
Identification of a signaling cascade that maintains
constitutive �-opioid receptor incompetence in peripheral
sensory neurons
Received for publication, January 13, 2017, and in revised form, March 29, 2017 Published, Papers in Press, April 5, 2017, DOI 10.1074/jbc.M117.776799

Allison Doyle Brackley‡, Shayda Sarrami§, Ruben Gomez§, Kristi A. Guerrero§, and Nathaniel A. Jeske‡§¶1

From the Departments of ‡Pharmacology, §Oral and Maxillofacial Surgery, and ¶Physiology, University of Texas Health Science
Center, San Antonio, Texas 78229

Edited by Henrik G. Dohlman

�-Opioid receptor (MOR) agonists are often used to treat
severe pain but can result in adverse side effects. To circumvent
systemic side effects, targeting peripheral opioid receptors is
an attractive alternative treatment for severe pain. Activation of
the �-opioid receptor (DOR) produces similar analgesia with
reduced side effects. However, until primed by inflammation,
peripheral DOR is analgesically incompetent, raising interest in
the mechanism. We recently identified a novel role for G-pro-
tein-coupled receptor kinase 2 (GRK2) that renders DOR anal-
gesically incompetent at the plasma membrane. However, the
mechanism that maintains constitutive GRK2 association with
DOR is unknown. Protein kinase A (PKA) phosphorylation of
GRK2 at Ser-685 targets it to the plasma membrane. Protein
kinase A-anchoring protein 79/150 (AKAP), residing at the
plasma membrane in neurons, scaffolds PKA to target proteins
to mediate downstream signal. Therefore, we sought to deter-
mine whether GRK2-mediated DOR desensitization is directed
by PKA via AKAP scaffolding. Membrane fractions from cul-
tured rat sensory neurons following AKAP siRNA transfection
and from AKAP-knock-out mice had less PKA activity, GRK2
Ser-685 phosphorylation, and GRK2 plasma membrane target-
ing than controls. Site-directed mutagenesis revealed that
GRK2 Ser-685 phosphorylation drives the association of GRK2
with plasma membrane-associated DOR. Moreover, overex-
pression studies with AKAP mutants indicated that impaired
AKAP-mediated PKA scaffolding significantly reduces DOR-
GRK2 association at the plasma membrane and consequently
increases DOR activity in sensory neurons without a priming
event. These findings suggest that AKAP scaffolds PKA to
increase plasma membrane targeting and phosphorylation of
GRK2 to maintain DOR analgesic incompetence in peripheral
sensory neurons.

Systemic opioid therapies that target the �-opioid receptor
(MOR)2 remain the gold standard for the treatment of acute
severe pain. Although highly efficacious as an analgesic strat-
egy, debilitating systemic side effects contraindicate long-term
use, including respiratory depression, dependence, and addic-
tion (1). Targeting the �-opioid receptor (DOR), on the other
hand, produces comparable analgesia with reduced side-effect
profiles in rodents and non-human primates (2). Recent studies
have also demonstrated that activation of competent opioid
receptors in the periphery adequately relieve pain to the same
extent as central administration (3). However, agonist activa-
tion of peripheral opioid receptors, including DOR, requires an
inflammatory prestimulus or “priming” event (4 –11). Periph-
eral DOR incompetence is maintained by a constitutive inter-
action between the receptor and G-protein-coupled receptor
kinase 2 (GRK2) (11). Exposure to inflammatory mediator bra-
dykinin induces a “priming” cascade that involves protein
kinase C (PKC)-induced phosphorylation of Raf-kinase-inhib-
itory protein (RKIP), followed by RKIP self-dimerization and
GRK2 sequestration to the cytosol. The mechanism for opioid
analgesic incompetence is not well understood and could pro-
vide important insight into the role of inflammatory mediators
in peripheral opioid receptor regulation.

Protein kinase A (PKA), the primary kinase target for cAMP,
is an enzyme consisting of two catalytic (C) subunits rendered
inactive by dimerized regulatory (R) subunits (12–14). PKA iso-
forms differ in their R subunits, RI and RII (15–17). High-affin-
ity interactions between intracellular targeting domains in pro-
tein kinase A-anchoring protein 79/150 (AKAP) and PKA RII
anchor PKA to the plasma membrane, allowing for spatial and
temporal regulation of target proteins (18, 19). Interestingly,
genetic ablation of AKAP or disruption of PKA scaffolding by
AKAP in mice reduces postsynaptic PKA localization in brain
lysates (20 –22). In the periphery, immunohistochemical anal-
ysis of intact and cultured rat trigeminal ganglia (TG) reveal
neuronal coexpression of AKAP and PKA RII (23). Comple-
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mentary biochemical analysis in cultured TG lysates reveals
that AKAP co-immunoprecipitates with PKA RII. In immortal-
ized cells, AKAP scaffolding of PKA drives GRK2 to the plasma
membrane, where it modulates G-protein-coupled receptors
(GPCRs) (24).

In the present study, we investigate the potential role of
AKAP scaffolding of PKA in constitutive GRK2 maintenance
of DOR incompetence in peripheral sensory neurons. Using
imaging, biochemical, molecular, and functional techniques,
we sought to determine whether AKAP scaffolding of PKA
sustains GKR2-DOR association and functional receptor
incompetence in the periphery. Such a mechanism could be
used to identify novel drugs that disrupt these protein-pro-
tein interactions for use in combination therapy with periph-
erally restricted DOR agonists. This approach would be
expected to enhance DOR-mediated analgesia in non-in-
flammatory pain patients with a reduced likelihood of sys-
temic side effects.

