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Abstract
Stress exacerbates both experimental and clinical pain, most well-characterized in irritable bowel
and fibromyalgia syndromes. Since it has been hypothesized that cytokines play an etiopathogenic
role in fibromyalgia and other chronic widespread pain conditions, we investigated the
relationship between stress and cytokines in a model of stress-induced chronic somatic pain. A
series of experiments were performed to evaluate the impact of stress on the hyperalgesia-induced
by endotoxin (lipopolysaccharide, LPS) and the role of two proinflammatory cytokines,
interleukin-6 (IL-6) and tumor necrosis α (TNFα). Fourteen days after exposure to a 4-day
protocol of unpredictable sound stress, the ability of systemic LPS (100 μg/kg, i.p) to elicit
cytokine-mediated mechanical hyperalgesia was measured in gastrocnemius muscle. LPS-induced
hyperalgesia was significantly greater in stressed rats, but when rats were treated intrathecally with
antisense oligodeoxynucleotide (ODN), to decrease either the gp130 subunit of the IL-6 receptor
or the TNFα receptor, in nociceptors, skeletal muscle hyperalgesia in sound stressed, but not
control, rats was prevented. These data suggest that chronic stress alters signaling in the primary
afferent nociceptor for the hyperalgesia induced by endogenously produced pro-inflammatory
cytokines.
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INTRODUCTION
Skeletal muscle pain is a common symptom in chronic widespread pain syndromes, such as
fibromyalgia (Wolfe et al., 2010), as well as being an early symptom in viral (Etaouil et al.,
1997) and bacterial infection (Tofte and Williams, 1982; Harats et al., 1986). While
mechanisms underlying skeletal muscle pain have not been fully elucidated, we have
observed that inflammatory cytokines, which sensitize high threshold mechano-sensitive
skeletal muscle afferents (Diehl et al., 1993), appear to be involved in this type of skeletal
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muscle pain (Dina et al., 2008a; Dina et al., 2010). Stress markedly exacerbates skeletal
muscle pain in patients with chronic widespread pain syndromes (Sternbach, 1986; Lundeen
et al., 1987; Lundberg et al., 1999; Kopec and Sayre, 2005), and enhances pronociceptive
effects of cytokines (Khasar et al., 2008; Khasar et al., 2009). To investigate the relationship
between stress and cytokine hyperalgesia, we determined the role of two endogenously
produced proinflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis α (TNFα) in
the enhanced skeletal muscle hyperalgesia induced by unpredictable sound stress, a model of
chronic widespread pain (Khasar et al., 2005; Khasar et al., 2008; Dina et al., 2009; Khasar
et al., 2009; Ferrari et al., 2010). We have used this model in rats to investigate mechanisms
that contribute to widespread hyperalgesia that may potentially lead to a better
understanding of the mechanisms that underlie chronic clinical pain conditions, such as
fibromyalgia, that are also characterized by generalized pain and hyperalgesia.

Endotoxin (lipopolysaccharide; LPS), the glycolipid component of Gram-negative bacterial
cell walls (Westphal, 1975), produces several symptoms that include skeletal muscle pain in
humans (Elin et al., 1981) and widespread hyperalgesia in animals (Watkins et al., 1994;
Kehl et al., 2004). We evaluated the effect of LPS administration on skeletal muscle
nociceptive thresholds in rats exposed to non-habituating stress (Strausbaugh et al., 2003),
which activates the sympathoadrenal stress axis, to release epinephrine, and the
hypothalamic pituitary adrenal (HPA) axis, to release corticosterone. While plasma levels of
corticosterone return to physiological levels, 24 hours post-stress, epinephrine is still
markedly elevated 14 days later (Khasar et al., 2008).

