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ABSTRACT
Opioid receptors expressed by peripheral pain-sensing neurons
are functionally inactive for antinociceptive signaling under most
basal conditions; however, tissue damage or exposure to inflam-
matory mediators (e.g., bradykinin) converts these receptors from
a nonresponsive state to a functionally competent state. Here we
tested the hypothesis that the basal, nonresponsive state of the
mu- and delta-opioid receptors (MOR and DOR, respectively) is
the result of constitutive receptor activity that activates desensi-
tizationmechanisms, resulting inMORandDOR receptor systems
that are constitutively desensitized. Consistent with our previous
findings, under basal conditions, neither the MOR agonist [D-Ala2,
N-MePhe4,Gly-ol5]-enkephalin nor the DOR agonist [D-Pen2,5]-
enkephalin, inhibited prostaglandin E2 (PGE2)-stimulated cAMP
accumulation in peripheral sensory neurons in culture (ex vivo) or

inhibited PGE2-stimulated thermal allodynia in the rat hind paw
in vivo. Prolonged treatment with naloxone induced MOR and
DOR responsiveness both in vivo and ex vivo to a similar magni-
tude as that produced by bradykinin. Also similar to bradykinin,
the effect of naloxone persisted for 60 minutes after washout of
the ligand. By contrast, prolonged treatment with 6b-naltrexol,
did not induce functional competence of MOR or DOR but
blocked the effect of naloxone. Treatmentwith siRNA forb-arrestin-
2, but not b-arrestin-1, also induced MOR and DOR functional
competence in cultured peripheral sensory neurons. These data
suggest that the lack of responsiveness of MOR and DOR to
agonist for antinociceptive signaling in peripheral sensory neurons
is due to constitutive desensitization that is likely mediated by
b-arrestin-2.

Introduction
Opioids continue to be frontline drugs for the treatment of

moderate to severe pain. However, substantial central ner-
vous system (CNS)-mediated adverse effects constrain effec-
tive therapy with opioid medications. Consequently, there is
considerable interest in targeting opioid receptors expressed
by peripheral pain-sensing neurons (nociceptors) with periph-
erally restricted opioids to treat pain and avoid adverse effects
mediated by the CNS. Although m (MOR)-, d (DOR)-, and
k-opioid receptors are expressed by nociceptors (Chen et al.,
1997; Li et al., 1998), these peripheral receptors are regulated
differently from those in the CNS. Whereas opioid agonists
applied directly in the CNS readily produce antinociceptive
effects (see Pasternak and Pan, 2013), opioid receptors

expressed by peripheral sensory neurons are typically un-
responsive to inhibitory effects of opioid agonists (Stein and
Zollner, 2009). However, responsiveness of peripheral opioid
receptors can be enhanced in vivo by tissue damage or by
inflammatory mediators (Fields et al., 1980; Chen et al., 1997;
Obara et al., 2009; Rowan et al., 2009; Stein and Lang, 2009;
Stein and Zollner, 2009; Sullivan et al., 2015a). Similarly,
opioid agonists do not inhibit adenylyl cyclase activity or
decrease release of calcitonin gene-related peptide in periph-
eral sensory neurons in culture unless neurons are treated
briefly with inflammatorymediators (Patwardhan et al., 2005;
Berg et al., 2007, 2011, 2012; Sullivan et al., 2015a).
The pioneering work of Cerione et al. (1984) with purified

b-adrenergic receptors and Gas proteins and that of Costa
and Herz (1989) using membranes from cells expressing DOR
established the concept that G protein-coupled receptors can
regulate cellular signaling pathways in the absence of an
activating ligand (i.e., constitutive receptor activity). Although
initially viewed with skepticism (Milligan et al., 1995), it is now
generally accepted that most, if not all, receptors possess some
level of ligand-independent (constitutive) receptor activity that
can be decreased by drugs with inverse agonist properties
(Kenakin, 2004; Bond and Ijzerman, 2006). Accordingly, sev-
eral studies have demonstrated constitutive activity of both
MOR and DOR in vivo and in vitro (Devlin et al., 2004; Sadee
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et al., 2005; Wang et al., 2007; Bilsky et al., 2010; Connor and
Traynor, 2010).
In addition to regulating classic signaling mechanisms (e.g.,

adenylyl cyclases, phospholipases, ion channels, etc.), consti-
tutive receptor activity, like agonist-dependent activity, has
also been shown to activate desensitization mechanisms. This
receptor activity results in receptor systems that are “consti-
tutively desensitized,” as evidenced by constitutive receptor
phosphorylation, internalization, and decreased responsive-
ness to agonist stimulation (Pei et al., 1994; Berg et al., 1999;
Barak et al., 2003; Sullivan et al., 2015b). Prolonged reduction
of constitutive receptor activity that activates desensitization
mechanisms by treatmentwith inverse agonists allows receptor
systems to resensitize, leading to increased responsiveness to
agonists (Milligan and Bond, 1997; Berg et al., 1999; Miserey-
Lenkei et al., 2002; Chanrion et al., 2008; Nijmeijer et al.,
2010; Sullivan et al., 2015b).
In this study, we tested the hypothesis that the reduced

