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Abstract

Temporomandibular joint (TMJ) pain has been reported to last for prolonged periods in humans. In
rodents a variety of methods have been used to measure TMJ nociception, but for most of these
methods the period of measurement has been minutes to a couple of hours. In addition, most
measurement protocols required restraint or training of the animal. Previous studies from our
laboratory demonstrated that feeding behavior, particularly meal duration, was an indicator of TMJ
nociception in unrestrained and untrained male and female Sprague Dawley rats for up to two days.
In this study, we first found that injection of complete Freund's adjuvant (CFA) into the TMJ of rats
significantly lengthened meal duration for 19 days and also decreased meal frequency for 42 days.
Interestingly, the meal duration varied significantly from day to day within the 19 day period. TMJ
interleukin-1pB (IL-1B) and calcitonin gene-related peptide (CGRP) were significantly elevated in the
TMJ tissues of CFA injected animals and the level of these markers was attenuated as the meal
duration decreased with time. Control animals injected with saline into the TMJ or CFA into the knee
did not show a significant lengthening in meal duration but did show a decrease in meal frequency.
In a second study, DBA/1LacJ mice given TMJ CFA injections showed a significantly lengthened
meal duration on four of the seven days measured using end-of-the meal definition of 5 or 10 minutes.
No other meal pattern changed significantly. Two days post-CFA injection, the DBA/1LacJ mice
showed significantly elevated interleukin-6 (IL-6), but not elevated IL-1p. Seven days post-injection,
both IL-6 and IL-1p were significantly elevated. No change in CGRP was detected. In this study
C57BL/6 mice also received TMJ CFA injections, but they did not show a lengthening in any meal
pattern or significant increases in IL-1pB, IL-6 or CGRP. Our data show, for the first time, that meal
duration can be used to measure CFA-induced nociception in the TMJ over the course of several
weeks in unrestrained rats and for up to seven days in the DBA/1LacJ mouse strain. In addition,
C57BL/6 mice are resistant to CFA-induced TMJ nociception at the same dose used in the DBA/
1LacJ mice.

Introduction

Temporomandibular joint disorders (TMD) are often characterized by pain and dysfunction of
the temporomandibular joint (TMJ) and surrounding muscles. A portion of the individuals with
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TMJ pain show an accompanying inflammatory component of the joint. For example, patients
with cartilage degradation are often observed to have some level of synovitis [1].

In male and female rats, meal duration was a measure of nociception resulting from injection
of complete Freund's adjuvant (CFA) into the TMJ but our previous studies were only for 2
days [2-6]. Injection of CFA into the TMJ significantly lengthened meal duration in rats for
two days, while the same amount of CFA in the knee did not lengthen meal duration [5]. Food
intake and meal frequency were reduced in animals after injecting CFA into the TMJ but these
meal patterns were also reduced after injecting the knee suggesting these meal patterns were
not specific for orofacial pain [5]. Another meal pattern, meal size, remained unchanged by
administration of CFA. For these reasons, meal duration was a focus of study in our lab. When
the rats received prior treatment with ibuprofen meal duration was normal after CFA injection
in both male and female rats [6]. Interestingly IL-1p remained significantly elevated in the
TMJ of the ibuprofen treated animals injected with CFA [6], suggesting that some inflammation
from the CFA injection remained, but because the ibuprofen attenuated the nociception meal
duration normalized as the nociception subsided. In another study, cyclooxgenase-11 (COX-2)
inhibitors normalized meal duration in rats after CFA injection [2]. In this study the COX-2
inhibitor also attenuated the inflammation, i.e., TMJ tissue IL-1f normalized [2]. In still another
study, rats were given capsaicin or vehicle at 2 and 10 days of age; capsaicin permanently
destroyed afferent nociceptive fibers in these animals [7]. When these male rats reached
adulthood saline or CFA was injected into the TMJ and their meal duration was measured.
Capsaicin treatment alone had no effect on meal duration, because saline injected, non-
capsaicin treated rats had the same meal duration as saline injected, capsaicin treated rats. Non-
capsaicin treated rats injected with CFA had longer meal durations than rats that were pre-
treated with capsaicin, which demonstrated meal duration after CFA injection was normalized
due to a capsaicin-induced loss of afferent nociception neuronal fibers [7]. The lack of change
in meal duration in these capsaicin treated male rats occurred despite CFA inducing greater
TMJ swelling, which demonstrated that the physical and mechanical changes in the inflamed
TMJ synovial joint did not affect meal duration measurements. Another rationale for
suggesting that meal duration is a measure of nociception stems from the finding that eating
is impaired in patients with TMD [8] and from a clinical study of juvenile rheumatoid arthritic
children [9] that examined chewing performance as an objective measure of masticatory
function. It showed that the juvenile rheumatoid arthritic children with TMD symptoms
changed their chewing habits presumably to “guard” against pain. Most recently, meal duration
in the rat was shown to be increased over the course of a week following pulp exposures
demonstrating meal duration can also be used as a measure of tooth nociception [10].

