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Abstract
Analgesic efficacy varies depending on the pain syndrome being treated. One reason for this may
be a differential effect of individual pain syndromes on the function of endogenous pain control
circuits at which these drugs act to produce analgesia. To test this hypothesis we examined the
effects of diverse (i.e., ongoing inflammatory, neuropathic, or chronic widespread) pain
syndromes on analgesia induced by activation of an opioid-mediated noxious stimulus-induced
endogenous pain control circuit. This circuit was activated by subdermal capsaicin injection at a
site remote from the site of nociceptive testing. Analgesia was not affected by carrageenan-
induced inflammatory pain nor the early-phase of oxaliplatin neuropathy (a complication of cancer
chemotherapy). However, the duration of analgesia was markedly shorter in the late-phase of
oxaliplatin neuropathy and in alcoholic neuropathy. A model of fibromyalgia syndrome produced
by chronic unpredictable stress and proinflammatory cytokines also shortened analgesia duration,
but so did the same stress alone. Therefore, since chronic pain can activate neuroendocrine stress
axes, we tested whether they are involved in the attenuation of analgesic duration induced by these
pain syndromes. Rats in which the sympathoadrenal axis was ablated by adrenal medullectomy
showed normal duration pain-induced analgesia in groups with either late-phase oxaliplatin
neuropathy, alcoholic neuropathy, or exposure to sound stress. These results support the
suggestion that pain syndromes can modulate activity in endogenous pain control circuits, and this
effect is sympathoadrenal dependent.
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INTRODUCTION
Variability in response to analgesics is recognized as a major cause of inadequate pain
control. The contribution of genetic variation has been extensively investigated (Lee et al.,
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2006; Smith et al., 2008; Shabalina et al., 2009; Argoff, 2010). Another source of variability
—one that has received less attention—is the differential effect of a given analgesic across
diverse pain syndromes. Although it is a common clinical observation that analgesic efficacy
varies for different pain syndromes, the reasons for this remain poorly understood. Many
drugs are thought to produce analgesia by acting at endogenous pain control circuits (e.g.,
descending pain modulation (Fields et al., 2006), stimulation-induced analgesia (Mayer and
Liebeskind, 1974), diffuse noxious inhibitory controls (DNIC) (Le Bars et al., 1979),
ascending nociceptive control (ANC) (Gear et al., 1999), stress-induced analgesia (SIA)
(Lewis et al., 1980), and placebo analgesia (Levine et al., 1978)). Therefore, if a pre-existing
pain condition, particularly chronic pain, were to compromise the normal function of an
endogenous pain circuit, the ability of that circuit to respond to analgesic therapies could be
degraded.

In the current study we investigated the effect of diverse pain syndromes on the function of
an endogenous analgesia circuit, ANC, which can be physiologically activated by a noxious
stimulus, subdermal capsaicin (Gear et al., 1999). This endogenous analgesia circuit may
mediate some counter-irritation therapies, many of which use capsaicin-containing
substances (Mason et al., 2004). This form of endogenous analgesia is long lasting in that it
remains undiminished after one hour, independent of continuation of the eliciting stimulus,
and can produce analgesia equivalent to that of high dose morphine (10 mg/kg) (Gear et al.,
1999) Importantly, ANC is a heterosegmental system that allows nociceptive testing to be
segmentally remote from the site noxious stimulation (i.e, capsaicin administration) thereby
eliminating the confound of testing within the same segment where the inducing noxious
stimulation is administered. In this study we refer to this form of endogenous analgesia as
capsaicin-induced analgesia.

Five rat models, covering the three major classes of pain syndromes (i.e., inflammatory,
neuropathic, and generalized) were tested. Inflammatory pain was produced by focal
intradermal injection of carrageenan on the dorsum of the hind paw (Guilbaud et al., 1989a;
Guilbaud et al., 1989b; Dawson et al., 1991; Aley et al., 2000; Khasar et al., 2008). Three
neuropathic pain models were tested; one of these was a model of alcoholic painful
peripheral neuropathy (Diamond and Messing, 1994; Monforte et al., 1995; Kielhorn, 1996;
Ortiz-Plata et al., 1998; Dina et al., 2000); and two models (early and late phase neuropathy)
were induced by intravenous injection of the chemotherapeutic agent oxaliplatin (Joseph et
al., 2008; Kowalski et al., 2008). Enhanced cytokine hyperalgesia, a model of chronic
widespread pain syndromes such as fibromyalgia (Khasar et al., 2005) was induced by
cytokine administration after chronic unpredictable stress.

