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Abstract
We have recently developed an animal model of fibromyalgia syndrome in the rat. In this model,
rats exposed to unpredictable sound stress develop a delayed onset enhancement and prolongation
of cytokine-induced mechanical hyperalgesia in muscle and skin. In this study, we tested the
hypothesis that our model also manifests symptoms of common co-morbid diagnoses: irritable
bowel syndrome, temporomandibular disorder and anxiety. Both visceral sensitivity and cytokine
hyperalgesia in masseter muscle were present in the stressed rats. Furthermore, in an established
model of irritable bowel syndrome, water avoidance, we observed significant muscle hyperalgesia.
Finally, using the elevated plus maze to assess for anxiety level, we observed a significantly
higher anxiety level in sound stress exposed rats. Thus, unpredictable sound stress produces a
condition in the rat with several features — delayed onset visceral and temporomandibular
hyperalgesia and increased anxiety, as well as cutaneous and muscle hyperalgesia — commonly
found in patients with fibromyalgia syndrome.
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Introduction
While the research diagnostic criteria for fibromyalgia syndrome is based on the presence of
widespread chronic musculoskeletal pain 17, 28, 47, patients commonly report other
symptoms, including anxiety 1, sleep disturbance 29, fatigue 39, and co-morbid pain
syndromes, especially irritable bowel syndrome 48 and temporomandibular disease 2, 4.
Irritable bowel syndrome has been reported to be present in 32–80% of fibromyalgia
syndrome patients 2, anxiety in 47–62% 3, 50, and temporomandibular disorder in 44–80% 4,
23, 34 of patients with fibromyalgia syndrome making these three of the most common co-
morbidities in this patient population. In patients with fibromyalgia syndrome and other
generalized pain syndromes, stress also plays an important role 6, 8, 15, 31, 35, and there is a
close association between exacerbation of pain symptoms, increased anxiety 46 and exposure
to stressors, (e.g. noise 6, 13, 45).
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We recently developed a model of fibromyalgia syndrome in the rat produced by exposure
to unpredictable sound stress 19. After a delay of ~2 weeks, rats develop enhancement and
prolongation of nociceptive response to algesic cytokines in cutaneous and musculoskeletal
domains 19. While this model shares characteristics features with fibromyalgia, it has not
been shown to replicate all features. Therefore, in the current study we endeavored to
provide additional support to validate the utility of this model. We show that this sound
stress model also produces visceral hyperalgesia, the cardinal manifestation of irritable
bowel syndrome, temporomandibular hyperalgesia and increased anxiety, and that a model
of irritable bowel syndrome produces skeletal muscle hyperalgesia, clinically important co-
morbidities observed in patients with fibromyalgia syndrome.

Methods
Animals

Experiments were performed on adult male Sprague Dawley rats (300–400 g, approximately
9 – 12 weeks old) from Charles River (Hollister, CA). Rats were housed two per cage (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. The University of California, San Francisco Institutional Animal Care and Use
Committee approved experimental protocols. Concerted effort was made to reduce the
number of animals used and their suffering.

Visceral nociception
We employed the widely used colorectal distension method for evaluating visceral
nociception in awake rats 9. Three days prior to nociceptive assessment, rats were
anesthetized with isoflurane (3%) and implanted with electrodes for electromyographic
recording (EMG) from the abdominal musculature (visceromotor response). On the day of
the experiment rats were briefly anesthetized with isoflurane, and a lubricated latex balloon
(~6 cm in length) attached to Tygon® tubing, was inserted per rectum into the descending
colon, and the tubing secured to the base of the tail using Micropore medical tape. The
balloon was distended to 20, 40, 60, or 80 mm Hg (pressure was monitored via a pressure
transducer), each for 20 s separated by 4-minute inter-inflation intervals. EMG activity of
the external oblique muscle was amplified, rectified, and recorded for 10 s before colon
distension (baseline EMG activity), 20 s during each distension and 10 s post-inflation. The
EMG signal was integrated and normalized as a change over baseline activity using Spike-2/
CED 1401 data acquisition (CED 1401; Cambridge Electronic Design, Cambridge, UK) as
previously described 9.