responsiveness of MOR and DOR expressed by peripheral
sensory neurons is due to constitutive desensitization. Re-
duction in constitutive receptor activity by prolonged treatment
with an inverse agonist increased responsiveness of both MOR
and DOR in vivo and in vitro. The inverse agonist effect was
blocked with a neutral antagonist. Moreover, treatment with
siRNA against b-arrestin 2, but not b-arrestin 1, also increased
responsiveness of MOR and DOR. These data support the
hypothesis that MOR and DOR exist in a constitutively
desensitized, nonresponsive state in peripheral nociceptors.

Methods
Drugs and Chemicals. [D-Ala2, N-MePhe4, Gly-ol5]-enkephalin

(DAMGO), [D-Pen2,5]-enkephalin (DPDPE), 6b-naltrexol, and nalox-
one were purchased from Sigma-Aldrich (St. Louis, MO) or Bachem
(Torrance, CA). Prostaglandin E2 (PGE2) was purchased from Cay-
man Chemicals (Ann Arbor, MI). [125I]-cAMP was purchased from
PerkinElmer Life and Analytical Sciences (Boston, MA). Fetal bovine
serum was from Invitrogen-Life Technologies Corp. (Grand Island,
NY). Collagenase was from Worthington (Lakewood, NJ). All other
tissue culture reagents were purchased from Invitrogen Corp. All other
drugs and chemicals (reagent grade) were purchased from Sigma-
Aldrich.

In certain experiments described below, naloxone was used for its
inverse agonist properties to reduce constitutive activity of MOR and
DOR toward desensitization mechanisms, whereas 6b-naltrexol was
used for its antagonist properties. Several studies have shown that
naloxone has inverse agonist properties (Liu and Prather, 2001, 2002;
Raehal et al., 2005; Sadee et al., 2005; Walker and Sterious, 2005;
Wang et al., 2007; Sirohi et al., 2009; Connor and Traynor, 2010) and
6b-naltrexol has properties of an antagonist (Raehal et al., 2005;
Sadee et al., 2005; Wang et al., 2007; Sirohi et al., 2009; Connor and
Traynor, 2010). It is important to note that display of the pharmaco-
logical properties of a ligand are dependent upon several system
factors, including receptor density, receptor-effector coupling effi-
ciency, cell phenotype, cell physiologic state, the particular signaling
response measured, and the magnitude of constitutive receptor
activity toward the response (for reviews, see Kenakin, 2013, 2015;
Kenakin andWilliams, 2014). Thus naloxone can behave as an inverse
agonist, an antagonist, or even a partial agonist, depending upon the
system under study. In this work, we found that naloxone acted as an
inverse agonist to enhance agonist responsiveness but not to enhance
basal or PGE2-stimulated cAMP accumulation (signal transduction
pathway dependence). 6b-Naltrexol behaved as an antagonist, block-
ing the effects of naloxone and of agonist responses, without changing
agonist responsiveness or cAMP accumulation.

Animals. AdultmaleSprague-Dawleyrats (CharlesRiver,Wilmington,
MA), weighing 250–300 g, were used in this study. The animal study
protocol was approved by the Institutional Animal Care and Use
Committee of the University of Texas Health Science Center at San
Antonio and conformed to International Association for the Study of
Pain and federal guidelines. Animals were housed for 1 week, with
food and water available ad libitum, before experiments.

Primary Culture of Rat Peripheral Sensory Neurons. Primary
cultures of adult rat trigeminal ganglion cellswere prepared as described
previously (Berg et al., 2007, 2011, 2012; Jamshidi et al., 2015; Sullivan
et al., 2015a). Ganglia were washed with Hanks’ balanced salt solu-
tion (HBSS; Ca21, Mg21 free), digested with 3 mg/ml collagenase for
30minutes at 37°C, and centrifuged at 200 g for 1minute. Thepellet was
further digested with 0.1% trypsin (15 minutes) and 167 mg/ml DNase
(10 minutes) at 37°C in the same solution. Cells were pelleted by
centrifugation for 2 minutes at 500 g and resuspended in Dulbecco’s
modified Eagle’s medium (high glucose) containing 100 ng/ml nerve
growth factor, 10% fetal bovine serum, 1� Pen/Strep, 1� L-glutamine,
and the mitotic inhibitors 7.5 mg/ml uridine and 17.5 mg/ml 5-fluoro-29-
deoxyuridine. The cell suspension was seeded on polylysine-coated
48-well plates. Media were changed 24 and 48 hours after plating. On
the fifth day of culture, cells were refed with serum-free Dulbecco’s
modified Eagle’s medium without nerve growth factor. Cells were used
for experiments on the sixth day of culture.