Results

AKAP enhances PKA activity at the plasma membrane

Previous studies have demonstrated that AKAP serves to
anchor PKA RII to the plasma membrane (19, 25). In central
tissues, genetic ablation of AKAP or disruption to AKAP scaf-
folding of PKA reduces postsynaptic PKA RII localization (20 –
22). In the periphery, immunohistochemical analysis of intact
and cultured rat TG revealed neuronal co-expression of AKAP
and PKA RII (23). To determine whether AKAP plays a role in
membrane localization of PKA RII in the periphery, qualitative
confocal microscopy was utilized to examine PKA RII distribu-
tion across cultured TG and dorsal root ganglia (DRG) from
AKAP wild-type (WT) and knock-out (KO) mice (Fig. 1A). PKA
RII is well-distributed throughout the TG and DRG of WT mice
and, to a lesser extent, KO mice. Although whole-cell PKA RII
densitometry across groups does not significantly differ, PKA
RII is significantly increased at the plasma membrane of WT
TG and DRG compared with KO neurons (Fig. 1B, (whole-cell)
interaction, p � 0.8599; (whole-cell) WT versus KO, p �
0.6133; (whole-cell) TG versus DRG, p � 0.0501; ((plasma
membrane; PM) interaction, p � 0.1769; (PM) WT versus KO,
p � 0.0527; (PM) TG versus DRG, p � 0.1000; n � 41–77;
two-way ANOVA with Bonferroni post hoc test). This interac-
tion was confirmed when plasma membrane PKA RII was com-
pared with total PKA RII for each group (Fig. 1C, interaction,
p � 0.0271; TG versus DRG, p � 0.0063; WT versus KO, p �
0.0001; n � 41–77; two-way ANOVA with Bonferroni post hoc
test). Compared with WT, the percentage of PKA RII at the
plasma membrane in KO neurons is reduced by 58.27 � 9.34%
in TG and 42.36 � 14.95% in DRG. These data identify that
AKAP supports PKA localization at the plasma membrane in
peripheral sensory neurons.

We next employed an in vitro assay to assess kinase activity in
membrane fractions of intact or cultured TG to determine the
role of AKAP in local PKA activity at the plasma membrane in
mice and rats. Compared with WT mice, PKA activity in mem-
brane lysates of AKAP KO mice is reduced by 50.24 � 12.31%
(Fig. 1D, p � 0.0009, n � 3 independent trials in triplicate,

unpaired Student’s t test). As previously reported, AKAP
siRNA treatment to cultured rat TG does not change PKA
activity of whole-cell lysates as measured by Western blotting
(WB) (23). However, transfection of rat TG cultures with AKAP
siRNA significantly reduces PKA activity at the plasma mem-
brane by 33.73 � 9.79% compared with mock treatment (Fig.
1E, p � 0.0033, n � 3 independent trials in triplicate, unpaired
Student’s t test). Collectively, these data suggest that AKAP
serves to anchor active PKA to the plasma membrane in periph-
eral sensory neurons of both mice and rats.

AKAP facilitates PKA-dependent GRK2 phosphorylation

In immortalized cells, PKA activation stimulates phosphor-
ylation of numerous proteins, including the direct phosphory-
lation GRK2 at Ser-685 (24). Although PKA phosphorylation of
GRK2 does not enhance GRK2 catalytic activity, it facilitates
GRK2 modulation of GPCRs by targeting GRK2 to the plasma
membrane.

We sought to determine whether this mechanism occurs in
peripheral sensory neurons. To determine whether PKA acti-
vation leads to direct PKA phosphorylation of GRK2, we uti-
lized a phosphorylation site-specific antibody for GRK2 at Ser-
685 (Fig. 2, A and B). Serum-starved rat TG cultures were
stimulated with 8-Br-cAMP (10 �M; 5 min), followed by
homogenization and crude fractionation. Next, GRK2 was iso-
lated from cytosol and membrane lysates by immunoprecipita-
tion. Stimulation by 8-Br-cAMP significantly increases PKA-
dependent GRK2 phosphorylation by 278.00 � 80.42% in the
cytosol, whereas PKA stimulation resulted in a trend toward
increased PKA-dependent phosphorylation by 147.80 �
58.43% at the plasma membrane (Fig. 2, A and B; p � 0.0259 (A)
and p � 0.0647 (B), n � 3 independent trials, unpaired student’s
t test). Compared with vehicle-treated cells, 8-Br-cAMP treat-
ment also resulted in a trend toward increased GRK2 translo-
cation to the plasma membrane by 61.60 � 22.35% (Fig. 2C, p �
0.0511, n � 3 independent trials, unpaired Student’s t test). This
experiment recapitulates what was found in immortalized
cells and reveals that stimulation of PKA enhances PKA-de-
pendent phosphorylation in the cytosol and, albeit just
beyond significance, may have similar effects at the plasma
membrane as a result of translocation of GRK2 in rat primary
sensory neurons.

AKAP scaffolding of PKA indirectly regulates GRK2 mem-
brane translocation in immortalized cells, which requires PKA
to be tethered to the plasma membrane (24). In cultured rat TG
lysates, that AKAP co-immunoprecipitates with PKA RII (23).
However, it has yet to be determined whether AKAP can indi-
rectly regulate PKA-dependent phosphorylation and transloca-
tion of GRK2 in primary sensory neurons. For this experiment,
we harvested and fractionated serum-starved rat TG cultures
that had been transfected either in mock fashion or with AKAP
siRNA. Knockdown of AKAP did not reduce PKA-dependent
GRK2 phosphorylation in the cytosol (Fig. 2D, p � 0.3292, n �
3 independent trials, unpaired Student’s t test). However,
AKAPknockdownsignificantlyreducesmembraneGRK2phos-
phorylation at Ser-685 by 39.32 � 15.48% and is accompanied
by a reduction in GRK2 membrane targeting by 44.22 � 18.71%
(Fig. 2, E and F; p � 0.0441 (E) and p � 0.0560 (F), n � 3
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independent trials, unpaired Student’s t test). Similarly, crude
membrane TG lysates from AKAP KO mice have 31.10 � 9.47%
less PKA-dependent GRK2 phosphorylation than WT litter-
mates (Fig. 2G, p � 0.0304, n � 3 independent trials, unpaired
Student’s t test). Importantly, GRK2 targeting to the plasma
membrane in AKAP KO TG is significantly reduced by 26.75 �
9.54% compared with WT littermates (Fig. 2H, p � 0.0485, n �
3 independent trials, unpaired Student’s t test). These experi-
ments agree with the aforementioned study in immortalized
cells and demonstrate that AKAP expression is crucial to con-
stitutive PKA-dependent phosphorylation of GRK2 targeted
to the membrane in rat peripheral sensory neurons.