Finally, because chronic unpredictable stress activates the sympathoadrenal stress axis
(Khasar et al., 2005), we investigated whether the adverse effects produced by other pain
models are similarly dependent on the sympathoadrenal stress axis.

MATERIALS AND METHODS
Animals

Male Sprague–Dawley rats (220–320 grams, n=66, Charles River, Hollister, CA) were used
in all experiments. Animals were housed in the Laboratory Animal Resource Center of the
University of California, San Francisco, under a 12 hour light/dark cycle. All experimental
protocols were approved by the University of California, San Francisco, Institutional Animal
Care and Use Committee, and conformed to NIH guidelines for the care and use of
experimental animals. Effort was made to limit the number of animals used and their
discomfort.
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Drugs
Capsaicin (lot # 018K5051) was dissolved in a 1:1 mixture of tween 80 and ethanol to an
initial concentration of 50 μg/μl (stock solution); further dilutions were made in 0.9% saline,
to a final concentration of 2.5 μg/μl. Oxaliplatin, and carrageenan were dissolved in 0.9%
saline. Prostaglandin E2, a direct-acting hyperalgesic agent, was initially dissolved in
absolute ethanol to a concentration of 1μg/μl and then diluted with saline (0.9%) to a final
concentration of 20 ng/μl for subdermal injection on the dorsum of the hind paw using a 30-
gauge hypodermic needle attached to a Hamilton syringe (Reno, NV). The volume of
administration was 5 μl (100 ng); the concentration of ethanol in the final solution was less
than 2%. All drugs were purchased from Sigma (St. Louis, MO).

Experimental protocols
In the models of the five pain syndromes and in a control group, endogenous analgesia was
elicited by subdermal injection of capsaicin (125 μg in a volume of 50 μl) administered
under brief isoflurane (3.5%) anesthesia on a fore paw (Gear et al., 1999).

Inflammatory hyperalgesia was induced by intradermal injection of the inflammagen
carrageenan (5 μl, 1% solution) on the dorsum of the hind paw (Aley et al., 2000). This local
route of administration was chosen to minimize systemic effects of inflammatory mediators.
Nociceptive testing was performed two days later at this injection site.

Cancer chemotherapy neuropathy was induced by a single intravenous injection of
oxaliplatin (2 mg/kg) followed by a bolus injection of an equal volume of saline before
removal of the injection needle (Joseph et al., 2008). Nociceptive testing was performed
either five days (early phase) or 15 days (late phase) after administration of oxaliplatin in
separate groups of rats, as the neuropathic pain at these two time points is thought to have
different mechanisms (Joseph and Levine, 2009).

Alcoholic neuropathy was produced by adding ethanol (6.5%) to a Lieber–DeCarli liquid
diet (Dyets Inc., Bethlehem, PA) (Lieber and DeCarli, 1982, 1989; Lieber et al., 1989) as
previously described (Dina et al., 2000). Briefly, rats were individually caged and fed a
weekly regimen, four days with ethanol diet and three with normal control diet, for a total of
three weeks. Nociceptive testing was performed two weeks after the three week ethanol diet
was completed.

Stress-enhanced cytokine hyperalgesia—Chronic unpredictable sound stress was
performed as previously described and used in our laboratory (Strausbaugh et al., 2003;
Khasar et al., 2005). Groups of three animals were placed 25 cm from a speaker in a 12 × 15
× 9.5-inch wire mesh cage, inside a 22 × 22 × 28-inch sound-insulated box. Sound pulses
were emitted as pure tones at three frequencies (11, 15 and 19 kHz); amplitudes varied from
20 dB to110 dB independently for each frequency. The sound exposure protocol was
initiated immediately after placing rats in the wire mesh cage and terminated 30 minutes
later when rats were returned to their home cages. Over the 30 minute period, a five or 10
second tone was presented every minute, at random times during the minute. This sound
stress protocol was performed on days 1, 3, and 4 and nociceptive testing was performed 14
days after the last exposure to this stressor.

Adrenal medullectomy
In some experiments the adrenal medulla was surgically excised bilaterally 5 weeks prior to
any further intervention (Wilkinson et al., 1981). This surgical procedure was performed
under isoflurane anesthesia (2.5% isoflurane in O2). Each adrenal gland was located through
a 2 cm lateral incision in the abdominal wall, the capsule of the gland cut open, and the
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adrenal medulla extirpated (Wilkinson et al., 1981; Khasar et al., 1998). Incisions were
closed with silk sutures, and carprofen (4–5 mg/kg), an injectable nonsteroidal anti-
inflammatory drug, was administered subcutaneously, in accordance with University of
California, San Francisco, policy on post-surgical care of laboratory animals.

