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Abstract
While stress plays an important role in chronic widespread pain syndromes, such as fibromyalgia,
the underlying mechanism has remained elusive. We have recently demonstrated, in a model of
chronic widespread pain, that prolonged enhancement of immune mediator hyperalgesia, induced
by unpredictable sound stress, requires a contribution of both the sympathoadrenal (epinephrine) and
the hypothalamic-pituitary adrenal (corticosterone) neuroendocrine stress axes. Since this stress
protocol produced sustained elevation of plasma epinephrine, in the current study we have tested the
hypothesis that the sympathoadrenal axis also plays a role in maintenance of symptoms in this model
of chronic widespread pain. After establishment, adrenal medullectomy abolished the enhancement
of epinephrine-induced cutaneous and muscle hyperalgesia. Administration of stress levels of
epinephrine to adrenal medullectomized rats reconstituted the pain phenotype. These observations
suggest that the sympathoadrenal stress axis plays a major role in the induction as well as maintenance
of stress-induced enhancement of mechanical hyperalgesia, mediated by prolonged elevation of
circulating epinephrine.

Perspective—We present data showing mechanical hyperalgesia persisting for up to 28 days after
exposure to sound stress, with evidence that the sympathoadrenal axis mediator, epinephrine, plays
a major role. These findings could have clinical implications with regard to novel potential treatments
for chronic widespread pain syndromes, such as fibromyalgia.
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INTRODUCTION
Stress markedly exacerbates pain in diseases such as fibromyalgia and rheumatoid arthritis
1-4, 8, and we have hypothesized that stress causes generalized hyperalgesia by enhancing
pronociceptive effects of immune mediators (e.g. cytokines and prostaglandins). While the
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underlying mechanisms for the effect of stress on chronic pain have remained elusive, chronic
or repeated exposure to stress induces both an immediate and a long-lasting increase in
catecholamine synthesizing enzymes in the adrenal medulla 18-20, 26, the neuroendocrine organ
that responds to stress by secreting catecholamines to cope with impending danger, perceived
or real 19, 21. Based on our studies using a model of intermittent sound stress in rats, we have
suggested that sound stress-induced enhancement of immune mediator hyperalgesia requires
activity in both neuroendocrine stress axes: the sympathoadrenal (via release of epinephrine)
and hypothalamic pituitary adrenal (HPA) (via release of corticosterone) 12. However, while
plasma levels of corticosterone return to physiological levels, 24 hours post stress, epinephrine
is still markedly elevated 21 days later 12. Stress-induced long-lasting changes in the
catecholamine-synthesizing enzymes may contribute to this prolonged elevation of plasma
epinephrine levels in sound stressed rats 12.

We have previously shown that removal of the adrenal medulla before exposure to sound stress
prevented the stress-induced enhancement of epinephrine hyperalgesia. Given the long-term
the molecular level, and the prolonged elevation of plasma epinephrine levels, we hypothesized
that the adrenal medulla contributes to the maintenance as well as the onset of sound stress-
induced enhancement of immune mediator hyperalgesia. We tested this hypothesis by
assessing whether adrenal medullectomy could reverse stress-induced enhancement of
epinephrine hyperalgesia after it is established by performing adrenal medullectomy, 14 days
after the last exposure to sound stress, at which time, enhancement of mechanical hyperalgesia
is fully established.

MATERIALS AND METHODS
Animals

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

Epinephrine
Stock solutions (4 mg/ml) of L-epinephrine D-hydrogen tartrate (Sigma, St. Louis, MO) were
prepared daily, in distilled water, with 4 mg/ml ascorbic acid (Sigma, St. Louis, MO) added
to minimize oxidation. The stock solution was further diluted in 0.9% saline for use in
experiments. Working solutions of epinephrine were kept on ice and in subdued light during
experiments. Cumulative dosing was used as it markedly reduces the number of animals used.
Intradermal injections were made at the site of nociceptive testing.

