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Abstract
Background—Early-life stress and exposure to stressful stimuli play a major role in the
development of chronic widespread pain in adults. However, how they interact in chronic pain
syndromes remains unclear.

Methods—Dams and neonatal litters were submitted to a restriction of nesting material (neonatal
limited bedding, NLB) for one week. As adults, these rats were exposed to a painless sound stress
protocol. The involvement of sympathoadrenal catecholamines, interleukin 6 (IL-6) and tumor
necrosis alpha (TNFα) in nociception, was evaluated through of behavioral and ELISA assays,
surgical interventions and intrathecal antisense treatments.

Results—Adult NLB rats exhibited mild muscle hyperalgesia, which was markedly aggravated
by sound stress (peaking 15 days after exposure). Adrenal medullectomy did not modify
hyperalgesia in NLB rats but prevented its aggravation by sound stress. Sustained administration
of epinephrine to NLB rats mimicked sound stress effect. Intrathecal treatment with antisense
directed to IL-6-receptor subunit gp130, but not to TNFα type 1 receptor (TNFR1), inhibited
hyperalgesia in NLB rats. However, antisense against either gp130 or TNFR1 inhibited sound
stress-induced enhancement of hyperalgesia. Compared to control rats, NLB rats exhibit increased
plasma levels of IL-6 but decreased levels of TNFα, whereas sound stress increases IL-6 plasma
levels in control but not in NLB rats.

Conclusions—Early-life stress induces a persistent elevation of IL-6, hyperalgesia and
susceptibility to chronic muscle pain, which is unveiled by exposure to stress in adults. This
probably depends on an interaction between adrenal catecholamines and pro-inflammatory
cytokines acting at muscle nociceptor level.
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INTRODUCTION
Physical or psychological abuse during childhood is not only related to long-lasting
vulnerability to stress, anxiety and mood disorders (1), but also to increased risk to develop
chronic pain in adulthood (2–5). Such an increased risk seems to be particularly important in
syndromes involving musculoskeletal symptoms (6–10). Importantly, stressful life events
may further increase chronic musculoskeletal pain (9, 11–14).

Most of the available models of early-life stress in rodents are based on the isolation or
separation of pups from the mother (15). While these models are useful as acute or recurrent
stressors, they involve some degree of inanition and hypothermia of the pups (16). More
importantly, they do not reproduce a key element observed in human chronic early-life
stress: the unpredictable and erratic care of the infant despite the presence of the mother (16,
17). To overcome this, models of early-life stress based on the disruption of maternal care
behavior induced by a restriction of the nesting/bedding material have been developed (1,
16–19). The neonatal limited bedding (NLB) model of early-life stress consists in reducing
the availability of nesting material after parturition, inducing fragmented and aberrant
maternal-nurturing behavior (17). These changes in the dam’s behavior lead to a persistent
acute stress-like hormonal response in neonatal pups (18), followed by a life-long enhanced
neuroendocrine stress response (1). As adults, rats previously submitted to the NLB protocol
exhibit increased anxiety (1) and muscle hyperalgesia (20). While the mechanisms of muscle
hyperalgesia observed in NLB rats have not been explored, there is evidence that individuals
exposed to early-life stress exhibit increased production of pro-inflammatory cytokines such
as tumor necrosis alpha (TNFα) and interleukin 6 (IL-6) (21–23). The TNF receptor type 1
(TNFR1) (24) and the subunit of the IL-6 receptor signaling complex gp130 (25, 26) are
ubiquitously expressed in nociceptors. Injected locally, these cytokines produce long-lasting
muscle mechanical hyperalgesia in rodents (27–29) and nociceptor sensitization (25, 30).
Furthermore, increased levels of TNFα and IL-6 are observed in active myofascial trigger
points (31) and serum of fibromyalgia patients (32). And, plasma levels of TNFα and IL-6
are raised after exposure to psychological stressors in humans (33). While these reports
point towards a link between pro-inflammatory cytokines, acute stress and chronic muscle
pain, how they interact in individuals exposed to early-life stress has not been explored.

Here we provide evidence that adult NLB-treated rats exposed to a stressful stimulus, which
do not produce pain in normal rats, exhibit a marked increase in muscle pain. Our data
indicate that adrenal catecholamines are necessary and sufficient to produce persistent
enhancement of muscle pain in NLB rats, probably by acting on muscle nociceptors
sensitized by pro-inflammatory cytokines.

