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Chronic pain is a major clinical problem, yet the mechanisms underlying the transition from acute to chronic 
pain remain poorly understood. In mice, reduced expression of GPCR kinase 2 (GRK2) in nociceptors pro-
motes cAMP signaling to the guanine nucleotide exchange factor EPAC1 and prolongs the PGE2-induced 
increase in pain sensitivity (hyperalgesia). Here we hypothesized that reduction of GRK2 or increased EPAC1 
in dorsal root ganglion (DRG) neurons would promote the transition to chronic pain. We used 2 mouse mod-
els of hyperalgesic priming in which the transition from acute to chronic PGE2-induced hyperalgesia occurs. 
Hyperalgesic priming with carrageenan induced a sustained decrease in nociceptor GRK2, whereas priming 
with the PKCε agonist ΨεRACK increased DRG EPAC1. When either GRK2 was increased in vivo by viral-based 
gene transfer or EPAC1 was decreased in vivo, as was the case for mice heterozygous for Epac1 or mice treated 
with Epac1 antisense oligodeoxynucleotides, chronic PGE2-induced hyperalgesia development was prevented 
in the 2 priming models. Using the CFA model of chronic inflammatory pain, we found that increasing GRK2 
or decreasing EPAC1 inhibited chronic hyperalgesia. Our data suggest that therapies targeted at balancing 
nociceptor GRK2 and EPAC1 levels have promise for the prevention and treatment of chronic pain.

Introduction
According to a recent report by the NIH, chronic pain affects more 
than 100 million people in the United States (1). The same report 
concludes that increased understanding of the mechanisms con-
tributing to the development of chronic pain is key to finding 
novel interventions by which to prevent it.

Inflammatory mediators induce pain by direct activation of 
nociceptive terminals, but also increase the sensitivity to painful 
stimuli, a phenomenon known as hyperalgesia (2–4). This inflam-
matory hyperalgesia is generated by peripheral sensitization of 
nociceptive neurons as well as by central sensitization at the level of 
the spinal cord (5–7). In most cases, inflammatory pain and hyper-
algesia resolve after resolution of inflammation or after tissues 
heal. However, in a significant subset of patients, pain does not 
resolve, and chronic pain develops. For example, approximately  
10%–15% of patients with herpes zoster–induced rash develop 
postherpetic pain, defined as pain lasting at least 3 months after 
healing of the rash (8). Chronic postsurgical pain is observed even 
more frequently, for example, in patients undergoing thoracotomy 
(50%), breast surgery (30%), or cholecystectomy (10%–20%) (9).

The mechanisms underlying the development of persistent pain 
are poorly understood, and this is a major limitation for identifi-
cation of new and adequate treatments. At the level of signaling 
pathways in peripheral nociceptors, recent studies have shown 
that mammalian target of rapamycin– (mTOR-) and ERK-depen-
dent pathways play a critical role in chronic pain (10–14). Models 
of hyperalgesic priming have been developed as a tool to study 

the transition to chronic pain (10, 15, 16). In these models, short-
lasting hyperalgesia is induced by intraplantar injection of, for 
example, a low dose of carrageenan, the PKCε activator ΨεRACK 
(HDAPIGYD; pseudoreceptor octapeptide for activated PKCε), 
or the inflammatory cytokine IL-6 into the hind paw (10, 15, 16). 
After this transient period of hyperalgesia, changes occur in pri-
mary sensory neurons that lead to marked prolongation of the 
hyperalgesic response to a subsequent exposure to the inflamma-
tory mediator PGE2 (10, 15–17). Both mTOR- and ERK-dependent 
pathways play a critical role in nociceptive plasticity in hyperal-
gesic priming (10). In addition, in rats primed with carrageenan 
or ΨεRACK, prolonged PGE2-induced hyperalgesia depends on 
activation of ERK and PKCε. In naive rats, the classic cAMP/PKA 
pathway is critical for the transient hyperalgesia in response to 
PGE2 (17). cAMP-to-PKCε signaling is thought to be mediated via 
exchange protein directly activated by cAMP (EPAC; refs. 18, 19), 
and EPAC activation by intraplantar injection of the specific ago-
nist 8-pCPT-2′-O-Me-cAMP (8-pCPT) induces hyperalgesia via a 
PKCε-dependent route (20).

We identified nociceptor GPCR kinase 2 (GRK2) as a novel regu-
lator of the duration of inflammatory hyperalgesia (21–27). GRK2 
restrains signaling by promoting desensitization of GPCRs (28) 
and/or by interacting with multiple components of intracellular 
signaling pathways (22, 29, 30).

Using sensory neuron–specific Grk2-heterozygous mice (SNS-
Grk2+/– mice), which have a cell-specific approximately 50% decrease 
in nociceptor GRK2, we previously showed that mechanical hyper-
algesia induced by PGE2 and other cAMP-inducing agents was sig-
nificantly prolonged in mice with low nociceptor GRK2 (22, 25). 
Inhibition of PKA did not affect PGE2 hyperalgesia in SNS-Grk2+/– 
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mice, whereas inhibition of PKCε or ERK prevented the prolonga-
tion of PGE2 hyperalgesia (22, 25). These findings indicate that the 
prolongation of PGE2 hyperalgesia in GRK2-deficient mice involves 
activation of PKCε- and ERK-dependent signaling pathways (17, 
22, 25). We also showed that GRK2 interacts with EPAC1 and inhib-
its EPAC signaling to its downstream target, RAP1 (22). Moreover, 
chronic inflammatory pain is associated with a decrease in GRK2 
in nociceptors (25). In addition, Ferrari and coworkers showed that 
a transient decrease in GRK2 resulting from treating rats intrathe-
cally with Grk2 antisense oligodeoxynucleotides (asODNs) pro-
longed hyperalgesia, in this case via a PKCε-independent and PKA- 
and SRC tyrosine kinase–dependent mechanism (31).

