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Pain and hyperalgesia from deep somatic tissue (i.e., muscle
and joint) are processed differently from that from skin. This
study examined differences between deep and cutaneous tis-
sue allodynia and the role of cAMP in associated behavioral
changes. Capsaicin was injected into the plantar aspect of the
skin, plantar muscles of the paw, or ankle joint, and responses
to mechanical and heat stimuli were assessed until allodynia
resolved. Capsaicin injected into skin resulted in a secondary
mechanical allodynia and heat hypoalgesia lasting �3 hr. In
contrast, capsaicin injection into muscle or joint resulted in a
long-lasting bilateral (1–4 weeks) mechanical allodynia with a
simultaneous unilateral heat hypoalgesia. The pattern and de-
gree of inflammation were similar when capsaicin was injected
into skin, muscle, or joint, with peak increases 24 hr after
injection. Heat hypoalgesia that occurs after injection into deep

tissue was reversed by spinal blockade of adenylate cyclase or
protein kinase A (PKA). Interestingly, mechanical allodynia was
reversed if adenylate cyclase or PKA inhibitors were adminis-
tered spinally 24 hr, but not 1 week, after injection of capsaicin.
Spinally administered 8-bromo-cAMP resulted in a similar pat-
tern, with heat hypoalgesia and mechanical allodynia occurring
simultaneously. Thus, injection of capsaicin into deep tissues
results in a longer-lasting mechanical allodynia and heat hy-
poalgesia compared with injection of capsaicin into skin. The
mechanical allodynia depends on early activation of the cAMP
pathway during the first 24 hr but is independent of the cAMP
pathway by 1 week after injection of capsaicin.
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Pain and hyperalgesia from deep somatic tissue, muscle, and joint
are processed differently from that from skin (for review, see
Mense, 1993; Schaible and Grubb, 1993). Pain from deep tissues
is diffuse, dull, aching, and difficult to localize, whereas that from
cutaneous tissues is typically sharp and easy to localize (Kellgren,
1938; Ochoa and Torebjork, 1989; Simone et al., 1994; Marchet-
tini et al., 1996). Furthermore, deep tissue pain is typically re-
ferred to superficial structures, whereas cutaneous pain is not
usually referred (Ochoa and Torebjork, 1983; Marchettini et al.,
1990). Longer-lasting enhancement of the ventral root reflex
occurs after C-fiber stimulation of a muscle nerve compared with
C-fiber stimulation of a cutaneous nerve (Wall and Woolf, 1984).
Afferent innervation of the spinal cord by skin and deep tissues is
significantly different. Cutaneous nociceptors send dense projec-
tions to laminas I and II (Willis and Coggeshall, 1991). In con-
trast, joint and muscle afferents innervate laminas I and V, and
there are no projections to lamina II (Craig et al., 1988; Mense
and Craig, 1988). Furthermore, different biochemicals are ob-
served in DRG that innervate the skin, muscle, and joint
(O’Brien et al., 1989; Plenderleith and Snow, 1993). Thus, the
same stimulus presented to muscle or joint would be expected

behaviorally to result in a different patterned response than when
injected into skin.

Capsaicin is a chemical irritant that causes a local neurogenic
inflammation when injected into the skin. It produces primary
heat and mechanical hyperalgesia and secondary mechanical hy-
peralgesia in humans and rats that resolves within hours (Simone
et al., 1989; Lamotte et al., 1991; Sluka, 1997). There are also
reports that capsaicin produces hypoalgesia in the area surround-
ing the injection site (Raja et al., 1984). Preliminary data show
that injection of capsaicin into joint or muscle produces second-
ary mechanical allodynia and heat hypoalgesia (Sluka, 2000).