Nociceptive Testing
Mechanical nociceptive threshold was quantified using the Randall–Selitto paw pressure test
(Randall and Selitto, 1957) in which a force that increases linearly over time is applied to the
dorsum of the hind paw (Taiwo et al., 1989) (Ugo Basile AlgesymeterR, Stoelting, Chicago,
IL). Nociceptive threshold was defined as the force in grams at which the rat withdrew its
paw.

Testing was performed with rats gently restrained in acrylic cylinders designed to allow
extension of the hind leg for testing, minimize restraint stress, and provide unrestricted
ventilation. Rats were prepared for testing by training them (i.e., placing them in the
restrainers and performing the Randall-Selitto paw pressure test) for one hour per day for
three days prior to the day of the experiment. On the day of the experiment, rats were
habituated to the restrainers for 30 minutes before testing.

The baseline paw-withdrawal threshold was defined as the mean of three readings. Each
paw was treated as an independent measure and each experiment performed on a separate
group of rats. All behavioral testing was conducted between the hours of 10:00 and 16:00 by
one individual (LF), who was not blinded. Thresholds for paw withdrawal were measured
for both hind paws immediately before the subdermal administration of capsaicin (125 μg)
into the right fore paw and then at 15 minute intervals for one hour post-administration.

Statistics
Because baseline paw-withdrawal thresholds for the control group differed from that in the
neuropathic (hyperalgesic) pain groups, paw-withdrawal threshold data are presented as
changes in force in grams from baseline in order to normalize the differences in all figures,
except Figure 2. Data in Figure 2 are presented as absolute force in grams to evoke paw
withdrawal. To determine if there were significant differences between experimental groups,
we employed repeated measures ANOVA with one within-subjects factor (time) and one
between subjects factor (group). If there was a significant group × time interaction,
indicating that the groups in the analysis demonstrated significantly different time courses,
multivariate analyses (i.e., one-way ANOVAs with Scheffé post hoc analyses) were
performed for all time points in order to determine which points accounted for the
interaction. In these cases, a Bonferroni correction was applied in order to account for
multiple comparisons. For within subjects effects the Mauchly criterion was used to
determine if the assumption of sphericity was met; if not, Greenhouse-Geiser p-values are
presented. If the group × time interaction was not significant (as in Figure 2) and the main
effect of group was significant (p<0.05), Scheffé post hoc tests were used to determine the
basis of the significant difference.

RESULTS
Capsaicin-induced analgesia in naive controls

Control rats were administered capsaicin (125 μg) to confirm its ability to produce analgesia
(Gear et al., 1999); a separate group of control rats were administered capsaicin vehicle.
Compared to vehicle, capsaicin significantly elevated paw-withdrawal thresholds over the
entire one hour observation period (Fig. 1), demonstrating its analgesic effect as observed in
previous studies (Gear et al., 1999). Two-way repeated measures ANOVA showed a
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significant group × time interaction (F4,40=15.968; p< 0.001) as well as a significant main
effect of group (F1,10=69.390; p<0.001).

Development of hyperalgesia
To test for the presence of hyperalgesia in the five models of inflammatory and neuropathic
pain, paw-withdrawal thresholds of groups of rats, each with a different pain syndrome, as
well as a control group, were compared (Fig. 2). Rats exposed to chronic unpredictable
stress were not included in this experiment because this treatment does not by itself induce
hyperalgesia (Khasar et al., 2005;Khasar et al., 2009). Two-way repeated measures ANOVA
with one between-subjects factor, group with five levels (carrageenan, alcohol, early phase
and late phase oxaliplatin, and control groups) and one within-subjects factor, time with five
levels (pre-vehicle baseline and 15, 30, 45 and 60 minutes), showed a significant main effect
of group (F4,21=21.031; p<0.001) but not a significant time × group interaction. The Scheffé
post hoc analysis showed that the control group was significantly different from each of the
pain models (p<0.002). However, the pain models were not significantly different from each
other.

