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uscle Inflammation Induces a Protein Kinase C�–Dependent
hronic-Latent Muscle Pain

layinka A. Dina,* Jon D. Levine,*,† and Paul G. Green*
Department of Oral and Maxillofacial Surgery and
Department of Medicine, University of California San Francisco, San Francisco, California.

Abstract: Skeletal muscle injuries can induce chronic pain, but the underlying mechanism is un-
known. One possible cause has been suggested to be an increased sensitivity to inflammatory
mediators. We demonstrate that self-limited inflammatory hyperalgesia induced by intramuscular
carrageenan (lasting �5 days) results in a state of chronic-latent hyperalgesia, revealed by injection
of prostaglandin E2 (PGE2) 10 days after carrageenan at the same site. In carrageenan-pretreated
muscle, PGE2 produced hyperalgesia that was unattenuated even 14 days after injection, markedly
longer than the 4-hour hyperalgesia induced by PGE2 in naive rats. This chronic-latent hyperalgesia
was reversed as well as prevented by spinal intrathecal injection of oligodeoxynucleotide antisense
to protein kinase C�, a second messenger implicated in long-lasting plasticity in cutaneous nocicep-
tors.
Perspective: We describe a novel experimental model for chronic muscle pain, produced by mild
acute muscle inflammation, that has clinical significance since it has the potential to reveal cellular
processes by which acute inflammation or muscle trauma underlies chronic muscle pain.

© 2008 by the American Pain Society
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hronic muscle pain is a constellation of symptoms
that develops after trauma or in association with
repetitive strain. It is believed to be dependent, at

east in part, on muscle inflammation,6,38,39 because it
esponds to nonsteroidal anti-inflammatory drugs19 and
ytokine levels are increased in the symptomatic mus-
le.21,33 Although symptoms may improve over time,
hey return with the use of the involved muscle, even
ears later.15,20,35 Unfortunately, little is known about
he cellular mechanisms underlying chronic muscle
ain,8 in particular the mechanism mediating the transi-
ion from acute to chronic pain.
Recently, we established a model of chronic-latent in-
ammatory pain in cutaneous tissues. In this model, a
ingle exposure to the inflammogen carrageenan (a clas-
ic agent for the induction of experimental inflamma-
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ion and inflammatory pain that is relevant to clinical
nflammatory pain states9,10,14) produced a prolonged
ypersensitivity to subsequent exposure of hyperalgesic
gents.4,12,27,28 In this “hyperalgesic priming,” or chronic-
atent hyperalgesia, the inflammatory mediator prosta-
landin (PG) E2 and other inflammatory agents that act
irectly on nociceptors (eg, 5-hydroxtryptamine and
denosine) produced an enhanced and markedly pro-
onged hyperalgesia (�24 hours compared with �4
ours in naive rats) when injected several weeks after the

nitial response to carrageenan has resolved, a plastic
hange in nociceptor function mediated by PKC�. Since
hronic muscle pain is believed to be dependent, at least
n part, on muscle inflammation,6,38,39 we investigated
hether chronic hyperalgesia develops in muscle after

ecovery from transient inflammation.

aterials and Methods

nimals
Adult male Sprague-Dawley rats (weight, 250–400 g)
ere housed in the Animal Care Facility at the University
f California San Francisco (UCSF), under environmen-
ally controlled conditions (7 AM–7 PM light cycles; 21°–
3°C) with food and water available ad libitum. Care and

se of rats conformed to National Institutes of Health
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uidelines and was approved by the UCSF Institutional
nimal Care and Use Committee. Effort was made to
inimize the number of animals used and their suffer-

ng.

easurement of Hyperalgesia
Mechanical nociceptive thresholds were quantified us-

ng a digital force transducer (Chatillon DFI2; Amtek Inc.,
argo, FL) with a custom-made 6-mm-diameter probe
ttached to the transducer. Rats were lightly restrained
n a plexiglas holder that allows for easy access to the
ind limb and application of the transducer probe to the
elly of the gastrocnemius muscle. The nociceptive
hreshold was defined as the force, in Newtons, required
o produce a flexion reflex in the hind leg. Baseline with-
rawal threshold was defined as the mean of 3 readings
aken at 5-minute intervals. Each hind limb was treated
s an independent measure and each experiment was
erformed on a separate group of rats. Animals were
ollowed over time. All behavioral testing was done be-
ween 10 am and 4 pm.

