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Movement-evoked hyperalgesia induced by lipopolysaccharides
is not suppressed by glucocorticoids
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Abstract

Systemic exposure to lipopolysaccharides (LPS) produces a variety of effects, including movement-
evoked hyperalgesia that can be measured using the grip force assay in mice. Because both lethality
and enhanced sensitivity to cutaneous pain following exposure to endotoxins have each been
attributed to inflammatory mediators, we explored the possibility that LPS-induced movement-
evoked hyperalgesia is also sensitive to manipulations of glucocorticoids that regulate these other
LPS responses. We found that the hyperalgesic effect of LPS (5 mg/kg s.c.) in mice that were
adrenalectomized did not differ from that in control mice that were sham-operated, even though
mortality after LPS was potentiated by adrenalectomy. The development of tolerance to the
movement-evoked hyperalgesic effect of LPS also did not differ between adrenalectomized and
sham-operated control mice. In addition, mifepristone (25 mg/kg s.c.), a glucocorticoid antagonist,
did not attenuate the hyperalgesic effect of LPS (2 mg/kg s.c.), yet this dose of mifepristone was
sufficient to enhance the incidence of lethality induced by LPS. Enhancement of glucocorticoid
activity by two injections of dexamethasone (1 mg/kg s.c.) had no effect on the degree of hyperalgesia
in mice injected with LPS (5 mg/kg s.c.), yet this dose of dexamethasone was sufficient to attenuate
the incidence of mortality induced by LPS in adrenalectomized mice. Finally, morphine (10 mg/kg
i.p.) reversed the decrease in grip force caused by LPS (5 mg/kg i.p.), supporting the interpretation
that decreases in grip force produced by LPS reflect muscle hyperalgesia that is not sensitive to
glucocorticoids.
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1. Introduction

Lipopolysaccharides (LPS or endotoxins) are glycolipids that constitute the immunoreactive
portion of gram-negative bacterial cell walls (Raetz, 1990). In addition to their ability to cause
endotoxic shock, LPS in rats produces mechanical and thermal hyperalgesia measured with
von Frey fibers (Walker et al., 1996; Cahill et al., 1998) and the tail flick assay (Maier et al.,
1993; Watkins et al., 1994a; Wiertelak et al., 1994a, b). Administered centrally (Meller et al.,
1994; Walker et al., 1996) or peripherally (Maier et al., 1993; Watkins et al., 1994a, b, c;
Wiertelak et al., 19944, b), a single dose is capable of decreasing mechanical nociceptive
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thresholds in rats and mice, consistent with the muscle aches and pains reported in humans
during endotoxemia. Movement-evoked hyperalgesia induced by endotoxins can be modeled
by decreases in grip force responses following parenteral injections of LPS in mice (Kehl et
al., 2004). We and others have validated that the grip force assay detects hyperalgesia by the
ability of narcotic analgesics to prevent decreases in grip force induced by algesic
manipulationsin rats (Kehl et al., 2000) and mice (Wacnik etal., 2003), including those induced
by LPS in mice (Kehl et al., 2004).

Many acute effects of LPS have been studied extensively and are attributed to activation of
genes encoding cytokines, chemokines, immune receptors and other pro-inflammatory
compounds. LPS induces the release of interleukin-1 (IL-1), tumor necrosis factor alpha (TNF-
a), and eicosanoids from macrophages (Nathan, 1987). TNF-o and IL-1 are responsible for
LPS-induced shock leading to the lethal effects of endotoxemia (Beutler et al., 1985; Tracey
et al., 1986). These mediators also participate in tactile hyperalgesia following peripheral
injections of LPS (Ferreira et al., 1988; Maier et al., 1993; Watkins et al., 1994c; Rietschel et
al., 1994, Safieh-Garabedian et al., 1997). Whether muscle pain and decreases in grip force
responses that are produced by endotoxins also result from this same group of inflammatory
mediators is not known.