PKA phosphorylation of GRK2 drives association with DOR

Under non-inflammatory conditions, DOR is chronically
bound to GRK2, which renders the receptor dormant or unre-
sponsive to agonist stimulation in peripheral sensory neurons
(11). In immortalized cells, phosphorylation by PKA facilitates
GRK2 translocation to the plasma membrane to negatively
modulateGPCRsignaling(24).GiventhatPKA-dependentphos-
phorylation dictates plasma membrane translocation of GRK2
(Fig. 2), we hypothesized that PKA-dependent phosphorylation
of GRK2 may underlie the constitutive association between
DOR and GRK2 at the plasma membrane in primary sensory
neurons. To test this, we utilized site-directed mutagenesis.

Figure 1. AKAP effect on PKA cellular distribution and PKA activity at the plasma membrane in sensory neurons. A, immunohistochemical co-expression
of PGP9.5 (red) and PKA RII (green) in TG and DRG cultured from naive AKAP WT and AKAP KO littermates. Yellow scale bar, 25 �M. PKA RII distribution of
representative cells is shown in the right column: second order smoothing polynomial (green) of six individual plot profiles measured with 60° separations (gray)
near the cell membrane (red). Confocal images are representative of three independent trials. B, PKA RII densitometry measurements taken from whole cell (left
y axis) and plasma membrane (right y axis, black bars) of TG and DRG from AKAP WT (dark gray) and AKAP KO (red). n � 41–77 neurons/group. C, PKA RII plasma
membrane/whole cell densitometry ratios from AKAP WT (gray) and AKAP KO (red) TG and DRG (from B). n � 41–77 neurons/group; *, p � 0.05; ***, p � 0.005;
two-way ANOVA with Bonferroni post-hoc test. D, PKA activity at the plasma membrane in homogenized TG from AKAP WT (gray) and AKAP KO (red) mice. n �
3 independent trials performed in triplicate. ***, p � 0.005; unpaired Student’s t test. E, PKA activity at plasma membrane in rat TG cultures treated in mock
fashion (gray) or with AKAP siRNA (red). n � 3 independent trials performed in triplicate; **, p � 0.01; unpaired Student’s t test. Error bars, S.E.
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Because site-specific mutants were used rather than a domi-
nant-negative mutant that would antagonize wild-type GRK2,
the abundant native kinase was first knocked down with previ-
ously validated GRK2 siRNA (11) (75.9 � 1.8 and 78.8 � 1.5%
endogenous GRK2 reduction for GRK2 siRNA and FITC-
GRK2 siRNA, respectively). Following knockdown of endog-
enous GRK2, we nucleofected either empty vector, wild-type
GRK2, GRK2-S685D (phosphomimetic), or GRK2-S685G
(phosphodeficient) cDNA into TG cultures. Following over-
night serum starvation, cells were harvested, fractionated, and
processed for co-immunoprecipitation studies.

Following GRK2 silencing and empty vector introduction,
a small amount of native GRK2 co-immunoprecipitates with
plasma membrane DOR. When wild-type GRK2 is reconsti-

tuted, constitutive GRK2 association with DOR increases to
149.78 � 61.52% above levels in cells nucleofected with empty
vector. Introduction of the phosphomimetic mutant, GRK2-
S685D, yields a comparable 154.52 � 34.23% increase in GRK2
that co-immunoprecipitates with DOR at the plasma mem-
brane. In contrast, introduction of the phosphodeficient
mutant, GRK2-S685G, produced a small, non-significant in-
crease of 33.90 � 2.96% above levels in GRK2-silenced TG
nucleofected with empty vector (Fig. 3A; *, p � 0.05; ANOVA
summary, p � 0.0111; n � 4 independent trials; one-way
ANOVA with Bonferroni post hoc test). These data demon-
strate that in peripheral sensory neurons, PKA phosphorylation
of GRK2 drives the constitutive association between DOR and
GRK2 at the plasma membrane.

Figure 2. AKAP facilitates PKA-dependent GRK2 phosphorylation and targets GRK2 to PM. A and B, crude cytosolic (CYTO) and PM fraction immunopre-
cipitations from TG cultures serum-starved for 18 h and treated with vehicle (black) and 8-Br-cAMP (green; 10 �M, 5 min). C, additional crude membrane samples
were collected to examine GRK2 expression at the PM. D and E, crude cytosolic and PM fraction immunoprecipitations from TG cultures treated in mock fashion
(black) or with AKAP siRNA (gray) and serum-starved for 4 h. F, additional crude membrane samples were collected to examine GRK2 expression at the PM. G,
crude PM fraction immunoprecipitation from naive TG from WT AKAP (black) mice and AKAP KO (red) littermates. H, additional crude membrane samples were
collected to look at GRK2 expression at the PM. n � 3 independent trials; mean � S.E. (error bars); *, p � 0.05; ns, not significant; unpaired Student’s t test.
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To build on this, we next carried out a functional Ca2� imag-
ing assay in peripheral sensory neurons to determine whether
PKA-dependent phosphorylation of GRK2 governs DOR
incompetence. We measured opioid inhibition of voltage-gated
Ca2� channels (VGCCs) elicited by KCl-evoked Ca2� tran-
sients in cultured sensory neurons, which is a validated method
that has been used by multiple groups to quantify DOR activity
in a heterogeneous neuronal population (10, 11, 27). In contrast

to patch-clamp electrophysiology, this method circumvents
inevitable user bias in determining whether to include a cell
that does not respond to a DOR agonist due to lack of receptor
expression versus lack of functional receptor competence.
Furthermore, it avoids the limitations of requiring gene-tar-
geted receptor-fusion protein introduction into cells that do
not typically express DOR, which carries with it potential
changes to normal receptor activity, interaction partners,
and/or biochemistry.