ntramuscular Injections
Rats were briefly anesthetized with 3% isoflurane, and

ehicle (0.9% saline) or drug was injected into the belly
f the gastrocnemius muscle in 1 hind limb (in a volume
f 10 �L); the skin over the injection sites was marked
ith indelible pen so that the same area could be repeat-
dly tested for mechanical nociceptive threshold.

arrageenan Hyperalgesia
Carrageenan (100 �g in 10 �L 0.9% saline) was injected

nto the belly of the gastrocnemius muscle. In our previ-
us studies on carrageenan-induced nociceptive priming

n cutaneous tissue, we administered 50 �g in 5 �L,4,28

hat is, half the dose used in the current muscle nocicep-
ive priming study. The 100 �g/10 �L dose of carra-
eenan was determined in pilot studies as sufficient to
roduce robust muscle primary mechanical hyperalgesia,
quivalent to that seen in the cutaneous model with 50
g/5 �L. It is likely that this dose/volume difference is due
o the greater volume of distribution at the muscle injec-
ion site compared with intradermal injections.

ntisense Oligodeoxynucleotide
reparation
Since priming develops over a period of several days,

ontinuous inhibition of PKC� by administration of an-
agonists (which have a relatively short half-life) into
uscle would be technically challenging. Therefore, to

ddress the role of PKC� in muscle afferents, we used
ntisense oligonucleotides to PKC� to reduce expression
f this enzyme, thereby producing a functional block of
euronal PKC� activity.
The 20-mer PKC� antisense oligodeoxynucleotide

ODN) sequence, 5=-GCC AGC TCG ATC TTG CGC CC-3=,
as directed against a unique sequence of rat PKC�. The

orresponding GenBank (National Institutes of Health,

ethesda, MD) accession number and ODN position a
ithin the cDNA sequence are XM345631 and 226-245,
espectively. The mismatch ODN sequence, 5=-GCC AGC
CG ATC TTT CGC CC-3=, corresponds to the PKC� subunit
ntisense sequence with 2 bases mismatched (in bold
ypeface). We have previously shown that this antisense
DN against PKC� decreases PKC� protein in dorsal root
anglia.11

For intrathecal injection of ODN, rats were briefly anes-
hetized with 3% isoflurane; a 30-guage needle was in-
erted into the subarachnoid space on the midline be-
ween the L4 and L5 vertebrae, and ODN (80 �g in 10 �L)
as slowly injected. Control animals received injections
f mismatch ODN.1-3,13,17,18,26-28

xperimental Groups

xperiment 1: Carrageenan Hyperalgesia
We tested the effects of carrageenan on nociceptive

hreshold injection by measuring basal nociceptive me-
hanical threshold of the gastrocnemius muscle, then ad-
inistering a single injection of carrageenan (100 �g in

0 �L, n � 3 to 6), and then testing mechanical nocicep-
ive threshold at 30, 60, and 120 minutes and 1, 2, 3, 4,
nd 7 days after injecting carrageenan. A control group
eceived intramuscular injection of 0.9% saline (10 �L)
nstead of the carrageenan (n � 3 to 6).

xperiment 2: Chronic Latent Hyperalgesia
To determine whether a prior administration of carra-
eenan could induce a state of chronic-latent hyperalge-
ia, a single carrageenan injection (100 �g in 10 �L, n � 3
o 6) was administered to the gastrocnemius muscle. Ten
ays after this injection, nociceptive thresholds were as-
essed to confirm that they had returned to precarrag-
enan injection levels; the inflammatory mediator PGE2

1 �g) was then injected into the gastrocnemius muscle.
ociceptive threshold was then reassessed at 1 and 4
ours and again 1, 2, and 7 days after PGE2 administra-
ion.