After intradermal capsaicin injection, spinothalamic tract cells
show increased sensitivity to innocuous and noxious mechanical
stimuli both at and distant from the site of injection (Simone et
al., 1991; Sluka et al., 1997; Dougherty et al., 1998). However, the
responsiveness of spinothalamic tract cells to heat is decreased
after intradermal capsaicin injection (Sluka et al., 1997; Dough-
erty et al., 1998). Interestingly, the decreased responsiveness to
heat of spinothalamic tract cells induced by intradermal capsaicin
injection is reversed by inhibition of protein kinase A (PKA)
(Sluka et al., 1997). Furthermore, sensitization of spinothalamic
tract cells to mechanical stimuli (Sluka et al., 1997) and mechan-
ical hyperalgesia (Sluka, 1997; Sluka and Willis, 1997) produced
by intradermal injection of capsaicin are reversed by blockade of
PKA or adenylate cyclase.

Thus, these experiments were undertaken to examine (1) dif-
ferences in mechanical and heat sensitivity in response to capsa-
icin injection in the skin, muscle, and joint and (2) the role of the
cAMP pathway in the behavioral responses to capsaicin injection.
I hypothesized that capsaicin injection into muscle or joint would
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result in a longer-lasting allodynia than when injected into skin. I
also hypothesized that heat hypoalgesia and mechanical allodynia
induced by capsaicin injection would be reduced by spinal block-
ade of the cAMP pathway.

MATERIALS AND METHODS
All experiments were approved by the Animal Care and Use Committee
at the University of Iowa and were in accordance with the National
Institutes of Health and the International Association for the Study of
Pain policies on use of laboratory animals.
Capsaicin injection. Male Sprague Dawley rats (250–350 gm; n � 173;
Harlan Sprague Dawley, Indianapolis, IN) were used for these experi-
ments. Capsaicin (0.2%; 50 �l; Fluka Chemical Corporation, Milwaukee,
WI) was injected (1) intradermally into the rostral aspect of the plantar
surface of the paw, (2) intra-articularly into the ankle joint, or (3)
intramuscularly into the plantar muscles of the foot. These tissues were
chosen because they are all supplied by branches of the tibial nerve and
they are in close proximity to each other (Greene, 1963). Capsaicin was
dissolved in 10% Tween 80, 10% ethanol, and sterile saline.

Myeloperoxidase assay. Myeloperoxidase is a neutrophil-specific marker
used to assess the infiltration of neutrophils into an area of inflammation.
To measure myeloperoxidase, a variation of the method described by
Desser (1971) was used in which an enzyme unit is defined as the amount
of enzyme necessary to produce an increase of 1 absorbance unit in 1
min. Rats were deeply anesthetized with sodium pentobarbital (Abbott
Laboratories, North Chicago, IL) and guillotined, and tissues were
removed promptly. The ankle joint, plantar muscles of the foot, or
plantar surface of the skin was removed on both the ipsilateral and
contralateral sides at 2 hr (n � 4), 24 hr (n � 4), and 1 week (n � 4) after
capsaicin injection and in normal rats (n � 3). The specimens were
homogenized in 0.5% hexadecyltrimethylammonium bromide (Sigma,
St. Louis, MO) to temporarily neutralize enzyme activity. The samples
subsequently underwent three cycles of freezing and thawing, followed
by centrifugation to remove debris. A Spectramax 190 (Molecular De-
vices, Sunnyvale, CA) plate reader at a wavelength of 450 nm was used
to read the changes in absorbance over time. Samples were reacted with
hydrogen peroxide and o-dianisidine dihydrochloride at ambient temper-
ature. Absorbance was measured every minute for up to 10 min. Vmax was
used to determine the units of myeloperoxidase per gram of tissue from
the standard curve. Samples were prepared in triplicate and averaged.
Myeloperoxidase obtained from humans (Sigma) was used as a standard.
The assay showed a 3% coefficient of variance between days and a limit
of quantification of 0.07 U/gm tissue.

Behavioral testing. Animals were tested for withdrawal thresholds to
mechanical stimuli (von Frey filaments) applied to the distal portion of
the plantar aspect of the hindpaw (Sluka, 1997; Gopalkrishnan and
Sluka, 2000). von Frey filaments with bending forces from 7 to 360 mN
were applied in a progressively increasing manner until the hindpaw was
withdrawn or 360 mN was reached. Each filament was applied twice. The
filament of lowest bending force from which the animal withdrew was
considered the mechanical withdrawal threshold of the hindpaw. After a
response, the filaments above and below were tested to confirm the
withdrawal threshold. The test–retest reliability of this method has been
established previously (Gopalkrishnan and Sluka, 2000).