MATERIALS AND METHODS
Animals

Primiparous pregnant Sprague-Dawley female rats were obtained from Charles River
(Hollister, CA). After delivery, dams were housed with their litter in standard cages on
postnatal days 0–1. On postnatal day 2, litters were assigned to limited bedding (NLB) or
standard care conditions. Behavioral experiments were performed on adult male rats
(weighing 250–350 g; age 50–75 days) from these litters. The animals were housed in the
Laboratory Animal Resource Center of UCSF, under a 12-hours light/dark cycle (lights on 7
am–7 pm) and environmentally controlled conditions; ambient room temperature (21–23
°C), with food and water available ad libitum. Care and use in experiments conformed to
National Institutes of Health guidelines. Experimental protocols were approved by the
UCSF Institutional Animal Care and Use Committee.
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Neonatal limited bedding (NLB) stress
Our use of the NLB model has been described previously (20). Briefly, beginning on
postnatal day 2, dams and their pups were placed in cages fitted with a stainless steel mesh
bottom, raised ~2.5 cm from the floor of the home cage, to allow collection of urine and
feces. The nesting/bedding material provided consisted of one sheet of paper towel (~13 ×
23 cm). Litters were otherwise undisturbed during postnatal days 2–9.

Sound stress protocol
Exposure to sound stress occurred on days 1, 3 and 4 as described previously (34, 35).

Adrenal medullectomy (AdMdx)
To evaluate the role of catecholamines for the effects of sound stress in NLB rats, their
adrenal medullae were excised as previously described (36).

Chronic administration of epinephrine
To evaluate whether increased plasma levels of epinephrine underlie the effects of sound on
NLB rats, we administered epinephrine to these rats over a period of 15 days, using micro-
osmotic pumps as described previously (35, 36). Epinephrine was given at the rate of 5.4 µg/
hr, which mimics plasma levels observed after sound stress (35, 36).

Measurement of muscle mechanical nociceptive threshold
Mechanical nociceptive threshold in the gastrocnemius muscle was quantified using a digital
force transducer (Chatillon DFI2; Amtek Inc., Largo, FL) with a custom-made 7 mm-
diameter probe (37). Rats were lightly restrained in a cylindrical acrylic holder with lateral
slats that allow for easy access to the hind limb and application of the transducer probe to
the belly of the gastrocnemius muscle. The nociceptive threshold was defined as the force,
in milliNewtons (mN), required to produce a flexion reflex in the hind leg.

Intrathecal injections
Rats were briefly anaesthetized with 2.5% isoflurane in 97.5% O2. Then, a 30-gauge
hypodermic needle was inserted into the subarachnoid space, on the midline, between the L4
and L5 vertebrae and the injection performed (20 µl). Proper intrathecal injections were
systematically confirmed by checking for a sudden flicking of the tail (38).

Antisense oligodeoxynucleotides
To attenuate the expression of TNFα receptor type-1 (TNFR1) in sensory neurons, the
antisense oligodeoxynucleotide (AS ODN) sequence 5’-ACACGGTGTTCTGTTTCTCC-3’
directed against a unique sequence of rat TNFR1 was used. The mismatch ODN (MM ODN)
sequence, 5’-ACCCGTTGTTCGGTTGCTCC-3’, with four bases mismatched (denoted by
bold face). We have previously shown that this AS ODN against TNFR1, at a dose of 40 µg,
decreases TNFR1 protein in primary afferent sensory neurons (39).

To determine the contribution of IL-6, its effect on sensory neurons was disrupted by
attenuating the expression of the signal transducing molecule glycoprotein 130 (gp130), a
subunit of the IL-6 receptor signaling complex, which is necessary for IL-6 receptor
function (40). The dose of ODN (40 µg) was based on prior studies (34, 37). The AS ODN
sequence, 5’-TCC TTCCCACCTTCTTCT G-3’, was directed against a unique sequence of
rat gp130 mRNA. The corresponding GenBank accession number and ODN position within
the cDNA sequence are M92340 and 1834–1852, respectively (41). The MM ODN
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sequence, 5’-TACTACTCACATTCATCA G-3’, corresponds to the gp130 subunit
antisense sequence with six mismatched bases (denoted by bold letters).