Measurement of Cellular cAMP Accumulation. Opioid
receptor-mediated inhibition of PGE2-stimulated adenylyl cyclase
activity was determined by measuring the amount of cAMP accumu-
lated in the presence of the phosphodiesterase inhibitor, rolipram, and
the Gs-coupled prostanoid EP receptor agonist, PGE2, as described
previously (Berg et al., 2007, 2011, 2012; Jamshidi et al., 2015;
Sullivan et al., 2015a). Briefly, cultures in 48-well plates were washed
twice with HBSS containing 20 mM HEPES, pH 7.4 (wash buffer).
Cells were preincubated in 250ml wash buffer perwell for 15minutes at
37°C with or without bradykinin (BK, 10 mM) followed by addition of
PGE2 (1 mM) without or with opioid agonists and rolipram (100 mM)
and further incubation for 15 minutes. For experiments testing
prolonged effects of an opioid inverse agonist/antagonist, naloxone
(NAL, 1 mM, ∼100 x Ki), or 6b-naltrexol (6b-NTX, 10 mM, 1000 x Ki)
alone or NAL and 6b-NTX in combination were added directly to
cultures (after a 24-hour serum-free period) and incubated in a CO2

chamber for the times indicated. Cells were then washed three times
with HBSS wash buffer with 3 � 5 minute wash intervals at 37°C
to remove the opioid antagonist/inverse agonist and then incubated
15 minutes in 250 ml wash buffer containing rolipram with or without
PGE2 or PGE2 plus opioid agonist and rolipram (100 mM). Reactions
were terminated by aspiration of the buffer and addition of 500 ml ice-
cold absolute ethanol. The ethanol extracts from individual wells were
dried under a gentle air stream and reconstituted in 100 ml 50 mM
sodium acetate, pH 6.2. The cAMP content of each well was deter-
mined by radioimmunoassay.

siRNA-Mediated Reduction of b-Arrestin-1 and b-Arrestin-2
Expression. Double-stranded “On Targetplus Smart Pool” siRNA
targeting b-arrestin-2 (cat #L-080157: rat ARRB2), b-arrestin-1 (cat
# L-080156; rat ARRB1), or nontargeting siRNA (cat #001810-10) were
purchased from GE Healthcare Dharmacon (Lafayette, CO). Primary
cultures (5 days in culture) were transfected with 50 nM siRNA using
DharmaFECT reagent 3 (GE Healthcare Dharmacon). The trans-
fection medium was replaced with serum-free medium 24 hours later,
and the cells were incubated for an additional 3 hours before
experimentation. The effectiveness of siRNA treatment was assessed
by measuring the magnitude of reduction of b-arrestin expression
with Western analysis.

Western Blot. ForWestern analysis of b-arrestin expression, cells
were solubilized by boiling in 2� NuPAGE LDS sample buffer
(Invitrogen) and resolved on NuPAGE 4 to 12% SDS-polyacrylamide
gradient gels (Invitrogen) followed by transfer to polyvinylidene
difluoride membranes using the iBlot transfer system (Invitrogen).
Membranes were incubated in blocking buffer (1 hour, 23°C; Odyssey;
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LI-COR Biosciences, Lincoln, NE) and incubated overnight with 0.2
mg/ml of anti-b-arrestin 1/2 antibody (Santa Cruz, cat #sc-28869 lot
J241) (Malik and Marchese, 2010), followed by the goat anti-rabbit IR
800 secondary antibody (0.05 mg/ml; IRDye 800CW; LI-COR Biosci-
ences). Images were obtained and analyzed with an Odyssey Infrared
Western blot imager (LI-CORBiosciences). The levels of immunoreactivity
corresponding to a 55-kDa band representing b-arrestin-1 and -2 were
quantified and normalized to actin as a loading control (Santa Cruz,
sc-1616). The results are shown in Supplemental Fig. 5.