Animals were also tested for response to radiant heat applied to the
plantar surface of the paw as described previously (Hargreaves et al.,
1988). Briefly, animals were placed in clear plastic cubicles on an elevated
glass plate and allowed to acclimate for 10–20 min before testing. The
latency to withdrawal of the paw from radiant heat was measured. Five
trials per time were averaged to give one number per animal. The
test–retest reliability of this method has been established previously
(Sluka et al., 1999).

Both mechanical withdrawal thresholds and response to radiant heat
were applied to the caudal portion of the paw, which was outside the site
of capsaicin injection in the skin, muscle, or joint. Thus, behavioral tests
are interpreted as a measure of secondary hyperalgesia or allodynia
(Sluka, 1997; Sluka and Willis, 1997).

Motor testing. Because 100 nmol of PKA inhibitor (PKI) produced
significant motor effects in five animals, rats administered the 60 nmol
dose of PKI (n � 4) were tested for motor effects with a Rota-Rod
treadmill test and placing reflex test. Specifically, they were placed on a
Rota-Rod treadmill (Ugo Basile Rota-Rod; Stoelting, Wood Dale, IL)
rotating at a gradually increasing speed from 1 to 18 rpm for 120 sec and
maintained for another 30 sec at 18 rpm (Sluka et al., 2001). For stable

Rota-Rod treadmill results, the rats were trained for 2 d before injection
of drug. Three sessions of three trials each were performed at an
intersession interval of �2 hr and an intertrial interval of �5 min.
Performance time in minutes was recorded until the rat failed to stay on
the Rota-Rod or reached 150 sec. The placing reflex was also evaluated
after drug administration (Coderre and Van Empel, 1994; Zahn and
Brennan, 1998). This test is performed by drawing the dorsum of the
hindpaw across the edge of a table. The animal responds by lifting the
paw onto the surface of the table. This was scored as 2, normal; 1, delay
of 1–2 sec; and 0, �2 sec. Motor function was assessed at baseline and 15,
30, 45, and 60 min after administration of drug.

Intrathecal catheterization. Intrathecal catheters (n � 142; 32 gauge
polyurethane; 10 cm length; Recathco, Allison Park, PA) were placed
5–6 d before the first intramuscular injection of saline (Storkson et al.,
1996; Pogatzki et al., 2000). In brief, animals were anesthetized with
halothane (2–5%), and a 23 gauge hypodermic needle was inserted into
the intervertebral space between L5 and L6. A 32 gauge polyurethane
catheter was inserted through the needle and advanced cranially until
3.5–4.0 cm of the catheter was under the skin. The external portion of the
catheter was secured to the muscle and fascia. The free end was subse-
quently inserted into polyethylene-10 tubing and tunneled to the cervical
region.

Experimental design. In the first set of experiments, capsaicin was
injected into the skin (n � 6), muscle (n � 13), or joint (n � 12).
Behavioral tests were performed before the injection and hourly through
4, 8, 24, and 48 hr and 1 week and then weekly until the allodynia
resolved. Responses to heat and mechanical stimuli were assessed at each
time period.

The second series of experiments was designed to test the role of the
cAMP pathway in the maintenance of the mechanical allodynia and heat
hypoalgesia observed in the first experiment after injection of capsaicin
into the muscle or joint. Behavioral tests were performed 24 hr or 1 week
after injection of capsaicin into the muscle or joint, and then
9-(tetrahydro-2�-furyl)adenine (SQ22536; blocks adenylate cyclase; 0.07–
0.7 nmol/5 �l; n � 51; Biomol Research Laboratories Inc, Plymouth
Meeting, PA), myristoylated PKI (14–22) amide (blocks PKA; 10–100
nmol/5 �l; n � 45; Biomol Research Laboratories Inc), or vehicle (n �
21) was injected intrathecally. Each dose was given to only one animal,
and each group consisted of three to eight animals. Heat testing began 10
min after administration of drug and was subsequently performed at 5
min intervals for 30 min. After the heat testing, 40–45 min after injection
of drug, the mechanical withdrawal threshold was tested. We demon-
strated previously that spinal application of either SQ22536 or PKI has
no effect on normal behavioral responses (Sluka, 1997).