Using meal duration to measure TMJ nociception in rats offers several advantages over other
methods used today: 1) the animal does not have to be trained prior to testing as compared to
a previous thermal sensitivity test [11,12]; 2) the animal is no longer handled once the TMJ
inflammation is induced, thus reducing further compounding stresses that might arise in bite
force and VVon Frey filament tests [13,14]; 3) no artificial test-induced competing behaviors
are generated [11,12]; 4) testing continues 24 hours a day, thereby eliminating any artifacts of
testing in the light phase, as has occurred in many previous studies, when the rodent normally
sleeps [13-15]; and 5) testing can continue in the undisturbed animal for days in contrast to a
test for scratching behavior [15]. All of these factors make the TMJ meal duration measurement
a powerful tool for studying the mechanisms of TMD nociception.

As mentioned above, CFA induced changes in TMJ nociception, as measured by meal duration,
lasted only a few days. For the first time we investigated the effect for over three weeks. Also,
we measured inflammatory mediators interleukin 1p (IL-18) and interleukin-6 (IL-6) and

calcitonin gene-related peptide (CGRP) in the TMJ and CGRP in the trigeminal ganglia (TG)
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to determine if there was an association between expression of one of these molecules and
nociception.

The second study was based on the fact that mice have been used to study arthritis and
inflammatory nociception and that differences in species have been shown to impact the
incidence and severity of these measurements. The mouse strain DBA/1 has the major
histocompatibility complex H-2q resulting in the animal being highly sensitive to heterologous
and homologous collagen-induced arthritis [16,17]. In addition to collagen-induced arthritis,
CFA can induce an arthritic response in certain mouse strains [18]. Because the DBA/1 strain
has H-2q injection of the adjuvant CFA into the TMJ was expected to elicit a robust nociceptive
response. In contrast, the C57BL/6 mouse strain does not carry this allele and may be more
resistant to artificially induced TMJ nociception. C57BI/6 mice are important because many
knockout mice have this background and future studies using feeding behavior to test for a
gene's role in nociception would use a knockout having a C57BI6 background. In our studies,
we wanted to determine if the DBA/1 mice were more sensitive to TMJ CFA-induced
nociception than the C57BI/6 strain.

The first goal of the following experiments was to show for the first time that a meal pattern
can measure a persistent increase in TMJ nociception in rats and a second goal was to show
that a meal pattern is a measure of nociception in the TMJ of mice, particularly DBA/1 mice.
A third primary goal was to determine the protein concentration of inflammatory molecules in
the joint during which the nociceptive measurements were being completed.

Materials and Methods

These studies were approved by the Baylor College of Dentistry Institutional Animal Care and
Use Committee in accordance of the guidelines of the USDA and National Institutes of Health
Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985). In the
first study, male Sprague Dawley rats (250 grams) were purchased from Harlan Industries
(Houston, TX) and in the second study, six-week-old male C57BL/6 mice (22 grams) and
DBA/1Lac) mice (18 grams) were purchased from Jackson Laboratory (Bar Harbor, ME). The
rodents were housed individually in a constant-temperature room at 23°C with standard food
pellets (Harlan Industries) and water available ad libitum for at least three days. All the animals
were maintained on a 12:12 h light/dark cycle with the lights on at 06:00. The animals were
transferred to the feeding modules and left undisturbed for five days before experimentation.
Their body weights were recorded daily.

Meal Pattern Analysis

The computer record of pellets dropped over time establishes the meal patterns (meal duration,
meal frequency, food intake and meal size). Meal patterns were characterized using data
acquired from 32 feeding modules that were situated within sound-attenuated chambers
equipped with photobeam computer-activated pellet feeders (Med Assoc. Inc., East Fairfield,
V/T). The rats were given 45 mg rodent chow pellets, and the mice were fed 20 mg rodent chow
pellets (Bioserv, Frenchtown, NJ). When the animal removed a pellet from the feeder trough,
a photobeam placed at the bottom of the trough would no longer be blocked, signaling the
computer to drop another pellet, record the date and time, and keep a running tally of the total
daily food consumption. The record of pellets dropped over time was computer-analyzed with
a proprietary computer program to establish the meal patterns [19]. In the meal pattern
calculations for the rat, the end-of-the-meal was defined as when no pellets were removed from
the feeder for ten minutes [20]. In the mice the end-of-the-meal has not been defined and thus,
three end-of-the-meal definitions were used in our meal pattern calculations; 5, 10 or 15
minutes. The minimum meal size needed to be at least three pellets.
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CFA injection

At 08:00 the Sprague Dawley rats or DBA/1LacJ or C57BI/6 mice were anesthetized with
isoflurane (5% flow), and given bilaterally either saline or CFA injections into the TMJ or
knee. The injections were made using a 29-gauge, one-half-inch needle (Becton Dickinson,
Franklin Lakes, NJ). The TMJ injections were completed by guiding the needle, angled at
30-40 degrees to the sagittal plane, under the zygomatic arch, and inserting it 2-3 mm, followed
by injection into the peri-articular space of the TMJ within 5 seconds. For the knee the needle
was inserted anteriorly for an intracapsular injection.

