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Abstract
The present study was conducted to examine cytokine profiles in the masseter muscle before and
after complete Freund’s adjuvant (CFA)-induced inflammation and possible sex differences in the
cytokine levels. Age matched male and female Sprague Dawley rats were injected with CFA in the
mid-region of the masseter muscle. Muscle tissue surrounding the injection site was extracted 6
hrs, 1, 3 and 7 days after the injection to measure TNF-α, IL-1β, IL-6 and IL-4 levels with
Luminex multi-analyte profiling (xMAP) technology. The cytokine levels were compared to those
obtained from naïve rats. CFA injection into the masseter muscle led to a significant time effect in
the level of TNF-α compared to that of naive rats. The pattern of changes in TNF-α level after
CFA injection was significantly different between the male and female rats owing to the
differences in basal levels. CFA injection induced significant time-dependent increases in the
levels of IL-1β and IL-6 in the masseter muscle in both male and female rats. The level of IL-4
was slightly, but significantly, reduced in both sexes at 6 hrs and 3 days after CFA-induced
inflammation. No significant sex differences were observed in the levels of IL-1β, IL-6 or IL-4.
The results provided novel information about distinct cytokine profiles during CFA-induced
muscle inflammation, and the basis for further pursuing contributions of each cytokine in pain
processing and analgesic responses in both sexes.
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Musculoskeletal pain conditions including neck pain, back pain, orofacial muscle pain and
other chronic widespread pain conditions such as fibromyalgia are prevalent and severe pain
conditions. While most of our knowledge about chronic types of pain is based on cutaneous
pain models, muscle pain conditions, including exercise-induced muscle pain and orofacial
muscle pain related to temporomandibular disorders, appear to utilize different mechanisms
in the development and maintenance compared to cutaneous pain [21,34].

Many chronic musculoskeletal pain conditions have been shown to originate from muscle
inflammation [1,15,20,22]. Cytokines released locally during inflammation modulate
nociceptive processing via multiple mechanisms. Cytokines can directly sensitize
nociceptors and increase neuronal sensitivity to heat, mechanical and chemical stimuli
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[17,18,24,26,35]. Inflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis
factor (TNF)-α, contribute to pain and hyperalgesia indirectly by inducing the production of
inflammatory agents that sensitize nociceptors [2,28]. In addition, inflammatory cytokines
are powerful modulators of the expression of many receptors involved in pain and analgesia.
For example, TNF-α significantly up-regulates TRPV1 in trigeminal sensory neurons [19].
In the opioid system, IL-1β, IL-6, TNF-α and IL-4 induce mu-opioid receptor expression in
neuronal and non-neuronal cells [3,4,30]. Similarly, in the cannabinoid system, cytokine-
stimulated whole blood elevates CB1 and CB2 mRNA and protein levels when compared to
non-stimulated blood [16]. Thus, changes in cytokine profiles in the local tissue during
injury or inflammation can provide potent modulation of nociceptive signaling processes.

Studies based on cutaneous tissue have demonstrated distinct changes in cytokine profiles
after inflammation and tissue injury: e.g., tissue injury induces bradykinin release leading to
the release of TNF-α, which results in the release of IL-6 and IL-1β [28]. There are,
however, distinct differences in carrageenan-induced changes in cytokine profiles when
cutaneous hindpaw tissue is compared to gastrocnemius muscle in female Sprague Dawley
rats [20]. TNF-α is elevated significantly in the hindpaw but not in the muscle. Both IL-1β
and IL-6 are elevated at an earlier time point in the cutaneous hindpaw tissue compared to
the muscle tissue. These data confirm that there is a specific cytokine profile associated with
muscle inflammation, at least in the female rats.

However, since pain responses from males and females vary a great deal in many chronic
musculoskeletal pain conditions, and the two sexes also respond differently to inflammation
[11], it is important to examine whether there are sex differences in the cytokine profiles in
muscle under inflammatory conditions. At present, there is no study that has directly
assessed potential sex differences in the local cytokine levels under inflammatory
conditions. Thus, the objective of this project was to establish the cytokine profiles in the
masseter muscle before and after complete Freund’s adjuvant (CFA)-induced inflammation
in both male and female rats. We chose to analyze the levels of three pro-inflammatory
cytokines TNF-α, IL-1β, IL-6 and one anti-inflammatory cytokine IL-4 because of their
known roles in inflammation and as modulators of receptor expression and nociceptive
signaling at the primary afferent level.