In the last series of experiments, the effects of spinal activation of the
cAMP pathway on mechanical and heat sensitivity were assessed.
8-Bromo-cAMP (3–30 nmol/5 �l; n � 16) was injected intrathecally, and
withdrawal latency to heat was measured for 30–45 min after injection,
followed by withdrawal threshold to mechanical stimulation at �35–45
min after injection. A higher dose of 8-bromo-cAMP, 100 nmol/5 �l, was
tested in three animals but produced agitation, making it difficult to test
the animals, and thus was not tested further. The effect of pretreatment
with PKI (60 nmol/5 �l) on the effects of 30 nmol/5 �l 8-bromo-cAMP
was also tested (n � 4).

Statistical analysis. Differences between groups and across time for paw
withdrawal latency to heat were analyzed with a one-way ANOVA. Post
hoc testing was done as appropriate with a Tukey’s test. Because there
was no difference between normal tissue and the contralateral side,
side-to-side differences were calculated for myeloperoxidase activity, and
a one-way ANOVA was used to analyze differences between groups. Post
hoc testing was done as appropriate with a Tukey’s test. Kruskal–Wallis
ANOVA was used to analyze differences in withdrawal threshold to
mechanical stimuli between groups. Post hoc testing was done as appro-
priate with a sign test. Data were reported as the mean � SEM for paw
withdrawal latency to heat and myeloperoxidase assay and as the me-
dian � 25th and 75th percentiles for mechanical withdrawal threshold.

RESULTS
Behavioral effects of capsaicin
As reported previously (Sluka, 1997), intradermal injection of
capsaicin resulted in a decrease in the withdrawal threshold to
mechanical stimuli by 30 min that lasted �3 hr after injection
(Fig. 1). The withdrawal threshold to mechanical stimuli returned
to baseline threshold values by 4 hr after injection. Similarly, the
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withdrawal threshold to mechanical stimuli decreased by 30 min
after injection into the plantar muscles of the paw (Fig. 1).
However, it remained decreased through 1 week and resolved by
2 weeks after injection of capsaicin into the muscle. Furthermore,
the mechanical withdrawal threshold decreased contralaterally 24
hr after capsaicin injection into the muscle and remained de-
creased through 1 week, returning to baseline by 2 weeks (Fig. 2).
In contrast, capsaicin injection into the ankle joint showed a
longer time to onset, with allodynia developing by 2 hr. This
decrease in withdrawal threshold spread to the contralateral side
after 24 hr and lasted through 4 weeks (Fig. 2). Minimal limb
guarding occurred within the first few hours after injection of
capsaicin into the skin, muscle, or joint, and by 24 hr, no differ-
ences between ipsilateral and contralateral sides were observed.

The response to heat stimuli was surprising. Specifically, injec-
tion of capsaicin into the skin, plantar muscles, or ankle joint
resulted in a significant increase in the latency to heat stimulation
(Fig. 1). The increase after injection into the deep tissues, muscle,
or joint was long lasting. This increase occurred only on the side
that had received an injection and lasted through 2 weeks for
injection into the muscles and 5 weeks for injection into the ankle

joint. The contralateral side remained at baseline throughout the
testing period.

Assessment of inflammation
Of the three tissues tested, the joint tissue had the highest
baseline levels of myeloperoxidase activity. There were no signif-
icant differences between normal tissue and the contralateral side.
For this reason, differences between the side injected with cap-
saicin and the contralateral side were analyzed. Capsaicin in-
jected into the muscle or joint resulted in significant increases in
myeloperoxidase activity 2 and 24 hr after injection compared
with tissue from animals without inflammation (Table 1). Signif-
icant increases in myeloperoxidase activity also occurred after
capsaicin injection into the skin 24 hr after injection but not at 2
hr or 1 week. There was no difference between tissue types 2 hr,
24 hr, or 1 week after inflammation, suggesting that a similar
degree of inflammation was produced by a single injection of
0.2% capsaicin.