Gastrocnemius muscle nociception
Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a
Chatillon digital force transducer (model DFI2, Ametek Inc., Largo, FL) 10–12, 19. Rats were
lightly restrained in a cylindrical acrylic holder with openings on the sides that allow for
easy access to the hind limb. A 6-mm diameter probe attached to the force transducer was
applied to the gastrocnemius muscle to deliver an increasing compression force; this width
of probe allows for selective evaluation of muscle pain (vis-à-vis overlying skin pain) 30.
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. was injected into the belly of the Each hind limb is treated as an independent
measure and each experiment performed on a separate group of rats.
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Masseter muscle nociception
Mechanical nociceptive threshold in the orofacial region has previously been assessed using
von Frey hair monofilamaents to measure nociceptive threshold 36, 51, but these small-
diameter monofilaments preferentially activate cutaneous nociceptors 42. In order to
measure nociceptive threshold in the masseter muscle, we employed a much larger diameter
probe. Rats were lightly restrained in an acrylic holder that allowed access to the head, and a
Chatillon digital force transducer force transducer with a 6-mm diameter probe was applied
to the masseter muscle. Mechanical nociceptive threshold defined as the threshold force
required to elicit head withdrawal, using the mean of 6 stimuli (2 trials of 3 stimuli applied
at 30-s intervals between trials).

PGE2 hyperalgesia
Prostaglandin E2 (PGE2; 1 μg in 20 μl 0.9% saline) was injected into the belly of the
gastrocnemius muscle. The 1 Lg dose of PGE2 was determined in earlier studies as
sufficient to produce robust muscle primary mechanical hyperalgesia.

Sound stress
Exposure to sound stress occurred over 4 days as described previously 20, 41. In brief,
animals were placed 3 per cage 25 cm from a speaker that emitted pure tones at four
frequencies (5, 11, 15 and 19 kHz); amplitudes varied through time independently for each
frequency from 20–110 dB sound pressure level at random times each minute, lasting 5 or
10 s; total time in the chamber was 30 min. 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. They
were exposed to the stressor on days 1, 3, and 4. Rats were used for nociceptive studies, 1 or
14 days after the last sound stress exposure.

Water avoidance stress
We used the water-avoidance rat model for visceral hypersensitivity with irritable bowel
syndrome-like features 7. For 1 h/day, for 10 consecutive days, rats were placed on an
acrylic platform (8 × 8 cm, 10 cm high) in the center of a clear plastic tank (45 cm length ×
25 cm width × 25 cm height) filled with room temperature tap water to a depth of 9 cm. One
or 14 days after the 10-day stress period, rats were tested for gastrocnemius muscle
hyperalgesia.

Anxiety assessment
The elevated plus maze 33 was used to assess the effects of sound stress on anxiety in the rat.
The maze is a plus-shaped platform with two opposing open and two opposing closed arms
(50 × 10 cm (L × W) at an angle of 90% to each other; closed arms are surrounded by 40 cm
high opaque walls on three sides). Rats were placed at the intersection of the arms, facing a
closed arm and allowed to explore the maze for 5 minutes. During this time rats were
videotaped so that behavioral measures could be scored at a later time. Behaviors assessed
were: time spent in open and closed arms, and on the central platform (intersection between
open and closed arms); number of open and closed arm entries (all four paws had to cross
into the arm); total exploration (entries into any arm). “Anxiety Index” 26, an index that
integrates the elevated plus behavioral measures, was calculated as follows:
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A higher Anxiety Index value (range 0–1) indicates increased anxiety-like behavior26.

All behavioral testing was performed between 10 am and 4 pm.

Statistics
Group data are expressed as percentage change from baseline nociceptive threshold (mean ±
SEM of n distinct observations). Statistical comparisons were made by a two-tailed
Student’s t-test (for one or two independent populations) and by one-way ANOVA for
comparing multiple treatments, using StatView statistical software. P<0.05 was considered
statistically significant. To compare change from baseline, one-way repeated measures
ANOVA with a Greenhouse-Geisser adjusted p-value was used (SPSS statistical software).