We previously reported that small to medium capsaicin
(CAP; 1 �M)-sensitive DRG neurons transfected with FITC-
GRK2 siRNA produce significant DOR-mediated inhibition of
VGCCs compared with mock-treated cells that have little to no
DOR activity in the presence of a DOR agonist (11). To test
whether PKA-dependent phosphorylation of GRK2 underlies
functional DOR incompetence, we used siRNA-mediated
knockdown of GRK2 followed by co-nucleofection of GFP with
empty vector, wild-type GRK2, GRK2-S685D, or GRK2-S685G
cDNA. Recapitulating published population findings in pri-
mary cultures, GFP-positive CAP-sensitive DRG transfected
with FITC-GRK2 siRNA and empty vector produce a robust
response to the DOR agonist [D-Pen2,5]enkephalin (DPDPE; 1
�M), which inhibits KCl (50 mM)-evoked Ca2� transients by
28.10 � 4.23% in CAP-sensitive DRG (Fig. 3, B and C). Reintro-
duction of wild-type GRK2 or nucleofection of GRK2-S685D
cDNA similarly antagonizes DPDPE inhibition of KCl-evoked
Ca2� transients to 5.48 � 2.74 and 3.96 � 1.87%, respectively.
However, nucleofection of GRK2-S685G cDNA following
GRK2 knockdown results in 25.18 � 2.92% DPDPE inhibition
of KCl-evoked Ca2� transients, similar to DRG transfected with
FITC-GRK2 siRNA and empty vector cDNA (Fig. 3, B and C;
***, p � 0.005 for GRK2 and GRK2-S685D compared with both
empty vector and GRK2-S685G; ANOVA summary, p �
0.0001; n � 29 –33 DRG/group; one-way ANOVA with Bonfer-
roni post hoc test). Taken together, data presented herein iden-
tify that Ser-685 is an important site for GRK2 maintenance of
functional DOR incompetence in primary sensory neurons.

AKAP scaffolding of PKA modulates DOR activity via GRK2

Under basal conditions, neuronal AKAP interacts with PKA
to promote basal phosphorylation of target proteins and recep-
tors (28). To determine whether AKAP scaffolding of PKA
drives GRK2 association with DOR, we utilized overexpression
experiments with AKAP wild type and deletion mutants
with the PKA- or PKC-binding sequences deleted, termed
AKAP�PKA and AKAP�PKC (23, 29). In rat TG cultures
nucleofected and serum-starved, overexpression of wild-type
AKAP, AKAP�PKA, or AKAP�PKC results in �300% endog-
enous levels observed in whole-cell lysates from cells nucleo-
fected with empty vector (Fig. 4A; **, p � 0.01; ***, p � 0.005;
ANOVA summary, p � 0.0001; n � 4 independent trials; one-
way ANOVA with Bonferroni post hoc test). To investigate
whether AKAP anchoring of PKA facilitates constitutive GRK2
association with DOR, co-immunoprecipitation experiments
were conducted from crude plasma membrane fractions from
serum-starved primary TG cultures nucleofected with empty
vector, wild-type AKAP, AKAP�PKA, or AKAP�PKC cDNAs.
As expected, GRK2 co-immunoprecipitates with plasma mem-

Figure 3. PKA phosphorylation of GRK2 enhances association with DOR
in primary sensory neurons of the periphery. A, TG cultures were treated
with GRK2 siRNA followed by nucleofection of EV (light gray), wild-type GRK2
(dark gray), phosphomimetic GRK2-S685D (dark green), or phosphodeficient
GRK2-S685G (light green) cDNA. Following 4-h serum starvation, crude
plasma membrane fractions were collected for co-immunoprecipitation and
probed for DOR association with GRK2. n � 4 independent trials; mean � S.E.
(error bars); *, p � 0.05; ns, not significant; one-way ANOVA with Bonferroni
post hoc test. B and C, cumulative traces and quantification of DPDPE (1 �M)
inhibition of KCl (50 mM)-evoked Ca2� influx in capsaicin-sensitive DRG
treated with GRK2 siRNA followed by co-nucleofection of GFP with EV, GRK2,
GRK2-S685D, or GRK2-S685G cDNA and 2-h serum starvation. n � 29 –33
DRG/group, mean � S.E.; ***, p � 0.005; ns, not significant; one-way ANOVA
with Bonferroni post hoc test.
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brane DOR in TG cultures nucleofected with empty vector (Fig.
4B). Overexpression of wild-type AKAP or AKAP�PKC results
in similar levels of GRK2 co-immunoprecipitating with DOR in
crude plasma membrane fractions. However, in TG cultures
overexpressing AKAP�PKA, 50.40 � 10.27% less GRK2 co-
immunoprecipitates with DOR (Fig. 4B; *, p � 0.05; ANOVA
summary, p � 0.0387; n � 4 independent trials; one-way
ANOVA with Bonferroni post hoc test). Thus, the constitutive
association between GRK2 and DOR at the plasma membrane
is constitutively maintained by AKAP scaffolding of PKA. Sur-
prisingly, overexpression of wild-type AKAP fails to increase
DOR-GRK2 association above levels observed in cells expressing
endogenous AKAP only. This finding suggests that under basal
conditions in peripheral sensory neurons, GRK2 association with
DOR is maximally regulated by AKAP-anchored PKA.

To assess whether AKAP scaffolding of PKA supports func-
tional DOR incompetence in primary DRG cultures, we over-
expressed GFP with empty vector, wild-type AKAP, AKAP�
PKA, or AKAP�PKC cDNAs and measured DOR activity in
serum-starved neurons. Not surprisingly, GFP-positive CAP-
sensitive DRG nucleofected with empty vector were insensitive
to DPDPE (1 �M), producing only 7.22 � 3.58% inhibition of
KCl-evoked Ca2� transients (Fig. 4, C and D). Neither wild-type
AKAP overexpression nor AKAP�PKC-expressing DRG pro-
duces significant DPDPE sensitivity at 7.38 � 3.87 and 8.25 �
2.40%, respectively. However, GFP-positive CAP-sensitive
DRG nucleofected with AKAP�PKA cDNA produces robust
24.38 � 3.63% DPDPE inhibition of KCl-evoked Ca2� tran-

sients (Fig. 4, C and D; *, p � 0.05; ANOVA summary, p �
0.0003; n � 22–29 DRG/group; one-way ANOVA with Bonfer-
roni post hoc test). These data demonstrate that under basal
conditions, AKAP scaffolding of PKA is a fundamental compo-
nent in the maintenance of constitutive functional DOR incom-
petence in primary sensory neurons.