xperiment 3: PKC� Dependence
To determine whether PKC� contributes to hyperalge-

ic priming in muscle, we first tested whether attenuat-
ng PKC� before exposure to carrageenan could prevent
yperalgesic priming. PKC� ODN (80 �g/20 �L, n � 6) was
dministered intrathecally in 1 group of rats once daily
or 3 days before carrageenan and then daily for 5 days
fter carrageenan. Ten days after carrageenan injection,
ociceptive thresholds were assessed (they had returned
o precarrageenan injection levels) and the inflamma-
ory mediator PGE2 (1 �g) was injected into the gastroc-
emius muscle. Nociceptive threshold was then reas-
essed at 1 and 4 hours and again 1, 3, 9, and 14 days
fter PGE2 administration. To determine whether atten-
ating PKC� can reverse hyperalgesia priming, in a dif-
erent group of rats PKC� ODN was administered intra-
hecally once daily for 3 days beginning 5 days after
arrageenan (to test reversal). Nociceptive thresholds
ere determined before carrageenan administration

nd again 2 and 5 days after injection (to determine
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459PKC�–Dependent Chronic Muscle Pain
cute carrageenan hyperalgesia and recovery of nocicep-
ive threshold to precarrageenan levels). Eight days after
arrageenan injection, PGE2 (1 �g) was injected into the
astrocnemius muscle and nociceptive threshold was as-
essed at 1 hour, 4 hours, and 1 and 4 days after PGE2

dministration.

tatistics
Group data are expressed as mean � SEM of n obser-

ations in hind limbs. Statistical comparisons were made
y using repeated-measures ANOVA, with Bonferroni
ost hoc test, using StatView statistical software (SAS

nstitute, Inc., Cary, NC).

esults

arrageenan Hyperalgesia
The mechanical threshold to elicit leg withdrawal de-

reased by �60% within 2 hours of the intramuscular
njection of carrageenan (100 �g) and remained at ap-
roximately this level for at least 2 days (saline, open
ircles, versus carrageenan, filled circles; P � .0001, re-
eated-measures ANOVA; Fig 1). By day 4, nociceptive
hresholds had returned to baseline. Control animals in-
ected with 0.9% saline vehicle (open circles) exhibited
o significant change in nociceptive threshold.

hronic-Latent Hyperalgesia
After complete recovery from the acute hyperalgesia

nduced by intramuscular carrageenan (which occurs �4

igure 1. Carrageenan muscle hyperalgesia. Carrageenan (1%;
0 �L, filled circles, n � 3–6) injected into the gastrocnemius
uscle of adult male rats decreased nociceptive threshold by
60% within 1 day, and nociceptive threshold was lower than

n saline-injected muscle for 3 days. By day 4, nociceptive thresh-
ld was not significantly different from baseline (and saline-
reated) values. Control animals injected with saline (0.9% NaCl,
0 �L, open circles, n � 3–6) exhibited no significant change in
jhreshold.
ays after carrageenan administration; Fig 1), the re-
ponse to a new inflammatory challenge was assessed.
en days after carrageenan administration, after verify-
ng the return to precarrageenan baseline withdrawal
hreshold, the inflammatory mediator PGE2 (1 �g) was
njected into the gastrocnemius muscle (time 0). In saline-
retreated control animals (open circles), PGE2 induced a
hort-lived hyperalgesia that completely resolved within 4
ours. In contrast, in the carrageenan-primed muscle
filled circles), the duration of PGE2-induced hyperalge-
ia was significantly and markedly prolonged, remaining
ndiminished for at least 1 week after PGE2 administra-
ion (2-way ANOVA, P � .001; Fig 2).

KC� Dependence
To determine whether PKC� contributes to hyperalge-

ic priming in muscle, as it does in skin,4 we determined if
KC� ODN could prevent the development of and/or re-
erse chronic-latent hyperalgesia. PKC� ODN (80 �g/20
L) was administered intrathecally once daily for 3 days
efore carrageenan and then daily for 5 days after car-
ageenan (to test prevention) or daily for 3 days begin-
ing 5 days after carrageenan (to test reversal). PGE2

yperalgesia was evaluated 6 days after the last PKC�
DN administration (ie, 11 days after carrageenan) to

est for prevention or 1 day after the last PKC� ODN
dministration (ie, 8 days after carrageenan) to test for
eversal. PKC� ODN (filled circles, n � 6) treatment com-
letely prevented the development of carrageenan
hronic-latent hyperalgesia (mismatch versus antisense,
� .0001, repeated-measures ANOVA; Fig 3) while not

