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Repeated Mu-Opioid Exposure Induces a Novel Form of the
Hyperalgesic Priming Model for Transition to Chronic Pain
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The primary afferent nociceptor was used as a model system to study mechanisms of pain induced by chronic opioid administra-
tion. Repeated intradermal injection of the selective mu-opioid receptor (MOR) agonist DAMGO induced mechanical hyperalge-
sia and marked prolongation of prostaglandin E2 (PGE2 ) hyperalgesia, a key feature of hyperalgesic priming. However, in contrast
to prior studies of priming induced by receptor-mediated (i.e., TNF�, NGF, or IL-6 receptor) or direct activation of protein kinase
C� (PKC�), the pronociceptive effects of PGE2 in DAMGO-treated rats demonstrated the following: (1) rapid induction (4 h
compared with 3 d); (2) protein kinase A (PKA), rather than PKC�, dependence; (3) prolongation of hyperalgesia induced by an
activator of PKA, 8-bromo cAMP; (4) failure to be reversed by a protein translation inhibitor; (5) priming in females as well as in
males; and (6) lack of dependence on the isolectin B4-positive nociceptor. These studies demonstrate a novel form of hyperalgesic
priming induced by repeated administration of an agonist at the Gi-protein-coupled MOR to the peripheral terminal of the
nociceptor.
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Introduction
Repeated exposure to mu-opioid receptor (MOR) agonists can
induce, in addition to the craving associated with opioid toler-
ance and dependence (Aley et al., 1995; Kolesnikov et al., 1996;
Aley and Levine, 1997a, 1997b), long-lasting mechanical hyper-
algesia, a phenomenon referred to as opioid-induced hyperalge-
sia (OIH) (Mao, 2002; Angst and Clark, 2006; Lee et al., 2011).
Despite its potential clinical importance, the mechanism under-
lying OIH is still not well understood. Others (Vanderah et al.,
2001; Mao, 2002; Ossipov et al., 2005; Chu et al., 2008; Chen et al.,
2010) and we (Aley et al., 1995; Aley and Levine, 1997a, 1997b;
Joseph et al., 2010) have used the MOR-containing primary af-
ferent nociceptor as a model system to study the mechanism

underlying the tolerance, dependence, and pronociceptive effect
of chronic opioid administration (Aley et al., 1995; Aley and
Levine, 1997a, 1997b; Ossipov et al., 2005; Chu et al., 2008; Chen
et al., 2010; Joseph et al., 2010).

In the present experiments, we evaluated the hypothesis that
the mechanical hyperalgesia induced by repeated exposure to a
MOR-selective agonist reflects a form of hyperalgesic priming
(Aley et al., 2000; Joseph et al., 2010), a model of the transition to
chronic pain. Classical hyperalgesic priming is induced by activa-
tion of receptors for pronociceptive mediators that signal via
protein kinase C� (PKC�) or by direct activation of PKC� in the
peripheral terminal of the nociceptor (Aley et al., 2000; Parada et
al., 2003b). In the PKC�-primed nociceptor, exposure to prosta-
glandin E2 (PGE2) and other pronociceptive mediators produces
markedly prolonged, PKC�-dependent mechanical hyperalgesia
mediated by isolectin B4-positive (IB4�) nociceptors (Joseph
and Levine, 2010a), which can be reversed by the administration
of inhibitors of protein translation to the peripheral terminal of
the primed nociceptor (Ferrari et al., 2013b) in male but not
female rats (Joseph et al., 2003). We report that repeated admin-
istration of DAMGO induces PKA-dependent, rather than
PKC�-dependent, prolongation of PGE2 hyperalgesia indepen-
dently of protein translation in the peripheral terminal of the
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Significance Statement

The current study demonstrates the molecular mechanisms involved in the sensitization of nociceptors produced by repeated
activation of mu-opioid receptors and contributes to our understanding of the painful condition observed in patients submitted to
chronic use of opioids.
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Figure 1. Repeated exposure to DAMGO induces acute mechanical hyperalgesia and prolongation of PGE2 hyperalgesia in male rats. A, Male rats received repeated (hourly, �4) intradermal
injections of vehicle (control, black bars) or DAMGO (1 �g, white bars) on the dorsum of the hindpaw and the mechanical nociceptive threshold was evaluated at the injection site 30 min after the
first, third, and fourth administration by the Randall–Sellitto paw-withdrawal test. Significant hyperalgesia was observed after a fourth injection of DAMGO, but not to DAMGO in the vehicle-treated
paws (F(1,20) � 18.72; ***p � 0.001, when both groups are compared; two-way repeated-measures ANOVA followed by Bonferroni post hoc test); B, A separate group of rats received repeated
(hourly, �3) intradermal injection of DAMGO (1 �g) on the dorsum of the hindpaw. A fourth injection 1 h after the third dose of DAMGO, vehicle (gray bars), or PGE2 (100 ng, white bars) was
performed at the same site and the mechanical nociceptive threshold was evaluated 30 min and 4 h later. We observed that, whereas injection of vehicle did not induce significant change in the
mechanical threshold, the injection of PGE2 induced hyperalgesia that was still present at the fourth hour (F(1,20) � 280.56; ***p � 0.0001, when both groups are compared; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), indicating the presence of priming; C, Rats that were treated with 4 injections of vehicle (black bars) or DAMGO (white bars) 1 week
before received PGE2 (100 ng) injected at the same site. Mechanical nociceptive threshold was then evaluated 30 min and 4 h later. By the time that PGE2 was injected, the mechanical nociceptive
thresholds were not different from preinjection control baseline (t(5) � 0.6956; p � 0.5177, for the vehicle group; t(5) � 1.320; p � 0.2441, for the DAMGO group; paired Student’s t test). In both
groups, PGE2 induced significant hyperalgesia. However, whereas in the vehicle-treated group, the effect of PGE2 was no longer present at 4 h, in the group previously treated with DAMGO (hourly,
�3), the hyperalgesia induced by PGE2 was still present, indicating the presence of priming (***p�0.0001 when both groups are compared at the fourth hour, two-way repeated-measures ANOVA
followed by Bonferroni post hoc test). D, Thirty-eight days after the vehicle (�3) or DAMGO (�3) treatments (no difference in the average mechanical nociceptive thresholds from pretreatments
levels was observed: p � 0.0706 for the vehicle, t(5) � 2.291; p � 0.1613 for the DAMGO group, t(5) � 1.643; paired Student’s t test), PGE2 was injected again at the same site. We observed that
it produced prolonged hyperalgesia in the group previously treated with DAMGO (�3), but not in the vehicle-treated control group, and this was significant 4 h after injection (***p � 0.0001, when
both groups are compared, two-way repeated-measures ANOVA followed by Bonferroni post hoc test), indicating that the repeated injection of DAMGO produced long-term plastic changes in
nociceptors. n � 6 paws per group.
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nociceptor occurring in IB4� nociceptors and, in female as well
as male rats. Therefore, whereas a similar phenotype (increased
response to PGE2) is observed in this model of change in nocice-
ptor function, because it involves distinct mechanisms, we desig-
nate it as type II hyperalgesic priming.

Materials and Methods
Animals. Experiments were performed on 230 –280 g adult male and
female Sprague Dawley rats (Charles River Laboratories). Animals were
housed in a controlled environment at the animal care facility of the
University of California–San Francisco (UCSF), under a 12 h light/dark
cycle. Food and water were available ad libitum. Experiments were ap-
proved by the Institutional Animal Care and Use Committee at UCSF
and adhered to guidelines of the American Association of Laboratory
Animal Care, the National Institutes of Health, and the Committee for
Research and Ethical Issues of the International Association for the Study
of Pain. In the design of the experiments, effort was made to minimize the
number of animals used and their suffering.