Capsaicin-induced analgesia in the presence of inflammatory pain
Capsaicin-induced analgesia in carrageenan-treated rats did not differ significantly in
magnitude or duration from that in controls (Fig. 3). ANOVA included one between-
subjects factor, group with three levels (control rats, carrageenan-treated, and carrageenan-
treated rats that received vehicle instead of capsaicin) and one within-subjects factor, time
with five levels. This analysis revealed a significant main effect of group (F2,17=22.890;
p<0.001); Scheffé post hoc analysis revealed that the control group and the carrageenan/
capsaicin group both differed significantly from the carrageenan/vehicle group (p<0.001)
but not from each other (p=0.841). There was also a significant group × time interaction
(F8,68=6.821; p<0.001); however, this finding reflected the difference between the
carrageenan/vehicle group and the other two groups, which were not different from each
other. These results indicate that carrageenan does not affect capsaicin-induced analgesia.

Capsaicin-induced analgesia in a model of chronic widespread pain
Two groups were tested two weeks after the last exposure to sound stress. These groups
were injected with either PGE2 (100 ng), a model for fibromyalgia syndrome (Khasar et al.,
2005; Khasar et al., 2009), or its vehicle 2.5 hours prior to the experiment. Rats exposed to
the sound stress protocol used in this study exhibit markedly prolonged PGE2 hyperalgesia
(Khasar et al., 2005).

Sound stress/PGE2—As previously observed (Khasar et al., 2005), the groups that
received PGE2 demonstrated lowered paw-withdrawal thresholds than control rats (data not
shown). In rats injected with PGE2, capsaicin induced analgesia at 15 minutes which
diminished to baseline by 45 minutes (Fig. 4A).

ANOVA showed a significant group × time interaction (F8,681=23.540; p<0.001), and a
significant main effect of group (F2,17=51.924; p<0.001). Scheffé post hoc analysis showed
that both sound stress groups were significantly different from the control group (P<0.001,
p=0.013), but were also significantly different from each other (p<0.001). Based on the
significant interaction, multivariate analysis with Scheffé post hocs showed that the sound
stress/capsaicin group differed significantly from the control group at 45 as well as 60
minutes (both p<0.001).

Sound stress alone—The group that received vehicle instead of PGE2 allowed
assessment of the effect of stress alone on the efficacy of capsaicin-induced analgesia (Fig.
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4B). In this group capsaicin produced antinociception by 15 minutes, which, like the group
that received PGE2, diminished to baseline nociceptive threshold by 45 minutes. Thus, the
shorter duration of capsaicin-induced antinociception also occurred in the absence of PGE2.
To determine if this effect was dependent on the sympathoadrenal stress axis, a separate
group of rats underwent bilateral removal of the adrenal medulla (ADMX). Five weeks after
surgery, this group was exposed to the same sound stress protocol as above. Two weeks later
their response to capsaicin was similar to that observed in control rats (Fig. 4B), suggesting
that the attenuation of analgesic duration induced by sound stress is dependent on the
sympathoadrenal axis.

A two-way repeated measures ANOVA showed a significant group × time interaction
(F12,136=5.028; p<0.001) and a significant main effect of group (F3,34=23.386; p<0.001).
Based on the significant interaction, multivariate analysis with Scheffé post hocs showed
that the sound stress/ADMX/capsaicin group did not differ significantly from the control
group at any time point (p>0.292), but the sound stress/capsaicin group differed significantly
from the control group as well as the sound stress/ADMX/capsaicin group at 45 minutes
(p=0.014 and p=0.002, respectively) and also at 60 minutes (p=0.013 and p=0.001,
respectively).

Capsaicin-induced analgesia in the presence of neuropathic pain
Alcohol—Capsaicin elevated paw-withdrawal thresholds in rats with alcoholic neuropathy
during the first 15 minutes, but the duration of the effect was shortened, with nociceptive
thresholds virtually returning to baseline by 45 minutes (Fig. 5). To determine if this effect
was dependent on the sympathoadrenal stress axis, a separate ADMX group was tested.
Alcoholic neuropathy was induced in this group in an identical manner to the non-ADMX
group. In contrast to the intact rats, the magnitude of analgesia in the ADMX group
remained elevated throughout the entire period of observation, suggesting that ADMX
reconstituted capsaicin-induced analgesia in rats with alcoholic neuropathy.

ANOVA showed a significant group × time interaction (F12,96=9.224; p<0.001) as well as a
significant main effect of group (F3,24=20.299; p<0.001). Based on the significant
interaction, multivariate analysis with Scheffé post hocs was carried out to determine which
time points were significantly different. This analysis showed that the control group did not
differ significantly from the EtOH/ADMX/capsaicin group at any time point, but both of
these groups differed significantly from intact EtOH/capsaicin group at 45 minutes
(p<0.001, p=0.008, respectively) and at 60 minutes (p<0.001, p=0.023, respectively).