Behavioral Studies. Inhibition of PGE2-stimulated thermal allo-
dynia was used to assess the responsiveness of peripheral MOR and
DOR to agonist stimulation in vivo as previously described (Rowan
et al., 2009; Berg et al., 2011, 2012; Jamshidi et al., 2015). The time (in
seconds) for a rat to withdraw its hind paw [paw withdrawal latency
(PWL)] in response to a radiant heat stimulus (approximately 5 mm
diameter) applied to the ventral surface of the rat hind paw was
measured before and after agonist administration. The radiant heat
intensity was set such that baseline PWL was 10 6 2 seconds (25-
second cutoff). PWL measurements were obtained in duplicate, at
least 30 seconds apart, and the average was used for statistical analy-
sis. Drugs were injected into the plantar surface) of the ipsilateral hind
paw in volumes of 50 ml. To induce thermal allodynia, PGE2 (0.3 mg,
intraplantar) was injected. This dose of PGE2 produces a mild (�5
seconds reduction in PWL) and prolonged (.20 minutes) thermal
allodynia (Rowan et al., 2009). After baseline measurements of PWL,
rats received intraplantar injections with bradykinin (BK, 25 mg),
naloxone (0.4 mg), or 6b-naltrexol (4 mg) alone or in combination at
various time points (see Results) before coinjection (intraplantar) of
PGE2 with vehicle (phosphate-buffered saline) or maximal doses of
DAMGO (8 mg) or DPDPE (20 mg). PWL was measured at 5-minute
intervals for 20 minutes after the last injection. All measurements
were made by observers blinded to the experimental treatments.
None of the drugs used altered PWL in the contralateral hind paw,
indicating that drugs administered to the hind paw did not reach the
systemic circulation in doses high enough to activate opioid receptors
in the CNS.

Data Analysis. Time course data from behavioral and cellular
experiments were analyzed by two-way analysis of variance followed
by Bonferroni’s post hoc to compare treatment effects over time. Area
under the time course curve was calculated using the trapezoidal
method with Prism software (GraphPad Software, Inc., San Diego,
CA) and is expressed as the mean 6 S.E.M. of each group. Statistical
analyses of the area under the time course curve data were done with
one-way analysis of variance followed by Dunnet’s post hoc test to
determine significance from vehicle controls. When only a single time
point/concentration was used, statistical significance was assessed
using one-way analysis of variance followed by Dunnet’s post hoc or
Student t test (paired) using Prism software (GraphPad Software,
Inc.). Experiments were repeated at least three times, and data are
presented as mean 6 S.E.M. P , 0.05 was considered statistically
significant.

Results
As we reported previously (Patwardhan et al., 2005; Berg

et al., 2007, 2011; Sullivan et al., 2015a), in naive rat primary
cultures of peripheral sensory neurons (ex vivo model) neither
the MOR agonist, DAMGO, nor the DOR agonist, DPDPE,
inhibited PGE2-stimulated cAMP accumulation (Fig. 1). How-
ever, brief (15 minutes) pretreatment with the inflammatory
mediator, bradykinin (BK), increased the responsiveness of
both MOR and DOR to stimulation by agonists (induced
functional competence of MOR and DOR). After BK pre-
treatment, both agonists inhibited PGE2-stimulated adenylyl
cyclase activity by 34 6 4 and 31 6 2% for DAMGO and
DPDPE, respectively. Similarly, MOR and DOR functional

competence also resulted after prolonged (3 hours) pretreat-
ment with naloxone. After treatment with naloxone (1 mM;
100 � Ki) for 3 hours, followed by a brief (5 minutes) wash to
remove it from the receptors, both DAMGO and DPDPE
inhibited PGE2-mediated stimulation of cAMP accumulation
by 36 6 8 and 37 6 8% (DAMGO and DPDPE, respectively).
By contrast, prolonged (3 hours) pretreatment with 6b-
naltrexol did not enhance the responsiveness of either MOR
or DOR to agonist stimulation. Cotreatment of neurons with
6b-naltrexol blocked the naloxone-mediated, but not BK-
mediated, induction of functional competence of MOR and
DOR. Neither naloxone, BK, nor 6b-naltrexol altered basal or
PGE2-stimulated cAMP levels (Supplemental Fig. 1).
We next examined the time course for naloxone-mediated

induction of MOR and DOR system functional competence.
Neurons in culture were treated with naloxone for various
periods of time (15 minutes–48 hours), washed to remove the
ligand, and DAMGO- and DPDPE-mediated inhibition of