Mechanical threshold in the skin
Nociceptive thresholds were quantified in lightly restrained rats using an Ugo Basile
Algesymeter (Stoelting, IL), which applies linearly increasing mechanical pressure to the
dorsum of the hind paw. To minimize variability of measurements, the rats were trained in the
paw-withdrawal reflex test at 5-minute intervals for 1 hour each day for a period of 3 days
27. These training sessions also serve to familiarize the rats with the handling procedure and
the restraining apparatus, a vented tubular acrylic holder with slanted openings on the side that
allow easy access to the hind limb.
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Intradermal injection of test agents
Mechanical nociceptive thresholds were determined both before (baseline threshold) and 10,
15, and 20 minutes after the intradermal injection (dorsal surface of hind paw) of epinephrine,
in a volume of 2.5 μl. For each dose of epinephrine (1−1,000 ng cumulative dosing schedule,
30 min between doses), the mean of the nociceptive threshold at the 3 time points was
determined and the percentage change in nociceptive threshold calculated as (post-injection
nociceptive threshold)-(pre-injection nociceptive threshold) / (pre-injection nociceptive
threshold) × 100.

Mechanical threshold in the gastrocnemius muscle
Since fibromyalgia syndrome also affects skeletal muscle, we tested whether there is increased
sensitivity to hyperalgesic mediator, in skeletal muscle, in the sound stressed rats compared to
sham stressed controls. Mechanical nociceptive threshold in the gastrocnemius muscle was
quantified using a digital force transducer (Chatillon, Model DFI2, Amtek Inc., Largo, FL) 6,
7. Rats were restrained in a vented tubular acrylic holder with slanted openings on the side that
allow easy access to the hind limb. A 6-mm diameter probe attached to a transducer was applied
to the gastrocnemius muscle to deliver an increasing compression force, and the nociceptive
threshold defined as the force, in Newtons (N), at which the rat withdrew its hind leg. Baseline
withdrawal threshold was defined as the mean of 2 readings taken at 5-minute intervals before
administration of test agent.

Intramuscular injection of test agents
Increasing doses of epinephrine (1−10,000 ng) were administered cumulatively, at 25-minute
intervals, in a volume of 10 μl, into the belly of the gastrocnemius muscle. The skin over the
injection site was marked, using an indelible pen, so that the same muscle site could be retested
for mechanical nociceptive threshold. Mechanical nociceptive thresholds were measured
before (baseline threshold), and again 15 and 20 minutes after injection of epinephrine.
Percentage change in nociceptive threshold was calculated as for cutaneous threshold (vide
supra).

Stress
Exposure to sound stress occurred over 4 days as described previously 12, 13, 25. Animals were
placed 3 per cage and the cage placed 25 cm from a speaker that emitted 4 pure tones (5, 11,
15 and 19 kHz), whose amplitudes varied through time independently from 20−110 dB sound
pressure level at random times each minute, lasting 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. Animals were exposed to the stressor on days 1, 3, and 4 12. Rats were used for
nociceptive studies, 28 days after the last sound stress exposure.

Adrenal medullectomy
Rats were anesthetized with isoflurane (2.5% in 97.5% O2). The adrenal glands were located
through bilateral incisions in the abdominal wall, the capsules incised and the medullae
removed 17, 30. The fascia was closed with suture and the skin closed with wound clips. Rats
were provided with 0.45% saline to drink for the first 7 days following surgery. Surgical
removal of the adrenal medullae was performed 14 days after the last sound stress protocol,
and nociceptive testing performed 14 days after the surgery (i.e., 28 days after the last sound
stress).
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Chronic administration of epinephrine
Chronic administration of stress levels of epinephrine was performed by implanting Alzet®
mini-osmotic pumps (model 2004; Durect, Cupertino, CA) filled with epinephrine,
subcutaneously in the interscapular region, to deliver epinephrine systemically at the rate of
5.4 μg/0.25 μl/h 12, 13. Epinephrine-filled pumps were implanted during the same surgery as
for the removal of the adrenal medullae. We have previously shown that rats with these implants
have epinephrine plasma levels of 720 ± 67 pg/mL 13. Nociceptive threshold was measured in
adrenal medullectomized rats with epinephrine implants 14 days after surgery.