Glucocorticoids are powerful immunosuppressors, especially to inflammatory reactions
induced by endotoxins. They constitute an endogenous mechanism to avoid exaggerated
immune responses. Adrenal hormones are released in response to LPS (Takemura et al.,
1997) and adrenalectomized mice are more sensitive to lethal effects of LPS and its associated
cytokines IL-1 and TNF-a (Bertini et al., 1988). In contrast, exogenous administration of
glucocorticoids protects against lethality (Geller et al., 1954). Because of this inhibitory
influence of glucocorticoids on inflammatory mediators, it is plausible that the adrenal might
also protect against movement-evoked hyperalgesia associated with endotoxemia if it shares
the same mediators.

The purpose of this study was to determine whether adrenal hormones influence LPS-induced
muscle hyperalgesia similar to their well-characterized effects on lethality and cutaneous
hyperalgesia. To accomplish this, we assessed the effects of mifepristone, a glucocorticoid
antagonist, dexamethasone, a synthetic glucocorticoid agonist, and adrenalectomy on
decreases in grip force responses induced by LPS in mice. If the hyperalgesic effect of LPS
results from an inflammatory response, it is anticipated that glucocorticoids would attenuate
and adrenalectomy exacerbate movement-evoked hyperalgesia.

Each animal was used only once. Animals received one treatment, as described in the figure
legends, and repeated grip force measures were obtained to monitor the time-course of the drug
effects. Observers were unaware of treatments throughout the experiments reported. All
procedures were performed according to the guidelines of the International Association for the
Study of Pain, the University of Minnesota Animal Care and Use Committee, and the
Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (DHEW Publication NIH 78-23, revised 1995).

2.1. Subjects

Adult female Swiss Webster mice weighing 20-25 g were housed four per cage and allowed
to acclimate for at least one week prior to use. Mice were allowed free access to food and water,
and housed in a room with a constant temperature of 23°C on a 12-hr light-dark cycle. To
explore movement-evoked painful disorders in a gender in which these conditions are common
in humans, such as fibromyalgia, we used female mice.
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2.2. Drugs and Chemicals

LPS [Escherichia coli Serotype 0111:B4] was purchased from Sigma Chemical Company (St.
Louis, MO). LPS was dissolved in LPS-free sterile saline (0.9% NaCl) immediately prior to
each use and delivered at the doses indicated in volumes of 1 ml per 100 g body weight.
Dexamethasone, a widely used synthetic glucocorticoid antagonist, was obtained from ICN
Biochemicals, Inc. (Irvine, CA) and injected at a dose of 1 mg/kg s.c. immediately prior to and
8 hr after LPS. Mifepristone (RU38,486), a glucocorticoid and progesterone antagonist
(Philibert and Teutsch, 1990), was purchased from Sigma Chemical Company (St. Louis, MO)
and injected at 25 mg/kg s.c., a dose similar to that previously used to inhibit glucocorticoid
activity in mice (Berki et al., 2002). Due to its low solubility, mifepristone was dissolved in a
solution of 25% saline and 75% ethanol and injected s.c. 15 min after LPS.

2.3. Grip Force Assays

As a reflection of muscle hyperalgesia, forelimb grip force was measured using a grip force
analyzer as described by Kehl and colleagues for use with rats (2000) and mice (Wacnik et al.,
2003). This apparatus consists of a force transducer that is connected to a wire mesh grid (12
x 7 cm? O.D. with an ~0.5 cm square wire grid) and positioned on top of an aluminum frame
approximately 30 cm above the bench top. During testing, each mouse is held by its tail and
gently passed in a horizontal direction over the wire grid until it grasps the grid with its
forepaws. The peak force that is exerted by the forelimbs of each mouse when pulling on the
grid, is recorded by the force transducer, to which the grid is attached. Three grip force measures
are obtained at each time-point; the average of these measurements is used to represent each
animal's forelimb grip force at that particular time. Animals were familiarized with the grip
force apparatus for three days by grip force testing prior to initiation of the experiment. On the
third day, grip force measurements were obtained prior to administration of LPS to establish
baseline values for each animal. Then LPS was administered and grip force measured at the
times indicated. Grip force data are represented as either raw data or as the reduction in grip
force measured relative to pre-injection baseline values for that group.