Inhibition of adenylate cyclase
SQ22536 was injected intrathecally into the spinal cord to assess
the role of adenylate cyclase in the mechanical allodynia and heat
hypoalgesia associated with capsaicin injection into the muscle or
joint. Twenty-four hours and 1 week after injection of capsaicin,
a bilateral decrease in withdrawal threshold to mechanical stim-
ulation and an ipsilateral increase in withdrawal latency to heat
stimulation occurred. Intrathecal injection of SQ22536, adminis-
tered 24 hr or 1 week after capsaicin injection, reversed the
increased paw withdrawal latency significantly in a dose-
dependent manner compared with vehicle controls (Fig. 3). Fur-
thermore, intrathecal injection of SQ22536 significantly reversed
the decreased mechanical withdrawal threshold when adminis-
tered 24 hr after injection of capsaicin. Surprisingly, intrathecally
administered SQ22536 had no effect on the decreased withdrawal
threshold to mechanical stimuli induced by capsaicin when admin-
istered 1 week after injection of capsaicin into the joint (Fig. 4).

Inhibition of PKA
Intrathecal blockade of PKA with PKI resulted in a pattern
similar to that observed by blockade of adenylate cyclase with
SQ22536. Specifically, PKI dose-dependently reversed the in-
creased latency to radiant heat when administered either 24 hr or
1 week after injection of capsaicin (Fig. 3). The decreased with-
drawal threshold to mechanical stimuli associated with capsaicin
injection into the muscle or ankle joint was reversed when PKI
was administered 24 hr after injection of capsaicin but not when
it was administered 1 week after injection of capsaicin (Fig. 4).
Unexpectedly, the 100 nmol dose of PKI resulted in significant
motor deficits in five animals, and they were removed from the
study. Motor testing of the 60 nmol dose of PKI had no effect on
the Rota-Rod treadmill test for up to 1 hr after administration of
drug, with rats staying on the treadmill for the full 150 sec. The
placing reflex was normal in all four animals for up to 1 hr after
administration of 60 nmol of PKI.

Activation of cAMP
Intrathecal injection of 8-bromo-cAMP resulted in a dose-
dependent increase in the withdrawal latency to radiant heat and
a simultaneous decrease in the withdrawal threshold to mechan-
ical stimuli (Fig. 5). The increase in withdrawal latency to heat
and decrease in withdrawal threshold to mechanical stimuli were
prevented by previous treatment with an intrathecal injection of
60 nmol of PKI.

Figure 1. The paw withdrawal latency to heat (top) and withdrawal
threshold to mechanical stimulation (bottom) are shown before and for 4
hr after injection of capsaicin into the skin (squares), muscle (triangles), or
joint (circles) for the ipsilateral (closed symbols) or the contralateral (open
symbols) side. Significant increases in withdrawal latency to heat ipsilat-
erally occur after injection of capsaicin into the skin, muscle, or joint. No
changes are observed for the contralateral paw. *p � 0.05, significantly
different from before capsaicin injection.
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DISCUSSION
Differences between skin, muscle, and joint
The present data show that intra-articular or intramuscular injec-
tion of capsaicin results in a long-lasting mechanical allodynia and
heat hypoalgesia of the skin. Furthermore, the mechanical allo-
dynia spreads to the contralateral paw �24 hr after capsaicin
injection into muscle or joint. The allodynia resolves more
quickly if injected into the muscle compared with the ankle joint.
Although the ankle joint, plantar muscle, and plantar aspect of
the skin are supplied by branches of the tibial nerve (Greene,
1963), different central anatomic pathways and/or different bio-
chemical mediators could result in a different pattern of response.
Dorsal root ganglia neurons innervating muscle and joint have
less isolectin B4 and somatostatin and more calcitonin gene-
related peptide and substance P than dorsal root ganglia neurons
innervating cutaneous tissue (O’Brien et al., 1989; Plenderleith
and Snow, 1993). The central projections from neurons innervat-
ing muscle and joint are predominately to lamina I and deeper
dorsal horn, whereas those from cutaneous tissue have a dense
projection to lamina II (Craig et al., 1988; Mense and Craig, 1988;
Mense, 1993; Schaible and Grubb, 1993). Formalin injected into
skin increases c-Fos expression throughout laminas I–V, but when
it is injected into muscle, there is no labeling in lamina II (Ohtori
et al., 2000). Furthermore, C-fiber stimulation of a muscle nerve
produces a longer-lasting increase in the flexion reflex compared