The rats received 250 ug of CFA (Chondrex, Redmond, WA) or 0.9% saline in a 50 pl volume
into the TMJ or the knee. Previously we observed [21,22] that a similar injection caused a
persistent TMJ inflammation for up to 6 weeks; in that study meal duration was not measured.

The mice of each strain were injected bilaterally into the TMJ with 30 ug of CFA or 0.9%
saline ina 6 pl volume. An additional group of DBA/1LacJ mice also received a bilateral CFA
injection (30 ug/6 ul) into the knee. The dosage of CFA injected into the mice was based on a
dose-response experiment indicating that this dose produced a significant decrease in food
intake compared to the controls one day after injection (Table 1). A saline knee injection was
not performed since previous studies showed that saline knee injections did not affect meal
patterns [5].

Following injection all the animals were mobile within five minutes or less after the removal
of anesthesia. After injection, a portion of the Sprague Dawley rats or the DBA/1LacJ or C57BI/
6 mice were placed into the feeding monitors for pattern measurement and analysis.

In the rat study, the meal patterns were recorded and calculated from one day before injection
up to 42 days after TMJ injection. In the saline injected animals 13 were in the group; in the
CFA injected animals 14 were in the group and for the 21 day measurement after CFA knee
injection 7 animals were in the group.

In the mouse study, the DBA/1LacJ mice had their TMJ injected with saline (n = 12 animals/
group) or CFA (n= 11 per group) or they had their knee injected with CFA (n =5 per group).
The C57BI/6 mice had their meal patterns measured for one day before and seven days after

TMJ injection (salinen=7; CFAn=5).

Inflammatory marker analysis

Additional Sprague Dawley rats, DBA/1LacJ or C57BI/6 mice were placed in hanging cages;
the animals were fed the pellet diets and their TMJs injected with saline or CFA. TMJ
retrodiscal, synovium and disc tissue samples were collected from the rats 7, 21 and 42 days
after TMJ saline or CFA injection (n = 7-8 per group) and in the mice two and seven days after
the injection (n =9 per group) for later assay of IL-B, IL-6 and CGRP. On the day of collection,
the animals were removed from their cages and sacrificed within 20 seconds by decapitation
to minimize stress, and the samples were placed in plastic bags and submerged in ice water.
Removal of TMJ tissue was initiated by performing a horizontal skin incision parallel to and
just inferior to the zygomatic arch. The masseter and temporalis muscles were cut away from
the arch and the arch removed with ronjeurs. After freeing the soft tissue from its attachments
to the temporal and zygomatic bones, the soft tissue were cut in a coronal plane just anterior
to the ear canal and anterior to the condyle followed by two horizontal cuts at the base of the
condylar head medially and laterally. The soft tissue, which includes the synovial membrane,
joint capsule, retrodiscal tissue, articular disc, and a small amount of the lateral pterygoid
muscle, were then excised. After dissection, the tissues were placed in liquid nitrogen and
stored at —80°C until assayed for cytokine and CGRP expression.
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At the time of the analysis, the soft tissue from one side was ground with a tissue homogenizer
(Ultra-Turrax, Jankel & Kunkel, Germany) in a lysis buffer (75 mM potassium acetate pH 7.4,
300 mM NaCl, 10 mM EDTA, .25% Triton X-100, protease inhibitors) and evaluated for
IL-1B and IL-6 in both rats and mice by ELISA assays (R & D Systems, Minneapolis, MN)
following the manufacturer's directions. For the CGRP assay, the soft tissue from the opposite
side and from the TG was ground in 1M acetic acid followed by centrifugation of the sample
[23]. The supernates were lyophylized and re-suspended in the appropriate RIA buffer supplied
with the CGRP kit [7] (Phoenix Pharmaceuticals, Burlingame, CA). The total protein in the
ground TMJ and TG samples was determined using the BCA Protein Assay (Pierce, Rockford,
IL) following the manufacturer's directions. The concentrations of the cytokines and CGRP
are expressed as the amount of cytokine or CGRP per mg of total protein.

Statistical analysis

Results

Two-way ANOVA with repeated measures was used to analyze the rat meal patterns (i.e., meal
duration, meal frequency, food intake and meal size), cytokine and CGRP data. The
independent variables were treatment (saline and CFA) and time. The dependent variable was
either a meal pattern or the amount of cytokine or CGRP. Visual inspection of the dark phase
meal duration data indicated that treatment had no effect from day 31 through day 42.
Therefore, we performed an ANOVA for the first 30 days and reported those results.

Meal duration values for each rat were plotted over the course of the 42 day measurement
period. Inspection of the data showed that individual rats had an atypical lengthening of their
meal duration on certain days. To determine if a significant change in meal duration occurred
between days for a given rat, we utilized the fact that each rat ate 5-15 meals a day and compared
the average meal duration per day between two different days using a paired t-test. For the rats,
Spearman'’s correlations were run to test for associations between meal duration and cytokine
or CGRP concentration over time (SPSS v. 17.0, SPSS, Inc, Chicago, IL.).