Age matched adult male and female Sprague-Dawley rats (8 weeks old; 250–300g for males
and 225–260g for females) were used in this experiment. All procedures were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. The levels of cytokines in the masseter muscle were analyzed in naïve rats, and
rats treated with CFA at 6 hrs, 1, 3 and 7 days following the CFA treatment. All groups,
except for the 6 hr time point, consisted of 6 rats. The 6 hr group consisted of 4 rats. CFA
(Sigma; 1:1 in isotonic saline; 50μl) was injected directly in the mid-region of masseter
muscle to induce local inflammation. In additional groups of naïve and CFA-inflamed rats
(1 day post CFA) plasma samples were collected by cardiac puncture to assess whether the
changes cytokine levels in the muscle result from local inflammatory response or systemic
reaction. Estrus cycle in female rats was not determined in this study.

All animals were euthanized by decapitation under pentobarbital anesthesia (100mg/kg).
Masseter muscle surrounding the injection site (approximately 100mg) was extracted and
homogenized in RIPA buffer (Cell Signaling Technology, Inc., Danvers, MA) containing
complete protease inhibitor cocktail tablets (Roche Diagnostics, Berkeley, CA). The amount
of RIPA buffer added was nine times the weight of the tissue sample. The total protein
concentration in lysate was determined using the Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA) and the amount of protein was normalized to that of the control sample. Total
protein of 2mg (250μl, 8μg/μl) was used in the cytokine assay for each sample.
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The Luminex multi-analyte profiling (xMAP) technology (Luminex corp.) was used to
measure cytokine levels. Bead sets were coated with capture antibody for various cytokines
(TNF-α, IL-1β, IL-4 and IL-6). Fluorescence detection antibodies were then applied to bind
the cytokine-capture antibody complex on the bead set. Multiple cytokines in the samples
were then recognized by the differences in bead sets with fluoregenic emission detection
using flow cytometric analysis [29]. Each sample was measured in triplicate. Two-Way
ANOVA was used to compare the cytokine levels between naïve and CFA groups and
between male and female rats. All comparisons between multiple groups were followed by a
post hoc test (Bonferroni). Data are presented as mean ± SEM and differences were
considered significant at p<0.05.

In male rats, the mean level of TNF-α in the masseter muscle was at its highest (90.1±46.7
pg/ml) under the naïve condition (Fig 1A). The injection of CFA into the masseter muscle
induced a gradual decrease in the TNF-α level. The mean TNF-α level was reduced to
86.9±23.3, 40.4±15.4, 24.7±7.6, and 13.3±3.4 pg/ml after 6 hrs, 1, 3 and 7 days,
respectively. In female rats, the mean level of TNF-α in the masseter muscle was 6.4±0.65
pg/ml under the naïve condition, about 14 fold less than the level in naïve male rats.
However, after CFA injection, the level of TNF-α in female rats increased to 36.6±10.2 pg/
ml after six hours and 49.7±13.5 pg/ml after one day before returning to the level under the
naïve condition after three days. Significant sex differences between male and female rats
were observed due to the low basal level in female rats (F=6.417, p=0.015). There was also
a significant time effect on inflammation-induced TNF-α levels (F=2.767, p=0.038), but
post hoc analysis did not detect significant group differences. A significant group difference
was found only between naïve and CFA 7day male rats. No other individual group
comparisons were significant.

The mean level of IL-4 decreased slightly but significantly after the CFA injection (F=4.065,
p=0.007) (Fig 1B). Under the naïve condition, the mean levels of IL-4 were 64.7±11.5 and
61.8±14.7 pg/ml for male and female, respectively. Six hours after the CFA injection, the
mean levels of IL-4 decreased significantly to 27.0±4.5 and 26.5±4.4 pg/ml in male and
female respectively. A second phase of slight decrease in the IL-4 level was observed three
days after CFA injection. No significant sex difference was detected (F=0.138, p=0.712).

The mean levels of IL-1β in the masseter muscle were low in both male (9.3±4.9 pg/ml) and
female rats (1.0±0.5 pg/ml) under the naïve condition (Fig 2A). Injection of CFA into the
masseter muscle induced a substantial increase in the IL-1β levels in both sexes (~1000 pg/
ml) as early 6hrs and remained significantly increased for one day (F=43.258, p=<0.001).
Seven days after CFA injection, the levels of IL-1β in both male and female rats decreased
to approximately 100 pg/ml. No significant difference in the IL-1β level was detected
between naïve and CFA 3 or 7 day groups. There appeared to be a slight delay in the
increase and decrease in the level of IL-1β in females compared to males; however no
significant sex difference was observed (F=0.548, p=0.463).