Rats were daily injected, intrathecally, with either AS or MM ODN (40 µg/20 µl) against
TNFR1 or gp130 mRNA for three consecutive days. The AS- and MM ODN primers were
purchased from Invitrogen (San Francisco, CA). Injected intrathecally, antisense
oligodeoxynucleotides have been shown to reach the soma of sensory neurons, located in the
dorsal root ganglia, and knockdown the expression of several classes of proteins involved in
the processing of nociceptive information (for a review see (42).

Measurement of TNFα and IL-6 levels in plasma
Once muscle mechanical nociceptive threshold readings were taken, rats were placed back
in their home cage. Then they were briefly anaesthetized with 2.5% isoflurane in 97.5% O2
and blood was collected from a tail vein, using a 25 gauge infusion set that was previously
filled with 20 µl (200 U) of heparin (Sagent pharmaceuticals, India). After centrifugation
(12,000 rpm for 2 min at 4°C, Eppendorf® centrifuge 5415R), the plasma was separated and
stored at −80°C. TNFα and IL-6 concentrations in plasma were determined using an
enzyme-linked immunosorbant assay (ELISA) performed with the Quantikine® ELISA
Immunoassay kit (R&D Systems, Minneapolis, MN), according to the manufacturer’s
instructions. Results from duplicate samples were averaged to obtain the final concentration
of TNFα and IL-6 from each sample.

Statistical analysis
Group data are expressed as mean ± SEM of n independent observations. Statistical
comparisons were made by one-way ANOVA or two-way repeated measures ANOVA
followed by Bonferroni’s multiple comparisons post-hoc test. Statistical significance was set
at P < 0.05.

RESULTS
Effects of sound stress on muscle hyperalgesia exhibited by NLB rats

As previously reported (20), rats submitted to the neonatal limited bedding (NLB) protocol
exhibited, as adults, decreased muscle mechanical nociceptive threshold (~20% less than
control rats) (P < 0.05, Fig. 1).

Since exposure of normal rats to unpredictable sound stress produces persistent activation of
the sympathoadrenal stress axis, but has no effect on muscle nociceptive threshold (20, 35),
we used this as the stressful stimulus in adult NLB rats. Mechanical nociceptive thresholds
remained unchanged in NLB rats up to 1 week after exposure to sound stress. However, at
day 10 after sound stress, a significant diminution in mechanical nociceptive threshold was
observed in the gastrocnemius muscle (P < 0.01, Fig. 1). This decrease in nociceptive
threshold reached a peak at day 15 after sound stress (P < 0.01, Fig. 1), remaining stable at
least for an additional one week (P < 0.01, Fig. 1).

Effects of adrenal medullectomy and epinephrine replacement
Since raised plasma levels of catecholamines play a central role in the development of latent
nociceptive sensitization induced by sound stress (35, 36, 43), we explored whether surgical
excision of the adrenal medulla (AdMdx) in NLB rats affects their muscle hyperalgesia or
its enhancement by sound stress. While AdMdx did not affect muscle hyperalgesia observed
in NLB rats (P > 0.05, Fig. 2A), it prevented its enhancement by sound stress (P < 0.05, Fig.
2A), indicating that adrenal hormones are necessary for stress-induced increase of muscle
hyperalgesia in NLB rats. To evaluate the role of adrenal catecholamines in the stress-
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induced enhancement of muscle hyperalgesia in NLB rats, we explored whether the
sustained administration of epinephrine could mimic the effect of sound stress. Compared to
their adult baseline nociceptive threshold or to NLB rats after exposure to sound stress, NLB
rats implanted with epinephrine containing osmotic pumps exhibited a significant decrease
of muscle mechanical nociceptive threshold at day 7 after implanting the pump (P < 0.001,
Fig. 2B). By day 15, the nociceptive responses of epinephrine-implanted NLB rats were
indistinguishable from those of NLB rats submitted to sound stress (P < 0.001, Fig. 2B),
indicating that adrenal catecholamines are sufficient to reproduce the increase of muscle
hyperalgesia induced by stress in NLB rats.

Effect of antisense ODN against IL-6 receptor subunit gp130
To evaluate the contribution of IL-6 to the muscle hyperalgesia observed in NLB rats, an AS
ODN targeting the gp130 subunit of the IL-6 receptor, or the respective MM ODN, were
injected intrathecally for 3 consecutive days.