with C-fiber stimulation of a cutaneous nerve (Wall and Woolf,
1984). In human subjects, painful intramuscular stimulation is
rated as more unpleasant than painful cutaneous stimulation
(Svensson et al., 1997). Capsaicin injected into muscle of human
subjects produces longer-lasting pain, and referred pain is more

Figure 2. Responses to mechanical and heat stimuli after
injection of capsaicin into the ankle joint or plantar muscles
of the foot for the ipsilateral (closed circles) and contralateral
(open circles) paws. Significant bilateral decreases in with-
drawal threshold to mechanical stimuli are evident through 6
weeks after injection into the ankle joint and 1 week after
injection into the plantar muscles. The response to heat is
elevated ipsilaterally for 6 weeks after injection into the
ankle joint and 2 weeks after injection into the plantar
muscles. *p � 0.05, significantly different from baseline.

Table 1. Myeloperoxidase activity

Normal
(n � 3)

2 hr after
capsaicin
(n � 4)

24 hr after
capsaicin
(n � 4)

1 week after
capsaicin
(n � 4)

Skin 0.08 � 0.01 0.9 � 0.5 3.3 � 0.7* 0 � 0.1
Muscle �0.11 � 0.5 0.82 � 0.35* 6.6 � 0.2* �0.04 � 0.01
Joint �0.46 � 0.5 2.2 � 0.9* 1.9 � 1.3* 3.6 � 2.2

Left–right difference scores for myeloperoxidase activity in tissue taken from
animals with and without inflammation. Data are mean � SEM in units per gram of
tissue.
*Significantly different from normal.

Figure 3. Withdrawal latency to heat ipsilaterally after spinal blockade
with SQ22536 or PKI at 24 hr (top) or 1 week (bottom). A dose-dependent
reduction in the capsaicin-induced increased withdrawal latency to heat is
observed after spinal blockade of adenylate cyclase with SQ22536 or PKA
with PKI. *p � 0.05, significantly different from vehicle control.
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frequent (Witting et al., 2000). Thus, biochemical, anatomic, and
physiological differences support the hypothesis that injury to
muscle and joint results in distinctly different behavioral re-
sponses compared with skin.

Alternatively, capsaicin injection into muscle or joint may pro-
duce a more severe neurogenic inflammation than injection into
skin. However, assessment of neutrophilic activity after capsaicin
injection shows that the amount of inflammation is similar be-
tween muscle, skin, and joint tissues. Peak activity occurs 24 hr
after injection for all three tissues, a time in which there was no
allodynia from injection into skin. These data support differential
processing of nociceptive information from muscle and joint
compared with skin. Measurement of myeloperoxidase activity as
a measure of neutrophil infiltration is used extensively to measure
acute inflammation for periods up to 1 week after induction of
inflammation in several animal models (Recio et al., 2000; Reifen
et al., 2001). It should also be noted that, although it was our
intention to inject capsaicin into the muscle tissue of the paw, it
could also have affected tendons that course through the muscle
layers in the foot and ligaments that surround the small joints of
the foot. However, visually, the muscle of the paw was inflamed
and the skin was not red, suggesting that the injection into the
plantar muscles did affect predominantly deep and not cutaneous
tissues.