Fig. 1. Induction of MOR and DOR functional competence by treatment
with naloxone in cultured peripheral sensory neurons. Cultures were
pretreated with either BK (10 mM, 15 minutes), naloxone (NAL, 1 mM,
3 hours), 6b-naltrexol (6b-NTX, 10 mM, 3 hours) or NAL + 6-b-NTX
(3 hours) followed by a wash. Opioid receptor functional competence was
assessed by measuring DAMGO (1 mM) (A)- or DPDPE (100 nM) (B)-
mediated inhibition of PGE2 (1 mM)-stimulated cAMP accumulation as
described in Methods and Materials. Data represent the mean 6 S.E.M.
of 3–5 experiments and are presented as the percentage of the control
PGE2-stimulated cAMP levels. None of the pretreatments altered basal or
PGE2-stimulated cAMP levels (see Supplemental Fig. 1). **P , 0.01,
***P , 0.001 compared with PGE2 alone control group.
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PGE2-stimulated cAMP accumulation was measured. In con-
trast to the effect of 15-minute exposure to BK, 15 minutes of
naloxone pretreatment did not produce MOR or DOR func-
tional competence. Rather, as shown in Fig. 2, the onset of
naloxone-induced functional competence required longer than
30 minutes of pretreatment. Treatment with naloxone had no
effect on either basal- or PGE2-stimulated levels of cAMP at
any pretreatment duration tested.
Figure 3 illustrates the persistence of functional competence

induced by pretreatment with naloxone. Neurons were pre-
treated with naloxone for 3 hours, washed to remove the
ligand, and then further incubated in the absence of naloxone
for 0–90 minutes before measuring the ability of either
DAMGO or DPDPE to inhibit PGE2-stimulated cAMP accu-
mulation. Both MOR and DOR functional competence per-
sisted for at least 60 minutes after the 3-hour pretreatment
with naloxone. However by 90 minutes, MOR and DOR had
reverted to the nonresponsive state.
As we have shown before, PGE2 administration to the hind

paw of rats by intraplantar injection reduces paw withdrawal
latencies in response to a thermal stimulus (thermal allodynia)

that persists for at least 20 minutes after the injection (Rowan
et al., 2009; Berg et al., 2011; Sullivan et al., 2015a). Similar to
the ex vivo model with cultured sensory neurons, in this behav-
ioral model, intraplantar injection of peripherally restricted
doses of DAMGO or DPDPE did not alter the PGE2-induced
thermal allodynia under basal (vehicle) conditions (Supplemen-
tal Fig. 2 and Rowan et al., 2009; Sullivan et al., 2015a). By
contrast, 15 minutes after intraplantar injection of BK [which
produces a transient (,15minutes) thermal allodynia], DAMGO
and DPDPE were effective at reducing PGE2-mediated thermal
allodynia (see Supplemental Fig. 2 and Rowan et al., 2009;
Berg et al., 2012; Sullivan et al., 2015a). Coinjection of opioid
antagonists along with BK has no effect on PGE2-evoked
responses (Rowan et al., 2009; Berg et al., 2011, 2012; Sullivan
et al., 2015a), indicating that, under these experimental condi-
tions, BK does not elicit local release of endogenous opioids.
Figure 4 shows the effect of pretreatment with naloxone on

MOR and DOR responsiveness in vivo. Rats received pre-
treatment injections (intraplantar) of naloxone, 6b-naltrexol,
naloxone plus 6b-naltrexol, or vehicle, 85, 65, and 45 minutes
before testing the ability of DAMGO or DPDPE (intraplantar)

Fig. 2. Time course for onset of naloxone-mediated induction of functional
competence for MOR (A) or DOR (B) in primary cultures of peripheral
sensory neurons. Cultures were pretreated with vehicle (HBSS), BK (10mM)
for 15 minutes, or naloxone (1 mM) for the times indicated, followed by a
wash. Opioid receptor functional competence was assessed by measuring
DAMGO (1 mM)- or DPDPE (100 nM)-mediated inhibition of PGE2 (1 mM)-
stimulated cAMP accumulation as described inMethods. Data are expressed
as the percentage of the control PGE2-stimulated cAMP levels and represent
the mean6 S.E.M. of 4–8 experiments. *P, 0.05, **P, 0.01, ***P, 0.001
compared with control PGE2-stimulated cAMP levels.

Fig. 3. Persistence of MOR (A) and DOR (B) functional competence after
induction by naloxone. Cultures were incubated with either vehicle
(HBSS) or naloxone (1 mM) for 3 hours. After a 0- to 90-minute washout
period after naloxone treatment, opioid receptor functional competence
was assessed by measuring DAMGO (1 mM)- or DPDPE (100 nM)-
mediated inhibition of PGE2 (1 mM)-stimulated cAMP accumulation. Data
are expressed as the percentage of the control PGE2-stimulated cAMP
levels and are the mean6 S.E.M. of 3 experiments. *P, 0.05, **P, 0.01,
***P , 0.001 compared with control PGE2-stimulated cAMP levels.
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to inhibit PGE2-induced thermal allodynia. This repeated
injection paradigm was developed to ensure sufficient recep-
tor occupancy with naloxone to reduce constitutive receptor
activity toward desensitization mechanisms for a prolonged
period of time sufficient to allow resensitization to occur
(�60 minutes) and to allow time (�45 minutes) for clearance
of the ligand before testing responsiveness to agonist. Doses of
naloxone and 6b-naltrexol were chosen that acutely blocked
the effects of DAMGO and DPDPE after pretreatment with
BK (Supplemental Fig. 2) and results shown in Supplemental
Fig. 3 show that 45minutes provides enough time for naloxone
to be washed from the receptors (i.e., responses to the opioid
agonists were no longer antagonized) in the hind paw. As
shown in Fig. 4, DAMGO and DPDPE were effective in
inhibiting PGE2-induced thermal allodynia after pretreatment