MATERIALS AND METHODS
Animals

Experiments were performed on adult male Sprague Dawley rats (250–300 g; Charles River,
Hollister, CA). Animals were housed, in pairs, in acrylic cages (30 × 75 × 20 cm) in the
Laboratory Animal Resource Center of the University of California, San Francisco, under a
12-hour light/dark cycle. Animal care and use conformed to NIH guidelines. Experimental
protocols were approved by the University of California, San Francisco Institutional Animal
Care and Use Committee. Concerted effort was made to reduce the suffering and number of
animals used; animals were housed with appropriate environmental enrichment as provided
by the Laboratory Animal Resource Center “Environmental Enrichment Program”, and
previous studies were referred to, to establish appropriate drug doses to avoid unnecessary
repetition of animal experiments.

Mechanical threshold in the gastrocnemius muscle
Mechanical nociceptive threshold was quantified using a Chatillon digital force transducer
(model DFI2, Amtek Inc., Largo, FL). Rats were lightly restrained in a cylindrical acrylic
holder that allows for easy access to the hind limb, and a 6 mm diameter probe attached to
the force transducer applied to the gastrocnemius muscle to deliver an increasing
compression force. The nociceptive threshold was defined as the force, in Newtons, at which
the rat withdrew its hind leg. Baseline withdrawal threshold was defined as the mean of 2
readings taken at 5-min intervals. Each hind limb is treated as an independent measure and
each experiment performed on a separate group of rats. All behavioral testing was done
between 10 am and 4 pm.

Stress
Exposure to sound stress occurred on days 1, 3 and 4 as described previously (Strausbaugh
et al., 2003; Khasar et al., 2009). Animals were placed 3 per cage and the cage, in turn,
placed 25 cm from a speaker that emitted 4 pure tones (5, 11, 15 and 19 kHz), whose
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amplitudes varied through time independently from 20–110 dB sound pressure level at
random times each minute, and whose duration was either 5 or 10 s. Sham stressed animals
were placed in the sound chamber for 30 minutes, but without exposure to the sound
stimulus. Following sound or sham sound stress, rats were returned to their home cages in
the animal care facility. Rats were used for nociceptive studies, 14 days after the last sound
stress exposure. A time-line for stress exposure, drug administration and nociceptive testing
is shown in Figure 1.

Antisense oligodeoxynucleotides
To attenuate the expression of TNFα receptor type-1, the antisense oligodeoxynucleotide
(ODN) sequence 5′-ACACGGTGTTCTGTTTCTCC-3′ directed against a unique sequence
of rat TNFα receptor type-1 was used. The mismatch ODN sequence, 5′-
ACCCGTTGTTCGGTTGCTCC-3′, with four bases mismatched (denoted by bold face).
We have previously shown that this ODN antisense against TNFα receptor type-1, at a dose
of 40 μg, decreases TNFα receptor type-1 protein in dorsal root ganglia (Parada et al.,
2003a).

To determine the contribution of IL-6, its effect on sensory neurons was disrupted by
intrathecal administration of ODN antisense to the signal transducing molecule, glycoprotein
130 (gp130), a subunit of the IL-6 receptor signaling complex necessary for IL-6 receptor
function (Muller-Newen, 2003). The 19-mer AS- and mismatch ODN for gp130 were
purchased from Invitrogen (San Francisco, CA). The dose of ODN (40 μg) was based on
prior dose–response studies (Summer et al., 2006). The antisense ODN sequence, 5′-TCC
TTC CCA CCT TCT TCT G-3′, was directed against a unique sequence of rat gp130. The
corresponding GenBank accession number and ODN position within the cDNA sequence
are M92340 and 1834–1852, respectively (Wang et al., 1992). The mismatch ODN
sequence, 5′-TAC TAC TCA CAT TCA TCA G-3′, corresponds to the gp130 subunit
antisense sequence with 6 mismatched bases (denoted by bold).