The pattern of inflammation-induced changes in the level of IL-6 was similar to that of
IL-1β. The mean level of IL-6 was 29.6±13.3 pg/ml in both male and female rats under the
naïve condition (Fig 2B). Injection of CFA into the masseter muscle induced a significant
and substantial increase in IL-6 levels in both sexes (F=79.190, p<0.001). Six hours after the
CFA injection, the level of IL-6 rose to approximately 10,000 pg/ml, more than a 300 fold
increase from the naïve condition. The mean level of IL-6 remained significantly increased
after one day, which then gradually decreased to approximately 200 pg/ml after 7 days.
There were no significant differences in the IL-6 level between naïve and CFA 3 or CFA 7
day groups. No significant sex difference was detected (F=0.940, p=0.337).
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In order to rule out the possibility that the CFA-induced changes in cytokine levels in local
tissue did not result from systemic reactions the plasma levels of all 4 cytokines collected 1
day after CFA inflammation were compared to those of naïve rats. The plasma levels of
TNF-α, IL-1β, and IL-4 were below the detection level in both naïve and CFA treated rats.
The plasma level of IL-6 was detectable but there was no significant difference between
naïve and CFA treated rats (t=1.127, p>0.05).

Since we used naïve rats rather than vehicle injected rats as the control group we conducted
additional experiments to assess whether the vehicle injection significantly alters the local
cytokine levels compared to those of naïve rats. The data showed that the vehicle injection
did not significantly alter the local levels of TNF–α (t=1.28, p=0.24), IL-6 (t=0.01, p=0.99)
and IL-4 (t=2.1, p=0.07). There was a statistically significant difference in the levels of L-1β
between naïve and vehicle treated rats (t=3.31, p=0.03). However, the range of IL-1β levels
in naïve and vehicle treated groups were comparable (0–30 pg/ml and 17–40 pg/ml,
respectively), suggesting that the surge of IL-1β in orders of magnitude following CFA
injection is not due to the injection procedure, but to local inflammatory responses.

Few studies have directly compared cytokine levels between males and females. A
significantly higher plasma IL-1β level in male patients compared to females was reported
following abdominal trauma [8]. A greater concentration of serum IL-6 in men has been
implicated in hepatocellular carcinoma, the most common liver cancer in men, while
estrogen-mediated inhibition of IL-6 reduces the risk of liver cancer in women [23]. The
present study provides the first report regarding sex-based observations on local cytokine
profiles following muscle inflammation. Our data showed that CFA-induced inflammation
produced similar changes in IL-1β, IL-4 and IL-6 levels between the male and female rats.
Inflammation differentially impacted the levels of TNF-α between the sexes, which may
result from the difference in the basal levels of TNF-α in the masseter muscle in male and
female rats.

In contrast to cutaneous tissue, the level of TNF-α in gastrocnemius muscle does not
increase in female rats after carrageenan-induced inflammation [20]. Our data showed that
the level of TNF-α in the masseter muscle decreased significantly only at a later stage of
CFA-induced inflammation in male rats. However, the level of TNF-α in the masseter
muscle in female rats rose slightly at 6 hrs and 1 day, owing to the low basal level. The
differences in the basal levels and the pattern of inflammation-induced changes in TNF-α
levels in female rats between this study and that of Loram et al [20] could be attributed to
the types of muscle (limb vs. craniofacial) or the inflammatory agent (carrageenan vs. CFA).
There was large variability in TNF-α level in the masseter under naïve conditions in male
rats. We do not know the source of the variability at this point, but it is possible that TNF-α
level in local tissue in intact animals may not be stable compared to other cytokines.

The increase in the level of TNF-α during CFA-induced inflammation in female rats was
only modest compared to that of IL-1β or IL-6. Also, the level of TNF-α following CFA
injection was comparable between male and female rats. These observations suggest that
muscle inflammation does not significantly impact the levels of TNF-α. Direct intramuscular
injection of a high dose of TNF-α produces mechanical hyperalgesia [32], and sensitizes
trigeminal muscle afferents in male rats [12]. The same concentration of exogenous TNF-α
could produce different responses in female rats since the basal level is substantially lower
in the masseter muscle of female rats. Thus, the contribution of TNF-α at a physiological
concentration in muscle pain processing and potential sex specific responses remains to be
determined.
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IL-1β mediates inflammatory pain and hyperalgesia by inducing a widespread expression of
prostanoids both in the periphery and in the CNS [9,31]. In the muscle tissue, IL-1β
regulates IL-6 production, which may be involved in muscle injury, degeneration and repair
of the muscle [14]. The level of IL-1β increases in human skeletal muscle after eccentric
exercise for a prolonged period of time and has also been shown to be a potent hyperalgesic
agent [5,9,10]. Similarly, the concentration of IL-1β is elevated in the trapezius muscle of
human patients with active myofascial trigger points [34]. In an animal model of muscular
hyperalgesia, the surge of IL-1β in the gastrocnemius muscle during carrageenan-induced
inflammation occurred at 24 hrs. This followed the initiation of primary muscle hyperalgesia
occurring as early as 3 hrs post injection. These observations led the authors to suggest its
role in the maintenance of hyperalgesia in muscle tissue [20]. However, carageenan injected
in the rat masseter muscle causes an immediate increase (i.e. 1 hr post injection) in the level
of IL-1β [27]. In the present study, we also showed a prominent increase in masseteric IL-1β
levels following CFA-induced inflammation in both male and female rats. The increase in
the levels of IL-1β could be observed from 6 hrs and were maintained until the 3 day time
point. Again, the differences could be due to the more potent and prolonged effects of CFA
compared to carageenan as well as tissue specific responses.