Mechanical nociceptive threshold testing. Mechanical nociceptive
threshold was quantified using an Ugo Basile Analgesymeter
(Randall-Selitto paw-withdrawal test; Stoelting), which applies a lin-
early increasing mechanical force to the dorsum of the rat’s hindpaw,
as described previously (Taiwo and Levine, 1989; Taiwo et al., 1989;
Ferrari and Levine, 2015). The nociceptive threshold was defined as
the force in grams at which the rat withdrew its paw; baseline paw-
pressure threshold was defined as the mean of the three readings taken
just before a test agent was injected. Each paw was treated as an
independent measure and each experiment was performed on a sep-
arate group of rats. Data are presented as the mean change from
baseline mechanical nociceptive threshold.

Drugs and their administration. The chemicals used in this study were
as follows: cordycepin 5�-triphosphate sodium salt (protein translation
inhibitor), Quin 2 potassium salt hydrate (a calcium chelator), PGE2 (a
hyperalgesic agent that sensitizes nociceptors directly), [D-Ala 2, N-Me-
Phe 4, Gly 5-ol]-enkephalin acetate salt (DAMGO, a MOR agonist); mas-
toparan (a G-protein activator via G�i and G�o stimulation), SU6656

Figure 2. RapidonsetofDAMGOhyperalgesiaandlong-termpersistenceoftypeIIpriming.A,Mechan-
ical nociceptive threshold was evaluated 1, 3, 5, 10, 15, 20, and 30 min after a fourth injection of DAMGO (1
�g) on the dorsum of the hindpaw. Significant hyperalgesia was already observed 5 min after the fourth
injection(*p�0.05and***p�0.005,comparedwiththebaseline(BL),pairedStudent’sttest).B,Ratsthat
were treated with repeated injection of DAMGO (1�g/h�4) 1 week before received, at the same site, an
injectionofDAMGO(1�g,whitebars)orvehicle(blackbars).Mechanicalhyperalgesia,evaluated30minand
4 h after injection, was observed only in the paws previously treated with repeated injection of DAMGO,
showing the persistence of the changes in the nociceptor produced by the repeated stimulation of the MOR
(F(1,20)�88.69;***p�0.001and*p�0.005,two-wayrepeated-measuresANOVAfollowedbyBonfer-
ronipost hoctest;n�6pawspergroup).

Figure 3. Type II priming is not dependent on PKC� or local protein translation. Male rats
that were treated with repeated intradermal administration of DAMGO (1 �g/h �4) on the
dorsum of the hindpaw received 1 week later an injection of PGE2 (100 ng) at the same site in the
presence of vehicle (control, black bars), PKC� inhibitor (1 �g, gray bars), or the inhibitor of
protein translation cordycepin (1 �g, white bars) administered 10 min before. Mechanical
nociceptive threshold was evaluated 30 min and 4 h after PGE2. We observed no difference
between the groups in the prolongation of the PGE2-induced hyperalgesia (F(4,30) � 0.72; p �
0.5861, two-way repeated-measures ANOVA followed by Bonferroni post hoc test), indicating
that the neuroplasticity induced by previous repeated injection of DAMGO is not dependent on
PKC� or local protein translation. n � 6 paws per group.
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Figure 4. Role of PKA in type II priming. A, Rats were treated with intradermal injection of vehicle (control, black bars) or H-89 (1 �g, white bars) on the dorsum of the hindpaw. Ten minutes later,
4 injections of DAMGO (1 �g, hourly) were performed in both groups of rats. We observed, in the group pretreated with H-89, significant attenuation of the mechanical hyperalgesia induced by the
fourth injection of DAMGO compared with the control group (F(1,10) � 18.52; ***p � 0.0016, two-way repeated-measures ANOVA followed by Bonferroni post hoc test); B, Rats were treated with
intradermal injection of vehicle or H-89 (1 �g) on the dorsum of the hindpaw. Ten minutes later, 3 injections of DAMGO (1 �g/h �3) were performed. One hour after the third injection of DAMGO,
PGE2 (100 ng) was injected at the same site and the mechanical hyperalgesia was evaluated 30 min and 4 h later. Both at 30 min and 4 h, significant attenuation (Figure legend continues.)
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(an Src inhibitor), U-73122 (an inhibitor of
phospholipase C�), wortmannin (a PI3K in-
hibitor), Z-VAD-FMK (a caspase inhibitor),
and pertussis toxin (a Gi-protein inhibitor) (all
from Sigma-Aldrich); H-89 dihydrochloride
(an inhibitor of PKA) and gallein (an inhibitor
of G-protein �/�) (both from Santa Cruz
Biotechnology); G-Protein �� Binding Peptide
(a G-protein �/� activator) and PKC�V1-2

(PKC�-I, a PKC�-specific translocation inhib-
itor peptide (Johnson et al., 1996; Khasar et al.,
1999) (both from Calbiochem); and NG-
monomethyl-L-arginine acetate (L-NMMA, an
inhibitor of nitric oxide synthase) and the po-
tent cell-permeable cAMP analog 8-bromo
cAMP (both from Tocris Bioscience).

The selection of the doses used was based on
previous studies showing their effectiveness
when injected intradermally on the dorsum of
the rat hindpaw (Taiwo et al., 1989; Taiwo and
Levine, 1991; Aley and Levine, 1997b; Aley et
al., 2001; Dina et al., 2009; Joseph and Levine,
2010b; Ferrari et al., 2012). The stock solution
of PGE2 (1 �g/�l) was prepared in 10% etha-
nol and additional dilutions made with physi-
ological saline (0.9% NaCl), yielding a final
ethanol concentration of �1%. DAMGO,
cordycepin, 8-bromo cAMP, and pertussis
toxin were dissolved in saline. All other drugs
were dissolved in 100% DMSO (Sigma-
Aldrich) and further diluted in saline contain-
ing 2% Tween 80 (Sigma-Aldrich). The final
concentration of DMSO and Tween 80 was
�2%. All drugs were administered intrader-
mally on the dorsum of the hindpaw in a vol-
ume of 5 �l using a 30-gauge hypodermic
needle adapted to a 50 �l Hamilton syringe.
The administration of all drugs, except PGE2,

DAMGO, and 8-bromo cAMP, was preceded by a hypotonic shock to
facilitate cell permeability to these agents (2 �l of distilled water sepa-
rated by a bubble of air to avoid mixing in the same syringe) to facilitate
the entry of compounds into the nerve terminal (Borle and Snowdowne,
1982; Burch and Axelrod, 1987).

Intrathecal administration of IB4-saporin. IB4-saporin, a neurotoxin
for the IB4 � nociceptor (Advanced Targeting Systems), was diluted with
saline and a dose of 3.2 �g in a volume of 20 �l was administered intra-
thecally 10 d before priming experiments. This dose of IB4-saporin and
the time point chosen for evaluation of its effect was based in previous
reports from us and others (Vulchanova et al., 2001; Joseph et al., 2008;
Joseph and Levine, 2010a; Nishiguchi et al., 2004). Rats were briefly
anesthetized with 2.5% isoflurane (Phoenix Pharmaceuticals) in 97.5%
O2. Then, a 30-gauge hypodermic needle was inserted on the midline
into the subarachnoid space between the L4 and L5 vertebrae. The con-
trol treatment consisted of intrathecal injection of saline (20 �l). Animals
regained consciousness �1 min after removal from the anesthetic cham-
ber. There was no effect of IB4-saporin on the mechanical nociceptive
threshold per se.

Oligodeoxynucleotide antisense to PLC-�3. The oligodeoxynucleotide (ODN)
antisense (AS) sequence for PLC-�3 was directed against a unique region of the
rat PLC-�3 mRNA sequence (GenBank accession number NM_033350). The
AS-ODN sequence was 5�-CCTTCAAGACCTCACCCT AC-3� and the ODN
mismatch sequence (MM-ODN) was designed by mismatching 8 bases (de-
noted by bold face) of the PLC-�3 AS-ODN sequence, 5�-GGTTGAAGAGGT-
CACGCAAG-3� (Joseph et al., 2007). We have shown previously that spinal
intrathecal administration of AS-ODN with this sequence decreases PLC-�3
protein in dorsal root ganglia (Joseph et al., 2007).