Discussion

In the periphery, DOR lies dormant in an analgesically
incompetent state unless primed by inflammation (4, 7–11, 30).
Such a prerequisite for receptor activation would be expected
to limit the therapeutic efficacy of peripherally restricted DOR
agonists to inflammatory pain patients only. However, given
the reduced side-effect profiles in rodent and non-human pri-
mates following systemic administration, DOR agonists remain
an attractive target for the treatment of acute severe pain (2).
Recently, we identified a novel, non-internalizing role for GRK2
in chronically down-regulating DOR analgesic competence at
the plasma membrane in peripheral sensory neurons as well as
peripheral DOR anti-nociception in vivo (11). Additionally, we
identify a mechanism for DOR priming. However, a major gap
in knowledge existed concerning how GRK2 constitutively pre-
serves DOR in an analgesically incompetent state at the plasma
membrane in peripheral sensory neurons. The conclusions of
the experiments presented in this paper identify this gap (Fig.
5). A working model of the DOR-GRK2 interaction reveals that
AKAP scaffolding of PKA constitutively drives PKA-dependent
phosphorylation of GRK2 at Ser-685 to increase GRK2 target-

Figure 4. AKAP scaffolding of PKA impairs DOR activity via enhanced GRK2 association with DOR. A, AKAP expression in whole-cell lysates from TG
cultures nucleofected with EV (gray), wild type AKAP (red), AKAP�PKC (blue), or AKAP�PKC (green) cDNA. B, following 4-h serum starvation, crude plasma
membrane fractions were collected for co-immunoprecipitation from each group and probed for DOR association with GRK2. n � 4 independent trials; mean �
S.E. (error bars); *, p � 0.05; ***, p � 0.005; ns, not significant; one-way ANOVA with Bonferroni post hoc test. Note that representative Western blots have been
spliced as indicated. C and D, cumulative traces and quantification of DPDPE (1 �M) inhibition of KCl (50 mM)-evoked Ca2� influx in capsaicin-sensitive DRG
co-nucleofected with GFP and EV, AKAP, AKAP�PKC, or AKAP�PKA cDNA and 2-h serum starvation. n � 22–29 DRG/group; mean � S.E.; **, p � 0.01; ns, not
significant; one-way ANOVA with Bonferroni post hoc test.
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ing to the plasma membrane, where it interacts with DOR and
maintains functional incompetence in primary sensory neu-
rons. Within this framework, novel drugs that disrupt the pro-
tein-protein interactions presented herein would be expected
to enhance DOR-mediated analgesia.

The results of these experiments are in agreement with stud-
ies performed in immortalized cells by Lefkowitz and col-
leagues (24), who first identified that AKAP scaffolding of PKA
indirectly regulates GRK2 by a mechanism that requires PKA
tethered to the plasma membrane. The data presented within
this work implicate that AKAP expression is essential in con-
stitutive PKA-dependent phosphorylation and membrane tar-
geting of GRK2 in rat peripheral sensory neurons. Although
PKA stimulation enhances PKA-dependent phosphorylation of
GRK2 at Ser-685 and increases GRK2 targeting to the plasma
membrane in serum-starved primary sensory neurons, basal
phosphorylation is observed (Fig. 2). Thus, constitutive modu-
lation of GRK2 by PKA could be studied. Following AKAP
knockdown, we found noteworthy reductions in GRK2 protein
and GRK2 phosphorylation by PKA at the plasma membrane.
Although we did not choose to stimulate PKA in this experi-
ment, one would hypothesize that an increase in phosphoryla-
tion of GRK2 and targeting to the plasma membrane would be
observed following 8-Br-cAMP treatment in the mock-treated
cells that would not be observed in the presence of reduced
AKAP expression.

In Fig. 3, GRK2 Ser-685, the PKA-dependent phosphoryla-
tion site, was identified as an important site for GRK2 mainte-
nance of functional DOR incompetence in primary sensory
neurons. In immortalized cells, one might expect that the phos-
phomimetic GRK2 mutant would have increased association
with DOR compared with wild-type GRK2. However, when the
potential number of DORs existing at the plasma membrane in
a peripheral sensory neuron is compared with the number of
GRK2 molecules expected to be present in the cell, it can be
presumed that only a fraction of total GRK2 would be needed
to maintain DOR incompetence. The data suggest that the
amount of DOR at the plasma membrane is maximally associ-
ated with GRK2 under naive conditions in primary sensory
neurons. In an overexpression system, where additional non-
native DOR is introduced, it is likely that much more phospho-
mimetic GRK2 would be associated with plasma membrane
DOR compared with wild-type GRK2. However, this approach
was not used because not all peripheral sensory neurons

express DOR. Any implications of such a study would be con-
founded by introducing DOR into a heterogeneous population
of neurons that would not endogenously express the receptor.

It is widely accepted that opioid receptor activation elicits
analgesic effects through G�i and G�� subunits, which inhibit
neuronal depolarization by inactivating adenylyl cyclase, which
reduces cAMP-PKA activity (31), and by inhibiting VGCCs,
respectively (32). Thus, it is not surprising that traditional
assays for DOR activity in peripheral sensory neurons measure
primed DOR agonist inhibition of evoked cAMP accumulation
(7, 8, 33, 34). Although constitutive modulation of DOR by PKA
has not been investigated in primary sensory neurons, immor-
talized cell studies suggest that there may be an understudied
role for PKA in DOR modulation. In neuroblastoma cells, stim-
ulation of the cAMP-PKA pathway results in down-regulation
of DOR transcripts and a loss of radioligand binding sites (35).
PKA has been also been implicated in heterologous desensiti-
zation of DOR through a mechanism that does not induce
receptor internalization or protein down-regulation in immor-
talized neuroblastoma and stably transfected Chinese hamster
ovary cells (36). Whereas PKA is not involved in DOR priming
by bradykinin (11), the data presented herein provide compel-
ling evidence that PKA constitutively phosphorylates GRK2 at
Ser-685 to maintain functional DOR incompetence in sensory
neurons.Althoughcounterintuitive,PKA-dependentphosphor-
ylation of GRK2 does not alter catalytic activity (24). Conspic-
uously, peripheral DOR analgesic incompetence is indepen-
dent of GRK2 kinase activity in sensory neurons and, instead,
depends on the interaction between the two proteins (11). Cat-
alytic activity of protein kinases has been intensively studied for
decades, yet these findings provide accumulating evidence for
the diverse non-catalytic functions of kinases.

