one-way ANOVA, p=0.05, naive
n=25, 4h n=11, 1d n=15, 2d n=9, 4d n=11).

3.4. Myofiber membrane damage
Frequent, scattered myofibers containing Evans Blue indicative of myofiber damage (Fig. 3)
were found in masseter muscles which had been eccentrically contracted. Disrupted
myofibers were not adjacent to each other and were not obviously compartmentalized within
the muscle. These methodology used to quantify Evans Blue muscle fibers was initially
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tested for reproducibility by counting five randomly selected sections from the same
eccentrically-contracted muscle. These measurements yielded an average of 11.8%
infiltrated Evans Blue muscle fibers (range 6 – 15.1%, SD=3.5, n=5 sections). Quantitative
analysis of muscle sections (average of 2062 myofibers analyzed per section) from
eccentrically-contracted masseter muscles from different animals showed that an average of
12.5% of masseter muscle myofibers were infiltrated by Evans Blue (n=5 animals, range
7.2%–16.1%, SD=3.4). In animals injected with Evans Blue but not subjected to EC (n=2),
Evans Blue was confined to the extracellular space surrounding individual myofibers (Fig
3). In some animals injected with Evans Blue the masseter muscle was injected with CFA.
Evans Blue in these animals was confined to the extracellular space surrounding myofibers
and showed no evidence of myofiber membrane disruption (n=2)(Fig. 3). In rapidly
stretched masseter muscle a small number of myofibers were disrupted (mean=4.9%, range
1.0%–12.6%, SD=4.8, n=5).

3.5. Muscle histology myofiber morphology
Quantitative analysis of histological muscle sections revealed that myofibers in eccentrically
contracted muscles exhibited signs of myofiber damage. The area of myofibers from
eccentrically contracted muscles was significantly larger than myofibers within control
muscles (n=5 animals Mann-Whitney rank sum test p<0.001, control n=496 myofibers
median 3838.5μm2, contracted n=499 myofibers median=6107.00μm2). Eccentrically
contracted myofibers were more circular and more compact than control myofibers
(circularity: n=5 animals, Mann-Whitney rank sum test p<0.001, control n=496 myofibers
median=0.72, EC n=499 myofibers, median=0.79: compactness: n=5 animals, Mann-
Whitney rank sum test p<0.001, control n=496 myofibers, median=17.55, EC n=499
myofibers, median=16.01).

3.6. Inflammation and immunocytochemistry
Clear evidence of muscle inflammation was present following EC. Muscle sections stained
with hematoxylin and eosin showed marked evidence of inflammatory cell infiltration (Fig
4A, control n=5; contraction n=12). Some myofibers exhibited evidence of focal invasion of
muscle fibers (Fig. 4B, C) while others exhibited clear signs of myofiber swelling (Fig 4D
asterisk). Immunocytochemistry was used to further characterize inflammation (control n=5,
1d post-contraction n=5, 2d post-contraction n=5, 4d post-contraction n=5). Neutrophils
visualized with HIS48 antibody were found sparsely scattered throughout the masseter
muscle 1 to 4d after EC. Neutrophils were typically located in the extracellular space and
myofibers were very rarely infiltrated by neutrophils. Quantitative analysis of muscle
harvested 1d following EC demonstrated that neutrophils were significantly increased (mean
HIS48+ cells/mm3; control=1691 n=5, contracted 3614 n=5, t-test p<0.05). Myofibers were
infiltrated by ED1 macrophages within 2d after contraction. Four days after contraction ED1
macrophages were scattered throughout contracted muscles with numerous myofibers
infiltrated with ED1 macrophages. Since ED1 macrophages were the most numerous
inflammatory cell examined (Fig. 4C,D), they were quantified and found to be significantly
increased following EC (control=217 ED1 cells/mm3 n=5, contracted=17,322 ED1 cells/
mm3, n=5, p<0.001). A few ED2 macrophages were found 1d after EC. Two days after
contraction, ED2 macrophages were much more numerous and by 4d after EC ED2
macrophages were plentiful (Fig. 4E).

Injection of CFA into the masseter muscle (n=3) produced a markedly different
inflammatory response than EC. In contrast to the focal inflammation with selected
myofiber infiltration, CFA produced a massive, non-specific inflammatory response in the
muscle. Granulocytes and both ED1 and ED2 macrophages were ubiquitous (Fig. 4F). In
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addition CFA produced large vacuoles in the muscle. This type of massive, non-specific
inflammation with vacuoles was never observed following EC.