Measurement of epinephrine
One day prior to initiation of sound stress and 28 days following its completion, peripheral
blood samples (0.5 ml) were collected from isoflurane-anesthetized rats and immediately
placed on ice. Plasma was isolated by centrifugation and stored at −80°C until analysis. For
analysis, catecholamines were extracted from plasma by alumina adsorption, and levels
determined using high performance liquid chromatography with electrochemical detection
(5200 electrochemical detector, ESA Inc, Chelmsford, MA) 14.

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.

RESULTS
While sound stress had no effect on nociceptive threshold (data not shown), consistent with
our earlier finding that sound stress-induced enhancement of epinephrine hyperalgesia was still
sustained 21 days after the last exposure to the 4-day stress protocol 12, we observed in the
current study that even 28 days after the last exposure to stress, the hyperalgesia was still
enhanced in the skin (Fig. 1A) and skeletal muscle (Fig. 1B). Nociceptive thresholds in repeat
vehicle-injected controls were unchanged. In addition, 28 days after stress, plasma epinephrine
levels were significantly higher compared to non-stressed control (470 ± 28 pg/ml (n = 12) vs.
242 ± 43 pg/ml (n = 17); P < 0.01, unpaired two-tailed Student's t-test).

Figure 1 shows that both in the skin (Fig. 1A) and muscle (Fig. 1B), the enhancement of
epinephrine hyperalgesia was reversed 14 days after adrenal medullectomy in rats that had
been exposed to sound stress 14 days prior. Overall ANOVA of the skin hyperalgesia data
showed significant differences between the treatment groups (F3, 46 = 48.8, P < 0.001). Post
hoc analysis showed that the stressed adrenal medullectomized group (n = 18) was significantly
different from the non-medullectomized stressed group (n = 16; P < 0.001), but significantly
different from sham stressed group (n = 6; P>0.05). In muscle, repeated measures ANOVA
also demonstrated a significant difference between groups (F3,44 = 46.0; P < 0.001), with post-
hoc analysis showing that the stressed adrenal medullectomized group (n = 24) was
significantly different from the non-medullectomized stressed group (n = 6; P < 0.001), but
was not significantly in naïve animals is not significantly different from the dose response
curve after sham surgery {Khasar et al., 1999, #52001} and vehicle control for the epinephrine
implant {Khasar et al., 2005, #64084}.

In order to confirm the role of adrenal medullary epinephrine in maintenance of sound stress-
induced enhancement of epinephrine hyperalgesia, a group of adrenal medullectomized rats
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received continuous epinephrine via implanted mini osmotic pumps. In adrenal
medullectomized rats with epinephrine implants, stress-induced enhancement of epinephrine
hyperalgesia was present both in the skin (Fig. 1A) and in muscle (Fig. 1B). Post hoc analysis
showed no significant differences in nociceptive threshold between the stressed
medullectomized group with epinephrine implants (n = 4) compared to the sound stressed non-
medullectomized group (P = 0.34). However, the sound stressed medullectomized group with
epinephrine implants was significantly enhanced compared to the stressed medullectomized
group without epinephrine implants (P < 0.001). Similarly, in muscle post hoc analysis showed
no significant differences in nociceptive threshold between the stressed medullectomized
group with epinephrine implants (n = 12) compared to the sound stressed non-medullectomized
group (n = 6, P = 0.064) (Fig. 1B). Data in the figures is shown as a percentage change from
baseline; Table 1 shows the raw data for cutaneous and muscle nociceptive thresholds.

DISCUSSION
In this study, we have demonstrated that the long-lasting sound stress-induced enhancement
of mechanical hyperalgesia in both skin and muscle is adrenal medulla dependent. This is
consistent with previous findings that chronic or repeated exposure to stress leads to long-
lasting increased activity of catecholamine synthesizing enzymes in the adrenal medulla
18-20, 26. How elevated catecholamine levels are maintained after removal of the stressor
remains to be established.