Oxaliplatin—Separate groups of oxaliplatin-treated rats were tested at one of two time
points, those that received oxaliplatin five days prior to testing (early phase) and those that
received oxaliplatin 15 days prior to testing (late phase) (Joseph and Levine, 2009). To
assess involvement of the sympathoadrenal axis, these experiments were performed in
separate groups of intact and ADMX rats.

Early phase oxaliplatin—Capsaicin elevated paw-withdrawal thresholds in both early-
phase oxaliplatin groups (i.e., ADMX and intact) similarly to that observed in control rats
(Fig. 6A), and at no time point did these groups differ from controls, indicating that early-
phase oxaliplatin neuropathy does not significantly affect capsaicin-induced analgesia.

ANOVA showed a significant time × group interaction (F12,104=6.734; p<0.001) as well as a
significant main effect of group (F3,26=23.723; p<0.001). Based on the significant
interaction, multivariate analysis was carried out to determine which time points were
significantly different. Early-phase oxaliplatin-treated rats that received vehicle instead of
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capsaicin differed significantly at all time points (p<0.001) from the other three groups,
which did not differ significantly from each other at any time point.

Late phase oxaliplatin—Capsaicin elevated paw-withdrawal thresholds in both late-
phase oxaliplatin groups (i.e., ADMX and intact) similarly to control rats at 15 minutes (Fig.
6B). However, the intact late-phase oxaliplatin group, but not the ADMX group, showed
significant shortening of capsaicin-induced analgesia compared to its duration in the control,
suggesting that the adverse effect on analgesia observed in late-phase oxaliplatin
neuropathy, as in alcoholic neuropathy, is sympathoadrenal-dependent.

ANOVA showed a significant group × time interaction (F12,144=13.121; p<0.001) as well as
a significant main effect of group (F3,36=60.708; p<0.001). Based on the significant
interaction, multivariate analysis with Scheffé post hocs showed that the late-phase
oxaliplatin ADMX group and the control group did not differ significantly at any time point.
However, the ADMX group did differ significantly from the adrenal-intact group at 30
(p=0.006), 45 (p<0.001), and 60 minutes (p=0.006).

DISCUSSION
In these experiments we used models of the three major classes of clinical pain (i.e.,
inflammatory, neuropathic, and chronic widespread) to examine if and how they affect the
function of an endogenous pain modulation system. Of the five tested pain models, two,
inflammatory hyperalgesia and early phase oxaliplatin neuropathy (five days after
oxaliplatin administration), had no effect on capsaicin-induced analgesia, suggesting that
hyperalgesia alone is insufficient to adversely affect function of an endogenous analgesic
circuit function. Three of the five tested pain models, alcoholic neuropathy, late phase (15
days post administration) oxaliplatin neuropathy, and chronic unpredictable stress, adversely
affected capsaicin-induced analgesia by shortening its duration without significantly
affecting its peak magnitude. These results support the underlying hypothesis that chronic
pain syndromes can produce changes in endogenous analgesia circuits, effects that could
degrade the efficacy of treatments whose analgesic effects are mediated by these circuits.

The differences in the effects of early- and late-phase oxaliplatin neuropathy may relate to
recent clinical evidence that suggests two distinct oxaliplatin neuropathic pain syndromes,
(Gamelin et al., 2002; Lehky et al., 2004; Cersosimo, 2005). We have recently demonstrated
these two syndromes in the rat and shown the mechanical hyperalgesia associated with these
two forms of oxaliplatin-induced painful neuropathy are mediated by distinct mechanisms
(Joseph and Levine, 2009). Early phase oxaliplatin hyperalgesia is characterized by
prominent cold allodynia and is not attenuated by inhibitors of caspase signaling (Joseph and
Levine, 2009). In contrast, late phase oxaliplatin hyperalgesia is characterized by no cold
allodynia and is attenuated by inhibitors of caspase signaling. The findings of the current
study suggest that, in addition to these differences, late phase but not early phase oxaliplatin
attenuates the duration of capsaicin-induced analgesia.

Chronic unpredictable stress produced a similar shortening of capsaicin-induced analgesia,
both in the presence and absence of PGE2 administration. The lack of dependence on PGE2
hyperalgesia was unexpected because our previous studies showed that the pronociceptive
effect of stress could not be detected without PGE2 as an adjunctive pronociceptive
treatment (Khasar et al., 2005; Khasar et al., 2008). Those studies also demonstrated that the
hypothalamic-pituitary-adrenal and sympathoadrenal stress axes both play a role in the
ability of unpredictable sound stress to enhance cytokine hyperalgesia.