2.4. Adrenalectomy

Mice were anesthetized using isoflurane and the skin shaved and sterilized using betadine.
After a medial incision, the kidney and adrenal were approached by blunt dissection and
externalized. The adrenal was removed prior to replacement of the kidney into the peritoneal
cavity. The procedure was repeated on the opposite side. Muscle layers were sutured and skin
closed using a wound clip after application of bupivacaine to the incision area. Butorphanol (2
mg/kg of Turbogesic s.c.) was administered twice at 8 hr intervals to provide post-surgical
analgesia. Sham operated mice were treated identically except the adrenal was not removed
prior to the replacement of the externalized kidney and adrenal into the peritoneal cavity.

2.5. Rota-rod assay

To test for the effect of LPS on motor coordination, one group of mice were first tested in the
grip force assay and then evaluated for performance on the Rota-rod. Mice were trained for
three days previously by undergoing three daily 5-min trials on an accelerating rotating rod
(0-20 rpm). On the day of the experiment, each mouse was placed on the rotating rod for a 5-
min interval. The time to the first fall was recorded and compared between groups.

2.6. Corticosterone assay

Whole trunk blood was collected in plastic tubes containing EDTA and stored on ice. Blood
samples were centrifuged (3100 g) for 10 min at 4°C and the plasma stored at —20°C until
assayed (Jasper and Engeland, 1991; Thrivikraman and Plotsky, 1993). Corticosterone was
assayed in duplicate samples of mouse plasma by the ImmuChem™ Double Antibody
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Corticosterone 125] RIA kit from ICN Biochemicals Inc (Costa Mesa CA). Adrenalectomized
mice were deemed incompletely adrenalectomized and excluded if their corticosterone value
was not less than one standard deviation lower than the mean of the sham-operated control

group.

2.7. Statistics

Results

The grip force data were analyzed statistically using paired, two-tailed Student’s t-tests or
ANOVA followed by a post hoc analysis using the Fisher Protected Least Squares Difference
(PLSD) test to determine differences at individual time-points. A difference was considered
significant if the probability that it occurred because of chance alone was less than 5% (P <
0.05).

3.1. Mifepristone and grip force responses to LPS

To assess the influence of endogenous glucocorticoid activity on the hyperalgesic effect of
LPS, we pretreated mice with mifepristone at a dose of 25 mg/kg s.c. immediately prior to the
s.c. injection of 2 mg/kg of LPS. To maintain the antagonism of the glucocorticoid receptor, a
second dose of mifepristone or vehicle was also delivered 24 hr later, immediately after grip
force responses were recorded. The dose of LPS used was previously found to decrease grip
force responses in male and female mice (Kehl et al., 2004). Injection of mifepristone alone
had no effect on grip force responses taken 24 hr later compared to mice injected with vehicle
only (Fig. 1A). In contrast, the grip force of mice injected with mifepristone plus LPS was
significantly less than mice not injected with LPS and did not differ from mice injected with
LPS only.

3.2. Effect of mifepristone on the lethal effect of LPS

To ensure that the dose of mifepristone used was sufficient to inhibit the actions of
endogenously derived glucocorticoids, we examined the effect of this same dose of
mifepristone on the incidence of lethality induced by LPS. Mifepristone (25 mg/kg s.c.)
delivered immediately prior to LPS (10 mg/kg i.p.) resulted in lethality in 80% of mice whereas
none of the mice died when pretreated with vehicle prior to LPS (Fig. 1B).

3.3. Adrenalectomy and grip force responses to LPS

To determine whether endogenous adrenal hormones influence the hyperalgesic effect of LPS,
we adrenalectomized mice 2 weeks prior to testing and compared the effect of LPS in those
mice to sham-operated controls. We found that LPS (5 mg/kg s.c.) produced the same
magnitude of decrease in grip force responses in adrenalectomized mice as in sham-operated
controls (Fig. 2A).

3.4. Effect of adrenalectomy on the lethal effect of LPS

In spite of the inability of adrenalectomies to influence the hyperalgesic effect of LPS, when
additional groups of mice were examined, we found that daily injections of LPS (5 m/kg s.c.)
were sufficient to induce lethality in some adrenalectomized mice, but had no effect in sham-
operated mice (Fig. 2B).