with naloxone but not with 6b-naltrexol. The effect of naloxone
to increase responsiveness of MOR and DOR to agonist
stimulation was blocked by 6b-naltrexol. As shown in Fig. 5,
pretreatment injections with 6b-naltrexol did not alter in-
duction of functional competence induced by BK, indicating
that 45minutes provides enough time for washout of the ligand
before testing opioid receptor system responsiveness to agonist
stimulation.
As shown inFig. 6 anddescribedabove, after brief (15minutes)

pretreatment with BK or prolonged (3 hours) pretreatment with
naloxone, DAMGO and DPDPE inhibited PGE2-mediated stim-
ulation of cAMP accumulation. The combination of pretreat-
ments (3 hours of naloxone with 15 minutes BK) had no further
effect on opioid receptor functional competence. Furthermore,

Fig. 4. Naloxone-mediated induction of MOR and DOR functional com-
petence in vivo. Rats received injections (intraplantar, 50 ml) of either
vehicle (VEH), naloxone (NAL, 0.4mg), 6b-naltrexol (6bNTX; 4mg) orNAL+
6bNTX, 85, 65, and 45 minutes before receiving an injection (intraplantar,
50 ml) of PGE2 (0.3 mg) with either DAMGO (8 mg) or DPDPE (20 mg). Paw
withdrawal latency (PWL) in response to a thermal stimulus applied to
the ventral surface of the hind paw was measured in duplicate before
(baseline) and at 5-minute intervals after the PGE2/opioid injection for
20 minutes. Data are expressed as the change in PWL from baseline
responses and represent the mean 6 S.E.M. of 4–6 rats per group (for
some data points, error bars are contained within the size of the symbol).
Baseline PWL averaged 9.8 6 0.4 seconds and was not altered by
pretreatment with either naloxone or 6b-naltrexol alone or in combination
(Supplemental Fig. 4). *P, 0.05, **P, 0.01, ***P, 0.001 compared with
VEH pretreatment group.

Fig. 5. Treatment with 6b-naltrexol does not alter BK-induced functional
competence of MOR or DOR in vivo. Rats received injections (intraplantar,
50 ml) of either vehicle (VEH) or 6b-naltrexol (6bNTX; 4 mg) at 85, 65,
and 45 minutes before injection (intraplantar, 50 ml) of vehicle (VEH) or
bradykinin (BK, 25 mg) 15 minutes later, rats received intraplantar
injection with PGE2 (0.3 mg) and either DAMGO (8 mg) or DPDPE (20 mg).
Paw withdrawal latency (PWL) in response to a thermal stimulus applied
to the ventral surface of the hind paw was measured in duplicate before
(baseline) and at 5-minute intervals after the PGE2/opioid injection for
20 minutes. Data are expressed as the change in PWL from baseline
responses and represent the mean 6 S.E.M. of 4–8 rats per group. **P ,
0.01, ***P , 0.001 compared with VEH/VEH pretreatment group.
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there was no difference in the concentration response curves
for DAMGO- or DPDPE-mediated inhibition of cAMP accumu-
lation after pretreatment with BK (15 minutes) compared with
naloxone (3 hours).
To examine a potential role for b-arrestin in the nonrespon-

sive state ofMORandDOR,we used siRNAdesigned to reduce
expression of b-arrestin-1 or b-arrestin-2 in peripheral sensory
neurons in culture using siRNA transfection. Cultures were
transfected with siRNA specific for b-arrestin-1 (50 nM) or
b-arrestin-2 (50 nM), and cells were harvested 24 hours later.
As measured with Western blot analysis, b-arrestin-1 and
b-arrestin-2 siRNA transfection resulted in a significant de-
crease in b-arrestin protein expression (Supplemental Fig. 5).
siRNA against b-arrestin-2, but not b-arrestin-1, induced
functional competence to DAMGO and DPDPE similar to that
induced by BK or naloxone pretreatment (Fig. 7).