The method for intrathecal ODN injection has been described previously (Khasar et al.,
1996; Aley and Levine, 1997; Khasar et al., 1998; Alessandri-Haber et al., 2003; Parada et
al., 2003a; Parada et al., 2003b; Alessandri-Haber et al., 2004; Dina et al., 2004). Before
ODN injections, rats were briefly anesthetized with 3% isoflurane and a 30-gauge
hypodermic needle inserted into the subarachnoid space, at the midline, between the L4 and
L5 vertebrae. ODN (40 μg/10 μl) was slowly injected, over ~15 s. This procedure was
repeated daily so that ODN was administered on 3 consecutive days. Control animals
received injections of mismatch ODN.

Administration of LPS
LPS (100 μg/kg) was administered intraperitoneally (i.p.) on day 15 after stress and after the
third daily administration of antisense or mismatch ODN.

Statistical analysis
Data are presented as mean ± SEM and analyzed using 2-way repeated measures analysis of
variance (ANOVA), or Student’s t-test, as appropriate. Where the overall ANOVA showed
significant differences between groups, Scheffe’s post hoc test was used to determine the
pairs of groups that were different. The accepted level of significance was P < 0.05. The P-
values for main effects are from an ANOVA, and all subsequent P-values are from Scheffe’s
post hoc tests, unless otherwise stated.
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RESULTS
Effect of treatment with antisense ODN against IL-6 receptor subunit gp130 on LPS-
induced hyperalgesia

The administration of LPS (100 μg/kg, i.p.), in non-stressed rats treated with mismatch
ODN, produced a decrease in mechanical nociceptive threshold in the gastrocnemius muscle
when evaluated 1 day after LPS administration, which persisted for the 7-d period post-
administration (open circles, n = 12, Figure 2A). The magnitude of LPS-induced decrease
mechanical nociceptive threshold in skeletal muscle was not significantly different in rats
treated with antisense ODN, to decrease IL-6 receptor subunit gp130 in nociceptors (filled
circles, n = 12, Figure 2A). In a separate group of rats, skeletal muscle mechanical
nociceptive threshold was tested after exposure to intermittent sound stress exposure;
administration of LPS in this stress rats, treated with mismatch ODN (filled triangles, n =
12, Figure 2B), produced a maximal decrease in mechanical nociceptive threshold that was
significantly greater than that produced in non-stressed mismatch-treated control rats (filled
circles, n = 12, Figure 2A; 31.31±1.13% vs. 20.29±0.70%, P<0.05). In the stress group,
treatment with antisense ODN to decrease IL-6 receptor expression in nociceptors (open
triangles, n = 12), completely abolished LPS-induced skeletal muscle hyperalgesia for 2 d
after ODN administration. Hyperalgesia returned by the 4th day after the last administration
of ODN (Figure 2B), at a time when antisense effects would have reversed (Parada et al.,
2003b), indicating that IL-6 was present at a concentration capable of producing the
enhanced hyperalgesia.

Effect of treatment with antisense ODN against TNFα receptor type-1 on LPS-induced
hyperalgesia

Administration of LPS (100 μg/kg, i.p.) in non-stressed rats produced a similar decrease in
mechanical nociceptive threshold in the gastrocnemius in rats treated with mismatch ODN
(filled circles, n = 12, Figure 3A) and antisense ODN to decrease expression of TNFα
receptors in nociceptors (open circles, n = 12, Figure 3A). In contrast, in sound stress-
exposed rats, LPS-induced hyperalgesia (which was significantly 35.37±1.13% vs.
18.08±1.26%, P<0.05) was completely prevented 1 and 2 days after cessation of antisense
ODN administration to decrease TNFα receptor expression (Figure 3B). Hyperalgesia
returned by the 4th day after the last ODN administration, at a time when antisense effects
would have reversed (Parada et al., 2003b), again indicating that TNFα was present, at a
concentration capable of producing the enhanced hyperalgesia.