Before use, ODNs were lyophilized and reconstituted in 0.9% NaCl to
a concentration of 2 �g/�l. During each injection, rats were briefly anes-
thetized with 2.5% isoflurane in 95% O2. A 30-gauge hypodermic needle

4

(Figure legend continued.) of the mechanical hyperalgesia induced by PGE2 was observed in
the group pretreated with H-89 (F(1,10) � 189.86, ***p � 0.0001, vehicle vs H-89 groups;
two-way repeated-measures ANOVA followed by Bonferroni post hoc test); C, Six days later, a
time point when the mechanical nociceptive threshold was not different from the pretreatment
levels (t(5) � 2.000; p � 0.1019, for the control group; t(5) � 2.169; p � 0.0822, for the H-89
group; paired Student’s t test), PGE2 (100 ng) was injected at the same site and the mechanical
hyperalgesia was evaluated 30 min and 4 h later. Although PGE2-induced hyperalgesia was
present 30 min after injection, in the group previously treated with H-89, it was significantly
reduced at the fourth hour (F(1,20) � 15.67, ***p � 0.001, when both groups are compared at
the fourth hour; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). To
determine whether type II priming was permanently prevented by H-89, PGE2 was injected
again at the same site 30 d later. At this time, we observed that the hyperalgesia induced by
PGE2 was prolonged in both groups; D, Rats received repeated (hourly, �4) intradermal injec-
tion of DAMGO (1 �g) on the dorsum of the hindpaw. Six days later, when the mechanical
thresholds were no longer different from pre-DAMGO levels (t7 � 0.7593; p � 0.4819, paired
Student’s t test), vehicle (control, black bars) or H-89 (1 �g, white bars) was injected at the
same site, followed 10 min later by PGE2 (100 ng). Although PGE2-induced hyperalgesia was still
present 4 h later in the group that received vehicle, in the group treated with H-89, it was
attenuated at both time points (F(1,28) � 585.86 ***p � 0.0001, two-way repeated-measures
ANOVA followed by Bonferroni post hoc test). E, Left, Six days later, when PGE2 was injected
again at the same site, the mechanical hyperalgesia in the group that had previously received
H-89 (6 d before, white bars) was still significantly attenuated at both 30 min and 4 h (F(2,18) �
133.63, ***p � 0.0001, H-89 vs control groups, two-way repeated-measures ANOVA followed
by Bonferroni post hoc test). Right, To determine whether the treatment with H-89 had perma-
nently reversed the type II priming, PGE2 was again injected at the same site 30 d later (gray
bars). In this case, however, we observed that PGE2 produced significant hyperalgesia that was
present 30 min and 4 h after injection in both groups, indicating that type II priming was
present. n � 6 paws per group.

Figure 5. Repeated exposure to DAMGO induces acute mechanical hyperalgesia and prolongation of PGE2 hyperalgesia in
female rats. Left, Female rats received repeated hourly (�4) intradermal injections of DAMGO (1 �g) on the dorsum of the
hindpaw. The mechanical nociceptive threshold was evaluated before and 30 min after the first, third, and fourth administration.
We observed significant hyperalgesia after the third and fourth injections of DAMGO (***p � 0.0005 and *p � 0.0001, respec-
tively, third and fourth injections vs baseline threshold; **p � 0.007 third vs fourth injection thresholds, paired Student’s t test);
Right, One week later, when the mechanical thresholds were no longer different from pre-DAMGO levels ( p � 0.3939, paired
Student’s t test), PGE2 (100 ng) was again injected at the same site and mechanical hyperalgesia was evaluated 30 min and 4 h
later. One-way ANOVA followed by Bonferroni post test showed that PGE2 induced significant hyperalgesia that was still present 4 h
after its injection (***p � 0.0001, compared with the baseline pre-PGE2 injection). Together, these data demonstrate that, as in
males, repeated injection of DAMGO also produces neuroplasticity in female rats, with a more rapid onset in the female. n�6 paws
per group.
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was then inserted on the midline into the subarachnoid space between
the L4 and L5 vertebrae. A total of 40 �g of ODN, in a volume of 20 �l,
was slowly injected. The intrathecal site of injection was confirmed by a
sudden tail flick, a reflex that is evoked by subarachnoid space access and
bolus injection (Mestre et al., 1994). Animals regained consciousness �1
min after the injection. The use of antisense to manipulate the expression
of proteins in nociceptors, important for their role in nociceptor sensiti-
zation, is well supported by previous studies by others (Song et al., 2009;
Su et al., 2011; Quanhong et al., 2012; Sun et al., 2013), as well as our
group (Parada et al., 2003a; Ferrari et al., 2010; Bogen et al., 2012; Ferrari
et al., 2012).

DAMGO-induced changes in nociceptor function. We have shown pre-
viously that, whereas a single injection of the selective MOR agonist
DAMGO alone has no effect on nociceptive threshold and attenuates the
mechanical hyperalgesia induced by PGE2 (Levine and Taiwo, 1989;
Taiwo and Levine, 1990), when injected repeatedly, it produces changes
in nociceptor function such as tolerance, no longer producing an anti-
hyperalgesic effect and producing mechanical hyperalgesia by itself (Aley
et al., 1995; Aley and Levine, 1997a). The repeated injection of DAMGO
also induces a latent state of hyperresponsiveness to subsequent injection
of proalgesic mediators (Joseph et al., 2010), here referred to as type II
hyperalgesic priming. Similar to the classical, type I, hyperalgesic priming
(Aley et al., 2000; Reichling and Levine, 2009; Ferrari et al., 2014), this
model of neuroplasticity is expressed as prolongation of the mechanical
hyperalgesia produced by PGE2, lasting at least 4 h, as opposed to the
injection of PGE2 in naive paws, in which hyperalgesia dissipated by 2 h

(Aley and Levine, 1999). To study the mecha-
nism involved in the hyperalgesia produced by
the repeated activation of the MOR, 3 hourly
intradermal injections of DAMGO (1 �g) were
performed on the dorsum of the hindpaw; me-
chanical hyperalgesia was observed starting af-
ter a fourth injection of DAMGO (see Fig. 1).
To investigate the changes in nociceptor func-
tion produced by previous repeated injection
of DAMGO—measured as prolonged response
to a hyperalgesic mediator at a point in time
when the mechanical nociceptive threshold
was not different from pre-DAMGO baseline
levels—PGE2 (100 ng) was injected at the same
site and hyperalgesia was evaluated after 30
min and again at 4 h. The presence of hyperal-
gesia at the fourth hour is characteristic of
priming (Aley et al., 2000; Ferrari et al., 2014).
To differentiate the intracellular signaling
pathways that play a role in type I and type II
priming and to investigate the mechanisms
that play a role in the induction of the changes
in nociceptor function produced by the re-
peated activation of the MOR, pharmacologi-
cal agents were injected before DAMGO
(prevention protocol). To investigate the sec-
ond messengers involved in the expression of
the neuroplasticity, the inhibitors were admin-
istered before the injection of PGE2 in the
primed paw (inhibition protocol). To evaluate
the role of messengers in the maintenance of
the neuroplasticity, PGE2 was injected again at
a time point when the inhibitors were no lon-
ger present (reversal protocol).