Discussion
The pioneering work of Cerione et al. (1984) and Costa and

Herz (1989) provided the first demonstration that G protein-
coupled receptors can be active in the absence of an activating
ligand (constitutively active) and led the way for the identifi-
cation of ligands with negative intrinsic efficacy (i.e., inverse
agonists) that can decrease constitutive receptor activity. Con-
stitutive receptor activity, like agonist-stimulated activity, can

differentially activate multiple cellular signaling mechanisms,
including those that lead to desensitization (loss of responsive-
ness). As a result, receptor systems can exist in a state of
constitutive desensitization (Pei et al., 1994; Berg et al., 1999;
Barak et al., 2001, 2003; Sullivan et al., 2015b) where re-
sponsiveness to agonist stimulation is reduced. Prolonged
reduction in constitutive receptor activity produced by treat-
ment with an inverse agonist allows constitutively desensitized
receptor systems to resensitize, thereby increasing responsive-
ness to agonist stimulation once occupancy by the inverse
agonist is removed.
In this work, we tested the hypothesis that the lack of respon-

siveness of MOR and DOR, expressed by peripheral sensory
neurons, to stimulation by agonists is due to constitutive desen-
sitization. Under basal conditions, stimulation ofMOR, with the
agonist DAMGO, or DOR, with the agonist DPDPE, did not
inhibit adenylyl cyclase in cultured peripheral sensory neurons
or produce antinociceptionwhen injected locally into the rat hind
paw, as reported previously (Patwardhan et al., 2005; Berg et al.,
2007, 2012; Rowan et al., 2009; Sullivan et al., 2015a). Naloxone
has been characterized to have inverse agonist properties at
MOR and DOR, whereas 6b-naltrexol appears to be an antag-
onist (i.e., does not change constitutive receptor activity) (Liu
and Prather, 2001,2002; Raehal et al., 2005; Sadee et al., 2005;
Walker and Sterious, 2005;Wang et al., 2007; Sirohi et al., 2009;
Connor and Traynor, 2010). Prolonged exposure of cultured

Fig. 6. Comparison between BK and naloxone for induction of functional competence. (A and B) Cultures of peripheral sensory neurons were pretreated
with BK (10 mM, 15 minutes), naloxone (1 mM, 3 hours), or a combination of naloxone (3 hours) + BK (15 minutes). Functional competence of MOR (A) and
DOR (B) was bymeasuringDAMGO (1mM) (A)- or DPDPE (100 nM) (B)-mediated inhibition of PGE2 (1mM)-stimulated cAMPaccumulation as described in
Methods. (C and D) Cultures of peripheral sensory neurons were pretreated with BK (10 mM, 15 minutes) or naloxone (1 mM, 3 hours). After pretreatment,
concentration response curves to DAMGO (C) or DPDPE (D) were obtained measuring inhibition of PGE2-stimulated cAMP accumulation. Data represent
the mean6 S.E.M. of 3 or 4 experiments and are presented as the percentage of the control PGE2-stimulated cAMP levels (for some data points, error bars
are contained within the size of the symbol). *P , 0.05, **P , 0.01, ***P , 0.001 compared with the control PGE2-stimulated cAMP levels.
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sensory neurons to naloxone (followed by washout) greatly
increased MOR and DOR agonist-mediated inhibition of PGE2-
stimulated cAMP accumulation to an extent similar to that
produced by pretreatment with BK. The effect of naloxone to
increase MOR and DOR responsiveness required treatment of
cultured neurons for longer than 30 minutes (for resensitization
to occur due to reduced constitutive receptor activity), and the
effect persisted for at least 60 minutes after naloxone washout.
By contrast, treatment with 6b-naltrexol did not augment
agonist responses and did not block the effect of bradykinin
but did block the increased responsiveness of MOR and DOR
produced by naloxone.
Similarly, local injection of DAMGO or DPDPE into the

plantar surface of the rat hind paw to activate MOR and DOR,
respectively, on peripheral sensory neurons in vivo did not
inhibit PGE2-stimulated thermal allodynia. However, after
prolonged treatment with intraplantar naloxone, responsive-
ness of both MOR and DOR increased such that DAMGO and
DPDPE produced antinociception. Consistent with the effects
seen in cultured peripheral sensory neurons, 6b-naltrexol did
not alter opioid receptor responsiveness, but blocked the
naloxone-induced augmentation of responsiveness.
These results suggest that the nonresponsive state of the