Three-way ANOVA with repeated measures was used to analyze the mouse meal patterns,
cytokine and CGRP data. The independent variables were treatment (saline and CFA), strain
(DBA/1LacJ and C57BI/6) and time. The dependent variable was either a meal pattern or the
amount of cytokine or CGRP.

The meal pattern data in the rats and DBA/1LacJ mice given knee injections were analyzed
using a two-way ANOVA with repeated measures. The independent variables were treatment
(saline or CFA) and time. A meal pattern was the dependent variable.

Total protein was analyzed using a two-way ANOVA with repeated measures. The independent
variables were treatment and time. Total protein (mg/ml) was the dependent variable.

Tests having significant main effects were further analyzed using Duncan's post-hoc test. P
values less than 0.05 were deemed to be statistically significant.

Rat meal patterns

Rats and mice take 85-95% of their meals during the dark phase [24,25] and because most
feeding activity is when the animal is in a dark environment all meal pattern data is reported
for the dark phase. One meal pattern for the rat, meal duration, showed a significant main effect
for treatment [(SALINE/TMJ, CFA/TMJ), F(1, 26) = 5.61, P<0.05] and time [(DAYS), F(29,
754) = 14.14, P<0.001]. Meal frequency also showed a significant main effect for treatment
[(SALINE/TMJ, CFA/TM)), F(1, 26) = 16.18, P<0.001] and time [(DAY'S), F(29, 754) =
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13.22, P<0.001]. In the rat no significant main effects for treatment were noted for the dark
phase food intake or meal size.

A post-hoc test showed that meal duration was significantly lengthened by CFA injection
(SALINE/TMJ versus CFA/TMJ) for 19 days (Fig. 1A) and meal frequency was significantly
reduced by CFA injection for 42 days (Fig. 1B), with the greatest difference just after injection.
The difference in meal duration slowly declined until it was no longer significant at day 20 and
meal frequency increased in the CFA injected rats during the first week but the difference
remained significant throughout the measurement period (Fig. 1). For 17 of the 19 days in
which knee data was collected, animals that received injection of CFA in the TMJ had a
significantly longer meal duration in comparison to rats that had CFA injected into their knee
(Fig. 1A). For 13 of the 19 days the rats that received a CFA injection in the TMJ showed a
significant reduction in meal frequency versus rats receiving CFA injection in the knee (Fig.
1B). The meal duration of the knee injected rats did not differ significantly from TMJ saline
injected animals over the same measurement period. In contrast, meal frequency was
significantly reduced 11 of the 19 days when comparing the CFA knee injected rats versus the
rats that received a saline TMJ injection (Fig. 1B)

The meal durations of six SALINE/TMJ (Fig. 2A-F) and six CFA/TMJ treated rats (Fig. 2G-
L) were selected from the main group and individually plotted for 21 days. The meal durations
of the control animals remained consistently low with no large fluctuations over the 21 days
of measurement (panels A-F). The meal duration of the six CFA injected animals remained
significantly higher than the controls over most of this measurement period (panels G-L).
During this 21 day measurement period the six CFA injected rats showed significant day to
day variation in meal duration (panels G-L). For example, on day 10, the meal durations of the
CFA-injected rat (Fig. 2, panel G) was significantly longer than on day 8.

Rat molecular response

Statistical analysis of the IL-1p data indicated a significant main effect for treatment [(SALINE/
TMJ vs. CFA/TMJ), F(1, 14) = 365.0, P<0.001] and time [F(2, 28) = 10.52, P<0.001]. Post-
hoc analysis showed that the concentration of IL-1 was significantly higher in the CFA treated
animals as compared to the saline injected animals on days seven, 21 and 42 (Fig. 3A). In the
CFA injected animals, the IL-1B concentration decreased significantly on days 21 and 42
compared to day seven (Fig. 3A).

Although the concentration of IL-6 was higher in the CFA group than in the saline injected
group on day 7, the difference was not significant (Fig. 3B).

The concentration of CGRP was measured in the rat TMJ, treatment [(SALINE/TMJ vs. CFA/
TMJ), F(1, 15) = 17.5, P<0.001] but not time [F(2, 28) = 10.52, P<0.10] showed a significant
main effect. The concentration of CGRP in the TMJ was significantly higher in the CFA
injected animals on days seven, 21 and 42 when compared to the saline-injected animals (Fig.
4). CGRP in the TG was much higher (ranging from 284.7 to 403.4 pg/mg protein) than that
found in the TMJ, but in the TG treatment and time showed no significant main effect.

In rats injected with CFA, there were significant positive associations between meal duration
and time (i.e. 7, 21 and 42 days), meal duration and IL-1p concentration (r = 0.99, P<0.01) and
meal duration and CGRP concentration in the TMJ (r = 0.99, P<0.01) (Fig. 1S). No association
was detected between meal duration the concentration of TMJ IL-6 (r = 0.50, P=0.68).