Statistics. In all experiments, the dependent
variable was paw-withdrawal threshold, ex-
pressed as percentage change from baseline.
The average paw-withdrawal threshold before
the three injections of DAMGO (initial base-
line mechanical nociceptive threshold) and be-
fore the subsequent injection of DAMGO (a
fourth injection or injection 1 week later; see
Fig. 2B), PGE2 (varying from 1 h to 38 d after 3
hourly injections of DAMGO, depending on

the experiment), or 8-bromo cAMP (1 h after 3 injections of DAMGO;
see Fig. 12) were 120.0 	 0.5 g and 118.8 	 0.8 g, respectively; paired
Student’s t test showed no significant difference between these values
(t(317) � 1.156, p � 0.2505), indicating that the induction of type II
priming by DAMGO does not affect the mechanical threshold. The total
number of rats used in this study was 159 (318 paws). To compare the
percentage change in the hyperalgesia induced by repeated injections of
the neuroplasticity inducer (DAMGO, or activators of G-protein sub-
units, e.g., mastoparan and G-Protein �� Binding Peptide), a one-way or
two-way repeated-measures ANOVA, followed by Bonferroni post test,
was performed to compare the effect of PGE2 in different groups in the
presence or absence of inhibitors. GraphPad Prism 5.0 software was used
to plot graphs and to perform the statistical analyses. p � 0.05 was con-
sidered statistically significant. Data are presented as mean 	 SEM.

Results
Distinguishing a novel type of hyperalgesic priming
Although 3 hourly intradermal injections of the highly selective
MOR agonist DAMGO (1 �g) had no effect on nociceptive
threshold (Aley et al., 1995; Aley and Levine, 1997a), injection of
a fourth dose 1 h later induced mechanical hyperalgesia (Fig. 1A).
In addition, injection of the pronociceptive inflammatory medi-
ator PGE2 (100 ng) 1 h after rats had been treated with 3 injec-
tions of DAMGO induced markedly prolonged mechanical

Figure 6. Effect of elimination of IB4 � nociceptors on type II priming. Left, Male rats were treated with vehicle (control, black
bars) or IB4-saporin (3.2 �g/20 �l; white bars) by intrathecal injection. Two weeks later, DAMGO (1 �g) was injected (hourly,
�4) on the dorsum of the hindpaw. Although, in the vehicle-treated group, the mechanical hyperalgesia developed after the
fourth injection of DAMGO, in the IB4-saporin-treated group, it was already present after the third injection, significantly further
increasing after the fourth injection (F(1,20) � 33.11; ***p � 0.001, when both groups are compared; two-way repeated-
measures ANOVA followed by Bonferroni post hoc test). Right, One week later, when the mechanical thresholds were not different
from the pre-DAMGO baseline (t(5) � 0.9035; p � 0.4077, for the control group; t(5) � 1.419; p � 0.2150, for the IB4-saporin
group, paired Student’s t test), PGE2 (100 ng) was injected at the same site on the dorsum of the hindpaw and the mechanical
hyperalgesia was evaluated 30 min and 4 h later. Two-way repeated-measures ANOVA followed by Bonferroni post hoc test
showed PGE2-induced hyperalgesia at 30 min, which was still present at the fourth hour after injection in both groups, with no
significant (NS) difference between the groups ( p 
 0.05, two-way repeated-measures ANOVA followed by Bonferroni post hoc
test). These data support the suggestion that IB4 � nociceptors do not contribute to the prolonged hyperalgesia induced by PGE2

observed in type II priming. n � 6 paws per group.
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Figure 7. Second messengers involved in type II priming: PLC-�3 and Src. A, Left, Rats were treated with daily spinal intrathecal injections of MM-ODN (black bars) or AS-ODN (white bars) for
PLC-�3 mRNA for 3 consecutive days. On the fourth day, repeated (hourly, �4) intradermal injections of DAMGO (1 �g) on the dorsum of the hindpaw were performed and the mechanical
nociceptive threshold was evaluated 30 min after the fourth DAMGO injection. We observed that, in the MM-ODN-treated group, but not in the AS-ODN-treated group, the fourth injection of DAMGO
produced significant mechanical hyperalgesia (***p � 0.0009, paired Student’s t test, when both groups are compared), suggesting a role for PLC-�3 in DAMGO hyperalgesia. ODN treatment
continued for 2 more days and, at a time point when the mechanical thresholds were not different from the pre-DAMGO levels (t(5) � 0.9918; p � 0.3668, for the MM-ODN group; t(5) � 2.490; p �
0.0551, for the AS-ODN group; paired Student’s t test), PGE2 (100 ng) was administered in both groups. Evaluation of the mechanical thresholds 30 min and 4 h after injection showed that, whereas
PGE2 induced hyperalgesia that was still present 4 h later in the group treated with MM-ODN, in the group treated with AS-ODN against PLC-�3, the hyperalgesia was significantly attenuated at both
time points (F(1,20) � 128.33; ***p � 0.0001, two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Right, To determine whether the reversal of type II priming by treatment
with AS-ODN was permanent, PGE2 was injected again in the same site 12 d after the last ODN injection. We observed that PGE2-induced mechanical hyperalgesia was still present at the fourth hour,
indicating the presence of type II priming. B, Rats were treated with intradermal injection of vehicle (control, black bars) or SU6656 (1 �g, white bars). Ten minutes later, repeated injections of
DAMGO (1 �g) were performed on the dorsum of the hindpaw. No difference in the mechanical hyperalgesia after the fourth injection of DAMGO was observed when the groups treated with SU6656
or vehicle were compared (nonsignificant, NS; paired Student’s t test). Two days later, when the mechanical thresholds were not different from pretreatment levels (t(5) � 2.5690; p � 0.0501, for
the control group; t(5) � 0.5423; p � 0.6109, for the SU6656 group; paired Student’s t test), PGE2 (100 ng) was injected at the same site and mechanical hyperalgesia was evaluated 30 min and 4 h
later. In the group previously treated with SU6656, PGE2-induced hyperalgesia was almost completely inhibited at the fourth hour (F(1,20) �100.00; ***p�0.0001, when both groups are compared
at the 30 min and fourth hour, respectively; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), indicating a role of Src in type II priming. C, Male rats received repeated (hourly,
�4) intradermal injections of DAMGO (1 �g) on the dorsum of the hindpaw. Four days later, when the mechanical thresholds were not different from the pre-DAMGO levels (t(5) � 0.8500; p �
0.4341, for the control group; t(5) � 1.356; p � 0.2332, for the SU6656 group; paired Student’s t test), vehicle (control) or the Src inhibitor SU6656 (1 �g) was injected at the same site, followed
10 min later by PGE2 (100 ng). Although PGE2 induced significant hyperalgesia that was still present when evaluated 4 h later in the vehicle-treated group, in the group treated with SU6656,
PGE2-induced hyperalgesia was attenuated at the fourth hour (F(1,20) � 184.31; **p � 0.01 and ***p � 0.001, two-way repeated-measures ANOVA followed by Bonferroni post hoc). n � 6 paws
per group.
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hyperalgesia compared with PGE2-induced hyperalgesia in naive
rats (Joseph et al., 2010), still being present 4 h after administra-
tion (Fig. 1B). These results indicate the presence of a plastic
change in the nociceptor produced by the repeated injection of
DAMGO, an effect that persisted for at least 38 d. When PGE2 was
injected at the same site 7 d (Fig. 1C) and 38 d (Fig. 1D) after the
injection of 4 doses of DAMGO, it produced prolonged hyperal-
gesia. This marked prolongation of PGE2-induced mechanical
hyperalgesia resembles that observed in the setting of hyperalge-
sic priming induced by activation of PKC� (Aley et al., 2000;
Parada et al., 2005; Reichling and Levine, 2009; Joseph and
Levine, 2010a; Ferrari and Levine, 2015). However, in contrast to
classical hyperalgesic priming, which takes at least 72 h to develop
(Bogen et al., 2012; Ferrari et al., 2015), this neuroplasticity de-
veloped much more rapidly, with the onset of the hyperalgesia
produced by the fourth injection of DAMGO already significant
by 5 min (Fig. 2A). In addition, the persistence of the neuroplas-
ticity produced by the initial injections of DAMGO was con-
firmed by production of hyperalgesia by injection of DAMGO at
the same site 1 week later (Fig. 2B).