Here we tested the hypothesis that protein levels of GRK2 and 
EPAC1 in nociceptors represent key factors regulating persistent 
hyperalgesia. Using 2 mouse models of hyperalgesic priming, prior 
nociceptive sensitization with carrageenan and with ΨεRACK, we 
showed that the induced transition to chronic PGE2 hyperalgesia 
was mediated by decreased GRK2 and increased EPAC1, respec-
tively. We also showed that the prolongation of PGE2 hyperalgesia 
in primed mice was inhibited by either upregulation of GRK2 or 
downregulation of EPAC1 after development of the primed state. 
These effects occurred regardless of whether GRK2 was decreased 
or EPAC1 was increased. Changing the balance between GRK2 and 
EPAC1 may have more general relevance for hyperalgesia, as we 
also showed using the CFA model of chronic inflammatory pain, 

in which increasing GRK2 or downregulating EPAC1 inhibited 
persistent mechanical hyperalgesia.

Results
Hyperalgesic priming. Hyperalgesic priming was induced in mice with 
an intraplantar injection of carrageenan or ΨεRACK. At 7 days after 
carrageenan and 5 days after ΨεRACK injection, primed mice received 
an intraplantar injection of PGE2 or the EPAC activator 8-pCPT.

In carrageenan-primed mice, PGE2-induced mechanical hyper-
algesia lasted more than 24 hours, whereas in saline-treated mice, 
PGE2 hyperalgesia resolved within 6 hours (Figure 1A). In ΨεRACK-
primed mice, PGE2 hyperalgesia was also prolonged to more than 
24 hours (Figure 1B). Moreover, hyperalgesia induced by 8-pCPT 
exceeded 48 hours in carrageenan- and ΨεRACK-primed mice, com-
pared with less than 8 hours in control mice (Figure 1, C and D).

Carrageenan priming also prolonged hyperalgesia induced by 
the cAMP-inducing mediator epinephrine from 4 days in con-
trol mice to almost 2 weeks in primed mice (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI66241DS1). Interestingly, carrageenan priming 
did not affect hyperalgesia induced by IL-1β (Supplemental Fig-
ure 1B), a proinflammatory mediator that does not induce cAMP 
signaling, but promotes hyperalgesia via a p38-mediated pathway.

GRK2 levels in primary sensory neurons of primed mice. We next 
determined whether hyperalgesic priming by carrageenan 

Figure 1
Hyperalgesic priming in mice. (A and C) 7 days after intraplantar carrageenan (CAR; 1%, 5 μl) or saline pretreatment or (B and D) 5 days after 
intraplantar ΨεRACK (1 μg/paw) or saline pretreatment, mice received an intraplantar injection of (A and B) PGE2 (100 ng/paw) or (C and D) 
8-pCPT (12.5 ng/paw). Changes in 50% paw withdrawal threshold were monitored over time. Data represent mean ± SEM. n = 8 per group.  
*P < 0.05, **P < 0.01, #P < 0.001.
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decreases neuronal GRK2 protein levels in dorsal root ganglion 
(DRG) and sciatic nerve. Because the isolectin B4–positive (IB4+) 
subpopulation of DRG neurons is known to be involved in hyper-
algesic priming (32, 33), we used IB4 as a marker to identify this 
specific subgroup of sensory neurons.

At 3 and 7 days after intraplantar carrageenan injection into 
the hind paws, the level of GRK2 in small-diameter IB4+ neurons 
was reduced by approximately 25% in lumbar DRG (Figure 2A 
and Supplemental Figure 2). There was no change in GRK2 pro-
tein levels in small-diameter IB4– neurons in lumbar DRG after 

Figure 2
Carrageenan- and ΨεRACK-induced changes in sensory neuron GRK2 protein expression. (A and B) Mice received an intraplantar injection of 
1% carrageenan or saline, and 7 days later, GRK2 protein levels in IB4+ and IB4– neurons from lumbar DRG, thoracic DRG, and sciatic nerve 
fibers were quantified by immunofluorescence analysis. Shown are representative images of IB4 (green) and GRK2 (red) double staining of (A) 
lumbar DRG and (B) sciatic nerves, and mean GRK2 immunofluorescence intensity in (A) lumbar or thoracic DRG and (B) sciatic nerve fibers. 
Scale bars: 50 μm. (C) Mean GRK2 immunofluorescence intensity in lumbar DRG at 14 days after intraplantar carrageenan or saline. (D) 14 days 
after carrageenan or saline pretreatment, mice received an intraplantar injection of PGE2 (100 ng/paw). Changes in 50% paw withdrawal threshold 
were monitored over time. (E) Mean GRK2 immunofluorescence intensity in lumbar DRG at 5 days after intraplantar ΨεRACK or saline. Data 
represent mean ± SEM (n = 4 per group), based on approximately 300 neurons from lumbar DRG per mouse. *P < 0.05, **P < 0.01, #P < 0.001.
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carrageenan priming (Figure 2A and Supplemental Figure 2). In 
addition, GRK2 levels did not change in thoracic DRG neurons 
at any time point (Supplemental Figure 3). Western blot analysis 
of DRG homogenates did not detect changes in GRK2 protein at  
day 7 after carrageenan priming (Supplemental Figure 4). This 
is likely due to reduced GRK2 only in IB4+ sensory neurons in 
response to intraplantar carrageenan.

The carrageenan-induced GRK2 decrease in the soma of IB4+ 
sensory neurons was also reflected in a decrease in axonal GRK2; at 
7 days after carrageenan injection, the level of GRK2 in IB4+ fibers 
was reduced by approximately 20% in the carrageenan- versus the 
saline-pretreated group (Figure 2B).

At day 14 after intraplantar carrageenan injection, GRK2 levels in 
small-diameter IB4+ sensory neurons had returned to baseline levels 
(Figure 2C). The primed state had also resolved at 14 days after car-
rageenan injection; the course of PGE2 hyperalgesia did not differ 
between the saline- and carrageenan-pretreated groups at this time 
point (Figure 2D). These findings show that resolution of the primed 
state is associated with normalization of GRK2 protein levels.