In conclusion, the experimental results demonstrate that
AKAP scaffolding of PKA constitutively dictates PKA-depen-
dent phosphorylation of GRK2 at Ser-685, driving GRK2 to the
plasma membrane, where it interacts with DOR to maintain
functional incompetence in primary sensory neurons. Prior
to this study, there was no identified mechanism underlying
chronic GRK2 down-regulation of peripheral DOR analgesic
signaling beyond kinase-receptor association. Because this
chronic interaction exists to maintain naive peripheral DOR
incompetence, novel drugs that disrupt the newly identified pro-
tein-protein interactions would be expected to enhance DOR-me-
diated analgesia in non-inflammatory pain patients for whom
DOR agonists would otherwise lack analgesic efficacy.

Experimental procedures

Procedures using animals were approved by the institutional
animal care and use committee of the University of Texas
Health Science Center at San Antonio and were conducted in
accordance with the policies for the ethical treatment of ani-
mals established by the National Institutes of Health (NIH).
Every effort was made to limit animal discomfort and the num-
ber of animals used.

Animals

Adult male Sprague-Dawley rats (Charles River Laborato-
ries, Wilmington, MA) weighing 200 –250 g were used for bio-

Figure 5. Model of DOR incompetence in peripheral sensory neurons.
Under naive conditions, AKAP anchors PKA at the plasma membrane and
supports membrane targeting of GRK2 via direct phosphorylation at Ser-685.
Constitutive phosphorylation by PKA drives GRK2 to associate with DOR and
maintain chronic DOR incompetence.
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chemistry and Ca2� imaging in this study. Additional studies in
AKAP WT and KO littermates with a C57/B16 background (37)
were carried out for immunohistochemistry and biochemistry.
Animals were housed in clean cages with a 12-h light/dark cycle
for 1 week with food and water ad libitum before use.

Generation of PKA phosphorylation site-specific GRK2
mutants

Bovine GRK2 cDNA (generous gift from Dr. Jeffrey L.
Benovic (Thomas Jefferson University, Philadelphia, PA) was
used for single-point mutational creation of GRK2-S685D
(phosphomimetic) and GRK2-S685G (phosphodeficient) in
pcDNA3 vector. For GRK2-S685D, a single point mutation
changing Ser-685 to aspartic acid was introduced by PCR using
the primers 5�-CCA GCG CGG CGA TGC CAA CGG CCT
CTG-3� (forward) and 5�-CAG AGG CCG TTG GCA TCG
CCG CGC TGG-3� (reverse). For GRK2-S685G, a single point
mutation changing Ser-685 to glycine was introduced by PCR
using the primers 5�-CCA GCG CGG CGG TGC CAA CGG
C-3� (forward) and 5�-GCC GTT GGC ACC GCC GCG CTG
G-3� (reverse). Mutant clones were generated by QuikChange
mutagenesis (Stratagene, La Jolla, CA) and then verified by
DNA sequencing.

Sensory neuronal cultures

For immunohistochemistry, TG or DRG (L4 –L6) were dis-
sected bilaterally from male mice. TG/DRG were dissociated by
30-min collagenase (Worthington) treatment followed by
30-min trypsin (Sigma-Aldrich) treatment, with gentle rocking
every 10 min. Cells were then resuspended in complete medium
(Dulbecco’s modified Eagle’s medium, Invitrogen), supple-
mented with 10% fetal bovine serum (Invitrogen), 100 ng/ml
nerve growth factor (NGF; Harlan Laboratories, Indianapolis,
IN), mitotic inhibitors (Sigma), 1% penicillin/streptomycin
(Invitrogen), and 1% glutamine (Sigma), and plated on poly-D-
lysine-coated plates (Corning, Glendale, AZ). Cultures were
maintained at 37 °C and 5% CO2 and grown for 3 days with
medium changed 2 days following culture and supplemented
with NGF. On the third day post-dissection, cells were prepared
for immunofluorescent staining.

For biochemistry, TG were dissected bilaterally from male
rats and prepared as described above with cultures maintained
at 37 °C and 5% CO2 and grown for 5– 6 days with medium
changed the following day and every 2 days thereafter. TG were
exclusively utilized for biochemical experiments to satisfy NIH
requirements to reduce animal use in research.

For Ca2� imaging, DRG dissected bilaterally at L4 –L6 from
male rats were dissociated by a 40-min co-treatment with col-
lagenase (Worthington) and dispase (Sigma) with gentle rock-
ing every 10 min. Next, cells were resuspended in complete
medium and plated on poly-D-lysine/laminin-coated coverslips
(BD Biosciences). Cultures were maintained at 37 °C and 5%
CO2, medium was changed the following day, and experiments
were conducted within 24 – 48 h of initial culture.

Tissue processing and immunohistochemistry

On day 3 post-dissection, wells containing coverslips with
cultured sensory neurons from AKAP WT and KO mice were

aspirated and rinsed with 0.1 M phosphate-buffered saline
(PBS) for three periods of 5 min each. Next, cells were fixed for
10 min in fresh filtered 4% paraformaldehyde solution. Cells
were then rinsed quickly once in 0.1 M PBS and again for three
periods of 5 min each. To minimize nonspecific binding, sam-
ples were incubated for 1 h in blocking solution (2% bovine-
globulin (Sigma), 4% normal horse serum (Sigma), and 0.3%
Triton X-100 (Fisher) in 0.1 M PBS). Next, the tissue was incu-
bated in primary antibodies against PKA RII (Upstate Cell Sig-
naling Solutions (Lake Placid, NY); at 1:75 dilution in blocking
solution) (38) and neuronal/nerve fiber marker protein gene
product 9.5 (PGP9.5; AB5898, Chemicon (Billerica, MA); at
1:100 dilution in blocking solution) (39) for 18 h in a humidifier.
The following day, cells were rinsed with 0.1 M PBS and then
rinsed again for three periods of 10 min each. Next, cells were
placed in a dark humidifier for 60 min to incubate in corre-
sponding species-specific secondary antibody Alexa Fluor 488
or 568 (Molecular Probes at dilutions of 1:100 and 1:50, respec-
tively, in blocking solution) used to visualize PKA RII and
PGP9.5 immunoreactivity. Cells were quickly rinsed in 0.1 M

PBS, followed by an additional three periods of 10 min rinses.
Finally, cells were quickly rinsed in ultrafiltered nanopure
deionized water. Once dry, stained cells were coverslipped with
Vectashield containing DAPI (Vector Laboratories, Burlin-
game, CA) and stored at 4 °C until they were evaluated by con-
focal microscopy. Cells were evaluated, and images were
obtained using a Nikon 90i microscope equipped with a C1si
laser-scanning confocal imaging system (Nikon, Melville, NY).
Confocal images are representative of three individual trials.