Results
Visceral nociception following sound stress

In our sound stress model of fibromyalgia syndrome, visceromotor response to graded
intensities of colorectal distention was recorded. A significant increase in visceromotor
response to pressure stimuli was observed 14, but not 1, day after the last exposure to sound
stress, compared to a non-stressed control group or rats (Figure 1). Two-way repeated
measures ANOVA, with one within-subjects factor (intra-colon pressure with four levels,
i.e. 20, 40, 60, and 80 mm Hg) and one between-subjects factor (treatment with two levels,
i.e. stress/no stress), demonstrated a significant treatment × pressure interaction (F4,88 =
2.85; P < 0.029), indicating a significant difference in CRD response of the two groups
(stress and no stress) to increasing pressure. In contrast to the response 14 d after stress,
visceromotor response to increasing pressure stimulus 1 d after the last sound stress session
was not significantly different compared to the non-stressed group of rats. While not
statistically significant, the visceromotor response 1 d after stress exposure did show an
apparent decrease, similar to the short-latency (1 d) antinociception that precedes
hyperalgesia that we have observed following stress 18.

Masseter muscle hyperalgesia in a model of fibromyalgia
Administration of PGE2 (1 Lg in 20 μl) into the masseter muscle produced a marked
decrease (~35–40%) in mechanical nociceptive threshold in the masseter muscle 1 h post-
injection. In control, non-stressed rats, nociceptive threshold returned to near baseline when
tested 4 h post-injection. Similar to non-stressed rats, 1 d after the last sound stress exposure,
PGE2 hyperalgesia was present 1 h post injection, but thresholds returned to baseline by 4 h
post injection. In contrast, 14 d after sound stress, hyperalgesia remained undiminished 4 h
post-PGE2 injection (Figure 2; P<0.005).

Anxiety-like behavior following sound stress
To determine if our model of fibromyalgia syndrome is associated with anxiety-like
behavior, we assessed the behavior of rats in the elevated plus maze at baseline (pre-stress),
and again 1 and 14 d after exposure to the stress protocol used to induce fibromyalgia
syndrome. The Anxiety Index (see Methods) was significantly greater 14 d, (P<0.05) but not
1 d (P= NS), after the last exposure to sound stress, compared with pre-stress baseline
(Figure 3).

Gastrocnemius muscle hyperalgesia in a model of irritable bowel syndrome
The water-avoidance stress protocol, a model of irritable bowel syndrome 7, produced a
statistically significant (33.6%) decrease in mechanical nociceptive threshold in the
gastrocnemius muscle 1 d after the last stress exposure, compared to baseline (pre-exposure)
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thresholds. In contrast to sound stress exposure, lowered nociceptive threshold was observed
in the absence of exogenously administered cytokines. 14 d after the last exposure to water
stress, mechanical nociceptive threshold in the gastrocnemius muscle was 26.8% lower than
pre-stress baseline threshold.

To determine if the water-avoidance protocol induces enhanced mechanical hyperalgesia, as
observed in our sound stress model of fibromyalgia syndrome 19, we assessed hyperalgesia
produced by the proinflammatory cytokine, PGE2 (1 μg) injected into the gastrocnemius
muscle 12. PGE2 hyperalgesia in control, non-stressed rats, was observed at 1 h, but returned
to near baseline levels 4 h after administration, while in rats 1 d after the last water-
avoidance stress exposure, PGE2 hyperalgesia (compared to post-stress, pre-PGE2
administration threshold) was still present, unattenuated, 4 h after administration. 14 d after
the last water-avoidance stress exposure, PGE2 hyperalgesia was also present at 1 and 4 h
post PGE2 administration. Absolute values for nociceptive threshold in gastrocnemius and
masseter muscle are shown in Table 1.

Discussion
We tested the hypothesis that a model of fibromyalgia syndrome, sound stress-induced
delayed onset enhanced musculoskeletal and cutaneous mechanical hyperalgesia 19, also
demonstrates other important features of this syndrome: co-morbidity with irritable bowel
syndrome (as indicated by presence of gastrointestinal hypersensitivity), increased anxiety
(as indicated by increased Anxiety Index in the elevated plus maze test) and co-morbidity
with temporomandibular disorder, indicated by hyperalgesia in the masseter muscle. Of
note, visceral hyperalgesia, prolonged musculoskeletal hyperalgesia and anxiety are present,
14 d, but not 1 d, after exposure to stress, similar to the post-stress delay for the
enhancement of cutaneous and muscle cytokine-induced hyperalgesia 19. If anything, 1 d
after stress exposure there is a decrease, albeit not statistically significant, in visceral
nociception. We have previously reported a similar effect — short-latency (1 d)
antinociception followed by later onset hyperalgesia — following unpredictable sound stress
18. Of clinical note, generalized pain syndromes tend to occur with delayed onset following
stress exposure 32, 37. While statistical significance was not reached for the 40 and 60
mmHg pressures, which are considered to be noxious, the responses at these pressures in 14
d post-stress rats were greater than in the control group of rats. Since the variance in these
groups is fairly large, in a bigger experimental group, a significant difference might have
been observed at less noxious stimulus intensities.