Mice meal patterns

When analyzing the meal patterns for the mice the three end-of-the-meal definitions (i.e., 5,
10 and 15 minutes) were applied because a end-of-the-meal definition has not been
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characterized in the mouse as in the rat [20]. When the end-of-the-meal definition was 5 minutes
the main effect for dark meal duration was significant for treatment [(SALINE/TMJ vs. CFA/
TMJ), F(1,31) = 8.97, P<0.01], strain [(DBA/1LacJ vs. C57BI/6), F(1,31) = 10.33, P<0.01]
and time [(DAYYS), F(6,186) = 3.22, P<0.01]. Similarly, when the end-of-the-meal definition
was 10 minutes the main effect for dark meal duration was significant for treatment [F(1,31)
=5.26, P<0.05], strain [F(1,31) = 4.18, P<0.05] and time [F(6,186) = 3.55, P<0.01]. But when
the end-of-the-meal definition was 15 minutes the main effect for dark meal duration was
significant only for strain [F(1,31) = 4.68, P<0.05] but not treatment [F(1,31) = 3.09, P=0.08]
or time [F(1,31) = 1.92, P=0.08]. Importantly no significant main effects for treatment were
noted for the dark phase food intake, meal size or meal frequency when a 5, 10 or 15 minute
end-of-the-meal definition was applied.

Post-hoc tests indicated the dark phase meal duration for the DBA/1LacJ mice was significantly
longer on days 2, 3, 4 and 5 post CFA injection when using an end-of-the-meal definition of
5 minutes (Fig. 5A) and was longer on days 2, 3, 5 and 6 when using an end-of-the definition
of 10 minutes (Fig. 5B). In DBA/1LacJ mice, meal duration was significantly higher in the
CFA/TMJ group versus the CFA/KNEE group for days 1 through 7 when using an end-of-the
definition of 5 minutes (Fig. 5A) and for days 2, 3, 4, 5 and 6 when using an end-of-the definition
of 10 minutes (Fig. 5B).

In the C57B1/6 mice, the dark phase meal duration, meal frequency, food intake and meal size
did not differ significantly between the SALINE/TMJ and CFA/TMJ group on any of the seven
days of measurement after applying an end-of-the-meal definition of 5, 10 (Fig. 5C) or 15
minutes. Non-injected DBA/1LacJ control mice of the same weight had an average daily meal
duration of 6.6 = 1.5 minutes and the non-injected C57B1/6 mice had a average daily meal
duration of 5.9 + 1.2 minutes.

Mice molecular response

In the mice, the TMJ IL-1B concentration was significantly affected by treatment [(SALINE/
TMJ vs. CFA/TMJ), F(1,28) = 7.64, P<0.01]; strain [(DBA/1LacJ vs. C57BI/6), F(1,28) =
16.03, P<0.01]; and time [F(1,28) = 12.94, P<0.01]. The DBA/1LacJ CFA/TMJ mice had a
higher IL-1B concentration than the SALINE/TMJ group on day seven (Fig. 6C), but not on
day two (Fig. 6A). Interestingly, the TMJ IL-1p concentration of the C57BI/6 mice (Fig. 6)
did not differ significantly between treatment groups (SALINE/TMJ vs. CFA/TMJ) on either
measurement days two or seven. Note: in non-injected DBA/1LacJ mice the IL-1
concentration in the TMJ was 8793 + 1850 pg/mg total protein and the IL-1p concentration in
the TMJ of non-injected (SALINE/TMJ) C57BI/6 mice was 8775 + 1281 pg/mg total protein
(n =9 per group).

ANOVA revealed that the TMJ IL-6 concentration was significantly affected by treatment
[(SALINE/TMJ vs. CFA/TM)), F(1,28) = 6.59, P<0.01]; strain [(DBA/1Lac] vs. C57BI/6), F
(1,28) = 24.08, P<0.01], but not time. The DBA/1LacJ CFA/TMJ mice had a higher IL-6
concentration than the SALINE/TMJ group on both days two (Fig. 6B) and seven (Fig. 6D).
In contrast, the TMJ IL-6 concentration of the C57BI/6 mice (Fig. 6) did not differ significantly
between treatment groups (SALINE/TMJ vs. CFA/TMJ) on either measurement days two or
seven.