ffecting the magnitude or duration of the acute phase
f PGE2 hyperalgesia. PKC� ODN (filled circles, n � 6)
reatment also reversed hyperalgesic priming when in-

igure 2. Chronic-latent muscle hyperalgesia. Ten days after
arrageenan (1%; 30 �L), PGE2 (100 ng) was injected into the
uscle. In saline-pretreated rats (open circles, n � 3–6), PGE2-

nduced hyperalgesia had completely resolved within 3 hours,
ut in the carrageenan-pretreated muscle (filled circles, n � 6),
he duration of hyperalgesia was greatly enhanced, remaining
ndiminished 1 week after PGE2 admininstration.
ected after recovery from carrageenan hyperalgesia
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mismatch versus antisense, P � .0001, repeated-mea-
ures ANOVA; Fig 4).

iscussion
Chronic muscle pain is a major health problem,22,40

ue in part to its long-term persistence and in part to its
ecurrence after resolution of acute symptoms, after re-
umption of precipitating activity (eg, musicians or ath-
etes resuming their occupation15,20,35). This clinical pic-
ure suggests that in these patients there exists a latent
yperalgesic state that may be unmasked after an innoc-

igure 3. PKC� antisense prevents chronic-latent hyperalgesia.
0 �L in gastrocnemius), PKC� mismatch ODN (open circles, n �
aily. Six days after the final mismatch ODN, PGE2 (100 ng, in
hreshold that lasted at least 14 days. In contrast, PGE2 hypera
ignificantly shorter and similar in duration to that in saline-pre

igure 4. PKC� antisense reverses chronic-latent hyperalgesia.
� 6) was injected intrathecally daily for 3 days, 5 days afte

ociceptive thresholds had returned to baseline. One day after th
as injected into the muscle. In PKC� antisense ODN- injected r
GE2, but by 4 hours nociceptive threshold had returned to base
ig 2). In contrast, in PKC� mismatch ODN-administered rats, no

GE2 administration.
ous triggering event (eg, minor mechanical insult) to
roduce moderate to severe pain. In the current study
e have demonstrated that intramuscular carrageenan

nduces a state of chronic-latent mechanical hyperalge-
ia. This state can be demonstrated, after recovery from
cute carrageenan-induced muscle hyperalgesia (which
asts �5 days), when PGE2 is injected at the same intra-

uscular site to produce a markedly prolonged hyperal-
esic response that lasts at least 2 days, compared with
3 hours in control animals. We have previously de-

cribed a similar phenomenon in cutaneous nociceptors,

e days before and 5 days after intramuscular carrageenan (1%;
antisense (filled circles, n � 6), was injected intrathecally once

d into the gastrocnemius) produced a decrease in nociceptive
in PKC� antisense ODN-treated rats (filled circles, n � 6) was

ed rats (compare with open circles, Fig 2).

mismatch ODN (open circles, n � 6) or antisense (filled circles,
ramuscular carrageenan (1%; 30 �L in gastrocnemius) when
al ODN injection, PGE2 (100 ng, injected into the gastrocnemius)
lled circles, n � 6), PGE2 hyperalgesia was present 1 hour after
similar to the effect in saline pretreated rats (see open circles in
tive threshold was significantly decreased even 24 hours after
Thre
6) or

jecte
PKC�
r int
e fin

ats (fi
line,
cicep
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461PKC�–Dependent Chronic Muscle Pain
phenomenon that we have termed hyperalgesic prim-
ng. An important feature of hyperalgesic priming is a
witch in the second messenger for inflammatory media-
or–induced hyperalgesia. Thus, whereas PGE2 hyperal-
esia in the skin is normally PKC-independent, during
yperalgesic priming, PGE2 hyperalgesia is now medi-
ted by the novel PKC isoform PKC�.4,28 The develop-
ent of hyperalgesic priming can be prevented by atten-
ation of PKC� in the primary afferent nociceptor using
pinal intrathecal administration of ODN antisense to
KC�. Similar to what we observed in the skin, chronic-
atent hyperalgesia in muscle was prevented after pre-
reatment with PKC� antisense. We also observed that
yperalgesic priming could be reversed when PKC� anti-
ense is administered after carrageenan administration.
Although we cannot exclude a contribution from cen-