While the injection of MM ODN did not modify the mechanical nociceptive threshold
exhibited by NLB rats (solid bars, P > 0.05 [n = 4], Fig. 3), the AS ODN treatment
significantly increased muscle nociceptive threshold by day 2 after first AS injection (open
bars, P < 0.001 [n = 5], Fig. 3). One day after the last injection, AS-treated rats exhibited a
peak in nociceptive threshold value (P < 0.001, Fig. 3); this parameter was still significantly
increased up to day 3 after last AS ODN injection (P < 0.001, Fig. 3). By day 5 after last AS
ODN injection the nociceptive threshold reached pre-treatment values (P > 0.05, Fig. 3).

In order to evaluate the contribution of IL-6 in the enhanced muscle hyperalgesia observed
after exposure of NLB rats to sound stress, the same AS ODN knockdown strategy directed
to the gp130 subunit of the IL-6 receptor was used. The injection of MM ODN did not
modified the decrease in mechanical nociceptive threshold produced by sound stress (solid
bars, P > 0.05 [n = 7], Fig. 3). However, in the group of AS ODN-treated rats a significant
increase in muscle nociceptive threshold was observed at day 2 after first AS injection (open
bars, P < 0.001 [n = 6], Fig. 3). By day 3 after the first AS injection, these rats exhibited
nociceptive threshold values comparable to prior to sound stress exposure (P < 0.001, Fig.
3). Nociceptive threshold was significantly increased up to day 3 after last administration of
AS ODN (P < 0.001, Fig. 3), and 2 days later thresholds returned to pre-treatment values (P
> 0.05, Fig. 3), demonstrating reversal of effect of AS ODN.

Effect of antisense ODN against TNFα receptor type-1
We next evaluated the contribution of TNFα in muscle hyperalgesia exhibited by NLB rats.
Intrathecal injections of AS ODN targeting the TNFR1 or the respective MM, were
performed for 3 consecutive days.

Compared to pre-treatment values, the MM or AS ODN treatments did not modify the
decrease in mechanical nociceptive threshold in readings taken up to day 5 after last ODN
injection (P > 0.05 [n = 6/group], Fig. 4).

The contribution of TNFα in enhanced muscle hyperalgesia in NLB rats after exposure to
sound stress was evaluated by using the same AS ODN knockdown strategy directed to the
TNFR1.

While the MM ODN treatment did not modify the decrease in mechanical nociceptive
threshold produced by sound stress (solid bars, P > 0.05 [n = 6], Fig. 4), AS ODN-treatment
significantly increased muscle nociceptive threshold observed at day 2 after first AS
injection (open bars, P < 0.001 [n = 6], Fig. 4) reaching a peak one day after the last AS
ODN injection (P < 0.001, Fig. 4). Thereafter, nociceptive thresholds start to decrease
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returning to pre-treatment values by day 5 after the last AS ODN injection (P > 0.05, Fig. 4),
demonstrating reversal of effect of AS ODN.

Plasma levels of TNFα and IL-6
To evaluate the role of TNFα and IL-6 in mechanical hyperalgesia exhibited by NLB rats,
we obtained blood samples pre- and post-exposure to sound stress (Fig. 5A). Compared to
control rats, NLB rats exhibited lower plasma levels of TNFα (58.8 ± 0.9 [n=6] versus 53.1
± 0.6 pg/ml [n=6] respectively, P < 0.05) in samples obtained before sound stress (Fig. 5B).
The TNFα plasma levels were not modified by sound stress in control rats (58.8 ± 0.9 [n=6]
versus 58.3 ± 1.8 pg/ml [n=6] respectively, P > 0.05) or in NLB rats (53.1 ± 0.6 [n=6]
versus 52.7 ± 1.3 pg/ml [n=6] respectively, P > 0.05) (Fig. 5B).

The IL-6 plasma levels in control and NLB rats exhibited marked differences (357.3 ± 10
[n=6] versus 438.7 ± 21 pg/ml [n=6], respectively, P < 0.001) in samples obtained before
sound stress (Fig. 5C). The plasma levels of IL-6 were increased by sound stress in control
rats (403.2 ± 10.3 [n=6] versus 357.3 ± 10 pg/ml [n=6], respectively, P < 0.05) but not in
NLB rats (438.7 ± 12 [n=6] versus 432.4 ± 7.2 pg/ml [n=6], respectively, P > 0.05) (Fig.
5C).