Mice receiving TMJ CFA injections showed no significant increase in TMJ or trigeminal
ganglia levels of CGRP two or seven days after injection (data not shown).
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Discussion

Meal pattern

This study tested the feasibility of using a meal pattern to measure persistent TMJ nociception
and this study measured gene expression in the joint during the nociceptive response. In this
study we demonstrate that meal duration was a measure of TMJ nociception for up to 19 days
in Sprague Dawley rats. Meal duration was not affected by injections of CFA into the knee.
Meal frequency was a measure of TMJ nociception for 42 days but meal frequency was also
affected by injecting CFA into the knee. Measurement of meal patterns in mice indicated meal
duration but not meal frequency was affected by CFA injection in the DBA/1LacJ mouse strain
for nearly a week. The strain of mouse was important because the CFA-treated C57BI1/6 mice
did not show a nociceptive or inflammatory response to the same dose of CFA used in the
DBA/1LacJ) mice. Cytokines or CGRP increased in the rat and mouse after injection of CFA
into the TMJ but the type and amount differed between species. Together these results suggest
that meal frequency can measure TMJ nociception for a greater length of time than meal
duration but that meal duration is a specific measure of orofacial nociception. We also have
demonstrated that meal duration measurements have the sensitivity necessary to determine the
differences in the nociception between the arthritis-prone DBA/1LacJ and the C57BI/6 strains
of mice. Species and strain differences not only affect the nociceptive response but also the
molecular response because expression of IL-1p, IL-6 and/or CGRP in the TMJ was different
between the rats and mice.

changes after injecting the TMJ with CFA

To date, all studies using meal patterns to measure TMJ nociception have lasted only two days
[2,4-6]. Therefore, it was important to determine a meal pattern that can detect TMJ nociception
for longer than two days. In previous reports meal size remained unchanged after CFA
injection; food intake and meal frequency were shown to measure TMJ nociception knee
nociception [5]. In the present study, meal duration was lengthened by approximately three-
fold after injecting CFA into the TMJ, as compared to the saline-injected rats, and meal duration
remained significantly elevated for 19 days post-injection. Meal frequency decreased for all
42 days but injection of CFA into the knee also altered meal frequency consistent with previous
two day studies [5]. These findings suggested that meal duration was a more specific measure
of persistent TMJ nociception in rats but that greater sensitivity can be achieved by calculating
the meal frequency.

About half of the rats injected with CFA showed a significant change in their meal duration
when comparing one day to the next; in contrast, none of the TMJ saline-injected controls
showed this day to day variation. This phenomenon may be due to a lack of “guarding” by the
rat, whereby the rat bit on a pellet or part of the cage and this brief event activated TMJ neurons
to respond with an increase in bite-induced mechanical hyperalgesia over the next 12 to 24
hours. This response would not result from a newly acquired injury, but rather from an
aggravation of the original CFA induced injury. These heightened periods of nociception are
similar to that experienced by people with persistent TMJ pain who aggravate their ongoing
TMJ pain during mastication, which produces pain leading to a return of guarding behavior
during mastication [9,26]. Importantly, meal duration measurements allow for individuals to
be singled out during the heightened nociception, thus making it possible to test single animals
instead of only groups for molecular changes in the TMJ, TG or elsewhere, e.g., centrally.

The dose of CFA used in this study maintained nociception over several days in the DBA/

1LacJ mice but did not produce as robust a response as that observed in the rats. The injected
dosages of CFA were based on changes in the food intake and the size difference between rats
and mice. In rats, the tested dose lengthened the meal duration three-fold, whereas the change
in the meal duration of the DBA/1LacJ mice was only two-fold after CFA injection; the results
suggest that DBA/1LacJ mice are less susceptible to TMJ CFA-induced nociception than rats.
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In support of this idea no significant difference in meal frequency was observed in the mouse
after CFA injection (power = 40%). Other than susceptibility, one factor that can effect meal
duration is the size of the food pellets. In a rat with an inflamed TMJ a larger pellet will result
in a longer time between pellet consumption [4]. Mice are 10 times smaller than a rat and the
20 mg pellet is large for a mouse in comparison to a 45 mg pellet for a rat. Thus, meal duration
in mice should be longer than a rat if pellet size were an important factor. But, meal duration
in mice was shorter after CFA injection suggesting that pellet size was not a major factor
effecting meal duration. A second factor that could affect the meal duration response in mice
would be injection location. Mice have a much smaller joint than a rat which makes injection
of the exact same site more difficult. In the event mice received an injection in a periarticular
site that did not respond to CFA a lower mean response (shorter meal duration) versus the rat
would be observed.

Molecular changes in the TMJ after CFA injection

Previous studies support the idea that elevated cytokine levels are present in the TMJ of humans
with TMJ disorders [27-37]. The increase in such cytokines after injecting CFA into the TMJ
potentially contributes to joint inflammation [2,6,38], including the amount of fluid buildup in
the joint [39]. In the present study, the concentration of the pro-inflammatory cytokine IL-1f
increased following TMJ CFA injection. The highest concentration of IL-1p was observed at
the first measurement point (day seven), and then it declined significantly on days 21 and 42.
Even after the TMJ concentration of IL-1 had dropped sharply by day 42, the IL-1f levels in
the TMJ of CFA-treated rats were still significantly higher than in the saline-injected controls.