Notably, when we evaluated GRK2 levels in lumbar DRG at  
5 days after ΨεRACK priming, we did not observe any change in 
GRK2 level. The levels of GRK2 were similar in small-diameter 
IB4+ lumbar sensory neurons from ΨεRACK-primed and saline-
treated mice (Figure 2E). Furthermore, no changes in GRK2 levels 
were observed in IB4– lumbar DRG neurons or in thoracic DRG 
neurons after ΨεRACK priming (Supplemental Figure 3).

EPAC1 level in DRG after carrageenan and ΨεRACK priming. After 
both carrageenan and ΨεRACK priming, hyperalgesia induced by 
8-pCPT was significantly prolonged. These findings indicate that 
in both cases, the primed state is associated with a prolonged hyper-

algesic response to EPAC activation. We hypoth-
esized that either a decrease in GRK2 or an increase 
in EPAC1 would be sufficient to facilitate EPAC1-
mediated signaling leading to prolonged PGE2 
hyperalgesia. To test this hypothesis, we measured 
the level of EPAC1 in DRG in these 2 priming con-
ditions. The antibodies available for EPAC1 did not 
allow reliable staining for this protein in sensory 
neurons. Therefore, we analyzed EPAC1 levels by 
Western blotting. EPAC1 levels in lumbar DRG of 
ΨεRACK-primed mice were increased by approxi-
mately 35% compared with levels in saline-treated 
mice, whereas carrageenan priming did not induce 
a detectable change in EPAC1 (Figure 3, A and B). To 
determine which cells in the DRG express EPAC1, 

we used an in situ hybridization approach. Virtually all neurons in 
the DRG stained positively for Epac1 mRNA (Figure 3C).

Effect of GRK2 gene transfer on treatment of hyperalgesic priming. To 
determine whether the observed changes in GRK2 and EPAC1 lev-
els in the DRG represent potential targets for the prevention of 
chronic pain, we first examined the effect of increasing GRK2 in 
DRG neurons in vivo after hyperalgesic priming with carrageenan 
and ΨεRACK. We used a herpes simplex virus (HSV; ref. 34) vector 
encoding bovine GRK2 and GFP as a reporter protein (referred to 
herein as HSV-GRK2) or a control HSV vector containing GFP only 
(HSV-GFP). In carrageenan-primed mice, treatment with 2.5 μl of 
1.4 × 107 pfu/ml HSV-GRK2 at days 3 and 5 significantly short-
ened PGE2 hyperalgesia compared with mice treated with HSV-
GFP (Figure 4A). In ΨεRACK-primed mice, HSV-GRK2 also short-
ened PGE2 hyperalgesia compared with mice treated with the same 
dose of HSV-GFP (Figure 4B). This effect of GRK2 overexpression 
occurred even though ΨεRACK priming did not induce a detect-
able decrease in GRK2 protein in DRG neurons (Figure 2E).

PGE2 hyperalgesia lasted about 8 hours in both HSV-GRK2– and 
HSV-GFP–treated mice that had not been exposed to carrageenan 
or ΨεRACK (Figure 4C), which indicates that in naive mice, GRK2 
overexpression in sensory neurons does not affect the pain response.

Inoculation with HSV induced a transient and small increase in 
mechanical sensitivity that resolved within 1–2 days and was inde-
pendent of the presence of GRK2 (Figure 4, A–C). Therefore, it is 
unlikely that this acute response to the virus contributed to the 
observed inhibition of the primed phenotype.

To confirm successful GRK2 gene transfer, we analyzed expres-
sion of the GFP reporter in lumbar DRG, sciatic nerve, and skin 
of the injected paw 3 days after the last HSV injection. GFP 

Figure 3
EPAC1 level in DRG after carrageenan- and ΨεRACK-
induced priming. (A and B) EPAC1 protein level in 
DRG, determined by Western blot analysis of DRG 
tissue homogenates, at (A) 5 days after ΨεRACK 
priming and (B) 7 days after carrageenan prim-
ing. Data represent mean ± SEM (n = 4 per group).  
#P < 0.001. (C) Cellular distribution of Epac1 mRNA 
expression was analyzed by in situ hybridization anal-
ysis of lumbar DRG from untreated mice. Representa-
tive example from 1 mouse of 3 with similar results. 
Left: Nuclear staining of positive control (U6 small 
nuclear RNA probe). Middle: Negative control probe. 
Right: Epac1 probe. Scale bars: 20 μm.
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expression was clearly visible in both IB4+ and IB4– small-diam-
eter DRG neurons and in both IB4+ and IB4– fibers in the sciatic 
nerve (Figure 5, A–F). GFP was also detected in peripherin+ nerves 
in the skin (Figure 5, G–I).

Next, we determined whether GRK2 kinase activity is required 
to prevent transition to chronic pain after priming, using an 
HSV construct expressing GRK2K220R, the kinase-dead mutant of 
GRK2 (35). GRK2K220R did not reverse the primed state (Figure 6).  
The course of PGE2 hyperalgesia in primed mice treated with 
HSV-GRK2K220R was similar to that of primed mice receiving con-
trol HSV-GFP inoculation.

Collectively, our data indicate that, independently of whether 
priming decreased GRK2 or increased EPAC1 expression, HSV-
mediated GRK2 overexpression was sufficient to reverse the primed 
state, thereby preventing the development of persistent hyperalgesia.

Hyperalgesic priming in Epac1+/– mice. To further test our hypothesis 
that the GRK2/EPAC1 system regulates the transition to chronic  

hyperalgesia in primed mice, we used mice with heterozygous 
knockout of Epac1 (Epac1+/– mice; ref. 36). These mice had an 
approximately 50% reduction in EPAC1 protein in the DRG 
(Figure 7A). In response to carrageenan and ΨεRACK priming, 
Epac1+/– mice did not show the prolongation of PGE2 hyperalge-
sia observed in WT mice (Figure 7, B and C). The course of PGE2 
hyperalgesia did not differ between Epac1+/– and WT mice that 
were not primed (Figure 7D).