DISCUSSION
In agreement with our previous report, as adults, NLB-treated rats exhibited a moderate
muscle hyperalgesia (20). This phenotype is likely due to the abnormal dam/off-spring
interaction induced by the restriction of bedding material at the early post-partum period (1,
17). Dams submitted to this protocol exhibit only mild anxiety-like behavior (17) and take
care of the litter but this behavior is displayed in an inconsistent/fragmented schedule (16,
17). In contrast to maternal deprivation, this model is more reminiscent of human maternal
neglect where the mother is typically present but maternal care is displayed in an
inappropriate/unpredictable manner (17). Neonatal limited bedding stress not only produces
increased plasma corticosterone at baseline but also a sustained increase of plasma
corticosterone after cold-separation stress (18). In these pups, changes consistent with a
chronic stress-like state also included greater inter-individual basal and cold stress-induced
plasma corticosterone levels, as well as increased adrenal weight and decreased body weight
(18, 19). As adults, these rats exhibit selective impairment in cognitive tasks dependent on
hippocampal function (44), which is a well-established feature of chronic stress (45, 46).

Growing evidence indicates that early-life stress related to neglect is a risk factor for the
development of musculoskeletal pain in adults (10, 47). This risk seems to be associated
with a persistent vulnerability to stressful events observed in adult life (12). Consistent with
this view, we observed that adult NLB rats exposed to sound stress, which does not produce
hyperalgesia in normal rats (35, 43), exhibited persistent aggravation in muscle pain.
Remarkably, the development of such chronic muscle pain-like behavior in NLB rats
occurred in the absence of any lesion or previous injury. This latter element is the hallmark
of many musculoskeletal chronic pain syndromes, including fibromyalgia (6, 7) and
posttraumatic stress disorder (48), which are clinical entities where early-life adversity is an
important risk factor (6, 7, 10).

Muscle hyperalgesia in NLB rats
It has been reported that adults with a history of early-life adversity have increased
circulating levels of pro-inflammatory cytokines such as IL-6 (49) and TNFα (50). Since
local injection of these cytokines produces muscle hyperalgesia (27–29), we evaluated
whether they could contribute to muscle hyperalgesia exhibited by NLB rats. Our data

Alvarez et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



showing increased IL-6 plasma levels and inhibition of muscle hyperalgesia by disruption of
the IL-6 signaling in nociceptors in NLB rats support this idea. In contrast, TNFα plasma
levels were lower in NLB rats and antisense treatment against TNFR1 failed to modify
muscle nociceptive threshold in these animals, suggesting that TNFα is not involved in
hyperalgesia observed in NLB rats. Taken together these results indicate that muscle
hyperalgesia observed in NLB rats has a particular pro-inflammatory cytokine signature,
which involves IL-6 but not TNFα. The mechanism underlying increased levels of IL-6 was
not investigated, but there is evidence that maternal separation produces a persistent
dysfunction of intestinal barrier, bacterial translocation and activation of immune response,
including increases in circulating levels of IL-6 (22, 51). Since most sensory neurons
express the IL-6 receptor/signal transducer gp130 (52) and it is required for long lasting
nociceptor sensitization to mechanical stimuli and mechanical hyperalgesia (25), such as
that observed here, muscle hyperalgesia observed in NLB rats is likely due to IL-6 effects.
Indeed, NLB rats exhibit changes in electrophysiological parameters, indicative of ongoing
muscle nociceptor sensitization (20).

Enhanced muscle hyperalgesia in NLB rats by sound stress
Early-life adversity produces a persistent vulnerability to later stressful events (1) and
increased levels of circulating pro-inflammatory cytokines (53, 54). Since exposure to
subsequent stressful stimuli produces a further increase in plasma levels of such cytokines
(53, 54), we asked whether this could contribute to the enhancement of muscle hyperalgesia
produced by sound stress in NLB rats. Unexpectedly, while IL-6 plasma levels were
increased in control rats after sound stress, neither TNFα nor IL-6 plasma levels were
modified by sound stress in NLB rats. However, disruption of either the TNFα or IL-6
signaling reversibly inhibited the sound stress-induced enhancement of muscle hyperalgesia
in NLB rats. This suggests that the exacerbation of muscle hyperalgesia by sound stress
involves changes in nociceptor expression/signaling by TNFR1 or IL-6 signaling complex,
or the induction of a factor interacting synergistically with these cytokine signaling systems.
This is consistent with our previous observation that antisense knockdown of TNFα receptor
1 or IL-6 signaling subunit gp130 completely blocks the hyperalgesia induced by
lipopolysaccharide (LPS) in rats previously exposed to sound stress, but not that produced
by LPS in control rats (34). While a contribution of spinal and supraspinal structures in pain
behavior observed here cannot be ruled out (55–57), the intrathecal treatment to knockdown
cytokine receptor TNFR1 or subunit gp130 of IL-6 signaling complex was sufficient to
block the enhancement of muscle hyperalgesia induced by sound stress. This indicates that
such exacerbation is due to a cytokine action at a very early stage of nociceptive processing,
presumably at the level of muscle nociceptor.