To investigate whether the mechanisms underlying the neu-
roplasticity produced by repeated injection of DAMGO was dif-
ferent from the one observed in classical hyperalgesic priming, we
evaluated the effect of inhibitors shown previously to attenuate
the prolongation of PGE2-induced hyperalgesia in priming in-
duced by activation of PKC� (Aley et al., 2000; Parada et al.,
2003a; Ferrari et al., 2013b) in DAMGO-treated animals. We
observed that the injection of neither PKC�V1-2 (1 �g/i.d.), a
selective PKC� translocation inhibitor (Fig. 3, gray bars), nor

cordycepin (1 �g/i.d.), a selective protein translation inhibitor, at
the same site as PGE2 on the dorsum of the hindpaw (Fig. 3, white
bars) affected the prolongation of PGE2-induced hyperalgesia.
Therefore, because PKC� dependence and ongoing local protein
translation, two of the key features of classic— here referred to as
type I— hyperalgesic priming (Ferrari et al., 2013b; Ferrari et al.,
2014; Ferrari et al., 2015), were not observed in the neuroplastic-
ity produced by repeated injection of DAMGO, we referred to
this condition as type II hyperalgesic priming.

Unlike the changes in nociceptor function observed in type I
priming (Aley et al., 2000; Parada et al., 2003a; Reichling and
Levine, 2009; Ferrari et al., 2014), those induced by repeated
administration of DAMGO were inhibited by pretreatment with
the selective protein kinase A (Konopka and van Wijhe, 2010)
inhibitor H-89 (1 �g)—that is, both DAMGO-induced hyperal-
gesia (Fig. 4A) and the prolongation of PGE2-induced hyperalge-
sia (Fig. 4B) were attenuated. Interestingly, although we still
observed significant attenuation of the prolongation of PGE2-
induced hyperalgesia 6 d after the injection of H-89, when PGE2

was injected 30 d after H-89, the hyperalgesia observed by the
fourth hour was similar in magnitude to that in the control group
(Fig. 4C). These findings indicate that the effect of H-89 was
reversible over time and that PKA is involved only in the expres-
sion, not the induction, of type II priming; that is, a PKA-
independent mechanism is involved in the induction of the
changes in the nociceptor produced by repeated activation of the
MOR. Moreover, injection of H-89 in naive (i.e., nonprimed)
rats inhibits the hyperalgesia induced by PGE2 injected 10 min
later, but not when injected 6 h later (D. Araldi, unpublished
observation), indicating that the effect of H-89 lasts no more than
a few hours. That PKA has a role in the expression of type II
priming was further confirmed when we injected H-89 after the
repeated injection of DAMGO; its administration 6 d after
DAMGO inhibited PGE2 hyperalgesia at both 30 min and 4 h
(inhibition protocol; Fig. 4D), an effect still observed when PGE2

was injected again 6 d later (Fig. 4E, left). However, injection of
PGE2 30 d after H-89 produced prolonged hyperalgesia (Fig. 4E,
right), demonstrating that the effect of H-89 is reversible and that
PKA is involved in the expression, but not the induction or main-
tenance, of type II priming. We have shown previously that inhi-
bition of PKA did not affect prolongation of PGE2 hyperalgesia
associated with type I hyperalgesic priming (Aley et al., 2000).
DAMGO-induced, type II priming also differs from type I prim-
ing in the following: (1) whereas agonists at cell surface receptors
that signal via PKC� only produce priming (type I) in male rats
(Joseph et al., 2003), DAMGO induced priming (type II) in fe-
male as well as male rats (Fig. 5); and (2) intrathecal administra-
tion of IB4-saporin, a neurotoxin for IB4� nociceptors that
eliminates type I priming (Joseph and Levine, 2010a), actually
increased the DAMGO-induced hyperalgesia (Fig. 6) that was
observed already after the third, instead of the fourth, injection of
DAMGO.

Intracellular second messengers involved in the expression of
type II priming
We described previously a role of PKA in another type of nocice-
ptor neuroplasticity induced by the transient downregulation of
G-protein related kinase 2 (GRK2) induced by intrathecal anti-
sense, which also involves the intracellular second messengers
PLC-�3 and Src (Ferrari et al., 2012). Therefore, we tested
whether the inhibition of PLC-�3 and Src would affect the ex-
pression of priming induced by repeated injection of DAMGO.
Pretreatment with AS-ODN against PLC-�3 mRNA inhibited the

Figure 8. Some second messengers not involved in type II priming. The groups of rats that
had been treated with repeated (hourly, �4) intradermal injections of DAMGO (1 �g) on the
dorsum of the hindpaw 6 d before received, in a dose of 1 �g at the same site, injection of
vehicle (control, black bars) or of the inhibitors of intracellular messengers wortmannin (PI3K),
Z-VAD-FMK (caspase), U-73122 (PLC�), L-NMMA (nitric oxide synthase), and quin-2 (calcium).
Ten minutes later, PGE2 (100 ng) was injected and mechanical hyperalgesia was evaluated 30
min and 4 h after PGE2. In all groups, we observed that PGE2 induced significant hyperalgesia
that was still present when evaluated 4 h after injection, ruling out the involvement of these
second messengers in type II priming. n � 6 paws per group.
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hyperalgesia induced by the fourth dose of DAMGO and the
prolongation of PGE2 hyperalgesia after repeated administration
of DAMGO (Fig. 7A). In rats pretreated with DAMGO (�4),
PGE2 hyperalgesia was already attenuated 30 min after its injec-
tion in the paws of the PLC-�3 AS-ODN-treated rats, suggesting
a change in the signaling pathway downstream of the prostaglan-
din receptor in the hyperalgesia induced by PGE2 in the setting of
type II priming; PGE2-induced hyperalgesia in the naive rat is not
PLC-�3 dependent (Joseph et al., 2007). In addition, when PGE2

was injected 12 d later, it produced hyperalgesia that was present
4 h after injection, indicating that the knock-down of PLC-�3
inhibited only the expression of type II priming, and did not
prevent its induction (Fig. 7A).

The role of Src in the prolongation of PGE2-induced hyperal-
gesia induced by previous repeated injection of DAMGO (rever-
sal protocol) was also evaluated. Pretreatment with the Src
inhibitor SU6656 did not prevent the induction of hyperalgesia
by 4 injections of DAMGO, although, similar to the PLC-�3
AS-ODN, it did prevent the prolongation of the hyperalgesia
induced by injection of PGE2 2 d later (Fig. 7B). Moreover, injec-
tion of the Src inhibitor SU6656 significantly inhibited the pro-
longation of PGE2-induced hyperalgesia in DAMGO-induced
priming 4 d later (Fig. 7C), indicating a role of Src in the expres-
sion of type II priming. Inhibition of other intracellular second
messengers shown to play a role in nociceptor sensitization,
PLC�, caspase, PI3K, nitric oxide synthase, and intracellular cal-
cium (Malik-Hall et al., 2005; Bogen et al., 2008; Joseph et al.,
2008; Cunha et al., 2010; Alves et al., 2013; Alkhani et al., 2014;
Khomula et al., 2014), did not affect the prolongation of PGE2

hyperalgesia observed after repeated injection of DAMGO (Fig.
8), ruling out their involvement in type II priming. The differen-
tial effect of the two inhibitors at 30 min for PGE2 hyperalgesia
(Fig. 7A for PLC-�3 AS-ODN and Fig. 7B for SU6656) suggests
that, at least in part, distinct mechanisms may be involved in the
hyperalgesia induced by DAMGO and in the prolongation of
PGE2 hyperalgesia in DAMGO-induced type II priming.