Finally, repeated behavioral testing could result in a learning
paradigm that caused the animals to withdraw at a lower bending

force or with a faster latency to heat, and it would thus appear
that the animals were hyperalgesic to mechanical stimuli and/or
heat stimuli. Previous data show that the responses of the animals
did not change with repeated testing to mechanical and heat
stimuli over a 6 week time course (Sluka et al., 2001). Further-
more, the increase in heat response, with a simultaneous decrease
in mechanical response and different time course of behavioral
changes after injection into muscle or joint tissue, argues against
a learned behavior.

Activation of the cAMP pathway and
mechanical allodynia
A time-dependent effect on mechanical allodynia was observed in
the present study such that when adenylate cyclase or PKA is
inhibited 24 hr after capsaicin injection, allodynia is reversed, but
when it is inhibited 1 week after capsaicin injection, there is no
effect. Similarly, mice lacking the type I regulatory subunit of
PKA showed attenuated nocifensive behaviors to the short-
lasting stimuli formalin and prostaglandin E2 but still developed
hyperalgesia to a more chronic injury, neuropathic pain (Malm-
berg et al., 1997a). Alternatively, mice lacking PKC� show a
deficit in hyperalgesia associated with neuropathic pain but no
deficit associated with the first phase of the formalin test, which is
thought to represent acute pain (Malmberg et al., 1997b). How-
ever, the second phase of the formalin test was reduced in mice

Figure 4. Withdrawal threshold to mechanical stimuli bilaterally 24 hr
and 1 week after injection of capsaicin. After spinal blockade with
SQ22536 or PKI at 24 hr (top), there is a dose-dependent inhibition of the
capsaicin-induced decrease in the withdrawal threshold to mechanical
stimuli for animals injected with capsaicin into the muscle (squares) or
joint (circles). No effect of SQ22536 or PKI occurred when they were
administered 1 week after injection of capsaicin for either the ipsilateral
or contralateral paw (bottom). The contralateral side is depicted with open
symbols, and the ipsilateral side is depicted with closed symbols. *p � 0.05,
significantly different from vehicle control.

Figure 5. Intrathecal administration of 8-bromo-cAMP resulted in a
simultaneous increase in the withdrawal latency to heat and a decrease in
the withdrawal threshold to mechanical stimuli compared with baseline.
Pretreatment with 60 nmol of PKI prevented the increase in withdrawal
latency to heat and the decrease in withdrawal threshold to mechanical
stimuli produced by 30 nmol of 8-bromo-cAMP. *p � 0.05, significantly
different from baseline; �p � 0.05, significantly different from 30 nmol of
8-bromo-cAMP.
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lacking PKC� (Malmberg et al., 1997b). The later stages of
mechanical allodynia induced by intramuscular or intra-articular
injection of capsaicin could thus be maintained by PKC.

Previous studies show that the mechanical allodynia that occurs
after intradermal injection of capsaicin is reversed by spinal
administration of the same inhibitors of PKA and adenylate
cyclase (Sluka, 1997; Sluka and Willis, 1997). Furthermore, the
present study shows that 8-bromo-cAMP produces mechanical
allodynia in a dose-dependent manner and agrees with other
studies (Sluka, 1997; Sluka and Willis, 1997; Dolan and Nolan,
2001). However, a low dose of 8-bromo-cAMP produces mechan-
ical hypoalgesia in sheep, but increasing the dose produces me-
chanical hyperalgesia (Dolan and Nolan, 2001).