3.5. Adrenalectomy and the development of tolerance to LPS

We have previously found that repeated injections of LPS to mice result in complete tolerance
to the hyperalgesic effect measured using the grip force assay. Because adrenalectomized mice
do not become tolerant to the ability of LPS to induce TNF-a at 1 hr after injection (Evans and
Zuckerman, 1991), we continued to inject and test the adrenalectomized and sham-operated
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mice from the experiments described in figure 2A at weekly intervals to evaluate tolerance in
our paradigm. The mean grip force values were taken 24 hr after each s.c. injection of 5 mg/
kg LPS or saline to monitor the previously characterized development of tolerance to decreases
in grip force measures (Kehl et al., 2004). We found that tolerance developed rapidly in both
adrenalectomized and sham-operated mice, as it was clearly present by week 2 (Fig. 3).

3.6. Effect of adrenalectomy on circulating concentrations of corticosterone

To verify the completeness of the adrenalectomies performed, we examined the concentration
of circulating corticosterone in additional groups of mice injected s.c. with either LPS (5 mg/
kg) or saline. Grip force values 24 hr after LPS were significantly less than in mice injected
with saline (Fig. 4A). Mice were then subjected to a 5-min forced swim stress (31°C) to activate
the adrenal and better differentiate between adrenalectomized and sham-operated groups, and
killed immediately. The mean circulating corticosterone value in the 15 adrenalectomized mice
(161.9+16.9 ng/ml) was significantly less than in the 17 sham-operated control mice (407.1
+31.1), as detailed in Fig. 4B. The corticosterone remaining after adrenalectomy was
sufficiently low that it is likely due to synthesis from extra-adrenal sources, described
previously (Davies and MacKenzie, 2003). In summary, the grip force values of
adrenalectomized mice injected with LPS did not differ from those in sham-operated control
mice even though the concentration of corticosterone after adrenalectomy was less than in
sham-operated mice.

3.7. Dexamethasone and grip force responses to LPS

To evaluate whether an increase in glucocorticoid activity protects against LPS-induced
decreases in grip force responses, we pretreated mice with 1 mg/kg of dexamethasone injected
s.c. at0and 8 hr after injection of 5 mg/kg of LPS s.c. (Fig. 5A). This dose was selected because
itis even higher (ten times) than that previously found to inhibit the hyperalgesic effect of LPS
injected directly into the paw of mice (Raghavendra et al., 2000). This dose should, therefore,
be sufficient to inhibit hyperalgesia induced by a similar mechanism of action. However,
dexamethasone had no effect on grip force responses compared to vehicle-injected mice and
the decrease in grip force responses produced by LPS alone did not differ from that after LPS
plus dexamethasone.

3.8. Effect of dexamethasone on the lethal effect of LPS in adrenalectomized mice

To assess the efficacy of this dose of dexamethasone, we evaluated its ability to replace
naturally occurring glucocorticoids in adrenalectomized mice and protect them from the lethal
effects of LPS (10 mg/kg s.c.). Using the same injection schedule for dexamethasone as that
in the experiments on grip force, dexamethasone (1 mg/kg of dexamethasone injected s.c. at 0
and 8 hr after injection of LPS) provided a substantial degree of protection from lethality
following LPS (10 mg/kg s.c.) in adrenalectomized mice compared to that in adrenalectomized
mice pretreated with vehicle (Fig. 5B). The decrease in grip force responses produced by this
higher dose of LPS (10 mg/kg i.p.) in un-operated mice was no different in mice pretreated
with 1 mg/kg of dexamethasone (—75.6+10.5 g, n=11) than in mice pretreated with saline
(=71.1+8.2 g, n=18) when measured 24 hr after injection of LPS.

3.9. Effect of LPS on Rota-rod performance

Using the Rota-rod, we monitored the possible influence of LPS on motor coordination, fatigue
and weakness that may influence the animals’ ability to function in the grip force assay. Mice
were injected with LPS (5 mg/kg s.c.) or saline. Twenty-four hours later, mice were tested for
the time that they were able to remain on the rotating cylinder during a 5-min trial. No
significant difference was found between the means obtained from mice injected with LPS
(261.0+21.8 sec, n=9, Student’s t-test) and mice injected with saline (289.0£9.9 sec, n=8), in
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spite of a significantly decreased grip force in the same mice injected with LPS (129.3+5.1 g)
compared to those injected with saline (163.5£3.7 g, Student’s t-test). We also tested the ability
of these mice to support themselves hanging onto a rotating cylinder covered with a metal mesh
without falling the 40—cm distance to the countertop. All mice were able to maintain their
position on the rotating cylinder, hanging upside down, for a period of 5 min.