Type II priming involves changes in G-protein subunit
signaling
The pronociceptive prostaglandin receptor at which PGE2 acts to
produce mechanical hyperalgesia has been described as activating
intracellular signaling pathways through a stimulatory G-protein
(Gs) (Khasar et al., 2008). However, in type I priming, we ob-
served a contribution of an additional, indirect pronociceptive
signaling pathway involving activation of a pertussis toxin
(PTX)-sensitive inhibitory G-protein (Gi) coupled to the A1
adenosine receptor (Ferrari et al., 2013a). Because MOR is also a
Gi-coupled receptor, to evaluate a possible role of inhibitory

Figure 9. Role of the inhibitory G-protein �i subunit in type II priming. A, Rats received an
intradermal injection of vehicle (control, black bars) or PTX (1 �g, white bars) on the dorsum of
the hindpaw. Thirty minutes later, DAMGO (1 �g) was injected (hourly, �4) in the same site.
We observed significant mechanical hyperalgesia after the fourth injection of DAMGO, with no
significant (NS) difference between groups (t(5) � 0.1075, p � 0.9186, control vs PTX groups,
unpaired Student’s t test), demonstrating that the �i subunit does not play a role in the hyper-
algesia induced by repeated injection of DAMGO. Four days later, when the mechanical thresh-
olds were not different from the prevehicle/PTX injection levels (t(5) � 0.3384; p � 0.7488 and
t(5) � 0.5547; p � 0.6030, respectively, paired Student’s t test), rats received intradermal
injection of PGE2 (100 ng) in the same site and mechanical hyperalgesia was evaluated 30 min
and 4 h later. No significant difference was observed in PGE2-induced mechanical hyperalgesia
evaluated 30 min and 4 h after injection (F(1,20) � 0.17; p � 0.6859, when comparing both
groups; NS, p 
 0.05, two-way repeated-measures ANOVA followed by Bonferroni post hoc

4

test), indicating that the �i subunit does not play a role in the prolongation of PGE2 hyperalgesia
in type II priming; B, Rats received repeated (hourly, �4) intradermal injections of the
G-protein �i subunit peptide activator mastoparan (1 �g) on the dorsum of the hindpaw. The
mechanical nociceptive threshold was evaluated before and 30 min after the first and fourth
administrations. Unpaired Student’s t test showed that the injection of mastoparan did not
induce significant change in the mechanical nociceptive threshold ( p � 1.0000) even after 4
hourly administrations compared with the control group. Four days later, PGE2 (100 ng) was
injected at the same site and mechanical thresholds were evaluated after 30 min and 4 h. In
both groups, we observed significant mechanical hyperalgesia induced by PGE2 30 min after
injection (NS, p 
 0.05) that was no longer present at the fourth hour (NS; F(1,20) � 2.14; p �
0.1747, when comparing both groups at the fourth hour after PGE2 injection; NS, p 
 0.05),
indicating that an activator of G-protein �i subunit does not induce priming. n � 6 paws per
group.
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Figure 10. Type II priming is dependent on the G-protein �/� subunit. A, Rats were treated with intradermal injection of vehicle (control, black bars) or the G-protein �/� inhibitor gallein (1
�g, white bars) on the dorsum of the hindpaw. Thirty minutes later, repeated injections (hourly, �4) of DAMGO (1 �g) were performed at the same site and the mechanical nociceptive threshold
was evaluated 30 min after the fourth administration. We observed significant mechanical hyperalgesia after the fourth injection of DAMGO in the group pretreated with vehicle, but not in the group
pretreated with gallein (***p � 0.0001 when both groups are compared, paired Student’s t test). Four days later, a time point when the mechanical thresholds were not different from preinjection
levels (t(5) � 2.150; p � 0.0842, for the control group and t(5) � 1.530; p � 0.1852, for the gallein group; paired Student’s t test), rats received intradermal injection of PGE2 (100 ng) at the same
site and mechanical hyperalgesia was evaluated 30 min and 4 h later. Although in both groups PGE2-induced mechanical hyperalgesia was present 30 min after injection (NS, p 
 0.05), in the
gallein-treated group, it was markedly attenuated at the fourth hour (F(1,20) � 36.20, ***p � 0.0001, when control and gallein groups are compared at the (Figure legend continues.)
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G-proteins in the changes in the nocicep-
tor produced by repeated injection of
DAMGO, we first tested whether the Gi �
subunit inhibitor PTX would prevent the
induction of DAMGO hyperalgesia and
the prolongation of PGE2 hyperalgesia af-
ter repeated DAMGO injection. We
found that pretreatment with PTX does
not affect the hyperalgesia produced by a
fourth injection of DAMGO nor the pro-
longation of the hyperalgesia (i.e., still
present at the fourth hour after injection)
induced by injection of PGE2 4 d later
(Fig. 9A). Moreover, the repeated activa-
tion of the Gi protein � subunit by admin-
istration of mastoparan did not induce
priming (Fig. 9B), providing further sup-
port that Gi does not participate in the
induction of type II priming.

Therefore, we next tested whether the
G-protein �/� subunit plays a role in type
II priming. Pretreatment (prevention
protocol) with the G-protein �/� subunit
inhibitor gallein reversibly inhibited the
expression of type II priming; that is, it
attenuated both the hyperalgesia induced
by a fourth injection of DAMGO and the
prolongation of the hyperalgesia pro-
duced by injection of PGE2 4 d later (Fig.
10A, left), but this effect was temporary
because, 8 d after gallein, the administra-
tion of PGE2 produced prolonged hyper-
algesia (Fig. 10A, right). A similar effect of
gallein was also observed in the inhibition
protocol, in which the hyperalgesia induced by PGE2 in rats that
had received repeated injections of DAMGO 4 d prior was mark-
edly attenuated (Fig. 10B). This inhibitory effect of gallein on
PGE2 hyperalgesia was already observed 30 min after PGE2 injec-
tion, compatible with the suggestion of a change in the signaling
pathway activated by PGE2 because gallein in the naive rat does
not affect the hyperalgesia induced by PGE2 (Fig. 10C). Repeated

injection of the G-protein �� peptide, an activator of G-protein
�/�, did not induce mechanical hyperalgesia after a fourth injec-
tion, nor did it produce prolongation of PGE2 hyperalgesia (Fig.
11), suggesting that activation of the �/� subunit alone is insuf-
ficient to induce type II priming.

Changes in PKA signaling in type II priming
It has been reported that chronic administration of MOR ago-
nists lead to supersensitization of cAMP signaling (Sharma et al.,
1975b; Brandt et al., 1976; Bie et al., 2005; Al-Hasani and Bruchas,
2011). Therefore, we next addressed which step in the signaling
pathway acts to produce this prolongation; its heterotrimeric
stimulatory G-protein (Dina et al., 2009) at the level of adenylyl
cyclase (Taiwo and Levine, 1991; Parada et al., 2005) or PKA
(Aley and Levine, 1999). To explore the role of the components of
the adenylyl cyclase-cAMP-PKA second messenger pathway in
the expression of type II hyperalgesic priming, we injected
8-bromo cAMP, a potent membrane-permeable cAMP analog
that activates PKA, to evaluate whether this produces prolonged
hyperalgesia in the setting of type II priming. If so, the adminis-
tration of activators of more proximal steps in the pathway would
add no additional information with respect to mechanism. We
found that injection of 8-bromo cAMP produced prolonged me-
chanical hyperalgesia in MOR agonist-pretreated rats (Fig. 12A).