Contribution of catecholamines
An important observation of this study is that adrenal catecholamines are necessary and
sufficient to produce chronic enhancement of muscle pain in NLB rats. Since maternal
deprivation does not produce an increase in plasma catecholamine levels in male rats (58), it
is not surprising that adrenal medullectomy did not affect baseline muscle hyperalgesia
observed in NLB rats. However, adrenal medullectomy prevented sound stress-induced
enhancement of muscle pain in NLB rats. Conversely, sustained administration of
epinephrine mimicked sound stress-induced enhanced muscle hyperalgesia, with a time
course difference probably due to a faster achievement of epinephrine plasma levels in
implanted rats. Of note, rats with excised adrenal medulla receiving sustained epinephrine
infusion did not exhibited basal muscle hyperalgesia but enhanced mechanical hyperalgesia
to intramuscular epinephrine (35). These data indicate that, as in normal rats (35, 43), the
exposure to unpredictable sound stress increases catecholamine plasma levels which are
necessary for the enhancement of muscle pain observed in NLB rats. Of note, our sound
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stress protocol does not produce muscle pain in normal rats (35, 43), suggesting that a
vulnerability to this stressful stimulus is needed before it can induce muscle hyperalgesia.

Since increased catecholamine levels are observed shortly after activation of the
sympathoadrenal axis by sound stress (43), they cannot explain the delayed exacerbation of
hyperalgesia observed here and other mechanisms may underlie this phenomenon. As
previously indicated, rats exposed to early-life stress exhibit persistent dysfunction of the
gastrointestinal barrier, enhanced bacterial translocation to systemic circulation, activation
of immune response and raised levels of pro-inflammatory cytokines (22, 51). On the other
hand, models of stress-induced bowel dysfunction exhibit concomitant changes in
catecholamine plasma levels (59). In addition, catecholamines have direct effects on enteric
bacteria and increase their growth capacity and ability to cause an infection (for a review see
(60)), which might contribute to enhanced pro-inflammatory responses. Our group has
shown that vagotomy produces a sympathoadrenal-dependent enhancement of mechanical
hyperalgesia (61), which also induces visceral and muscle mechanical hyperalgesia (62).
Interestingly, it has been shown that vagotomy also induces marked bacterial translocation,
bacterial invasion to abdominal organs and damage of the intestinal wall (63). Remarkably,
these changes were observed at least a week after the intervention and vagotomy-induced
mechanical hyperalgesia lasted for weeks thereafter (61–63). Taken together these
observations indicate that early-life stress produces a long term dysfunction of gut barrier,
which might be aggravated in a catecholamine-dependent manner by the exposure to further
stressful stimuli. This might account for the delayed enhancement of muscle hyperalgesia
induced by sound stress observed here. This hypothesis is consistent with the remarkable co-
morbidity exhibited by patients suffering widespread pain and chronic gastrointestinal
symptoms (64).

Altogether, these data indicate that the aggravation of muscle pain in NLB rats observed
after exposure to sound stress requires raised levels of plasma catecholamines.

The mechanism underlying the contribution of catecholamines in enhanced muscle
hyperalgesia observed in NLB rats was not explored. In vitro studies have shown that
exposure of muscle nociceptors to epinephrine causes increased spontaneous firing and
enhanced responsiveness to mechanical stimulation (65) and sensitizes cultured dorsal root
ganglion neurons to mechanical stimulation in a beta-adrenergic receptor-dependent manner
(66). However, since sound stress increases plasma catecholamines without producing
muscle hyperalgesia (35, 43), the enhanced hyperalgesia observed in NLB rats is probably
related to an action of catecholamines on muscle nociceptors previously sensitized by the
activation of either IL-6 or TNFR1 signaling pathways.