4.0. Morphine and grip force responses to LPS

Performance on a Rota-rod reflects coordination but is not absolutely predictive of an animal’s
ability to pull on the grip force apparatus. The sensitivity of decreases in grip force to an
antinocioceptive compound (Fig. 6) may be a better reflection of whether those decreases are
related to nociception. Thirty min after administration of morphine (10 mg/kg i.p.), the
reduction in grip force induced by an injection of LPS (5 mg/kg i.p.) 24 hr previously was
reversed to a value no different from saline-injected controls, as shown previously (Kehl et al.,
2004). Morphine alone had no effect on grip force, consistent with previous studies (Nevins
etal., 1993).

4. Discussion

Circulating LPS is most evident following traumatic injury (Buttenschoen et al., 2000),
ischemia (Yassin et al., 1998), surgery (Riddington et al., 1996), disc herniation (Sergio et al.,
1982) and even head injury (Jiang et al., 1997). Even in healthy individuals, the intestinal lumen
is adense reservoir from which small concentrations transiently pass into the circulation during
exercise or stress (Fox et al., 1989; Nakao et al., 1994). Additional sources of endotoxins
include the bladder, peritoneal cavity and sinuses. Immune responses to LPS in the circulation
include nausea, vomiting, diarrhea, dizziness, fever (Van Leeuwen et al., 1994), muscle aches
and pain (Hochstein et al., 1994; Lynn et al., 2003). The tendency for LPS to reduce forelimb
grip force responses in mice (Kehl et al., 2004) provides us with a model of the muscular
discomfort that patients report during endotoxemia.

While LPS is known to induce illness-like responses, LPS had no significant effect on
performance of mice on the Rota-rod. That, together with the ability of morphine to reverse
LPS-induced decreases in grip force suggest that the effect of LPS on grip force reflects
musculoskeletal hyperalgesia rather than weakness and fatigue. Administered alone, morphine
had no effect on grip force in mice, as previously reported (Nevins et al., 1993). The effect of
morphine is noteworthy in view of the tendency for LPS to inhibit the antinciceptive effect of
morphine (Johnston and Westbrook, 2003).

Cutaneous hyperalgesia develops following injection of LPS directly into the hindpaw (Kanaan
et al., 1996; Safieh-Garabedian et al., 1996; Safieh-Garabedian et al., 1997). Cutaneous
hyperalgesia clearly involves secretion of pro-inflammatory cytokines (Ferreira et al., 1988;
Maieretal., 1993; Watkins etal., 1994c; Rietschel et al., 1994), eicosanoids (O’Neill and Lewis,
1989; Decker, 1990), and reactive oxygen species (Beasley et al., 1991). These compounds are
synthesized peripherally (Nathan, 1987; Jungi et al., 1994; Gardiner et al., 1995; Shapira et al.,
1998; Aosasa et al., 2000) but can occur in the brain following systemic injection of LPS
(Quanetal., 1999). Hyperalgesia induced by centrally injected LPS may result from induction
of cytokines as they, too, are hyperalgesic when injected into the CNS, including TNF,
IL-1a and IL-1f (Meller et al., 1994; Ignatowski et al., 1999; Tadano et al., 1999). IL-1
enhances the concentration of nerve growth factor (NGF) (Safieh-Garabedian et al., 1995), a
neurotrophin associated with hyperalgesia in rodents (Lewin and Mendell, 1993) and man
(Petty et al., 1994). Injected centrally, LPS also upregulates the synthesis of prostanoids
(Walker et al., 1996) and activates bradykinin B2 receptors (Walker et al., 1996).
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Inhibition of inflammatory mediators by glucocorticoids occurs by interfering with production
of inflammatory mediators like the cytokines. Endogenously occurring glucocorticoids, like
corticosterone in rodents and cortisol in humans, released from the adrenal cortex in response
to LPS, down-regulate the transcription of pro-inflammatory compounds (reviewed by McKay
and Cidlowski, 1999). In this fashion, glucocorticoids inhibit the synthesis of IL-1 and TNF-
a in macrophages, thereby protecting against the lethal effects of endotoxins. Glucocorticoids
are also powerful inhibitors of LPS-induced induction of iNOS (Knowles et al., 1990;
Radomski et al., 1990) that catalyzes the synthesis of nitric oxide, a hypotensive and
hyperalgesic compound. Removal of the protective influence of endogenously released
corticosterone by adrenalectomy enhances the lethal effects of LPS (Bertini et al., 1988). If the
movement-induced hyperalgesia caused by LPS were mediated by inflammatory compounds,
adrenalectomy would enhance hyperalgesia, similar to its effect on lethality. However,
adrenalectomy did not influence movement-induced hyperalgesia compared to that in sham-
operated control mice, suggesting adrenal hormones do not provide protection from the
hyperalgesic effects of LPS.