To determine whether the prolonged hyperalgesia is due to
continued activation of PKA as opposed to activity of a target
mechanism downstream of PKA, we administered, in rats previ-
ously treated with repeated injections of DAMGO the PKA inhib-
itor H-89 60 min after injection of 8-bromo cAMP, a time point

4

(Figure legend continued.) fourth hour after PGE2 injection; two-way repeated-measures
ANOVA followed by Bonferroni post hoc test). However, when PGE2 was injected again 8 d later,
it produced mechanical hyperalgesia that was still present 4 h after injection, indicating that the
inhibition of the induction of type II priming by gallein was reversible; B, Rats that were treated
with repeated hourly (�4) injections of DAMGO on the dorsum of the hindpaw received vehicle
(control, black bars) or gallein (1 �g, white bars) 4 d later at the same site followed 10 min later
by PGE2 (100 ng). Average mechanical nociceptive thresholds before and 4 d after treatment
with DAMGO were 122.7	0.8 g and 120.3	1.4 g, respectively, for the control and the gallein
group. Paired Student’s t test showed no difference between these values (t(5) � 0.6670; p �
0.5343 for the control group and t(5) � 0.7559; p � 0.4838 for the gallein group). Evaluation of
the mechanical nociceptive threshold 30 min and 4 h after PGE2 showed significant attenuation
of the hyperalgesia induced by PGE2 at both time points in the group treated with gallein
(F(1,12) � 83.65, ***p � 0.0001 when both groups are compared, two-way repeated-
measures ANOVA followed by Bonferroni post hoc test), indicating that, in the setting of the
neuroplasticity induced by repeated injections of DAMGO, PGE2-induced hyperalgesia depends
on the G-protein �/� subunit; C, Rats treated with intradermal injection of vehicle (5 �l, black
bars) or gallein (1 �g, white bars) received PGE2 (100 ng) 30 min later at the same site. We
observed significant mechanical hyperalgesia, evaluated 30 min after the injection of PGE2, in
both groups ( p 
 0.05 control- vs gallein-treated groups, two-way repeated-measures ANOVA
followed by Bonferroni post hoc test), indicating that the �/� subunit is not involved in the
hyperalgesic effect of PGE2 in the naive rat. n � 6 paws per group.

Figure 11. An activator of the G-protein �/� subunit does not induce acute mechanical hyperalgesia or type II priming. Rats
received repeated (hourly, �4) intradermal injections of G-protein �� peptide (1 �g; peptide activator of G-protein �/�) on the
dorsum of the hindpaw. The mechanical nociceptive threshold was evaluated before and 30 min after the first, third, and fourth
administration. No significant difference in the mechanical threshold was observed 30 min after the first ( p � 0.4838), third ( p �
0.3632), or fourth ( p � 0.1672) injection of G-protein �� peptide compared with the preinjection level (paired Student’s t test).
One week later, PGE2 (100 ng) was injected at the same site and mechanical hyperalgesia was evaluated after 30 min and 4 h. The
hyperalgesia induced by PGE2 was present 30 min after injection (***p � 0.0001 vs baseline; one-way repeated-measures ANOVA
followed by Bonferroni post hoc test), but had disappeared 4 h later (NS, p 
 0.05 vs baseline), indicating that repeated activation
of G-protein �/� does not induce type II priming. n � 6 paws per group.
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when its hyperalgesic effect would no longer be present in a con-
trol animal (Taiwo et al., 1989; Taiwo and Levine, 1991). We
observed that, at this time point, H-89 was able to reverse the
prolonged hyperalgesia induced by 8-bromo cAMP (Fig. 12B),
supporting the suggestion that there is a change in PKA signaling
associated with type II priming that is responsible for the prolon-
gation of PGE2-induced mechanical hyperalgesia.

Because we have observed that PKA has a role in DAMGO-
induced neuroplasticity and considering reports of long-lasting
sensitization of PKA signaling as a result of proteasome-mediated
degradation of the regulatory subunit of PKA (Greenberg et al.,
1987; Chain et al., 1999; Moss et al., 2002), we investigated
whether treatment with a proteasome inhibitor, MG-132, would
affect the induction of type II priming by repeated injection of
DAMGO. MG-132 did not, however, have any effect on
DAMGO-induced priming (Fig. 13).

Discussion
Repeated administration of DAMGO produces a long-lasting
change in nociceptor function such that subsequent doses pro-
duce mechanical hyperalgesia (Aley et al., 1995). Further, the
administration of PGE2 as soon as 1 h after 3 doses of DAMGO
produced markedly prolonged hyperalgesia, similar to PGE2 hy-
peralgesia in the setting of type I, hyperalgesic priming (Joseph et
al., 2010). This effect of a subsequent dose of DAMGO or a dose
of PGE2 was still present without attenuation for 
1 month.
None of the several second messenger inhibitors tested, including
those for second messengers implicated in type I priming, pre-
vented the development of the neuroplasticity triggered by the
repeated injection of DAMGO.

The involvement of the �i G-protein subunit was considered
with respect to the expression of type II priming. Although PTX,
an inhibitor of �i, inhibited the prolongation of PGE2 hyperalge-
sia in the setting of type I hyperalgesic priming (Ferrari et al.,
2013a), it failed to inhibit DAMGO hyperalgesia or the prolon-
gation of PGE2 hyperalgesia in type II priming. These findings
support the suggestion that, for changes at a very proximal step in
signal transduction, the mechanism of DAMGO-induced type II
priming can already be distinguished from that for type I hyper-
algesic priming. In addition, unlike type I priming, the prolonga-
tion of PGE2-induced hyperalgesia in rats pretreated with
DAMGO is not attenuated by the PKC� inhibitor PKC�V1-2. To
determine which second messengers mediate the induction of
type II priming, we evaluated the role of the adenylyl cyclase-
cAMP-PKA second messenger pathway, which has been impli-
cated in nociceptor sensitization (Aley and Levine, 1999), in
DAMGO-induced hyperalgesia and prolongation of PGE2 hyper-
algesia. We found that pretreatment with the PKA inhibitor H-89
attenuated DAMGO hyperalgesia and the prolongation of PGE2

Figure 12. Changes in PKA signaling contribute to the prolongation of PGE2-induced hyper-
algesia in type II priming. A, Rats received 3 hourly intradermal injections of vehicle or DAMGO
(1 �g) on the dorsum of the hindpaw. 8-bromo cAMP (1 �g) was injected at the same site 1 h
later and mechanical hyperalgesia was evaluated after 30 min and 4 h. 8-bromo cAMP produced

4

mechanical hyperalgesia in both groups at 30 min. However, in the group previously treated
with DAMGO, it was significantly enhanced and prolonged and still present after 4 h, as opposed
to the vehicle-treated group (F(1,20) � 96.82; ***p � 0.0001, when comparing both groups;
two-way repeated-measures ANOVA followed by Bonferroni post hoc test), suggesting an in-
creased activation of PKA signaling by repeated MOR activation; B, Rats received 3 hourly
intradermal injections of DAMGO (1 �g) on the dorsum of the hindpaw and a fourth injection of
8-bromo cAMP (1 �g) at the same site. Significant mechanical hyperalgesia was observed 30
min later. Injection of H-89 (1 �g) 1 h after 8-bromo cAMP inhibited the ongoing hyperalgesia
evaluated 3 h later that was produced by the previous treatment with repeated injections of
DAMGO (NS, p 
 0.05 vs baseline; one-way repeated-measures ANOVA followed by Bonferroni
post hoc test), indicating a role of PKA in the increased activation of the cAMP signaling pathway
produced by repeated MOR agonist administration. n � 6 paws per group.
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hyperalgesia. However, when PGE2 was
injected again 30 d later, it induced
prolonged hyperalgesia. These results
support a role of the adenylyl cyclase-
cAMP-PKA pathway in the expression of
type II priming. In addition, because we
have shown previously that the Src inhib-
itor SU6656 and antisense to PLC-�3 in-
hibited PKA-dependent prolongation of
PGE2 hyperalgesia in rats primed by the
transient reduction of GRK2 (Ferrari et
al., 2012), we evaluated their effect on the
hyperalgesia induced by injection of
DAMGO or PGE2 in the setting of
DAMGO-induced priming. Whereas in
rats submitted to repeated injection of
DAMGO, SU6656 and antisense to
PLC-�3 both also inhibited the prolonga-
tion of PGE2-induced hyperalgesia, but
only the PLC-�3 antisense inhibited
DAMGO hyperalgesia. The interaction of
these second messengers in type II prim-
ing remains to be determined.