Effect of intrathecal Epac1 asODNs on hyperalgesic priming. The results 
we obtained in Epac1+/– mice suggested that hyperalgesic priming 
can be prevented by lowering EPAC1 levels. We next tested whether 
the primed state can also be treated by temporarily downregulating 
EPAC1 protein levels in sensory neurons using intrathecal injection 
of Epac1 asODNs. Epac1 asODN treatment significantly reduced 
the duration of PGE2 hyperalgesia in mice primed with carrageenan 
or ΨεRACK (Figure 8, A and C). In lumbar DRG, protein levels of 
EPAC1 in carrageenan- and ΨεRACK-primed mice decreased signifi-
cantly after intrathecal Epac1 asODN injection (Figure 8, B and D).

The Epac1 asODN–mediated decrease in EPAC1 protein levels 
did not change the baseline mechanical pain threshold or the 
duration and severity of acute PGE2 hyperalgesia in naive mice 
(Figure 8, E and F). Intrathecal administration of Epac1 asODNs 
did not affect the protein levels of EPAC2 (Supplemental Figure 5).

Effect of HSV-GRK2 or intrathecal Epac1 asODN in a model of chronic 
inflammatory pain. To determine the broader relevance of the GRK2/
EPAC1 system for chronic pain, we used the CFA model of chronic 
inflammatory pain. HSV-GRK2 treatment significantly attenuated 
the chronic mechanical hyperalgesia that developed in response to 
CFA (Figure 9A). Intrathecal administration of Epac1 asODNs also 
reduced the chronic CFA-induced mechanical hyperalgesia (Fig-
ure 9B). In CFA-treated mice, GRK2 levels in IB4+ DRG neurons 
were decreased at day 5 after CFA injection (Figure 9C). We did not 
detect changes in GRK2 protein by Western blot analysis (Supple-
mental Figure 6). Consistent with earlier studies (37), DRG EPAC1 
levels were increased in CFA-treated mice (Figure 9D).

Discussion
Although it is widely accepted that acute and chronic pain are 
different entities that depend on specific neurobiological path-
ways, knowledge about the underlying mechanisms remains 
limited. Here, we uncovered 2 key regulators of the develop-
ment and maintenance of persistent pain in response to repeat 
or chronic inflammation: the kinase GRK2, and the cAMP sen-
sor EPAC1. Specifically, using carrageenan and ΨεRACK prim-
ing as mouse models of the transition to persistent hyperalgesia, 
we showed that the prolongation of the hyperalgesic response in 
primed mice is associated with a sustained decrease in GRK2 level 
or increase in EPAC1 level in DRG (Figure 10). The functional 
importance of this observation is attested by our findings that 
increasing nociceptor GRK2 or decreasing EPAC1 prevented per-

Figure 4
Effect of HSV-mediated GRK2 overexpression on carrageenan- and 
ΨεRACK-induced hyperalgesic priming. (A) Carrageenan-primed, (B) 
ΨεRACK-primed, or (C) naive control mice were inoculated intraplantar-
ly with 2 injections of HSV-GRK2 or HSV-GFP (1.4 × 107 pfu/ml, 2.5 μl/
paw) followed by PGE2 (100 ng/paw). Changes in 50% paw withdrawal 
threshold were monitored over time. Data represent mean ± SEM (n = 8 
per group). **P < 0.01, #P < 0.001.
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sistent hyperalgesia in primed mice. Notably, increasing GRK2 
expression prevented the prolongation of PGE2 hyperalgesia in 
primed mice, regardless of whether GRK2 was decreased (after 
carrageenan priming) or EPAC1 was increased (after ΨεRACK 
priming). Similarly, downregulating EPAC1 inhibited the primed 
phenotype when GRK2 was decreased without a change in EPAC1 
(in the carrageenan model), as well as when GRK2 was unchanged 
and EPAC1 was increased (in the ΨεRACK model). On the basis of 
these novel findings, we propose that an imbalance between the 
protein levels of GRK2 and EPAC1 is sufficient to cause the pro-
longation of hyperalgesia in primed mice. We also propose that 
reestablishing the GRK2/EPAC1 balance can be considered as a 
novel avenue for the prevention of persistent pain.

Importantly, the role of GRK2 and EPAC1 is not restricted to 
persistent hyperalgesia in priming models. In the well-established 
model of CFA-induced chronic inflammatory pain, DRG GRK2 
was increased and EPAC1 decreased. Moreover, increasing GRK2 
or decreasing EPAC1 during ongoing inflammatory pain inhibited 
chronic CFA-induced hyperalgesia. This is important because it 
indicates that targeting GRK2/EPAC1 may both prevent chronic 
pain and combat existing chronic pain, such as that experienced by 
patients with painful inflammatory diseases like arthritis.

We confirmed earlier findings that DRG EPAC1 levels are 
increased in the CFA model of chronic inflammatory pain (37). 
In addition, we showed that the CFA model was associated with 
reduced GRK2 in IB4+ nociceptors. Interestingly, the mechani-
cal hyperalgesia that develops in the CFA model was inhibited by 
increasing nociceptor GRK2 or by decreasing EPAC1 levels. DRG 
EPAC1 levels are also increased in the L5 spinal nerve transec-
tion model of chronic neuropathic pain in mice (38). In addition, 
nerve damage–induced mechanical hyperalgesia was significantly 
reduced in Epac1+/– and Epac1–/– mice (38). In vitro, EPAC1 signal-
ing enhances Piezo2-mediated mechanotransduction in sensory 
neurons (38). Our findings demonstrated that EPAC1 is also a 
key to promoting mechanical hyperalgesia in primed mice as well 
as in a classic model of chronic inflammatory pain. Moreover, 
our findings indicate that decreased nociceptor GRK2 promotes 
persistent hyperalgesia in a priming model and contributes to 
chronic inflammatory pain. It remains to be determined whether 
HSV-GRK2–mediated overexpression of GRK2 also attenuates 
chronic neuropathic pain.