Although tolerance to sepsis has been previously attributed by some to glucocorticoid activity,
more recently it is thought to occur by an increase in the synthesis of the LPS-binding protein,
resulting in an increased clearance of LPS from the circulation (Zweigner et al., 2001). We
previously observed decreased circulating LPS coincident with tolerance to movement-
induced hyperalgesia (Kehl et al., 2004), suggesting that a similar mechanism underpins the
tolerance that develops to both lethality and hyperalgesia. That adrenalectomy failed to alter
the development of tolerance to movement-induced hyperalgesia following repeated injection
of LPS is consistent with an increased clearance of LPS rather than an effect of glucocorticoids.

If movement-induced hyperalgesia caused by LPS were mediated by inflammatory
compounds, pretreatment with potent glucocorticoids like dexamethasone may be expected to
attenuate the hyperalgesic effect of LPS, similar to its well-characterized ability to protect
against lethality (Geller et al., 1954). However, dexamethasone failed to decrease the effect of
LPS on grip force responses, even when administered at a dose that attenuated the enhanced
sensitivity of adrenalectomized mice to LPS-induced lethality. The hyperalgesia reflected in
the grip force assay may be insensitive to glucocorticoids as decreases in grip force produced
by carrageenan, an inflammatory compound, were also not prevented by dexamethasone in
rats (Kehl et al., 2000).

Mifepristone antagonizes the interaction of glucocorticoids with their receptors. While
mifepristone inhibits both glucocorticoid and progesterone receptors, its protection against
lethality is likely due to its ability to inhibit glucocorticoid receptors as endotoxin lethality in
mice was diminished by dexamethasone but not progesterone (Lazar et al., 1977). Using this
approach, which spares the adrenal but targets the action of hormones derived from the adrenal
cortex, we found that mifepristone failed to influence movement-evoked hyperalgesia at a dose
that enhanced the lethal effects of LPS. This supports the conclusion that decreases in grip
force induced by LPS are not brought about by the same inflammatory mediators as those
causing either cutaneous hyperalgesia or lethality.

Many effects of LPS, such as fever, inhibition of water and food intake and reduced locomotor
activity, depend on elevated concentrations of TNF-a. These effects occur rapidly after

injection of LPS (within hours) and coincide with increases in immune mediators (Nava et al.,
1996; Nava et al., 1997a; Nava et al., 1997b; Nava and Caputi, 1999; Nava and Carta, 2000).
In contrast, LPS-induced muscle hyperalgesia measured using grip force is not maximal until
24 hr after injection, much longer than the documented elevations in cytokines. The difference
intime-course of LPS-induced increases in TNF-a.and movement-evoked hyperalgesia suggest
that TNF-a does not sustain skeletal muscular hyperalgesia nor initiate downstream mediators
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responsible for hyperalgesia. Therefore different and as yet unidentified compounds, that are
insensitive to glucocorticoids, initiate and maintain the important phenomenon of movement-
evoked hyperalgesia and require further study.