3.7. Cytokines
Prominent pro-inflammatory cytokines were significantly increased in the masseter muscle
24h following EC and stretching. A significant increase in intramuscular interleukin-6 (IL-6)
was found 24h following EC and stretching using ELISA (naive 1.50 pg/mg protein,
contracted 2.53 pg/mg protein, one-way ANOVA, p=0.032, n=18, 8 naive, 5 contracted, 5
stretched). Intramuscular tumor necrosis factor alpha (TNF-α) was also significantly
increased 24h following EC and stretching (naive 0.098 pg/mg protein, contracted 0.203 pg/
mg protein, stretched 0.242 pg/mg protein, one-way ANOVA p=0.019, n=19, 9 naive, 5
contracted, 5 stretched). Levels of interkeukin-1β (IL-1β) in the masseter were significantly
increased following EC but not stretching (naive 0.518 pg/mg protein, contracted 0.820
pg.mg protein, one-way ANOVA p=0.046, n=18, 8 naive, 5 contracted, 5 stretched). The
cytokine vascular endothelial growth factor (VEGF) was also significantly increased
following EC but not stretching of the masseter muscle (naive 0.633 pg/mg protein,
contracted 1.19 pg/mg protein, stretched 1.03 pg/mg protein, one-way ANOVA p=0.038,
n=17, 6 naive, 6 contracted, 5 stretched).

3.8. Mechanical hyperalgesia
The mechanical threshold which evoked a head withdrawal was tested in rats prior to and
following eccentric, concentric contraction and stretching of the masseter muscle. Following
a single bout of EC (500 contractions), the head withdrawal threshold was significantly
reduced when a force was applied to the region of the masseter muscle (one-way repeated
measures ANOVA, n=10, p<0.001). This mechanical hyperalgesia peaked 4h following EC
and persisted for 4d (Fig. 5, Holm-Sidak method of multiple comparisons). No reduction in
head withdrawal threshold was found on the contralateral head, ipsilateral or contralateral
hindlimb following EC (Friedman repeated measures one-way ANOVA on ranks,
contralateral face: n=10, p<0.001; ipsilateral hindpaw: n=10, p<0.001; contralateral
hindpaw: n=10, p=<0.001). In some cases analysis of variance tests were significant. The
Holm Sidak method of multiple comparisons revealed that 12d after contraction there was a
slight, but significant, increase in the contralateral head withdrawal threshold. Rapid
stretching of the masseter muscle without muscle contraction produced a significant drop in
the head withdrawal threshold from 4h through 2d (one-way repeated measures ANOVA
followed by Holm-Sidak method p<0.001, n=6). Stretching had no effect on hindpaw
withdrawal threshold (Friedman repeated measures one-way ANOVA on ranks, right
hindpaw p=0.07 left hindpaw p=0.07, n=6). Contracting the masseter without stretching the
muscle also did not alter the head withdrawal threshold (Friedman one-way repeated
measures ANOVA on ranks; ipsilateral face p=0.29; contralateral face p=0.21; ipsilateral
hindlimb p=0.19; contralateral hindlimb p=0.20, pretest n=6, contract n=2).

Four consecutive bouts of eccentric masseter muscle contraction (500 contractions per day)
produced a more prolonged reduction in the ipsilateral head withdrawal threshold than was
evoked by a single bout of EC. Following four bouts of EC the withdrawal threshold was
significantly reduced from 4h through 7d (Fig. 6, one-way repeated measures ANOVA, n=4,
p<0.001, Holm Sidak method). There was however no difference in the maximum percent
reduction in withdrawal threshold produced by one versus multiple bouts of EC (t-test,
p=0.21). In addition, four bouts of contraction produced a reduction in the contralateral head
withdrawal threshold 4h following EC through 2d (one-way repeated measures ANOVA
n=4, p<0.001, Holm Sidak method). No reduction in withdrawal threshold was detected in
the ipsilateral hindpaw (one-way repeated measures ANOVA, n=4, p=0.003) or
contralateral hindpaw (Friedman one-way repeated measures ANOVA on ranks, n=4,
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p=0.005). A significant increase was found in the ipsilateral hindpaw 14d following
contraction (Dunn’s method).