Our observation of visceral hyperalgesia and anxiety-like behavior, both with delayed onset
post-stress, indicate that key features of fibromyalgia syndrome, in addition to stress-
induced delayed onset enhanced mechanical hyperalgesia, are present in this model. While
sound stress markedly increased cytokine-induced muscle hyperalgesia, this stress alone did
not affect mechanical nociceptive threshold 19. In contrast, visceromotor response was
enhanced without the administration of cytokines. This may be explained by the presence of
tonic levels of cytokines in intestinal mucosa and muscle in naïve rats 21, 38. Since many
patients with an initial diagnosis of irritable bowel syndrome also meet criteria for a
diagnosis of fibromyalgia syndrome, we also evaluated the impact of a well-established
model of visceral hypersensitivity with irritable bowel syndrome-like features, water
avoidance stress 7, on musculoskeletal nociception. We found that water-avoidance stress
also induced hyperalgesia in the somatic domain. However, unlike sound stress 19, water-
avoidance produced mechanical hyperalgesia in skeletal muscle without the additional
requirement for cytokine administration. The basis for the differential effects of these two
stress protocols, which is currently being investigated, may be related to duration of
exposure stressor (for sound stress, three 30 min exposures over 4 d, versus water avoidance

Green et al. Page 5

J Pain. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stress, ten 60 min exposures over 10 d), producing differential activation of stress axes.
However, we have previously shown that rats exposed to this sound stress protocol have
markedly increased plasma epinephrine levels at least 28 days after the last exposure to
sound stress 19, indicating a state of chronic stress persists beyond exposure to the initiating
stressor. Another possibility is that central mechanisms may contribute to muscle
hyperalgesia, perhaps with water avoidance stress procedure producing an inhibition of
descending pain inhibitory circuits or an enhancement of descending pain facilitatory
controls 43 more than that produced by exposure to sound stress.

We have previously shown that chronic unpredictable sound stress produces an upregulation
in catecholamine synthesizing enzymes in the adrenal medulla and prolonged increase in
plasma catecholamine levels 19. It is possible that the hypothalamic pituitary adrenal (HPA)
axis also plays a role, as we have previously shown that both sympathoadrenal and HPA
axes are necessary to induce enhanced cytokine hyperalgesia 19. Although exposure to
sound stress does not change muscle nociceptive threshold, water avoidance stress does.
While the differences in mechanism(s) that explains this is unknown, it may reflect
increased production of endogenous cytokines following exposure to water avoidance stress.
Of note in this regard, the water avoidance stress protocol significantly increases circulating
interleukin (IL)-2 levels in TNBS colitis 25 as well as increasing IL-4 49 and IL-1beta and
IFN-gamma 7 expression. It is possible that an increase in cytokines following water
avoidance stress contributes to the observed decrease in nociceptive threshold, while such an
increase in cytokines does not occur following sound stress.

While not as well studied as pain, anxiety is another prominent feature of fibromyalgia and
other chronic widespread pain syndromes 3, 24, 50. In the present study, not only was an
increase in anxiety-like behavior observed, it had a delayed onset post-stress, very similar to
the nociceptive effects of stress. There is an established association between stress and
fibromyalgia syndrome. Acute stress can induce long-term changes in pain sensitivity with
delayed onset (e.g., following a motor vehicle accident), response to acute stress is both the
strongest predictor of maintenance of pain symptoms weeks later 14 and increased pain
symptoms at a later date in individuals with fibromyalgia and other forms of chronic
widespread pain 27.