In addition to a direct effect on muscle nociceptors, catecholamines can also affect plasma
levels of pro-inflammatory cytokines: systemic administration of epinephrine (67, 68) or the
exposure to a “psychological” stressor such as open field (69) increase plasma levels of
IL-6, which fits with our results in control rats. However, reports about the effect of
adrenergic agonists on systemic LPS-induced TNFα and IL-6 production have been
contradictory (70–72). Thus, while patients affected by a chronic widespread pain syndrome
exhibit sympathoadrenal dysfunction (73), increased release of TNFα/IL-6 (74, 75) and
aggravation of their symptoms after stress (9, 11–14), their muscle pain symptoms cannot be
explained solely by changes on TNFα/IL-6 plasma levels.

In conclusion, the exposure to unpredictable stress produces persistent aggravation of
muscle pain in rats submitted to a model of early-life stress. Such enhanced muscle pain
proved to be related to a concerted action of catecholamines and IL-6 or TNFR1 signaling
pathways on muscle nociceptors. These data underline the role of early-life adversity in the
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acquisition of a persistent susceptibility to stressful stimuli and its contribution to chronic
widespread muscle pain.
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Figure 1. Sound stress enhances muscle hyperalgesia exhibited by NLB rats
As previously reported (Green et al., 2011), rats submitted to the neonatal limited bedding
protocol exhibit as adults (Day 0) decreased in muscle mechanical nociceptive threshold
(~20% lower compared to control rats). As shown in the timeline inset, a 4-day cycle of
sound stress consists of 30 min of intermittent exposure to sound stress administered on days
1, 3, and 4. Nociceptive threshold measurements were taken on post-stress days 1, 3, 5, 7,
10, 12, 15 and 22. Ten days after exposure to the sound stress protocol, the muscle
hyperalgesia is significantly increased, persisting unattenuated for at least 12 days. ***P <
0.001.

Alvarez et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Adrenal catecholamines play a role in sound stress-induced enhancement of muscle
hyperalgesia exhibited by NLB rats
(A) While surgical excision of the adrenal medulla (AdMdx, open bars) in NLB rats did not
modify the muscle hyperalgesia (Day 0), it prevented its enhancement by sound stress (Days
10–15). (B) Comparison of the effects of sustained administration of epinephrine or sound
stress on mechanical nociceptive threshold in NLB rats. NLB rats implanted with
epinephrine-releasing pumps (open bars), but not those exposed to sound stress (solid bars),
exhibited a significant increase of muscle hyperalgesia by day 7 after implant. Both
interventions produced a comparable increase in muscle hyperalgesia between days 10 and
15 after intervention. ***P < 0.001.
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Figure 3. IL-6 contributes to baseline muscle hyperalgesia observed in NLB rats and its
enhancement by sound stress
(A) Antisense (AS, open bars), but not mismatch (MM, solid bars) treatment directed to the
IL-6 receptor subunit gp130 inhibited baseline muscle hyperalgesia exhibited by NLB rats.
(B) This intervention was also able to inhibit the enhancement of muscle hyperalgesia
produced by sound stress. ***P < 0.001.
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Figure 4. TNFα contributes to the enhancement of muscle hyperalgesia by sound stress in NLB
rats
(A)Intrathecal treatment with either antisense (AS, open bars) or mismatch (MM, solid bars)
oligodeoxynucleotides directed to the TNFR1 mRNA did not modified baseline muscle
hyperalgesia exhibited by NLB rats. (B) In contrast, antisense (AS, open bars), but not
mismatch (MM, solid bars) treatment directed to the TNFR1 mRNA was able to reverse the
enhancement of muscle hyperalgesia produced by sound stress. **P < 0.01; ***P < 0.001.

Alvarez et al. Page 17

Biol Psychiatry. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Effects of sound stress on TNFα and IL-6 plasma levels
(A) Blood samples were obtained pre (Day 0) and post (Day 15) exposure to sound stress in
control (open bars) and NLB (solid bars) rats, which represent time points of baseline and
enhanced muscle hyperalgesia values in NLB rats. (B) While NLB rats exhibited lower
plasma levels of TNFα with respect to control rats, at baseline, sound stress did not modify
these values in either control or NLB rats. (C) Before exposure to sound stress, NLB rats
exhibited higher plasma levels of IL-6 with respect to control rats. Fifteen days after sound
stress control rats, but not NLB rats, exhibited increased plasma levels of IL-6. *P < 0.05;
***P < 0.001.
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