To analyze PKA RII distribution in each representative cell, a
second-order smoothing polynomial of six individual plot pro-
files measured with 60° separations near the cell membrane was
collected under the green filter of the RGB stack using NIH
ImageJ software. For every individual plot profile measured
under the green filter, a measurement was taken under the red
filter to identify distribution constraints for normalization
across the cell. PKA RII distribution at the plasma membrane
relative to the whole cell was determined using single-pixel-
wide segmented measurements selected around the edges of
PGP9.5-expressing cells under the red level filter for each cell in
every RGB stacked confocal image collected to remove user
bias, and PKA RII average densitometry measurements were
collected under the green level filter and compared with the
average densitometry of the whole cell by closing the seg-
mented line. Appropriate statistics were carried out as de-
scribed in the figure legends.

Crude membrane preparation

Primary rat TG cultures were pretreated as indicated, and
fresh TG from AKAP WT and KO littermates were bilaterally
dissected from naive animals. For cultures, cells were harvested
and homogenized in homogenization buffer (25 mM HEPES, 25
mM sucrose, 1.5 mM MgCl2, 50 mM NaCl (pH 7.4), 1 mM sodium
pyrophosphate, 1 mM sodium orthovanadate (Sigma), 1 �g/ml
pepstatin (Sigma), 1 �g/ml leupeptin (Sigma), 1 �g/ml apro-
tinin (Sigma), and 100 nm phenylmethylsulfonyl fluoride
(PMSF; Sigma)) with 20 strokes using a Potter-Elvehjem pestle
and glass homogenizer tube. Similarly, naive TG from AKAP
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WT and KO littermates were cut 20 times following dissection
and then homogenized in homogenization buffer with 40
strokes. Homogenates were placed on ice for a 15-min incuba-
tion and then centrifuged at 1000 	 g for 1 min to remove nuclei
and unlysed cells from the homogenate. The resulting superna-
tant was centrifuged at 16,000 	 g for 30 min at 4 °C to separate
cell membrane proteins from cytosolic proteins. Cytosolic
supernatant was separated from the pellet (crude membrane
fraction), which was resuspended in 250 �l of homogenization
buffer containing 1% Triton X-100 (Fisher). Total protein was
quantified using Bradford assay (Sigma) prior to co-immuno-
precipitation (co-IP).

PKA kinase activity assay/ELISA

Using an in vitro PKA kinase activity kit (Enzo Life Sciences,
Farmingdale, NY), we measured PKA activity in crude mem-
brane fractions from primary rat TG cultures treated in mock
fashion or with AKAP siRNA or fresh TG from AKAP WT and
KO littermates. The assay was performed according to the
manufacturer’s instructions. Following Bradford assay and
quantification, 2-�g plasma membrane samples and kit stan-
dards were plated onto a precoated 96-well PKA substrate
microtiter plate. In brief, ATP was used to initiate the kinase
reaction for 90 min at 30 °C. After the reaction was terminated,
wells were incubated with a phosphospecific substrate antibody
for 60 min at room temperature, when it binds to the phosphor-
ylated peptide substrate. A peroxidase-conjugated secondary
antibody that binds the phosphospecific antibody was added
for 30 min at room temperature. Finally, a tetramethylbenzi-
dine substrate was added for 45 min at room temperature, and
absorbance was measured in a microplate spectrophotometer
at 450 nm. A PKA kinase activity assay performed on crude
plasma membrane fractions was performed in triplicate across
three independent trials for each experiment, as indicated in
the corresponding figure legends.

Co-IP/IP

Total protein from either PM or cytosolic fractions was
quantified using a Bradford assay (Sigma). For co-IP/IP, equal
amounts of protein (125 �g) were immunoprecipitated with 1
�g of anti-GRK2 (C-15, Santa Cruz Biotechnology, Inc.) or
anti-DOR (ab66317, Abcam) antiserum. GRK2 antibody spec-
ificity has been confirmed in inducible GRK2 sensory neuron
knock-out animals (40), and DOR antibody specificity for
immunoprecipitation has been previously vetted (41). Protein
samples were eluted at 95 °C for 5 min and placed at 
20 °C for
future WB.

Western blot analysis

Whole cell lysates, PM, and cytosolic immunoprecipitates
were resolved on SDS-PAGE (15% gels) and transferred to
PVDF membrane (Millipore). Membranes were then blocked
with 5% nonfat dried milk in Tris-buffered saline/Tween 20
(TBS-T: 15.35 mM Tris/HCl, 136.9 mM NaCl, pH 7.6, with 0.1%
Tween 20) or 5% bovine serum albumin (Sigma) in TBS-T con-
taining the phosphatase inhibitor sodium orthovanadate (1
�M) for phosphorylation-specific antibodies. Western blots
were visualized using anti-phospho-GRK2-Ser-685 (catalog

no. 12397-1, SAB Signalway Antibody), anti-GRK2 (C-15,
Santa Cruz Biotechnology) (40), anti-DOR (ab66317, Abcam)
(11, 41, 42), anti-caveolin-1 (N-20, Santa Cruz Biotechnology)
(43), or anti-�-actin (I-19-R, Santa Cruz Biotechnology) (43),
followed by appropriate horseradish-peroxidase-conjugated
secondary antisera (GE Healthcare) and ECL (enhanced chemi-
luminescence or prime) detection following the manufacturer’s
protocol (GE Healthcare). Antibody specificities were verified
by the manufacturers and BLAST sequence analysis and used in
previous publications as indicated. Integrated density measure-
ment values, equivalent to the product of area and mean gray
value by histogram analysis, were performed using NIH ImageJ
software.

siRNA transfection and cDNA nucleofection

For experiments utilizing AKAP siRNA, cells were trans-
fected with AKAP siRNA (625 ng/10-cm plate; characterized in
Ref. 23) for 24 h, and the transfection mix was replaced with
complete medium. GRK2 and RKIP siRNA duplexes were
transfected into cultured sensory neurons using HiPerFect
(Qiagen, Valencia, CA), following the manufacturer’s direc-
tions. AKAP siRNA yielded a transfection efficiency of �60 –
70%, as published previously (23).