Increases in nociceptive sensitivity detected by the grip force assay reflect hyperalgesia
common to diverse models of inflammatory muscle hyperalgesia in rats (Kehl et al, 2000;
Wacnik et al., 2003) and cancer pain in mice (Kehl et al., 2003; Wacnik et al., 2003).
Movement-induced hyperalgesias are associated with several clinical conditions that are
known to increase circulating LPS, including irritable bowel syndrome (IBS; Barbara et al.,
1997; Nazar and Smishchuk, 1998), inflammatory bowel diseases such as Crohn’s disease and
ulcerative colitis (Hotta et al., 1986; Monajemi et al., 1996; Caradonna et al., 2000), chronic
fatigue syndrome (Linde et al., 1992; McGregor et al., 1996), interstitial cystitis (Jasmin et al.,
1998), hepatitis C (Liehr, 1981) as well as motor vehicle accidents, work-related injuries,
surgeries (Riddington et al., 1996) and other infectious diseases (Sergio et al., 1982; Riddington
et al, 1996; Buttenschoen et al., 2000). Patients with IBS and other chronic inflammatory
disorders of the gastrointestinal tract often experience chronic widespread pain (Tobin and
Kimmey, 2001). Because endotoxins cause muscle pain, conditions such as fibromyalgia,
which frequently co-exist with inflammatory conditions such as Crohn’s disease (Sperber et
al., 1999), IBS (Sivri et al., 1996; Barton et al., 1999; Sperber et al., 1999) and interstitial
cystitis (IC) (Jasmin et al., 1998), may develop secondary to processes that allow increased
concentrations of endotoxins into the circulation. It is noteworthy that trauma, surgery and
infection, conditions that increase circulating endotoxins, are anecdotal events commonly
reported to coincide with the onset of fibromyalgia. Thus, LPS-induced decreases in grip force
may be a suitable model for these conditions. A compromised ability to develop tolerance to
LPS may promote chronically hyperalgesic conditions that result from endotoxins. Because of
the high incidence of movement-evoked hyperalgesia, it is important to determine the
mechanism by which skeletal muscular hyperalgesia develops.

The present data indicate that this movement-evoked hyperalgesia is not brought about by the
same inflammatory mediators as those responsible for the lethal or cutaneous hyperalgesic
effects of LPS. This is based on the insensitivity of LPS-induced decreases in grip force
responses to changes in glucocorticoids compared to the high sensitivity of LPS-induced
lethality to these same manipulations. One clinical implication of this is that the severity of
widespread hyperalgesia is not relieved by treatments that prevent shock, so muscle
hyperalgesia cannot be used as a barometer of the severity of endotoxemia. A distinction
between the mechanisms responsible for cutaneous and muscle hyperalgesia is important as
the latter is a common complaint associated with endotoxemic conditions.

5. Summary

Many inflammatory mediators are known to be increased in response to LPS and have been
shown to be responsible for LPS-induced cutaneous hyperalgesia and septic shock. However,
glucocorticoid-sensitive inflammatory pathways are not responsible for the delayed onset of
musculoskeletal hyperalgesia after LPS.
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Fig. 1. The influence of mifepristone on the ability of LPS to decrease forelimb grip force
measurements and to induce lethality in mice

A. Values in the upper panel represent the effect of mifepristone (25 mg/kg s.c.) or vehicle on
grip force measurements (mean+SEM) in mice measured before (0) and at the times indicated
after as.c. injection of 2 mg/kg of LPS or saline. Twenty-four hr after LPS, the mean grip force
response of the group injected with LPS plus mifepristone was significantly less than that of
either group not injected with LPS, as indicated by the asterisk, but did not differ from the
group injected with saline plus LPS. Significant differences (P < 0.05) between the groups
(n=7) were determined at each time interval using analysis of variance (ANOVA) followed by
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Fisher Protected Least Squares Difference (PLSD) test to determine significance at P < 0.05,
which is indicated by the asterisk.

B. Values in the lower panel represent the percent of mice that survived when mice were tested
with an injection of 10 mg/kg of LPS delivered i.p. While the 10 mice pretreated with saline
were completely resistant to the lethal effects of LPS, 9 of the 11 mice injected with
mifepristone (25 mg/kg s.c.) plus LPS died by the second day.
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Fig. 2. Effect of adrenalectomy on the ability of LPS to decrease forelimb grip force measurements
and to induce lethality in mice