Ferrari et al. Page 7

J Neurosci. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Adrenal medullectomy restored normal capsaicin-induced analgesia in late phase oxaliplatin
neuropathy, alcoholic neuropathy, and chronic unpredictable stress, suggesting a common
sympathoadrenal-dependent mechanism. In contrast to these findings, we have observed this
form of analgesia to be unchanged in otherwise normal adrenal medullectomized and
hypophysectomized rats (unpublished observations), indicating that neuroendocrine stress
axes do not play a role in producing this form of noxious stimulus-induced analgesia.

Previous studies from our laboratory found that the hyperalgesia associated with alcoholic
neuropathy and chronic unpredictable stress (in combination with a pro-inflammatory
cytokine) are sympathoadrenal-dependent and are mediated by the effects of stress
hormones at the level of the primary afferent nociceptor (Khasar et al., 2005; Dina et al.,
2008; Khasar et al., 2008). Late phase oxaliplatin hyperalgesia, however, is not
sympathoadrenal dependent (see Table 1 for a summary of the role the sympathoadrenal axis
in these models). But several lines of evidence point to a contribution of a central nervous
system mechanism: first, the site of nociceptive testing (hind paw) is segmentally remote
from the site of capsaicin administration in the fore paw, implying a circuit-mediated effect;
second, capsaicin-induced analgesia, once initiated, does not require continued peripheral
input (Gear et al., 1999); and third, chronic unpredictable sound stress does not by itself
produce hyperalgesia, arguing against a role for primary afferent nociceptors.

Although it is well established that nociceptive input can enhance pain (e.g., peripheral
sensitization, wind-up, and other forms of central sensitization), these changes occur in what
are generally regarded as pain transmission rather than pain modulation pathways. Pain
modulation circuits can also be adversely affected, for example, neuropathy induced by
spinal nerve ligation has been shown to produce descending nociceptive facilitation
mediated in the rostral ventral medulla (RVM), a major component of the descending pain
inhibitory system (Kovelowski et al., 2000); the RVM was also shown to play a facilitatory
role in the persistent pain associated with pancreatitis (Vera-Portocarrero et al., 2006) as
well as fentanyl hypersensitivity (Rivat et al., 2009) and by tolerance resulting from
prolonged exposure to drugs like morphine, thereby degrading analgesic efficacy (Vanderah
et al., 2001). The present results suggest that modulation of activity in endogenous pain
control mechanisms by pain may be an important determinant of analgesic efficacy.

The ascending nociceptive control (ANC) (Gear et al., 1999; Schmidt et al., 2002b; Schmidt
et al., 2002a) was chosen as the endogenous pain modulation mechanism to examine for the
following reasons: it is activated by physiologically relevant events (i.e., noxious stimulation
(Gear et al., 1999), for example, capsaicin administration as employed in the current study),
much of the spinal circuitry (Tambeli et al., 2002; Tambeli et al., 2003a; Tambeli et al.,
2003b) and supraspinal circuitry (Gear et al., 1999; Schmidt et al., 2001; Schmidt et al.,
2002b; Schmidt et al., 2002a; Gear and Levine, 2009) is known, it is of relatively long
duration (> two hours relative to the duration of the initiating stimulus, unpublished
observation), it has been characterized in a variety of physiological conditions, including in
naive animals (Gear et al., 1999; Schmidt et al., 2002a), animals made tolerant to morphine
(Schmidt et al., 2002b), animals undergoing precipitated withdrawal from morphine
(Schmidt et al., 2003), and animals made tolerant to nicotine (Schmidt et al., 2001). In each
of these conditions, this endogenous analgesic circuit retains its ability to be activated by
noxious stimuli to produce profound pain-induced analgesia, although altered in some cases
in terms of the specific CNS receptors that mediate its effects (Schmidt et al., 2001; Schmidt
et al., 2002b). It was therefore of interest to examine its interaction with chronic pain.