For GRK2 siRNA/cDNA nucleofection experiments, pri-
mary TG or DRG cultures were transfected with FITC-labeled
GRK2 or GRK2 siRNA (45 ng/coverslip; 20 �g/10-cm plate;
characterized in Ref. 11) for 18 h, replenished with complete
medium. Then 6 h following medium change, cells were
nucleofected with Effectene nucleofection reagent (Qiagen)
following the manufacturer’s instructions, maintaining a cDNA/
enhancer reagent ratio of 1:8, for 10 h. For these experi-
ments, empty vector (EV) pcDNA3.1, GRK2 (Dr. Jeffrey L.
Benovic, Thomas Jefferson University), GRK2-S685D, or GRK2-
S685G cDNA (500 ng/coverslip; 4 �g/10-cm plate) were
nucleofected into sensory neurons. For Ca2� imaging, GFP
cDNA (250 ng/coverslip) was co-nucleofected to identify posi-
tive transfection. GRK2 siRNA yielded a transfection efficiency
of �75%, and nucleofection efficiency was �60%, as published
previously (11). The “rescue” method for reconstituting cDNA
following knockdown has been used by multiple groups in
human cells (AKAP-Lbc-silenced cryopreserved human car-
diomyocytes) (44), zebrafish (GRK2-silenced embryos) (45), and
primary sensory neurons (RKIP-silenced TG and DRG) (11).

For AKAP overexpression experiments, DRG were nucleo-
fected with Effectene nucleofection reagent, as described
above. Following this protocol, 500 ng/coverslip EV, wild-type
AKAP, AKAP�PKA, or AKAP�PKC cDNA was co-nucleo-
fected with 250 ng/coverslip GFP cDNA to identify positive
transfection. For overexpression of EV, wild-type AKAP,
AKAP�PKA, or AKAP�PKC cDNA in TG or DRG cultures, 4
�g of cDNA were nucleofected onto 10-cm plates following the
same protocol.

Ca2� imaging

Fura-2 AM was used to image individual neurons within a
population of cultured DRG following 2-h serum starvation.
Next, cells were loaded with fura-2 AM (1 �M; Molecular
Probes, Carlsbad, CA) with pluronic F-127 (0.04%; Molecular
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Probes) and incubated for 1 h at 37 °C in the dark, in standard
extracellular solution (SES) containing 140 mM NaCl, 5 mM

KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM D-(�)-
glucose, pH 7.40. Cells were viewed on an inverted Nikon
Eclipse Ti-U microscope fitted with a 	20/0.75 numerical
aperture Fluor objective and imaged using the MetaFluor sys-
tem for ratio fluorescence (MetaMorph, Downingtown, PA).
Fluorescent images were taken alternately every 3 s with 340-
and 380-nm excitation wavelengths in combination with a
510-nm emission filter with 100-ms exposure. The ratio of
�F340/F380 was plotted for each cell versus time. Intracellular
Ca2� levels were analyzed as �F340/F380 ratios background-
corrected and normalized to the initial value, R0. Correspond-
ing filters were used to select FITC siRNA- and/or GFP-positive
DRG.

DOR activity in sensory neurons was quantified by Ca2�

imaging as a measure of DPDPE (1 �M; Sigma) inhibition of
KCl-evoked Ca2� transients in CAP-sensitive DRG (11). For
positive neuronal identification, specific criteria were used and
included 1) characteristic phenotype featuring bright round cell
bodies with clear nuclei (26, 46); 2) sensitivity to depolarizing
solution of 50 mM KCl (10, 27), and 3) sensitivity to CAP (1 �M,
25% above baseline (11); Sigma) to indicate positive sensory
neuronal phenotype within a heterogeneous culture.

For each cell imaged, basal Ca2� levels were recorded for 60 s.
A perfusion valve controller (� 0.1 p.s.i.) and multibarrel glass
pipette were used to apply 3-s exposures of 50 mM KCl at five
time points: 60, 270, 740, 950, and 1440 s. The first and second
exposures to KCl were given in the absence of a DOR agonist in
SES bath solution. At 480 s, SES was replaced with a DPDPE in
SES applied via constant perfusion (� 0.1 p.s.i.) by a multibarrel
glass pipette. Prior to the third and fourth exposure to KCl,
DOR agonist microinjection was terminated to reduce pres-
sure-related artifacts. At 1160 s, SES containing DOR agonist
was washed out and replaced with SES via bath perfusion (� 0.1
p.s.i.) using an ML-6 manifold apparatus prior to the fifth expo-
sure to KCl. Finally, cells were exposed to 1 �M CAP at 1770 s to
select for TRPV1-positive primary afferent neurons that can be
correlated with thermal allodynia behavior.

In order to measure DPDPE inhibition of KCl-evoked Ca2�

influx, single-cell recording traces were used to obtain the aver-
age area under the curve, calculated as an integral over a time
period (3 min) for the average cellular response to KCl in the
absence or presence of a DOR agonist. The following equations
were used to calculate DOR activity.

KCl �
(KCl1, KCl2, KCl5)

3
(Eq. 1)

KCl 	 DPDPE �
(KCl3, KCl4)

2
(Eq. 2)

DPDPE agonist inhibition (%) � 100


 �AUCKCl�DPDPE

AUCKCl
� 100%� (Eq. 3)

For Ca2� imaging, stock solutions of DOR agonist DPDPE (1
mM) were prepared in sterile water. CAP (1 mM) stock solution

was prepared in EtOH. KCl was prepared fresh in SES on the
day of experimentation. All drugs and appropriate vehicles
were diluted in SES.

Statistics

GraphPad Prism version 5.0 was used for statistical analyses
(GraphPad Software, Inc., La Jolla, CA). Quantitative data are
expressed as means � S.E. Statistical significance was deter-
mined by Student’s unpaired t test, one-way ANOVA, or two-
way ANOVA with Bonferroni post hoc analyses as needed. p �
0.05 was considered statistically significant.
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