DISCUSSION
In this study, we have demonstrated stress-induced long-lasting enhancement of LPS-
induced mechanical hyperalgesia in skeletal muscle and mediation of this enhancement by a
mechanism, different from that mediating hyperalgesia in the non-stressed control rats.
Treatment with antisense ODN to decrease expression of IL-6 and TNFα receptors on
primary afferent neurons (Parada et al., 2003b; Summer et al., 2008), completely blocked
LPS-induced hyperalgesia in stressed rats, but did not attenuate it in non-stressed rats.

While we have previously shown that intramuscular administration of IL-6 (Dina et al.,
2008a) and TNFα (Dina et al., 2010) induce skeletal muscle hyperalgesia mediated by their
cognate receptors on nociceptors, the LPS hyperalgesia that we observed in control animals
is not mediated by LPS-induced TNFα or IL-6 production. Thus, while LPS (1 mg/kg, i.p) in
rats increases skeletal muscle TNFα (~2-fold), it returns to baseline 8 h after LPS, and did
not change skeletal muscle IL-6 levels (Lang et al., 2003), although plasma IL-6 has been
shown to be increased ~275-fold after LPS (100 μg/kg i.p.) (Harre et al., 2003).
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Similar to our observation in skeletal muscle, enhanced visceral nociception following
exposure to repeated stress has been reported (Bradesi et al., 2005; Bradesi et al., 2006).
There is evidence that cytokines contribute to this increased nociception, with stress
producing an increase in colonic expression of cytokines (IL-1b and IFN-gamma) and
antagonists to neurokinin 1 (Bradesi et al., 2006), corticotropin-releasing factor type 1
(Larauche et al., 2009), vasopressin 3 (Bradesi et al., 2009) blocking the hyperalgesic
response, and a correlation between production of inflammatory cytokines and magnitude of
visceral hyperalgesia (Adam et al., 2006). In addition to a role for peripheral cytokines in
stress-induced visceral hyperalgesia, it has also been suggested that stress-induced central
sensitization contributes to the enhanced visceral nociception (Bradesi et al., 2005), and it is
possible that central sensitization contributes to the stress-induced skeletal muscle
hyperalgesia we observed in the current study.

An intriguing finding in the current study is that in the stressed, but not in the non-stressed
rat, LPS-induced hyperalgesia is completely abolished when either IL-6 or TNFα receptors
on peripheral nociceptors are down-regulated by ODN administration. Of note, we have
previously shown that after exposure to the same sound stress protocol, cytokine
hyperalgesia in skeletal muscle is enhanced and markedly prolonged (Khasar et al., 2009),
and that a switch in second messenger signaling pathway mediates this enhancement and
prolongation (Khasar et al., 2008). Taken together, this supports the suggestion that a change
in nociceptor function may mediate the enhanced cytokine hyperalgesia. Thus, in the setting
of chronic stress there is an emergence of cytokine dependence for LPS-induced
hyperalgesia. While the greater LPS-induced hyperalgesia in stress-exposed rats may be at
least in part dependent on the increased production of IL-6 and TNFα seen in rats previously
exposed to a stressor (Johnson et al., 2002), this enhancement of cytokine level is of shorter
duration than that seen in the present study. While the mechanistic basis for this ‘switch’ to
cytokine dependence in LPS-induced skeletal muscle hyperalgesia is unknown, this might
represent a plastic change in the primary afferent neuron that is related to the development
of chronic widespread pain states observed following exposure to chronic stress (Buskila et
al., 2009; Haviland et al., 2010). Indeed, our previous findings suggest that the sound stress
paradigm we employ is a model for chronic widespread pain (Khasar et al., 2009) and that a
phenomenon of “hyperalgesic priming” induced by this stress paradigm, is dependent on the
epsilon isoform of protein kinase C (PKCε) in the primary afferent nociceptor. Hyperalgesic
priming that is induced by exposure to the inflammogen, carrageenan, is present days or
weeks after the initial inflammatory response abates; subsequent cytokine administration
produces an enhanced hyperalgesic response in skeletal muscle that is dependent on PKCε
(Dina et al., 2008b). Similarly, even following the sound stress cytokine–induced skeletal
muscle hyperalgesia is enhanced for weeks after exposure to stress and is PKCε–dependent
(Khasar et al., 2008). How TNFα and IL-6 receptor signaling is altered by stress such that
now endogenously produced TNFα and IL-6 now contribute to LPS-induced hyperalgesia
remains to be determined.