Epinephrine is an endogenous β2-adrenergic receptor ligand, mainly secreted by the adrenal
medulla. Although the adrenal medulla secretes many other substances 15, 29, the observation
that implants of epinephrine in adrenal medullectomized rats reconstituted the enhanced
hyperalgesia of the intact phenotype, suggests that epinephrine plays a major role in the adrenal
medulla-dependent maintenance of enhanced immune mediator hyperalgesia. The importance
of the involvement of β2-adrenergic receptors in stress-induced enhancement of hyperalgesia
is exemplified in a study showing the efficacy of pindolol, a β-adrenergic receptor antagonist
as a potential therapeutic agent in fibromyalgia 33.

While corticosterone levels may be normal or lower in fibromyalgia patients 5, 16, 28, 31, 32,
and in our model of fibromyalgia-like generalized hyperalgesia 12, HPA axis reflexes may be
exaggerated 5, 28. Thus, our current findings do not rule out a contribution of the HPA axis in
the maintenance of sound stress-induced enhancement of immune mediator hyperalgesia. As
we previously demonstrated 12, activity in both sympathoadrenal and HPA axes is necessary
for induction of the enhanced immune mediator-induced hyperalgesia. Moreover,
glucocorticoids can increase the expression of β2-adrenergic receptors 9, an effect that outlasts
the elevation of plasma glucocorticoids.

Of note, while we did not observe any change in nociceptive threshold following sound stress,
others have reported long-lasting decreased (repeated swim stress) 10, 22, transient decrease
(water avoidance stress) 23 or increased (repeated sound stress) 24 nociceptive thresholds.
While there is not yet a definitive answer for the basis of these differences, there are several
major differences between the studies worthy of consideration, including differences in the
type of stress used, differences in the nociceptive testing used (i.e., thermal nociception vs.
mechanical nociception), timing of nociceptive testing and predictability of stress — unlike
some other studies, we used unpredictable stress. This latter point may be especially relevant
since when we used continuous days of stress exposure, we do not see our effect of stress on
inflammatory mediator-induced hyperalgesia (unpublished observations). Importantly,
nociceptive threshold following exposure to stress correlates with rats’ behavioral response to
the stress. 11 Given that there is a rather extensive literature on analgesic and hyperalgesic
effects of stress, we suggest that such differences in stress protocols and nociceptive testing
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may be important. Of note, we have recently observed that visceromotor responses (as
measured in an established colorectal distension model) to noxious mechanical stimulation
was greater in rats exposed to our sound stress model (unpublished observation); these
preliminary findings also consistent with our hypothesis that the sound stress paradigm we
employ is a good model for chronic widespread pain.

In conclusion, we have demonstrated that sound stress-induced enhancement immune mediator
hyperalgesia as well as plasma epinephrine levels persist for up to 28 days after the last exposure
to stress. Thus, our data suggest that a mediator of the sympathoadrenal axis, epinephrine, plays
a major role in the maintenance of stress-induced enhancement of immune mediator
hyperalgesia both in the skin and muscle.
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Figure 1.
Reversal of stress-induced enhancement of epinephrine hyperalgesia (28 d post stress, filled
squares) by adrenal medullectomy (28 d post-stress, AMedX, filled triangles)) and
reconstitution of the enhanced hyperalgesia (28 d post-stress, AMedX, + Epi, filled inverted
triangles) by implants of epinephrine in A) the skin (dorsal aspect of the hind paw) and B)
skeletal (gastrocnemius) muscle of the rat. Adrenal medullectomy, with or without epinephrine
implants, was performed 14 days after the last sound stress exposure and rats were used for
experiments 14 days after surgery.
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Table 1
Absolute values for mechanical nociceptive thresholds for cutaneous and muscle tissue

Tissue Sham stress 28d post-stress 14d post-stress AMedx 14d post-stress AMedx + Epi

Cutaneous (Grams) 108.8±1.420 105.1±1.278 114.6±1.305 121.5±1.708

Muscle (Newtons) 3.18±0.05 3.47±0.02 3.22±0.04 3.51±0.03
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