The absolute values for evoking head withdrawal responses are slightly higher than reported
by Ren [83] since we are using a larger probe (1.03mm) than an equivalent von Frey
filament (0.55mm) to preferentially stimulate deeper tissue [97]. Even higher thresholds are
reported when larger probes are utilized [24,89].

3.9. CGRP content in the trigeminal ganglion
We used RIA to investigate whether there was a change in CGRP within the trigeminal
ganglion following EC. Since the somata of non-spindle masticatory muscle afferent
neurons lie within the mandibular (V3) division of the trigeminal ganglion [23], we
separated the V1/V2 region of the ganglion from the V3 division where masseter muscle
afferent somata are located. In naive animals (n=5) mean immunoreactive CGRP (iCGRP)
in V3 was 0.799 pg/μg. Twenty four hours after EC iCGRP was 0.500 pg/μg in the
ipsilateral V3 (n=4) versus 0.669 pg/μg in the contralateral V3 (n=4). The iCGRP level in
V3 from the side of the eccentrically contracted masseter muscle is significantly lower than
from either the naive V3 or the contralateral V3 (one-way ANOVA followed by Holm-Sidak
method, p=0.43). No significant differences were found between naive V1/V2 and V1/V2
from EC animals or between naive V1/V2 and naive V3. (n=4 for each group).

3.10. CGRP, P2X3 gene expression
High quality RNA was extracted from the trigeminal ganglion (28s/18s ratio mean=8.9;
RNA integrity number mean=8.9) and used to produce cDNA. The level of CGRP mRNA in
the mandibular division of the trigeminal ganglion (V3) was significantly higher in the
ipsilateral V3 following EC and muscle stretching (Fig. 7, one-way ANOVA p=0.029
followed by Holm-Sidak method, naive n=8; EC n=7; stretched n=7). The level of P2X3
mRNA in the mandibular division of the trigeminal ganglion (V3) was significantly higher
in the ipsilateral V3 following EC but not muscle stretching (one-way ANOVA p=0.021
followed by Holm-Sidak method, naive n=8, EC n=7, stretching n=5).

To investigate the possibility that electrical stimulation of peripheral nerves could modulate
ganglionic CGRP and P2X3 expression, dantrolene was injected into the masseter muscle
and electrical stimulation (n=500) was applied in the same manner used for EC. No muscle
contraction was visible following intramuscular dantrolene injection. No change in
ganglionic CGRP or P2X3 mRNA was found in V3 following electrical stimulation of the
masseter muscle while muscle contraction was blocked using intramuscular injection of
dantrolene (CGRP: t-test, p=0.27, naive n=8, stimulation without contraction n=2; P2X3 t-
test p=0.72, naive n=8, stimulation without contraction n=2).

3.11. Percentage of CGRP, P2X3 muscle afferent neurons
We investigated whether EC modulated CGRP expression in muscle afferent neurons by
quantifying the percentage of trigeminal ganglion neurons labeled from the masseter muscle
which were immunopositive for CGRP. Neurons labeled with rhodamine from muscle
injections and CGRP immunopositive neurons were readily distinguishable and comparable
to previous studies [4]. Previous studies show that intramuscular injection of dextran does
not produce substantial muscle inflammation [1]. No significant differences were found in
the number of CGRP containing muscle afferent neurons 2d or 12d following EC (Fig. 8A,
one-way ANOVA p=0.502; control mean=32.21, n=6; 2d after contraction mean=37.22,
n=5; 12d following contraction mean=38.00, n=8). P2X3-immunopositive muscle afferent
neurons were significantly increased at both 2d and 12d following EC (one-way ANOVA
p=0.001 followed by Holm-Sidak method, naive n=10, EC (2d) n=5, EC (12d) n=6.
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Following rapid muscle stretching, no difference was found in the number of CGRP-
immunopositive muscle afferent neurons 2 or 12d following EC (one-way ANOVA
p=0.770, naive n=6, stretch-2d n=5, stretch 4d n=5). In contrast to this, P2X3-
immunopositive muscle afferent neurons were significantly increased at both 2d and 12d
following stretching (one-way ANOVA p=0.001 followed by Holm-Sidak method, naive
n=13, stretching (2d) n=6, stretching (12d) n=5).