The present findings together with those from the initial characterization of this model of
fibromyalgia syndrome 19, 20, provides a relatively robust model of this clinical condition, in
terms of our ability to reproduce multiple of its clinical features. Thus, in addition to
demonstrating the ability of unpredictable stress to produce an enhancement and
prolongation of cytokine-induced hyperalgesia in skin as well as muscle 19 and delayed
onset of symptoms following exposure to stress, we now provide evidence for three other
common features of fibromyalgia syndrome, namely an anxiety phenotype, which is seen in
47–62% of patients 3, 50, visceral hyperalgesia, seen in 32–80% of patients 2 and enhanced
cytokine hyperalgesia in the masseter muscle, a model of temporomandibular disease, seen
in 44–80% of patients 4, 23, 34. The observation that the hypernociception in muscle and skin
requires exposure to proinflammatory cytokines, shown to also be present in patients with
fibromyalgia 5, 16, 44, while the visceral hypernociception does not require addition of
exogenous cytokines, may help explain why while there is considerable overlap between
irritable bowel syndrome and fibromyalgia syndrome 22, 40 some patients have only one of
these two co-morbid conditions. Finally, we also observed evidence for another common co-
morbid condition, temporomandibular disorder 23, 34.

In conclusion, our results indicate that the fibromyalgia syndrome model produced by
unpredictable sound stress in the rat exhibits several features in addition to musculoskeletal
pain induced by chronic unpredictable stress, found in patients with fibromyalgia syndrome
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sufficient to justify the use of this model to test hypotheses about the underlying
mechanisms and response to therapy in patients with fibromyalgia. Taken together with our
previous studies of stress-induced enhancement of musculoskeletal hyperalgesia, this model
provides one of the most well-validated animal models of fibromyalgia syndrome.

Perspective

A stress model, unpredictable sound, in the rat exhibits several features (cutaneous,
musculoskeletal and visceral hyperalgesia, as well as anxiety) that are found in patients
with fibromyalgia syndrome. Thus, this model may be used to test hypotheses about the
underlying mechanisms and response to therapy in patients with fibromyalgia.
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Figure 1. Sound stress increases visceromotor response
Rats were exposed to unpredictable sound stress and visceromotor responses were
determined in the colorectal distension model, 1 or 14 d later. Compared to naïve (non-
stressed) rats (open circles, n=15), the visceromotor response was significantly greater 14
(filled circles, n=9), but not 1 d after the last exposure to sound stress (filled squares, n=9).
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Figure 2. Sound stress increases PGE2 hyperalgesia in masseter muscle
Administration of PGE2 (1 μg in 20 μl) produced a marked decrease in mechanical
nociceptive threshold in the masseter muscle 1 h post-injection that returns to near baseline
in control (non-stressed) rats (n=8), when tested 4 h post-injection. A similar PGE2
hyperalgesia was present in rats 1 d after the last session of chronic unpredictable sound
stress (n=6). In contrast, 14 d after sound stress (n=8), PGE2 hyperalgesia was still near
maximal 4 h post-injection (P<0.001). Inset figure shows that exposure to sound stress had
little effect on nociceptive threshold (6.8% increase).
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Figure 3. Sound stress increases anxiety-like behavior
Rats were exposed to unpredictable sound stress and anxiety-like behavior was evaluated
using the elevated plus maze, 1 and 14 d later. Compared to pre-stress, rats had a
significantly lower open arm/total entries (i.e. both arms combined) score 14 d, but not 1 d,
after stress, which indicates an increased anxiety.
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Figure 4. Water-avoidance stress increases PGE2 hyperalgesia in gastrocnemius muscle
Mechanical hyperalgesia in the gastrocnemius muscle was measured 1 and 4 h after
intramuscular administration of PGE2, in control (non-stressed) water-avoidance protocol
exposed rats. In control, non-stressed rats, PGE2–induced decrease in mechanical
nociception was present 1 h post injection, but had returned to near baseline at the 4 h time
point. A similar PGE2 hyperalgesia was present in rats 1 d or 14 d after the last session of
water avoidance stress (n=12). In water-avoidance stressed rats, the decrease in nociceptive
threshold remained undiminished 4 h post PGE2 administration. Inset figure shows that
exposure to water avoidance stress had a large effect on nociceptive threshold, decreasing it
by 33.6% and 26.8% 1 and 14 day post-stress, respectively.
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Table 1

Nociceptive thresholds for masseter and gastrocnemius muscle

Masseter muscle (threshold, N) Gastrocnemius muscle (threshold, N)

Pre-stress 1481 ± 23 2646 ± 6

Post-stress 1582 ± 34 1757 ± 30*

PGE2 (1 h) 976 ± 25† 1244 ± 28†

*
P<0.05 post-stress vs. pre-stress

†
P<0.05 PGE2 vs. post-stress

J Pain. Author manuscript; available in PMC 2012 July 1.