In naive animals, cAMP-inducing agents such as PGE2 and epi-
nephrine induce hyperalgesia via the classic cAMP target PKA (17, 
22, 25). However, in primed rats or in mice with genetically low 

Figure 5
HSV-mediated overexpression of GRK2 and GFP. Expres-
sion of GFP (A, D, and G), an indicator of successful 
transgene expression, was observed in IB4+ lumbar DRG 
neurons (B), IB4+ sciatic nerve fibers (E), and peripherin+ 
nerve endings (H) in the skin at 2 days after the last inocula-
tion with HSV-GRK2 in primed mice. (C, F, and I) Merged 
images showing overlay. Scale bars: 20 μm.

Figure 6
Effect of overexpression of the GRK2 kinase-dead mutant, GRK2K220R, 
on carrageenan-induced hyperalgesic priming. Carrageenan-primed 
mice were inoculated intraplantarly with 2 injections of HSV-GRK2K220R 
or HSV-GFP followed by PGE2 (100 ng/paw). Changes in 50% paw with-
drawal threshold were monitored over time. Data represent mean ± SEM 
(n = 8 per group).
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levels of nociceptor GRK2, inhibition of PKA does not inhibit 
hyperalgesia induced by these agents. In primed rats or nocicep-
tor GRK2–deficient mice, inhibition of PKCε or ERK prevents 
prolongation of 8-Br-cAMP, PGE2, or epinephrine hyperalgesia. 
These findings indicate that priming and Grk2 deficiency both 
promote ERK- and PKCε-mediated hyperalgesic signaling in 
response to cAMP-inducing agents (17, 22, 25). Levine and col-
leagues were the first to show that activation of the alternative 
cAMP sensor EPAC induces hyperalgesia via a PKCε-mediated 
pathway (20). Hyperalgesia induced by 8-pCPT is also prolonged 
in conditions of SNS-Grk2 deficiency (22). Moreover, in vitro, low 
GRK2 promotes 8-pCPT signaling to the EPAC target RAP1 and 
to ERK (22). On the basis of these earlier in vitro findings and our 
present in vivo findings, we hypothesize that the shift in the bal-
ance between GRK2 and EPAC1 levels in the DRG in primed mice 
and in mice with chronic inflammatory pain may promote EPAC1 
signaling and persistent mechanical hyperalgesia. Consistently, 
hyperalgesia induced by 8-pCPT was prolonged after priming 
with carrageenan as well as ΨεRACK. Treatment of primed mice 
with HSV-GRK2K220R did not reverse the primed state, which indi-
cates that GRK2 kinase activity is required for inhibiting pain sig-
naling. Future studies should investigate whether GRK2 directly 
phosphorylates EPAC1 to inhibit EPAC1 activation and control 
the pain response.

Earlier studies have shown that activation of the mTOR pathway 
and protein translation in the periphery are required for develop-
ment of IL-6– and carrageenan-induced priming of the subsequent 
response to PGE2 (10, 11, 17, 39). Axonal protein synthesis under 
the control of mTOR and ERK activation contribute to chronic 
pain in multiple other models as well (12–14). ERK activation 
also contributes to the prolonged PGE2 hyperalgesia in Grk2-defi-
cient mice, and ERK activation by 8-pCPT is increased in Grk2- 
deficient cells (22). Notably, stimulation of prostate cancer cells 
with 8-pCPT activates the mTOR pathway (40, 41). Thus, it is con-
ceivable that increased EPAC signaling promotes persistent pain 
via downstream activation of ERK and mTOR signaling pathways, 
leading to peripheral protein translation.

GRK2 protein is reduced in peripheral blood lymphocytes from 
humans with rheumatoid arthritis or multiple sclerosis (42, 43) 
and in splenocytes from rats with adjuvant arthritis or EAE (44, 
45). In all these examples, the reduction in GRK2 was not associ-
ated with a change in Grk2 mRNA, which indicates that regulation 
takes place at the posttranslational level. The inflammation in 
rats with adjuvant arthritis spontaneously resolves approximately  
30 days after induction. However, GRK2 levels in splenocytes were 
still reduced by 50% 2 weeks after resolution of inflammation 
(44). Similarly, we showed here that GRK2 levels in DRG neurons 
remained decreased even after resolution of the inflammation-

Figure 7
Hyperalgesic priming in Epac1+/– mice. (A) EPAC1 protein level, determined by Western blot analysis of DRG tissue homogenates from WT and 
Epac1+/– mice (n = 4 per group). (B) 7 days after carrageenan pretreatment (n = 4 per group), (C) 5 days after intraplantar ΨεRACK pretreat-
ment (1 μg/paw in 5 μl saline; n = 6 per group), or (D) 7 days after saline pretreatment (n = 4 per group), mice received an intraplantar injection 
of PGE2 (100 ng/paw in 2.5 μl saline). Changes in 50% paw withdrawal threshold were monitored over time. Data represent mean ± SEM.  
**P < 0.01, #P < 0.001.
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induced hyperalgesia. Very little is known about regulation of the 
cellular level of EPAC1, and it remains to be determined via which 
mechanism the amount of GRK2 protein is kept at a lower level 
in IB4+ nociceptors or the DRG EPAC1 content is maintained at a 
higher level during the primed state.