CFA injected in the rat masseter muscle and the hindpaw have been shown to significantly
up-regulate mu and kappa opioid receptors, respectively, in sensory neurons [25,29].
Interestingly, a local injection of IL-1β also significantly up-regulates kappa opioid
receptors and treatment with an IL-1 receptor antagonist blocks the CFA-induced up-
regulation of kappa opioid receptor expression in sensory neurons, and thereby increasing
kappa mediated analgesia in the periphery [29]. Taken together, these data suggest that the
surge of IL-1β in local tissue following inflammation contributes to pain and hyperalgesia,
as well as analgesia. However, a potential role of IL-1β in mediating sex differences in pain
and analgesia may not be explained solely by the local level of IL-1β.

While there is no clear consensus on the role of IL-6 in inflammatory muscle pain, it is
likely that IL-6 is involved in multiple aspects of skeletal muscle physiology and
pathophysiology. IL-6 is markedly increased during eccentric and concentric contraction of
the muscle and involved in protein degradation during muscle damage as well as during
muscle regeneration [6,36–38]. Acute injections with IL-6 in the gastrocnemius muscle do
not excite or sensitize muscle nocieptors in anesthetized rats [14]. However, local IL-6
injections not only produce muscular hyperalgesia that lasts for several hours but also play a
key role in the development of chronic latent hyperalgesia [7]. An immediate rise of
intramuscular IL-6 mRNA expression following electrically-induced muscle contraction and
carrageenan–induced inflammation in the masseter muscle suggests a multifunctional role
for IL-6 across different types of muscle tissue [27]. In addition, our data showing that IL-6
in the masseter muscle increased significantly and dramatically (more than 300 fold) in both
male and female rats after CFA-induced inflammation further support the contribution of
IL-6 in muscle pain and metabolism in both sexes.

The anti-inflammatory and anti-hyperalgesic effects of IL-4 have been demonstrated
[13,40]. However, the information on inflammation-induced changes in IL-4 in the muscle
tissue and potential sex differences in its level is not available. In this study, we showed that
the levels of IL-4 in the masseter muscle were reduced slightly but significantly in both
sexes at the 6 hr and 3 day time points, indicating a pro-inflammatory effect at those time
points. It is possible that the reduced level of IL-4 contributed, at least partly, to the increase
in IL-1β and IL-6 [39]. IL-4 also contributes to anti-hyperalgesic effects by up-regulating
peripheral opioid receptors under inflammatory conditions [4]. Because similar changes
were observed in the levels of IL-4 in both sexes, IL-4 mediated anti-hyperalgesic effects are
not expected to exhibit sex differences. Since we did not assess the estrus stages for the
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female rats the potential influence of circulating estrogen on local cytokine profiles cannot
be determined in this study. Additional studies with female rats in different estrus stages or
with ovariectomized rats should provide more precise information about the role of estrogen
in local cytokine responses.

In summary, this study established the cytokine profiles in the masseter muscle before and
after CFA-induced inflammation. These observations provided the basis for the potential
contribution of each cytokine in inflammation-induced pain and analgesic responses in the
muscle tissue in both sexes.
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Figure 1.
Mean levels of TNF-α and IL-4 in masseter muscle in naïve and rats treated with CFA. (A)
Significant sex differences were observed between male and female rats. There was also a
significant time effect, but the post hoc test did not reveal any significant group differences.
A significant reduction of TNF-α level 7 days following CFA treatment was noted only in
male rats. (B) The levels of IL-4 decreased slightly but significantly at the 6 hr and 3 day
time points in both sexes. No sex difference was observed. *, + denote significant group and
time effects, respectively with p<0.05, n=4–6/group.
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Figure 2.
Mean levels of IL-1β and IL-6 in masseter muscle in naïve and rats treated with CFA. (A)
The levels of IL-1β increased significantly after 6 hrs and 1 day after CFA injection in both
sexes. No significant sex difference was observed. (B) The levels of IL- 6 increased
significantly after 6 hrs and 1 day following CFA injection in both male and female rats. No
significant sex difference was observed. + denotes significant time effect with p<0.05, n=4–
6/group. Y axis is in a log scale.
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