An important area for future research relates to how dysfunctional changes in analgesia
produced by these diverse pain syndromes would compare to the effects of analgesic drugs
across these same pain syndromes. For the method used to induce analgesia in the present
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study (i.e., subdermal capsaicin administration), we have previously shown an important
role of μ- and δ-opioid receptors (Schmidt et al., 2002a) and other mechanisms (e.g.,
metabotropic glutamate receptors (Tambeli et al., 2002; Tambeli et al., 2003b), GABA
receptors (Tambeli et al., 2003a), nicotinic receptors (Schmidt et al., 2001; Gear and Levine,
2009), and dopamine receptors (Gear et al., 1999; Schmidt et al., 2002b) at spinal and
supraspinal sites. As the response of neuropathic pain to opioids is especially variable (see
(Backonja and Rowbotham, 2006) for review), future experiments will compare the
analgesic effect of opioids in different pain syndromes.

In conclusion, we have shown that diverse pain syndromes, including cancer chemotherapy,
alcoholic neuropathy, and stress-induced chronic widespread pain, induce sympathoadrenal-
dependent dysfunction of the ascending nociceptive control circuit, an endogenous form of
pain control. These findings imply that the treatment of chronic pain—notoriously, the most
difficult pain problem to manage—is made more difficult, in part, by the ability of the pain
itself to degrade the responsiveness of endogenous pain controls. Although preliminary,
these findings point to potentially fruitful research with clinical implications. For example,
treatments designed to mitigate the adverse effects of sympathoadrenal activation might be
useful adjuncts to other treatments meant to activate pain modulation circuits. Beyond this,
capsaicin as well as many other counter-irritation interventions have long been used as
therapies for chronic pain (Mason et al., 2004); therefore, these findings could help to
explain the large variation in efficacy of counter-irritation-based therapies across pain
syndromes. Other pain syndromes, including an acute effect of a cancer chemotherapy and
focal inflammatory hyperalgesia, had no adverse effect on this pain-induced analgesia.
Important questions that remain to be investigated are how the sympathoadrenal stress axis
interacts with the ascending nociceptive control (ANC) circuit to degrade its analgesic
properties and whether this interaction is unique to this endogenous analgesia circuit or
whether other endogenous pain modulation circuits are similarly affected. Answering these
questions could help explain the variable efficacy of analgesic treatments across diverse pain
syndromes.
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Figure 1. Analgesic effect of capsaicin in naive control rats
The analgesic responses measured in the hind paw in control rats produced by either
capsaicin or vehicle injected subdermally in the fore paw were significantly different. Rats
that received capsaicin showed significantly elevated paw-withdrawal thresholds (i.e.,
analgesia). N = 8 for the group that received capsaicin and n = 4 for the vehicle group. In
this and subsequent figures (except Fig. 2) data are presented as the difference in force in
grams from baseline at which withdrawal occurred and are plotted as group mean ± s.e.m at
each time point; PWT—paw-withdrawal threshold.
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Figure 2. Paw withdrawal threshold in pain models
Pain models were induced as follows: intradermal carrageenan injection (1% in a volume of
5 μl), intravenous oxaliplatin administration (2 mg/kg, early phase and late phase groups),
alcoholic diet; controls received no prior treatment. Responses were not significantly
different among the pain models, but all models demonstrated significant mechanical
hyperalgesia compared to control animals. N = 4 for all groups. Abbreviation: EtOH,
ethanol (alcohol).
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Figure 3. Effect of carrageenan-induced inflammatory pain on capsaicin-induced analgesia
The analgesic responses of the control and carrageenan-pretreated groups to capsaicin were
not significantly different, suggesting that local carrageenan-induced inflammatory
hyperalgesia does not affect capsaicin-induced analgesia. N = 8 for the carrageenan/
capsaicin group. Data for the control group is replotted from figure 1 and for the
carrageenan/vehicle group is replotted from figure 2 to allow comparison. Abbreviations:
cap, capsaicin; veh, vehicle; carrag, carrageenan.
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Figure 4. Effect of chronic widespread pain on capsaicin-induced analgesia
All groups of rats except controls experienced chronic unpredictable sound stress (see
Methods) 14 days prior to testing. On the day of testing, 2.5 hour prior to the experiment,
stressed rats received intradermal injections of either PGE2 or its vehicle on the dorsum of
the hind paw.
A. PGE2. As expected, the pre-capsaicin baseline for both groups that received PGE2 was
lower than the control group (data not shown). Paw withdrawal thresholds remained low for
the group that received capsaicin vehicle, but the group that received capsaicin showed early
antinociception that lasted only to the 30 minute time point, indicating antagonism of
capsaicin-induced analgesia duration. N = 6 for both sound stress groups. Data from control
group is replotted from figure 1 for comparison.
B. No PGE2 pretreatment. Adrenal-intact rats showed short duration analgesia with a time
course similar to those that received PGE2 (panel A), indicating that antagonism of
capsaicin-induced analgesia was not due to PGE2 administration. This effect was abolished
in ADMX rats, suggesting that the shortened analgesic duration is mediated by the
sympathoadrenal axis.
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Figure 5. Effect of alcoholic neuropathy on capsaicin-induced analgesia
The responses of the control and the non-adrenal medullectomized alcohol-pretreated groups
to capsaicin were significantly different at the 45 and 60 minute time points, indicating that
alcohol neuropathy shortens the duration of capsaicin-induced analgesia. This effect was
abolished in adrenal medullectomized rats, suggesting that activation of the
sympathoadrenal stress axis antagonizes capsaicin-induced analgesia. N = 8 for the EtOH/
capsaicin group and the EtOH/capsaicin/ADMX group. Data for the control group is
replotted from figure 1 and for the EtOH/vehicle group is replotted from figure 2 to allow
comparison. EtOH—ethanol (alcohol). Abbreviations: cap, capsaicin; ADMX, adrenal
medullectomy; veh, vehicle.
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Figure 6. Effect of early- and late-phase oxaliplatin-induced neuropathy on capsaicin-induced
analgesia
A single dose of oxaliplatin was administered intravenously. Testing was performed in
separate groups of rats either two days (“Early Phase”) or 15 days (“Late Phase”) after
oxaliplatin administration.
A. Early Phase. The responses of the control and the intact and ADMX oxaliplatin-
pretreated groups to capsaicin were not significantly different, indicating that early phase
oxaliplatin neuropathy does not affect capsaicin-induced analgesia. N = 8 for both the
oxaliplatin/capsaicin and the ADMX/oxaliplatin/capsaicin groups. Data for the control
group is replotted from figure 2 and for the oxaliplatin/vehicle group is replotted from figure
1 to allow comparison. Abbreviations: cap, capsaicin; ADMX, adrenal medullectomy; veh,
vehicle; oxal, oxaliplatin. B. Late Phase. Unlike the early phase of oxaliplatin neuropathy,
capsaicin-induced analgesia was significantly shortened in the late phase intact oxaliplatin
group but not the adrenal medullectomized oxaliplatin group, suggesting that late phase
oxaliplatin neuropathy antagonizes capsaicin-induced analgesia and that this effect is
mediated by the sympathoadrenal axis. N = 12 for the oxaliplatin/capsaicin group; n = 10 for
the ADMX/oxaliplatin/capsaicin group. Data for the control group is replotted from figure 1
and for the oxaliplatin/vehicle group is replotted from figure 2 to allow comparison.
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Table 1