4. Discussion
We have utilized non-invasive, movement-based models to produce muscle inflammation
and mechanical hyperalgesia. These models produce selective: myofiber damage,
myonecrosis and inflammatory infiltration, all processes reported following voluntary
eccentric movement [10]. Eccentric exercise and ballistic stretching in humans also
produces muscle soreness [90,104] consistent with the mechanical hyperalgesia found in this
study. Most previous models of muscle pain are invasive and typically activate only a subset
of nociceptive receptors (e.g. mustard oil, capsaicin) [9,51]. Models such as CFA evoke a
massive inflammatory response with tissue erosion which does not correspond to known
muscle pathologies and decrease pro-angiogenic and neurotrophic factors [103]. In addition,
none of these previous models incorporate characteristic features of muscle such as
contractility and movement.

Eccentric muscle contractions and stretching were produced using mandibular displacements
within the normal physiological range for rats [105]. Since masseter muscle sarcomeres
lengthen during jaw opening [67,68,79], ECs were produced when the muscle was entirely
on the descending limb of the length-tension relationship. This relationship and the pre-
activation we employed prior to muscle lengthening facilitate muscle injury [13,52,56].
Force and torque measured during the initial masseter contraction are similar to values
generated by rat hindlimb muscles [33,56]. A one third reduction in force occurred between
the initial and last muscle contraction of each experiment. This reduction is attributable to
both fatigue and muscle injury, although injury produced by EC is likely independent of
fatigue [64]. While a substantial number of muscle contractions were used in this study,
other masseter studies have employed more ECs [32] or contraction for 30min per day for
14d [89] and hindlimb studies have used 100–500 ECs [35,46,47,95,96].

Increased intramuscular fluid content and Evans Blue indicate that muscle edema and
plasma extravasation were present following EC. Cutaneous neurogenic inflammation was
prevented by anesthetizing the skin overlying the masseter and utilizing brief stimulation
pulses to avoid activation of C-fibers. Furthermore, electrical stimulation of nerves evokes
only minimal intramuscular plasma extravasation [61]. Previous hindlimb studies
demonstrate that EB can be used as a marker for myofiber disruption [11,38,55]. Scattered
myofibers containing EB were evident in EC and stretched muscles. Additional indications
of myofiber damage include significantly larger, more circular and compact myofibers after
contraction consistent with hindlimb studies [75]. Large, type II hindlimb myofibers are
preferentially damaged in eccentric exercise and electrically-induced eccentric muscle
contraction [7,31,45]. Since fiber types vary in many aspects (e.g. myosin isoforms,
glycogen content, abundance of oxidative enzymes), preferential disruption of large
myofibers is likely to expose peripheral muscle nerves to a distinctly different extracellular
milieu than non-selective muscle pain models or hindlimb unloading/reloading [102].

Neutrophils were significantly increased in the masseter muscle 1d following EC similar to
hindlimb muscles [60,75,100]. It has been proposed that neutrophils exacerbate contraction-
induced muscle injury and impair the recovery of muscle function [75]. ED1 macrophages
infiltrated myofibers 2–4d following EC as in hindlimb studies [60]. ED1 macrophages are
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the first macrophage subpopulation to infiltrate muscle following EC and are thought to
participate in muscle repair [59]. While the density of ED1 macrophages was substantially
greater than that following hindlimb EC [60], it is comparable to densities following
downhill running and hindlimb reloading [30,100]. The scattered pattern of ED1 myofiber
infiltration is similar to that of myofibers containing EB following EC, likely indicating that
myofibers damaged by EC are later phagocytized. Four days post-contraction, ED2
macrophages are numerous and often present within spaces previously occupied by
myofibers. ED2 macrophages are thought to contribute to muscle regeneration by causing
satellite cell activation and myoblast proliferation [60]. In contrast to the prominent
inflammation found in this study, Fujii and co-workers [32] report minimal inflammation
after EC likely due to the very slow rate of muscle stretch and lack of muscle pre-activation.