Proteins expressed in the TMJ that can be involved in inflammation and nociception have been
studied in rats following CFA injection; however, few similar studies have been conducted in
mice [21,40-42]. Two days after the DBA/1LacJ or C57/BI6 mice were injected in the TMJ
with CFA, IL-1p did not significantly increase in either group. These results contrasted with
the significant increase in IL-1 found in rats during the early stages of a hypersensitive
response, two days after TMJ CFA injection [2,5,6,21,40]. By the seventh day, TMJ IL-1p was
significantly increased in the TMJ of the CFA-injected DBA/1LacJ mice, but not in the C57/
BI6 mice. Two days after the TMJ injection with CFA, the amount of IL-6 was significantly
higher in the DBA/1LacJ group, but not in the C57/BI6 group. By the seventh day, IL-6 was
still significantly greater in the TMJ CFA-injected DBA/1LacJ) mice, but not in the C57/BI6
mice. These results were consistent with the finding that DBA/1LacJ mice are more prone to
arthritis than many other strains [16,17], whereas the C57BL/6 mouse strain is not [43].

The cytokine response or the expression of cytokines can also differ between species [44-46]
and previous reports have shown rats and mice differ in their response to IL-1 [45] consistent
with the more robust cytokine response we observed in the rat in comparison to the mouse.
Sprague Dawley rats used in our studies have been shown to be a model for human arthritis
[47] and might be a better model of arthritis because a recent report suggests adjuvant induced
arthritis in rat models are representative of human arthritis [48]. In support of this idea, the
response to TGF-beta 1 was similar in rats and humans but differed from that in mice [49].
Although greater similarities between rat and human arthritis have been noted clear differences
exist, for example neutrophil migration and macrophage activation are quite different between
these two species after exposure to cytokines or antigen [46,50].

In the present study injecting CFA into the TMJ increased the CGRP concentration in the rat
joint potentially contributing to the increase in nociception. The highest level of CGRP was
observed at the first measurement point (day seven), and then it declined by day 42. Even after
this decline, the concentration within the joint was still significantly higher than that found in
the saline-injected controls. Consistent with this result, CGRP has been shown to be elevated
in the TMJ for at least six weeks following CFA injection in the rat TMJ [40,51]. Previous
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studies have shown the staining pattern for CGRP in efferent nerve fibers differed between
species [52] and we observed CGRP expression increased after adjuvant injection in the rat
but no change was seen in the mouse. Substance-P and nerve growth factor increased in the
TMJ following TMJ CFA injection and can potentially contribute to the TMJ nociception in
the rat [40]. Interestingly, species differences in substance-P expression have not been reported
[52]. Future work will be directed at measuring changes in Substance P and nerve growth factor
in the TMJ of CFA-treated mice.

The species differences we observed in gene expression may be the result, in part, of a change
in total protein content after CFA injection. Cytokine and CGRP concentrations were reported
as a ratio (cytokine/total protein). A significant increase (p<0.05) in total protein was measured
in the tissue as a result of injecting CFA. This increase in protein content may result from
plasma proteins leaking from the vasculature into the interstitial space, as well as, from
increased cellular activities. The increase in total protein reduced the reported cytokine and
CGRP ratio in both rats and mice. A change in total protein could partly explain the differences
in gene expression we observed between the species and strains but the total protein was the
same for IL-1pB and IL-6 because these cytokines were measured from the same sample and
thus, changes in total protein would not affect the species/strain differences indicated between
these two cytokines.

Association of molecular changes to TMJ nociception

The meal duration was no longer significantly elevated in the CFA injected rats after day 19,
but the meal frequency remained depressed through day 42 consistent with the concentration
of TMJ IL-1p and CGRP which remained elevated through day 42. Although meal frequency
remained depressed for 42 days, meal duration and not meal frequency correlated with the
expression of IL-1f3 and CGRP. While cytokines and CGRP are important in continued TMJ
nociception [53,54] there are several possible explanations why meal duration normalized in
the face of continued TMJ inflammation. The first possibility is that a certain threshold level
of inflammation was necessary to evoke pain. It is a common finding in humans that some
injuries involve pain and inflammation and after time the swelling may still be present, but the
pain subsides. A second possibility is that the cytokines and CGRP measured were not the
primary genes involved in causing the nociception, and anti-inflammatory cytokines (IL-1ra)
and cytokine receptors (i.e., IL-1sRI1I, TNFsRII), not measured in this study, correlate better
with the TMJ nociception following the CFA injection. A third possibility is that the meal
duration measurement was not sensitive enough to detect the level of nociception after day 19;
although we have observed a lengthening in meal duration in rats injected with as little as 1
ng of CFA into the TMJ suggesting the meal duration measurement was very sensitive to
changes in nociception [55]. A fourth possibility is that over time, the animals accommodated
for the TMJ nociception, and their threshold for detecting such nociception increased. A fifth
possibility is that the role of the inflammatory mediators changed such that, after a period of
time their influence on nociception diminished. Finally, a sixth possibility is that actual level
of cytokine or CGRP expression remained high and resulted in an increased nociceptive
response but the ratio reported here was low due to an increase in total protein content of the
tissue.