Activation of adenylate cyclases in neurons can occur through
neurotransmitter–receptor interactions that are linked to stimu-
latory G-proteins. Alternatively, three (of nine) adenylate cyclase
isoforms (AC1, AC3, and AC8) are calcium–calmodulin regu-
lated (Xia and Storm, 1997). Activation of adenylate cyclase then
converts ATP to cAMP, which results in activation of PKA.
Activation of protein kinases can result in neuroplasticity through
phosphorylation of a variety of substrates including ion channels,
neurotransmitter receptors, and transcription factors. PKA phos-
phorylates calcium channels, glutamate receptors, and the cAMP
response element-binding protein (Dash et al., 1991; Blackstone
et al., 1995; Hell et al., 1995). Indeed, phosphorylation of the
PKA site of the NR1 subunit of NMDA glutamate receptors is
increased after intradermal injection of capsaicin (Zou et al.,
2000). Injection of PKA enhances dorsal horn neuron responsive-
ness to glutamate (Cerne et al., 1992, 1993), whereas blockade of
PKA reduces capsaicin-induced sensitization of spinothalamic
tract cells (Sluka et al., 1997). Phosphorylation of the cAMP
response element-binding protein enhances gene transcription of
cell proteins (Dash et al., 1991; Shaywitz and Greenberg, 1999)
and increases after carrageenan inflammation (Messersmith et
al., 1996), formalin injection (Ji and Rupp, 1997; Anderson and
Seybold, 2000), sciatic nerve stimulation at C-fiber strength (Ji et
al., 2000), and neuropathic pain (Ma and Quirion, 2001).

The role of the cAMP pathway in neuroplasticity has been
studied extensively with respect to long-term potentiation (LTP)
and learning in the hippocampus and parallels the time-
dependent activation of the cAMP pathway observed in the
present study. Specifically, PKA activity increases in the early
phases of spatial learning tasks (Vazquez et al., 2000). PKC
appears to be important in the maintenance as well as the initi-
ation of LTP and learning (Sweatt, 1999; Vazquez et al., 2000). In
learning and memory behavioral tasks, mice deficient in the
calcium-dependent adenylate cyclases AC1 and AC8 show a se-
lective deficit in hippocampus-dependent learning and LTP
(Wong et al., 1999). Thus, the mechanical allodynia observed in
the present study shows an activation pattern of the cAMP
pathway similar to that observed in LTP and memory. Specifi-
cally, activation of the cAMP second messenger pathway is nec-
essary during the early phase of development but not in the later
maintenance phase. Furthermore, on the basis of these similari-
ties and previous data with PKC� knock-out mice (Malmberg et
al., 1997a), it is possible that PKC is important in the mainte-
nance phase of mechanical allodynia.

Activation of the cAMP pathway and heat hypoalgesia
The heat hypoalgesia that occurs after capsaicin injection could
be related to damage to peripheral nerves, changes in peripheral
nociceptors, or changes in the CNS. The reversal of heat hypoal-

gesia by spinal blockade of adenylate cyclase or PKA suggests
that this hypoalgesia is mediated by plastic changes in the CNS
rather than by damage to peripheral nerves. The effects may be
related to changes in spinothalamic tract neurons and not to
modulation of neurotransmitter release. Previous studies show a
decreased responsiveness of spinothalamic tract cells to heat
stimuli after intradermal injection of capsaicin (Sluka et al., 1997;
Dougherty et al., 1998) that is reversed by spinal blockade of PKA
(Sluka et al., 1997). PKA has no effect on increased excitatory
amino acid release that occurs after capsaicin injection (Sluka and
Willis, 1998). More recently, Liu et al. (2001) demonstrated that
capsaicin desensitizes primary afferent nociceptors by inhibiting
sodium channel conductance and that this inhibition is mediated
by cAMP. Vanilloid 1 receptors are activated by capsaicin, are
thought to be heat sensors, are found on nociceptors, and desen-
sitize after capsaicin injection. It is possible that this desensitiza-
tion also occurs on central terminals of primary afferents and that
the effects of spinal inhibition of adenylate cyclase and PKA are
to reverse cAMP-mediated desensitization.

Summary
In summary, this study showed that activation of the cAMP
pathway in the spinal cord results in divergent behavioral signs
depending on the modality of stimulus tested (i.e., mechanical or
heat), suggesting that processing of mechanical and heat respon-
siveness to tissue injury involves unique processes. Furthermore,
activation of the cAMP pathway is time-dependent with respect
to maintenance of mechanical allodynia and appears to be nec-
essary in the early phases of central sensitization but not in later
phases. Finally, deep tissue injury results in longer-lasting allo-
dynia compared with the same stimulus applied to the skin,
supporting the theory that nociceptive processing from deep
tissue injury is distinct from nociceptive processing from cutane-
ous tissue injury.
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