Both in the carrageenan model of hyperalgesic priming and in 
the CFA model of chronic inflammatory pain, the reduction in 
GRK2 expression was restricted to small-diameter IB4+ sensory 
neurons. It is well known that specific sets of sensory neurons are 

involved in different pain modalities and, more importantly, dif-
ferent types of chronic pain (46–49). The IB4+ subset of DRG neu-
rons specifically responds to inflammatory stimuli injected intra-
plantarly (46–49). Depletion of IB4+ neurons completely ablates 
the primed phenotype, which indicates that priming induces 
changes with functional consequences specifically for IB4+ neu-
rons (32, 33). Moreover, selective changes occur in specific sets of 
neurons during inflammatory pain, including specific changes 
limited to IB4+ neurons (33, 50, 51). It remains to be determined, 

Figure 8
Effect of intrathecal Epac1 asODNs on car-
rageenan- and ΨεRACK-induced hyper-
algesic priming. 3 days before intraplantar 
PGE2 injection (100 ng/paw, in 2.5 μl saline), 
mice primed with (A and B) carrageenan 
or (C and D) ΨεRACK or (E and F) naive 
mice received 3 daily intrathecal injections 
of Epac1 or mismatch control asODNs. (A, 
C, and E) Changes in 50% paw withdrawal 
threshold were monitored over time (n = 8 
per group). (B, D, and F) EPAC1 levels were 
determined by Western blot 2 days after the 
last asODN treatment (n = 4 per group). 
Data represent mean ± SEM. *P < 0.05,  
**P < 0.01, #P < 0.001.
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IB4+ nociceptors is a key factor that contributes to priming and to 
chronic inflammatory pain. Unfortunately, the available EPAC1 
antibodies did not allow reliable quantification of EPAC1 expres-
sion in DRG neurons by immunohistochemistry, and therefore we 
do not know in which DRG neurons EPAC1 levels were increased 
after priming. However, in situ hybridization analysis demon-
strated that Epac1 mRNA was expressed in all cells in the DRG, 
including small-diameter neurons. We also showed that reducing 
DRG EPAC1 expression reversed the primed phenotype; this was 
the case even when DRG EPAC1 levels were not affected as GRK2 
levels increased in small-diameter IB4+ neurons. Notably, expres-
sion of GRK2 using the HSV-GRK2 amplicon also inhibited the 
primed phenotype when GRK2 levels were not affected as EPAC1 
levels were increased, for example, after ΨεRACK priming. Taken 
together, these findings support the hypothesis that a GRK2/
EPAC1-dependent pathway in small-diameter nociceptors con-
tributes to the primed phenotype. However, we cannot presently 
exclude that other, or additional, effects of changing GRK2 and 
EPAC1 levels in these and other cells ultimately are responsible for 
the observed inhibition of the primed phenotype when increasing 
GRK2 or decreasing EPAC1.

GRK2 and EPAC1 are widely expressed in both human and 
rodent tissues, including brain, heart, and thyroid gland, and 

however, which mechanisms govern the decrease in GRK2 specifi-
cally in IB4+ small-diameter DRG neurons.

GRK2 was decreased in IB4+ DRG neurons in the carrageenan 
model of hyperalgesic priming as well as in the CFA model of 
chronic inflammatory pain that depends on Nav1.8+ nociceptors 
(52). After administration of HSV-GRK2, the GFP reporter protein 
was detected predominantly in IB4+ small-diameter neurons and 
in IB4+ nerve fibers in the sciatic nerve. This distribution of trans-
gene expression after HSV-mediated gene transfer is consistent 
with earlier reports (53) and highlights HSV-mediated gene trans-
fer as a specific tool by which to target small-diameter sensory 
neurons important in inflammatory pain processing. Nociceptor-
specific targeting of GRK2 might prevent adverse effects in large-
diameter neurons, likely leaving touch sensations unaffected (53). 
Indeed, mechanical sensitivity in naive mice, as determined using 
von Frey hairs, was unaffected by HSV-GRK2. Similarly, Grk2- 
deficient mice exhibit normal heat sensitivity under baseline con-
ditions (21). Whether acute nociception of noxious stimuli such as 
mechanical pressure or heat is affected by changing EPAC1 levels 
remains to be determined.

HSV-GRK2 treatment shortened PGE2 hyperalgesia in primed 
mice and attenuated CFA-induced chronic hyperalgesia. These 
findings are consistent with our hypothesis that reduced GRK2 in 

Figure 9
Effect of intraplantar HSV-GRK2 or intrathecal Epac1 asODNs on mechanical hyperalgesia in CFA-induced chronic inflammatory pain. (A and 
B) Mice were treated (A) intraplantarly with HSV-GRK2 or HSV-GFP on days 4, 6, 13, and 16 after intraplantar CFA (n = 6 per group) or (B) intra-
thecally with Epac1 or mismatch asODNs on days 4, 5, 6, 8, and 10 after intraplantar CFA (n = 8 per group). Changes in 50% paw withdrawal 
threshold were monitored over time. (C) Lumbar DRG were collected on day 5 after intraplantar CFA or saline, and GRK2 protein levels in DRG 
neurons were analyzed as described in Figure 1. Scale bar: 50 μm. (D) EPAC1 protein levels in lumbar DRG were quantified by Western blotting 
at day 5 after intraplantar saline or CFA (n = 4 per group). Data represent mean ± SEM. *P < 0.05, **P < 0.01, #P < 0.001.
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ment (63, 64). Preclinical studies should be performed to further  
examine these possibilities.

Local application of HSV is regarded as an ideal platform for 
novel therapies of chronic pain because HSV has a natural ability 
to infect the sensory nerve via peripheral inoculation. With a single 
inoculation, the virus may provide long-term therapy in restricted 
appropriate regions of the body (65, 66). Recently, results from a 
phase I clinical trial using a similar replication-deficient HSV ampli-
con to overexpress preproenkephalin reported no adverse effects 
in patients (67). Notably, a recent study in rats indicates that HSV 
amplicons can also be used for the targeted delivery of asODNs (68), 
and thus would provide a tool to locally reduce EPAC1 expression 
as well. These and our present findings clearly indicate that it may 
ultimately be feasible to use a similar approach in humans to deliver 
GRK2 by local administration of HSV-GRK2 or EPAC1 antisense 
DNA in humans to prevent and treat chronic pain.