ral/spinal sites to chronic-latent muscle hyperalgesia, we
ave previously shown that intrathecally administered
KC� ODN antisense significantly reduces PKC� expres-
ion in peripheral dorsal root ganglion neurons. Further-
ore, in rats treated with PKC� ODN antisense, a specific
eptide inhibitor of PKC� (�V1-2 peptide) that attenu-
tes peripherally mediated hyperalgesia induced by epi-
ephrine in naive or PKC� ODN mismatch-treated rats
as no longer effective.28 Thus, although it is possible

hat central nociceptive circuitry could also be affected
y PKC�, the available data indicate a critical role for
KC� in peripheral nerve endings.
After recovery from a short-lived hyperalgesia pro-
uced by 100 �g carrageenan, we observed a chronic-

atent hyperalgesia characterized by a dramatically pro-
onged PGE2-induced hyperalgesia. Previous studies
ave shown that carrageenan induces muscle hyperalge-
ia when given at much higher doses,16,21,31 but at these
oses administration of carrageenan into rat gastrocne-
ius muscle produces myonecrosis (at 3 mg)31 and myo-

itis (at 15 mg).7,34 It did not produce mechanical hyper-
lgesia when given at 300 �g.31 Our ability to detect
cute carrageenan mechanical hyperalgesia at a much
ower dose (100 �g) may be dependent on our use of a
-mm-diameter probe, which is likely to activate many
ore muscle C-fiber afferents than the von Frey hairs

diameter �1 mm) used in previous studies.
There have been several attempts to develop appropri-

te animal models for muscle pain, for example, by in-

ramuscular injection of inflammatory agents such as car- t

. Aley KO, Levine JD: Multiple receptors involved in periph-

e
w

4
h
m
r

5
o
I

6

ageenan (4 mg),16 capsaicin,36 or formalin.33 However,
t the doses used in these studies, these agents produce
vert tissue damage and immune cell infiltration,33

hereas other models using intramuscular injection of
NF-� or acidic saline have been shown to produce muscle
ain without causing damage to the muscle tissue or im-
une cell recruitment.33,37 However, these approaches
ave been criticized as not adequately modeling tonic or
ersistent types of muscle pain syndromes,32 and acidic
aline produces a bilateral hyperalgesia after a unilateral
njection, suggesting a central sensitization, contrasting
ith clinical muscle pain after injury or in myofascial pain

yndromes, wherein pain tends to be localized to specific
uscles rather than a more generalized pain syn-

rome.23 Our animal model of chronic muscle pain, using
ery low-dose carrageenan as the initiating inflamma-
ory stimulus, should be useful for future studies de-
igned to determine the underlying mechanisms of
hronic muscle pain.
Clinically, one of the most important aspects of inflam-
atory pain is the development of chronic pain after acute

nflammation, for example, as produced in repetitive strain
isorders.24 We have hypothesized that this process in-
olves cellular mechanisms different from those of acute
nflammation and that after the resolution of a transient
nflammatory event, a long-lasting state of enhanced re-
ponsiveness to subsequent hyperalgesic stimuli can exist.
n this study, we describe a novel experimental model for

uscle pain produced by mild acute muscle inflammation.
his model has clinical significance because it tracks the
ransition from acute to chronic-latent peripheral muscle
yperalgesia and has the potential to reveal cellular pro-
esses by which acute inflammation or muscle trauma can
reate a state of enhanced susceptibility to inflammatory
ediators or subsequent mechanical stimulation. These
ndings have begun to clarify mechanisms underlying
hronic muscle pain; this model has the potential to provide
nformation for future strategies for the prevention and
reatment of chronic musculoskeletal pain. Of particular
mportance in this regard is whether muscle pain resulting
rom eccentric activity, repetitive ergonomic strain, and/or
ibration (all of which are believed to involve an inflamma-
ory component5,25,29,30) also produces a state of chronic-
atent hyperalgesia. We are currently developing models of
hese work-related musculoskeletal pain syndromes to test

his hypothesis.
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