Pro-inflammatory cytokines are significantly increased within the masseter muscle
following EC and stretching. Intramuscular IL-1β, TNF-α and IL-6 [15,22,84] as well as
IL-6 mRNA [92] are also elevated following limb muscle EC. In the masseter muscle, IL-6
may be regulated by contraction since IL-6 mRNA increases when the muscle is electrically
stimulated and suppressed when contraction is disrupted [72] although metabolic roles are
also proposed for muscle-derived IL-6 [74]. A significant increase in intramuscular VEGF
occurred following EC. This proangiogenic factor also increases within muscle following
exercise [44,50,85] and is thought to be related to contraction-induced skeletal muscle
angiogenesis. VEGF is also a neurotrophic factor selectively expressed in small-diameter
neurons [91]. The intramuscular cytokine profile following EC represents one of the unique
features of the EC pain model since intramuscular injection of CFA decreases VEGF [103]
and carageenan does not elevate TNF-α [54].

Eccentric contraction and rapid stretching of the masseter muscle consistently produced
craniofacial mechanical hyperalgesia. Multiple bouts of EC produce a more prolonged
mechanical hyperalgesia lasting up to 7d. Muscle contraction without stretching did not
produce hyperalgesia indicating that the behavioral responses are not due to muscle
contraction alone nor are they due to stress induced by the experimental procedure. Only
minimal mechanical hyperalgesia was found within 48h following 15 consecutive days of
concentric masseter muscle contraction [89] suggesting that EC and rapid stretching more
readily produce hyperalgesia. In hindlimb muscle, mechanical withdrawal thresholds are
reduced for 3d after a single bout of 500–600 ECs [32,95]. Previous human studies indicate
that muscle soreness produced by eccentric movement has a similar time course as the
mechanical hyperalgesia found in this study [20,34,104].

Levels of CGRP within the ipsilateral mandibular division of the trigeminal ganglion were
reduced 24h following EC. This result differs markedly from previous studies of muscle
pain. Intramuscular injection of CFA elevated ganglionic iCGRP within 1h and iCGRP
remained elevated for 12d [5]. Similarly adjuvant-induced jaw joint inflammation elevated
CGRP levels within 6h and CGRP remained elevated for 10d [43]. We interpret the decrease
in ganglionic CGRP following EC as a release of CGRP from ganglionic, presumably
muscle afferent, neurons. CGRP mRNA increased 24h following EC and by 2d, the number
of CGRP-containing muscle afferent neurons was comparable to naive animals. These data
suggest that CGRP is initially released following EC and then gene expression is
upregulated to replenish CGRP within muscle afferent neurons. It is likely that this CGRP
release evoked by EC potentiates neurogenic extravasation since CGRP vasodilates blood
vessels in muscle [70] and mediates neurogenic inflammation [12]. Unlike studies using
CFA [5], we found no increase in the number of CGRP-muscle afferent neurons following
EC or stretching. P2X3 gene expression was increased 24h following EC and the number of
P2X3 muscle afferent neurons was significantly higher than naive 2d through 12d after EC.
In vitro studies report that CGRP can upregulate P2X3 expression in trigeminal neurons
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[28], thus the release of CGRP evoked by EC may contribute to the increased expression of
P2X3 reported here in vivo. P2X channels on nociceptors can be activated by the release of
ATP from nearby cells [19]. The concentration of ATP within myofibers is approximately
10mM [93], a concentration which readily activates muscle primary afferent neurons in vivo
[81]. Thus we propose that P2X3 channels on muscle afferent neurons are activated by ATP
released from undamaged myofibers and myofibers damaged by eccentric exercise and that
the increased P2X3 expression evoked by EC further enhances the responsiveness of these
neurons to repetitive bouts of EC. In comparison to EC, P2X3-immunopositive muscle
afferents were increased for several days following intramuscular injection of CFA but then
decreased at 12d [3]. Thus both CGRP and P2X3 expression following EC differ markedly
from that evoked by adjuvant injection. The number of P2X3 muscle afferent neurons is also
increased following 15d of electrically contracting the masseter muscle [89]. Here, we show
that electrical stimulation without muscle contraction does not alter CGRP or P2X3 gene
expression, indicating that increased gene expression following electrically evoked muscle
contraction is not due to antidromic stimulation of peripheral nerves.