Methods
Animals. Female C57BL/6 mice as well as Epac1+/– (36) and littermate 
WT mice aged 12–14 weeks were used. All experiments were performed 
in a blinded setup.

Mechanical hyperalgesia. Before experiments, mice were exposed to the 
equipment without any nociceptive stimulation for 1–2 h/d for 2 days. On 
day 3, mice were placed in the test environment 15–20 minutes before test-
ing. Baseline responses were determined on 3 different days using von Frey 
hairs, and the 50% paw withdrawal threshold was calculated using the up-
and-down method (25, 69). In brief, animals were placed on a wire grid bot-
tom through which the von Frey hairs were applied (bending force range, 
0.02–1.4 g, starting with 0.16 g; Stoelting). The hair force was increased or 
decreased according to the response. Clear paw withdrawal, shaking, or lick-
ing were considered as nociceptive-like responses. Ambulation was consid-
ered an ambiguous response, and the stimulus was repeated in such cases.

Hyperalgesic priming and CFA models. To induce hyperalgesic priming, 5 μl 
carrageenan (1% in saline; Sigma-Aldrich) or 5 μl ΨεRACK (1 μg in saline; 
obtained from the W.M. Keck Facility of Yale University) (15) was intra-
plantarly injected into the hind paw. Control mice received 5 μl saline.

3–14 days later, mice received an intraplantar injection of 2.5 μl PGE2 
(40 μg/ml; Sigma-Aldrich), epinephrine (4 μg/ml; Sigma-Aldrich), 8-pCPT 
(5.04 μg/ml; Biolog LifeScience Institute), or 5 μl recombinant mouse 
IL-1β (200 ng/ml; R&D Systems) per paw. For the CFA model, 20 μl CFA 
(Sigma-Aldrich) was injected intraplantarly.

Immunohistochemical staining of GRK2. Mice were deeply anesthetized with 
sodium pentobarbital (50 mg/kg i.p.) and transcardially perfused with PBS 
followed by 4% paraformaldehyde, after which DRG (lumbar [L3–L5] and 

are likely to regulate a wide array of physiological processes (18, 
19, 54–58). Therefore, changes in the protein levels of GRK2 and 
EPAC1 in other tissues may have important consequences for 
cAMP signaling and (patho)physiology. This potentially wide-
spread importance of GRK2/EPAC1 makes it unlikely that sys-
temic treatments aimed at increasing GRK2 or decreasing EPAC1 
will be of therapeutic benefit. The approach we used here, in which 
we locally administered HSV amplicons to overexpress GRK2 spe-
cifically in the area in which the increased pain response occurs, 
may be much more relevant. Another benefit of targeting the 
GRK2/EPAC system in sensory neurons is that by directly target-
ing intracellular signaling pathways involved in the transition to 
chronic pain, only the “pathological” transition to chronic pain is 
targeted, while evolutionary beneficial acute pain is not affected. 
Indeed, our data showed that increasing GRK2 in naive mice did 
not affect acute mechanical PGE2 hyperalgesia. In addition, acute 
carrageenan and ΨεRACK priming–induced hyperalgesia was 
unaffected in Epac1+/– mice.

The important question arises as to whether the priming phe-
nomenon occurs in humans. A recent experimental study in 
humans showed that pre-exposure to a mild inflammatory stim-
ulus (low-dose endotoxin) increased the hyperalgesic response 
to subsequent intradermal injection of capsaicin (59). Clinically, 
there is evidence that repeat surgery for recurring inguinal hernia 
increases the risk of chronic postoperative pain (9, 60, 61). In addi-
tion, gastrointestinal infection is a risk factor for irritable bowel 
disorder, a condition in which, for example, ingestion of food can 
induce a pain response (62). These observations indicate that in 
humans, previous exposure to tissue damage and/or inflamma-
tion may also sensitize (prime) the pain response to subsequent 
challenge, reminiscent of hyperalgesic priming. Increasing EPAC1 
or decreasing GRK2 prevented the development of persistent 
hyperalgesia in mice primed by transient local inflammation. 
Therefore, we propose that targeting GRK2/EPAC1 prior to repeat 
surgery or in patients with irritable bowel disorder may help pre-
vent or treat persistent pain in these situations that resemble 
hyperalgesic priming. Perhaps more importantly, we also showed 
that targeting GRK2/EPAC1 inhibited CFA-induced hyperalgesia, 
a model of persistent inflammatory pain. On the basis of these 
results, we propose that patients with chronic pain associated 
with chronic inflammation (e.g., arthritic pain) could benefit 
from therapies targeting GRK2/EPAC1. This may be especially rel-
evant for patients that continue to experience pain after apparent-
ly successful reduction of joint inflammation in response to treat-

Figure 10
Schematic representation of our working model. Decreased GRK2 in peripheral sensory neurons and/or increased EPAC1 promotes the devel-
opment of persistent hyperalgesia. Treatment with intraplantar HSV-GRK2 or intrathecal Epac1 asODNs normalizes the GRK2/EPAC1 balance, 
leading to inhibition of persistent hyperalgesia.
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Epac1 and mismatch asODNs. The Epac1 asODN sequence (5′-AACTCTC-
CACCCTCTCCCA-3′) is directed against a unique sequence of mouse 
Epac1 mRNA; mismatch asODN (5′-ACATTCCACCCTCCTCCAC-3′) was 
used as a control. 10 μg Epac1 asODNs or mismatch asODNs in 5 μl saline 
were injected intrathecally between the fifth and sixth lumbar vertebrate 
under isoflurane anesthesia.