In conclusion, we present evidence that exposure to stress both enhances LPS-induced
hyperalgesia and changes the underlying mechanisms. These findings may have clinical
implications with regard to understanding the development of chronic widespread pain
syndromes, such as fibromyalgia, in individuals exposed to stress, and could potentially
provide information for the development of novel treatments of such chronic pain
conditions.
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Figure 1.
Time line for stress exposure, administration of antisense and LPS and nociceptive testing
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Figure 2. LPS-induced muscle hyperalgesia: role of IL-6
A. Administration of LPS (100 μg/kg i.p.), in control (mismatch ODN, filled circles n=12,
baseline nociceptive threshold: 3.12±0.04 N, data point not shown) decreased nociceptive
threshold ~20% beginning one day after administration. This hyperalgesia remained,
undiminished, for the 7-day post-administration testing period. In rats treated with antisense
ODN to gp130 (open circles, n=12, baseline nociceptive threshold: 3.13±0.03 N), to
decrease expression of the gp130 subunit of the IL-6 receptor in primary afferent neurons,
the magnitude and duration of LPS-induced hyperalgesia was not different from mismatch
control rats.
B. Fifteen days after the last exposure to sound stress, administration of LPS in rats treated
with mismatch ODN (filled triangles n=12; baseline nociceptive threshold: 3.17±0.05 N,
data point not shown) decreased nociceptive threshold ~30%, beginning one day after
administration; this decrease in nociceptive threshold was significantly greater than in non-
stressed rats receiving mismatched ODN (P<0.05). In stressed rats treated with antisense
ODN to gp130 (open triangles, n=12; baseline nociceptive threshold: 3.14±0.03 N), LPS-
induced hyperalgesia was prevented during ODN administration and 1 day post
administration. 4 d post ODN administration, at a time when antisense effects would have
reversed, the magnitude of LPS-induced hyperalgesia was not different from stressed rats
receiving mismatch ODN.

Dina et al. Page 10

Eur J Pain. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. LPS-induced muscle hyperalgesia: role of TNFα
A. Administration of LPS (100 μg/kg i.p.), in control (mismatch ODN, filled circles n=12;
baseline nociceptive threshold: 3.09±0.04 N, data point not shown) decreased nociceptive
threshold ~20% beginning one day after administration. This hyperalgesia remained
undiminished for the 7-day post-administration testing period. In rats treated with ODN
antisense to the TNFα receptor (open circles, n=12; baseline nociceptive threshold:
3.12±0.03 N), to decrease expression of this receptor in primary afferent neurons, the
magnitude and duration of LPS-induced hyperalgesia was not different from control rats.
Fifteen days after sound stress, administration of LPS in rats treated with mismatch ODN
(filled triangles n=12; baseline nociceptive threshold: 3.12±0.04 N, data point not shown)
decreased nociceptive threshold ~30% beginning one day after administration; this decrease
in nociceptive threshold was significantly greater than in non-stressed rats receiving
mismatched ODN (P<0.05). In stressed rats treated with antisense ODN to TNFα receptor
(open triangles, n=12; baseline nociceptive threshold: 3.15±0.04 N), LPS-induced
hyperalgesia was prevented during ODN administration and 1 day post administration. 4 d
post ODN administration, at a time when antisense effects would have reversed, the
magnitude LPS-induced hyperalgesia was not different from stressed rats that had received
mismatch ODN.
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