Muscle stretching increased CGRP gene expression within 24h. Two days following
stretching, the number of CGRP muscle afferents was comparable to naive animals. While
CGRP is strongly implicated in nociception and inflammation [43,66,106], it is also
implicated in healing and thought to interact with VEGF to increase angiogensis [99]. Thus
the modulation of CGRP by EC and stretching may serve multiple functions including
muscle repair. Stretching did not alter P2X3 mRNA levels at 24h but increased the number
of P2X3 muscle afferent neurons for 12d. Perhaps the difference in gene expression evoked
by stretching compared with EC is attributable to the extensive damage to interstitial
connective tissue produced by rapid stretching [101] which differs from contraction-induced
muscle injury.

This study shows that neuropeptides and nociceptive receptors are modulated in functionally
relevant ways by movement-based models which incorporate unique muscle features such as
contractility and myofiber heterogeneity.
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Fig. 1.
Force and displacement during eccentric contraction of the masseter muscle. Upper trace
shows typical torque developed during EC of the masseter muscle. Lower trace shows
mandibular displacement during the EC. Note that the muscle is pre-activated (arrow) prior
to muscle displacement (i.e. jaw opening).
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Fig. 2.
Plasma extravasation measured using Evans Blue after eccentric contraction of the masseter
muscle. Note that significant plasma extravasation (asterisk, p<0.05) is evoked in the
masseter 24h following EC but not in the overlying skin. Naive n=26, 4h n=7, 1d n=13, 2d
n=6, 4d n=12, Box plot shows median with edges of box denoting 25th and 75th percentile.
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Fig. 3.
Masseter muscle following systemic injection of Evans Blue. A: naive, B: 24h following
EC, arrows point to myofibers containing Evans Blue indicative of membrane disruption. C:
24h following injection of CFA into masseter muscle. Arrowheads show the localization of
Evans Blue in the extracellular space but not within myofibers. Scale bar=50μm
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Fig. 4.
Eccentric contraction evokes muscle inflammation with selective inflammatory cell
infiltration of myofibers. A: H+E staining of the masseter muscle 48h after EC showing
typical inflammatory cell infiltration (arrow). B: Higher magnification photomicrograph
showing inflammatory cell infiltration into single masseter myofiber (arrow). C: Infiltration
of masseter myofibers by ED1 macrophages (arrows) 96h after muscle contraction. D:
Higher magnification photomicrograph showing selective infiltration of ED1 macrophages
(arrows) into myofibers after EC. Asterisk denotes swollen myofiber. E: ED2 macrophages
(arrows) in the masseter muscle 96h following contraction. F: Intramuscular injection of
adjuvant produces massive non-specific inflammation with tissue erosion. Large vacuoles
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(V) are evident, arrowheads identify ED1 macrophages, arrows point to myofibers. Scale
bars A,C,D,F=50μm; B=10μm; E=25μm
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Fig. 5.
Single bout of eccentric muscle contraction evoked ipsilateral mechanical hyperalgesia
(asterisks denote significant reduction in head withdrawal threshold). Median values are
plotted with the 25th and 75th percentile. Asterisks denote significant reduction in
withdrawal threshold from baseline. n=10 animals
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Fig. 6.
Multiple bouts of eccentric contraction evokes ipsi- and bilateral mechanical hyperalgesia.
Asterisks denote significant reduction in head withdrawal thresholds. Medians and 25th and
75th percentiles are plotted for comparison to Fig 5 even though parametric statistics were
used for analysis. n=4 animals
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Fig. 7.
Real-time polymerase chain reaction (RT-PCR) data from the ipsilateral mandibular division
(V3) of the trigeminal ganglion 24h following eccentric muscle contraction. Means and SE
are plotted, asterisks denote significant fold increases from naive. Note that both EC and
rapid stretching increase CGRP mRNA while only EC increases P2X3 mRNA at 24h.
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Fig 8.
Percentage of immuno-positive muscle afferent neurons following eccentric muscle
contraction and stretching. A. Percentage of CGRP and P2X3 positive muscle afferent
neurons following EC. Note the increase in P2X3 muscle afferent neurons 2d and 12d
following EC. B. Percentage of CGRP and P2X3 muscle afferent neurons following
stretching. Note the increase in P2X3 muscle afferent neurons 2d and 12d following
stretching. Means and SE are plotted, asterisks denote significant differences from naive.
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Table 1

Masseter muscle edema.

n mean* SD range*

contracted 7 76.44 7.2 60.3 – 80.7

non-contracted 7 73.63 7.8 56.7 – 79.6

*
(wet weight − dry weight)/wet weight × 100
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