In situ hybridization. In situ hybridization for Epac1 mRNA was per-
formed on paraformaldehyde-fixed, paraffin-embedded tissue sections 
(4 μm). Sections were digested with 2 μg/ml proteinase K (Exiqon) for  
5 minutes at room temperature and loaded onto Ventana Discovery Ultra 
for in situ hybridization analysis. Slides were incubated with double 
digoxigenin–labeled mercury LNA RNA probe specific for Epac1 (5DigN/
TGGAGCGGTATGAGTGTGAGT/3DigN; Exiqon) for 2 hours at 50°C. 
Slides were developed using a polyclonal anti-digoxegenin antibody and 
alkaline phosphatase–conjugated secondary antibody (Ventana) with 
NBT-BCIP as the substrate. A double digoxigenin–labeled probe specific 
for U6 small nuclear RNA (Exiqon) was used as positive control, and a 
double digoxigenin–labeled negative control probe (catalog no. 99004-15; 
Exiqon) was used as a negative control.

Statistics. Data are expressed as mean ± SEM. Statistical analysis was car-
ried out using 2-tailed Student’s t test or 2-way ANOVA followed by Bon-
ferroni analysis. A P value less than 0.05 was considered significant.

Study approval. Mice were maintained in the animal facility of the Univer-
sity of Utrecht. All experiments were performed in accordance with inter-
national guidelines and approved by the University Medical Center Utrecht 
experimental animal committee.

Acknowledgments
The authors are indebted to Robert Sapolsky (Stanford Uni-
versity and Stanford University School of Medicine, Stanford, 
California, USA) for contributing to preparation of the HSV 
construct and scientific editor Jeanie F. Woodruff for expert 
editorial assistance. Research reported here was supported by 
the National Institute of Neurological Diseases and Stroke, NIH 
(award nos. RO1NS073939 and RO1NS074999). The content is 
solely the responsibility of the authors and does not necessarily 
represent the official views of the NIH. This research was also 
supported by a STARS grant of the University of Texas System 
to A. Kavelaars.

Received for publication May 13, 2013, and accepted in revised 
form September 12, 2013.

Address correspondence to: Annemieke Kavelaars, Neuroimmu-
nology of Cancer Related Symptoms (NICRS) Laboratory, Depart-
ment of Symptom Research, University of Texas M.D. Anderson 
Cancer Center, 1515 Holcombe Boulevard, Unit 1450, Houston, 
Texas 77030, USA. Phone: 713.794.5297; Fax: 713.743.3475; 
E-mail: akavelaars@mdanderson.org.

thoracic [T6–T10]) and sciatic nerves were collected. Tissues were post-
fixed, cryoprotected in sucrose, embedded in OCT compound, and frozen 
at –80°C. Frozen sections of DRG and sciatic nerve (10 μm) were stained 
with biotinylated IB4 (10 μg/ml; Vector Laboratories) and rabbit anti-
GRK2 (1:100; Santa Cruz Biotechnology). Primary anti-GRK2 antibody 
blocked with a GRK2 blocking peptide (Santa Cruz Biotechnology) was 
used as a control. Staining was visualized with Alexa Fluor 488–conjugated 
streptavidin (1:200; Invitrogen) and Alexa Fluor 594–conjugated goat anti-
rabbit antibody (1:200; Invitrogen) and photographed with an EVOS fl  
(AMG Life Technologies) using identical exposure times for all slides. 
GRK2 levels in IB4+ and IB4– small-diameter DRG neurons (<23 μm diam-
eter; ref. 70) and in sciatic nerve fibers were analyzed with NIH ImageJ.

The average background fluorescence for specific subsets of DRG 
neurons or sciatic nerves (primary GRK2 antibody plus GRK2 blocking 
peptide) were subtracted before calculation of the percent change in GRK2 
staining. Stainings were done in parallel for samples from carrageenan-, 
ΨεRACK-, or CFA-treated mice and their respective saline-treated controls.

Western blotting. Lumbar and thoracic DRG were frozen in liquid nitrogen 
and homogenized in ice-cold 50 mM Tris-HCl (pH 8), 5 mM EDTA, 150 mM  
NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS containing protease 
inhibitor mix (Sigma-Aldrich), 100 mM PMSF, 10 mM β-glycerolphosphate, 
1 mM NaVO3, and 20 mM NaF.

Proteins were separated by 7.5% SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes (Millipore). Blots were stained with mouse 
anti-EPAC1 (Cell Signaling Technology), mouse anti-EPAC2 (Cell Signal-
ing Technology), and goat anti-actin (Santa Cruz Biotechnology) followed 
by peroxidase-conjugated goat anti-mouse IgG plus IgM (heavy and light 
chain) (Jackson Immunoresearch) or peroxidase-conjugated donkey anti-
goat IgG (Santa Cruz Biotechnology) and developed by enhanced chemilu-
minescence (GE Healthcare). Band density was determined using a GS-700 
Imaging Densitometer (Bio-Rad).

HSV-mediated GRK2 and GFP gene expression. We generated a bicistronic HSV 
construct into which we cloned bovine GRK2 or GRK2K220R under control of 
the α4 promotor and in which GFP expression is driven by the α22 promoter 
(34). Both are immediate early gene promoters and have similar kinetics of 
expression, so the reporter can reliably be used as an indicator of transgene 
expression (71, 72). Control HSV-GFP contains GFP under control of the 
α22 promoter only. Mice were inoculated intraplantarly twice with 2.5 μl of  
1.4 × 107 pfu/ml. To control for GRK2 and/or GFP expression, the unfixed 
skin of hind paws was isolated and frozen at day 3 after the last inoculation. In 
addition, fixed DRG and sciatic nerve tissues were prepared as described above.

Frozen sections of skin (14 μm) were fixed in acetone and stained with 
rabbit anti-GFP (1:100; GeneTex) for 60 hours and overnight at 4°C. Fro-
zen sections of skin, DRG and sciatic nerve (10 μm) were incubated with 
rabbit anti-GFP (1:100; GeneTex) for 60 hours. Skin was stained with 
mouse anti-peripherin (1:100; Sigma-Aldrich); DRG and sciatic nerve was 
stained with IB4 (10 μg/ml; Vector Laboratories). We used Alexa Fluor 
594–conjugated streptavidin (Invitrogen) and Alexa Fluor 488–conjugated 
donkey anti-rabbit antibody (Invitrogen) in the second step.
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