In summary, we have demonstrated for the first time that meal duration and meal frequency
can measure persistent nociception resulting from inflammation in the TMJ. Importantly, a
lengthening of meal duration and a reduction in meal frequency were a continuous non-invasive
biological marker of TMJ nociception (surface and deep) in the undisturbed rat. We also
demonstrated that meal duration measurements have the sensitivity necessary to determine the
differences in the nociception between the arthritis-prone DBA/1LacJ and the C57BI/6 strains
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mice. Species and strain differences were observed after injection of CFA in the TMJ for

markers IL-1p, IL-6 and/or CGRP.

Supplementary Material
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Figure 2.

DAYS POST INJECTION

Meal duration measurements are shown for representative Sprague-Dawley rats over a three
week period. Panels A-F show 24-hour meal duration values for six different rats over a 21
day period in the SALINE/TMJ group. Panels G-L shows 24-hour meal duration values for
six different rats in the CFA/TMJ group. Meal duration was recorded by computer for 24 hours
prior to CFA injection, pre-day (0) and 22 days thereafter, post-days (1, 2, 3, etc.). About half
of the rats treated with CFA showed additional lengthening in meal durations. Statistical
analysis showed that meal duration values (arrow) were significantly longer than the previous
day's meal duration. Note brackets comparing meal duration values for specific days where ¢
= P<0.05, d = P<0.001. See the legend of Figure 1 for explanations and abbreviations.
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Figure 3.

Interleukin 1B (IL-1pB) and IL-6 levels in the TMJ tissues of Sprague-Dawley rats. (A) IL-1p
or (B) IL-6 levels within the synovial membrane, joint capsule, retrodiscal tissue, articular disc
and a small portion of the lateral pterygoid muscle 7, 21 and 42 days after saline or CFA
injection. Within a particular day, the SALINE/TMJ group was compared to the CFA/TMJ
group and is indicated by e = P<0.01. The letter “f” indicates that the cytokine levels in the
CFA/TMJ-treated groups on days 21 and 42 were significantly (P<0.01) reduced compared to
the values of the CFA/TMJ-treated group on day 7. See the legend of Figure 1 for explanations
and abbreviations.
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Figure 4.

Calcitonin gene-related peptide (CGRP) levels in the retrodiscal, synovial and disc tissue of
the TMJ of Sprague-Dawley rats 7, 21 and 42 days after saline or CFA injection. Within a
particular day, the SALINE/TMJ group was compared to the CFA/TMJ group, as indicated by
e = P<0.01. See the legend of Figure 1 for explanations and abbreviations.
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Figure 5.

DBA/1Lac]) mice received a bilateral injection of 6 ul saline (n = 12) into the TMJ (SALINE/
TMJ) or 30 pug of CFA (n = 11) into the TMJ (CFA/TMJ) or 30 pg of CFA (n = 5) was injected
into the knee (CFA/KNEE). A) Dark phase meal duration was calculated for the DBA/1Lac]
mice using a 5 minute end-of-the meal definition and a B) 10 minute end-of-the meal definition.
C) C57BL/6 mice received bilateral injection of 6 ul saline (n = 7) into the TMJ (SALINE/
TMJ) or 30 ug of CFA (n = 5) into the TMJ (CFA/TMJ) and the dark phase meal duration was
calculated using an end-of-the-meal definition of 10 minutes. Meal duration was recorded on
the day before injection, pre-day (0), and seven days after injection. Values are given as the
means + SEM. A comparison of the SALINE/TMJ group to the CFA/TMJ group is indicated
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by a = P<0.05 and a comparison of the CFA/TMJ group to the CFA/KNEE group is indicated
by b = P<0.05.
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Figure 6.

IL-1B and IL-6 cytokine levels in the TMJ tissues of DBA/1LacJ and C57BI/6 mice after CFA
injection. IL-1p levels per mg of total protein within the retrodiscal, synovial and disc tissue
of the TMJ two days (A) and seven days (C) after CFA injection. IL-6 levels per mg of total
protein within the TMJ tissues two days (B) and seven days (D) after CFA injection. Within a
particular day when comparing the SALINE/TMJ group to the CFA/TMJ group a significance
of P<0.05 is indicated by the letter “a” and a significance of P<0.01 is indicated by the “e”
See the legend of Figure 5 for explanations and abbreviations.
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Table 1
24-hour food intake after injection of varying doses of CFA into C57BI/6 mice

CFA Dose per TMJ  Day of Measurement  Control CFA
6 ug 0 3.9+0.3 4.2+05
1 3.9+0.1 3.1+04
12 ug 0 3.9+0.3 4.2+0.4
1 3.9+0.1 3,501
30 pg 0 3.8£0.2 3.4+0.2
1 3603 954032

Food intake values (grams) one day before (0) and one day after (1) TMJ injection of varying CFA doses. VValues are given as the means + SEM. A
total of at least four animals were included for each treatment and control group.
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aP<O.05, comparing the TMJ CFA-injected group to the control group.
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