Effect of ADMX on hyperalgesia.

A.

Model Pre-induction Post-induction

Sound Stress: intact 102 ± 1.1 102 ± 0.9

Alcohol: intact* 110 ± 1.5 76 ± 1.8

Alcohol: ADMX 111 ± 1.7 112 ± 1.2

Oxaliplatin-late phase: intact* 108 ± 1.6 81 ± 2.0

Oxaliplatin-late phase: ADMX* 115 ± 2.7 90 ± 1.6

B.

Model Intact ADMX

Sound stress no no

Alcohol yes no

Oxaliplatin-late phase yes yes

*
Significant difference (p<0.05) between pre- and post-induction.

Although adrenal medullectomy (ADMX) abolished the adverse effects of all three of these neuropathy models on capsaicin-induced analgesia, its
effects on hyperalgesia were variable, suggesting, first, that hyperalgesia in these models has different underlying causes, and, second, that
hyperalgesia is not required for degrading the efficacy of capsaicin-induced analgesia.

A. Paw withdrawal thresholds were measured in groups of rats prior to induction of the pain model (“pre-induction”) and again prior to capsaicin
or vehicle administration (“post-induction”). Data are presented as mean ± s.e.m. Sound stress by itself did not induce hyperalgesia; the alcohol
protocol induced hyperalgesia in intact rats, but not in ADMX rats, indicating the hyperalgesic effect in intact rats is sympathoadrenal dependent;
both intact and ADMX late phase oxaliplatin groups developed hyperalgesia, indicating that this form of hyperalgesia is not sympathoadrenal
dependent.

B. Summary of findings in A, showing presence of hyperalgesia in intact and ADMX rats for each of the three models. “Yes” indicates
hyperalgesia was present; “no” indicates lack of hyperalgesia.
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