A. Values in the upper panel represent grip force responses (mean+SEM) taken at the times
indicated after s.c. injections of 5 mg/kg of LPS or saline in mice that were subjected to either
adrenalectomy (ADX) or sham-surgery two weeks before injection. The asterisks indicate the
time-intervals at which values from LPS-injected ADX mice (8 hr) and the values from the
two groups injected with LPS (24 hr) were significantly less than those in the remaining groups,
but not significantly different from each other. Significant differences (P < 0.05) between the
groups (n=7) were determined using ANOVA followed by PLSD. Throughout the grip force
values shown, standard errors were calculated but are in some cases too small to be depicted.
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B. The lower panel illustrates the effect of LPS on lethality in mice 2 weeks after ADX or sham
surgery. Values represent the percent of 9 ADX or sham-operated mice that survived each
injection of 5 mg/kg of LPS delivered s.c. daily. While sham-operated mice are remarkably
resistant to the lethal effects of LPS, several adrenalectomized mice died after the first two
injections, illustrating the high sensitivity of ADX mice to endotoxemia.
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Fig. 3. Tolerance to the hyperalgesic effect of LPS in adrenalectomized and sham-operated mice
Data represent the mean change in grip force responses from their original control values prior
to each injection of LPS (mean + SEM) 24 hr after each of 4 weekly s.c. injections of either 5
mg/kg of LPS or saline in the same adrenalectomized (ADX) and sham-operated mice as in
figure 2A. Asterisks represent significant decreases (P < 0.05) in the responses following the
injection of LPS in each of the two groups injected with LPS compared to those injected with
saline, as determined using ANOVA followed by PLSD. By the second week of injections,
tolerance to the effect of LPS was evident by the lack of significant decreases in grip force
following LPS.
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Fig. 4. Effect of adrenalectomy on grip force and circulating corticosterone

A. Values in the upper panel represent the grip force responses (mean+SEM) measured at 24
hr after LPS (5 mg/kg s.c.) or saline when administered to mice that were previously
adrenalectomized (ADX) or sham-operated (Sham) two weeks previously. The asterisk
represents a significant difference (P < 0.05) between the groups indicated, as determined using
ANOVA followed by PLSD.

B. Values in the lower panel represent the concentration of circulating corticosterone (mean
+SEM) in the same adrenalectomized and sham-operated mice as in the panel above, measured
24 hr after the injection of LPS (5 mg/kg s.c.) or saline. Mice were subjected to a 5-min forced
swim at room temperature immediately prior to death to activate adrenal tissue, where present.
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The asterisk represents a significant difference (P < 0.05) between the groups indicated, as
determined using ANOVA followed by PLSD.
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Fig. 5. Effect of dexamethasone on the ability of LPS to decrease grip force measurements and to
produce lethality

A. Values in the upper panel represent the mean decrease in grip force responses (mean+SEM)
measured at various times before (0) and after LPS (5 mg/kg s.c.) or saline when pretreated
with either dexamethasone (1 mg/kg s.c.) or saline. Mice were re-injected with either saline or
dexamethasone 8 hr later to maintain a high circulating concentration of this drug. Values
reflect groups of at least 6 mice per group. The asterisk represents a significant difference (P
< 0.05) between the two groups injected with LPS and their saline- or dexamethasone-
pretreated controls, as determined using ANOVA followed by PLSD.
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B. Values in the lower panel represent the percent of adrenalectomized (ADX) mice that
survived an injection of LPS (10 mg/kg s.c.) delivered immediately after an injection of either
dexamethasone (1 mg/kg s.c.) or its vehicle. A second injection of either vehicle or
dexamethasone was delivered 8 hr later to maintain the blood concentration of this drug. We
assessed the adequacy of dexamethasone, at the dose used in the grip force studies, to protect
against the lethal effects of LPS. By two days after the injection of LPS, 90% of the ADX mice
injected with dexamethasone survived, whereas only 27% of the ADX mice injected with
vehicle survived the effect of LPS.
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Fig. 6. Effect of morphine on the ability of LPS to decrease grip force measurements

Values represent the mean decrease in grip force responses (mean+SEM) measured 24 hr after
LPS (5 mg/kg i.p.) or saline (Sal) and 30 min after morphine (10 mg/kg i.p.) or saline. The
asterisk represents a significant difference (P < 0.05) between the effect of morphine sulfate
(MS) and that of saline (Sal) on LPS-induced decreases in grip force, as determined using
ANOVA followed by PLSD.
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