Supersensitization in the adenylyl
cyclase-cAMP-PKA signaling pathway
has been demonstrated in the setting of
opioid dependence (Sharma et al., 1975a;
Brandt et al., 1976; Al-Hasani and Bru-
chas, 2011). To determine whether there
is supersensitization in this signaling
pathway, we directly activated PKA, in
DAMGO-pretreated rats, by intradermal
administration of 8-bromo cAMP. In
DAMGO-primed animals, 8-bromo
cAMP induced prolonged mechanical hy-
peralgesia, supporting the suggestion that PKA signaling, or a
downstream target of PKA, contributes to the prolongation of
hyperalgesia. To determine whether a change in function at the
level of PKA could alone account for the prolongation of hyper-
algesia, we administered the PKA inhibitor during the prolonga-
tion phase of 8-bromo cAMP-induced hyperalgesia. That
8-bromo cAMP induces prolonged hyperalgesia and H-89 mark-
edly attenuates the prolongation phase of 8-bromo cAMP-
induced hyperalgesia supports the suggestion that a change in
signaling by PKA contributes to the prolongation of 8-bromo
cAMP in type II priming. Although it is known that the repeated
activation of MOR can lead to supersensitization of adenylyl cy-
clase (Sharma et al., 1975a; Brandt et al., 1976; Al-Hasani and
Bruchas, 2011), the findings of the present study are, to the best of
our knowledge, the first evidence that it can also induce super-
sensitization at the level of PKA.

We next addressed possible mechanisms for the supersensitiza-
tion of PKA. It has been suggested that proteasome-mediated deg-
radation of the regulatory subunit of PKA can produce a long-lasting
sensitization of PKA signaling such that even a low concentration of
cAMP can induce PKA activation (Yang et al., 2008; Myeku et al.,
2012). However, intradermal injection of the proteasome inhibitor
MG132 did not prevent DAMGO-induced priming. Alternative
mechanisms include autophosphorylation of PKA (Yonemoto et al.,
1993; Cauthron et al., 1998; Cheng et al., 1998) or involvement of
other elements of its signaling pathway, for example, GRK2 (Penela
et al., 1998; Ferrari et al., 2012). We showed recently that a transient
decrease in GRK2 also produces a form of hyperalgesic priming that

is not inhibited by a selective PKC� inhibitor, which inhibits type I
priming (Ferrari et al., 2012), and is not reversed by cordycepin,
which permanently reverses type I priming (Ferrari et al., 2013b).
Like DAMGO-induced priming, however, this form of priming is
inhibited by a selective PKA inhibitor. GRK2 is a �/� subunit effector
(Willets et al., 2003; Smrcka, 2008) and �/� signaling can be blocked
by GRK2 (Smrcka, 2008; Casey et al., 2010). Exactly how signaling
between inhibiting �/� and GRK2 could contribute remains to be
established.

In our previous study of the priming induced by the transient
attenuation of GRK2 using a large panel of second messenger
inhibitors, the only other inhibitors (in addition to that for PKA)
that attenuated the prolongation of PGE2 hyperalgesia were an
Src inhibitor, SU6656, and PLC-�3 antisense (Ferrari et al.,
2012). SU6656 also attenuated the prolongation of PGE2 hyper-
algesia in type II priming, without affecting DAMGO hyperalge-
sia. Although it is known that �/� subunits signal via Src (Luttrell
et al., 1997), the pathway connecting PKA and Src in the expres-
sion of type II priming remains to be established. However, in our
prior study of priming induced by a transient decrease in GRK2,
we did observe that the coadministration of a PKA and Src inhib-
itors produced no greater reversal of hyperalgesia than either
alone (Ferrari et al., 2012), compatible with a shared signaling
pathway in which Src is downstream of PKA (Burmeister et al.,
2012; Ickowicz et al., 2012).

Although type II and I priming are both dependent on Gi-
protein coupled receptor signaling, each uses this G-protein
complex differently. In type I priming, receptors that activate

Figure 13. Proteasome inhibitor does not affect type II priming. A, Rats were treated with intradermal injection of the protea-
some inhibitor MG-132 (1 �g) on the dorsum of the hindpaw. Thirty minutes later, repeated (hourly, �4) injections of DAMGO (1
�g) were performed at the same site and the mechanical nociceptive threshold was evaluated 30 min after the fourth adminis-
tration. Significant mechanical hyperalgesia was observed after the fourth injection of DAMGO in the group pretreated with
MG-132 compared with baseline (**p � 0.0069, paired Student’s t test). B, A different group of rats was treated with intradermal
injection of MG-132 (1 �g) and, after 30 min, repeated (hourly, �3) injections of DAMGO (1 �g) were performed at the same site.
One hour after the third injection of DAMGO, PGE2 (100 ng) was injected and mechanical hyperalgesia was evaluated 30 min and
4 h later. Two-way repeated-measures ANOVA followed by Bonferroni post hoc test showed no difference between the groups in
PGE2-induced mechanical hyperalgesia (F(1,8) � 1.04; p 
 0.05, when comparing both groups; NS, p � 0.3658), indicating that
the proteasome system does not play a role in the prolongation of the hyperalgesia induced by PGE2 observed in type II priming.
n � 6 paws per group.
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PKC� produce a change in adenosine A1 receptor signaling, such
that the A1 receptor agonist now induces hyperalgesia (Ferrari et
al., 2013a). Although this receptor still activates �i to mediate
CPA-induced hyperalgesia, it now signals to activate PKC� rather
than inhibit AC-PKA. In contrast, in type II priming, repeated
MOR activation produces a state in which the activation of these
receptors leads to prolongation of PGE2-induced mechanical hy-
peralgesia that is �/� and PKA dependent. Although it is cur-
rently unknown to what downstream molecule the MOR signals
to induce type II hyperalgesic priming, it is known that the �/�
subunit does signal bidirectionally to GRK2 (Smrcka, 2008) and
that transient attenuation of GRK2 produces type II-like priming
(Ferrari et al., 2012).

Although type I priming is mediated by IB4 � nociceptors
(Joseph and Levine, 2010a), type II priming is mediated by
IB4 � nociceptors, as indicated by our finding that the prolon-
gation of PGE2-induced hyperalgesia produced by previous
repeated injection of DAMGO was not attenuated by IB4-
saporin. In fact, DAMGO-induced hyperalgesia was signifi-
cantly increased in IB4-saporin treated rats, which may
suggest an interaction between the different subtypes of noci-
ceptors in the expression of type II priming. In addition, dif-
ferent from type I priming induced by PKC� (Ferrari et al.,
2015), type II priming can be induced in both males and fe-
males. This is consistent with animal studies (Holtman and
Wala, 2007; Elhabazi et al., 2014) and clinical reports
(Konopka and van Wijhe, 2010; Schneider and Kirsh, 2010;
Akarsu et al., 2012) showing that chronic opioid exposure can
produce hyperalgesia as well as tolerance, two conditions that
can overlap and be difficult to separate in clinical circum-
stances (Bekhit, 2010; Chu et al., 2012; Angst, 2015), in both
sexes (Konopka and van Wijhe, 2010; Schneider and Kirsh,
2010; Edwards et al., 2011).

Finally, although it has been suggested that opioid-induced
hyperalgesia may be due to onset of withdrawal, between opioid
doses (Mercadante and Arcuri, 2005; Chu et al., 2008; Chen et al.,
2009; Hay et al., 2009; Lee et al., 2011), our finding that the
administration of a fourth dose of DAMGO induces a rapid onset
mechanical hyperalgesia that was significant by 5 min after injec-
tion supports a switch in MOR signaling from an ability to reverse
cAMP-dependent hyperalgesia to induction of hyperalgesia. Al-
though the role of type II priming in chronic pain syndromes
remains to be established, inflammation can induce a reversible
decrease in GRK2 (Kleibeuker et al., 2007; Eijkelkamp et al.,
2010), suggesting a possible role in the transition to chronic pain
associated with inflammatory diseases (Ferrari et al., 2012). How
one might reverse (treat) a chronic pain condition mediated by
type II hyperalgesic priming remains a key question.
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