MOR and DOR receptor systems under basal conditions is due
to constitutive activity of MORANDDOR toward activation of
desensitization mechanisms in peripheral sensory neurons.
Prolonged reduction of constitutive receptor activity with
naloxone reduced constitutive activation of desensitization
mechanisms and allowed the receptor systems to resensitize,

resulting in enhanced responsiveness to agonist stimulation.
Importantly, the effect of naloxone to augment opioid recep-
tor responsiveness was blocked by 6b-naltrexol, supporting
the conclusion that naloxone’s effect was opioid receptor
mediated.
Constitutive activity ofMORandDORhas been reported for

receptors in a wide variety of in vitro systems (Sadee et al.,
2005; Wang et al., 2007; Connor and Traynor, 2010). Although
often criticized for being nonphysiologic, constitutive receptor
activity, and consequently, inverse agonist efficacy, are more
easily measured when receptors are expressed at high density
in heterologous expression systems (Kenakin, 2006). How-
ever, MOR and DOR constitutive activity has also been shown
in membranes prepared from native tissues using inverse
agonist reduction in the binding of GTP[g35S] as a readout
(Wang et al., 2007; Connor and Traynor, 2010), suggesting
that opioid receptor constitutive activity occurs when receptors
are expressed at physiologic levels. Interestingly, the level of
constitutive activity of MOR and DOR is dynamically regu-
lated. Several studies have reported that prolonged exposure
to agonists increases MOR and DOR constitutive activity (Liu
and Prather, 2001, 2002; Wang et al., 2007; Divin et al., 2009).
This effect has been postulated to play a role in the develop-
ment of tolerance and dependence that occurs after repeated
use of opioids in vivo (Liu and Prather, 2001, 2002; Raehal
et al., 2005; Walker and Sterious, 2005; Divin et al., 2009;
Sirohi et al., 2009; Navani et al., 2011).
Definitive demonstration of constitutive receptor activity

in vivo is difficult due to the presence of endogenous agonists.

Fig. 7. Treatment with b-arrestin-2, but not b-arrestin-1, siRNA promotes MOR and DOR functional competence in primary cultures of peripheral
sensory neurons. (A and B) Sensory neuron cultures were transfected with either b-arrestin-2 siRNA (50 nM) or nontargeting siRNA (50 nM). After
24 hours, cells were washed and pretreated with vehicle, BK (10 mM, 15 minutes) or naloxone (1 mM, 3 hours). After these pretreatments, inhibition of
PGE2-stimulated cAMP accumulation by DAMGO (1 mM) or DPDPE (100 nM) was measured. (C and D) Sensory neuron cultures were transfected with
b-arrestin-1 siRNA (50 nM). After 24 hours, cells were washed and pretreated with vehicle or BK (10 mM, 15minutes), and inhibition of PGE2-stimulated
cAMP accumulation by DAMGO (1 mM) or DPDPE (100 nM) was measured. Data represent the mean6 S.E.M. of 3 or 4 experiments and are presented
as the percentage of control PGE2-stimulated cAMP levels. siRNA treatment reduced expression of b-arrestins by approximately 50% (Supplemental
Fig. 5) and had no effect on cAMP levels, which were 0.13 6 0.03 and 180% 6 40%, basal and PGE2-stimulated, respectively, n = 7. **P , 0.01, ***P ,
0.001 compared with VEH control group.
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A reduction in a receptor-mediated response by a ligand may
be due to simple competitive antagonism of the binding of an
endogenous agonist, rather than reduction of constitutive
receptor activity (inverse agonism). However, in the absence
of constitutive activity, inverse agonists and antagonists have
the same efficacy to reduce the receptor-mediated response,
because both will block receptor occupancy by endogenous
agonists. If, however, there is constitutive activity of a re-
ceptor system in vivo, then it is expected that inverse agonists
would produce a greater reduction in a receptor-mediated
response (blockade of the endogenous agonist and reduction of
constitutive receptor activity) than would a simple antagonist.
In opioid-dependent rodents, it has been shown that drugs
with inverse agonist properties, such as naloxone and nal-
trexone, produce greater withdrawal symptoms than do
antagonists (e.g., 6b-naltrexol), and the effect of inverse
agonists to induce withdrawal is reduced by antagonists
(Wang et al., 2001; Raehal et al., 2005; Walker and Sterious,
2005; Sirohi et al., 2009; Navani et al., 2011; Corder et al.,
2013). Such results provide strong evidence of functional
consequences of opioid receptor constitutive activity in vivo.
Our results suggest that the MOR and DOR systems in

peripheral sensory neurons under basal (noninflamed) condi-
tions are constitutively desensitized and unresponsive to
agonist stimulation for antinociceptive signaling. In many
receptor systems, agonist-induced desensitization involves
receptor phosphorylation by G protein receptor kinases that
is followed by recruitment of b-arrestin to bind to the
phosphorylated receptor; however, receptor phosphorylation
is not required for b-arrestin association (DeFea, 2011). With
respect to desensitization, b-arrestin binding interferes with
G protein binding and activation and can result in receptor
internalization and downregulation, both of which result in
loss of responsiveness (for reviews, see Gainetdinov et al.,
2004; DeFea, 2011). Similarly, constitutive receptor activity
also can activate these desensitization mechanisms (Barak
et al., 2003). Under basal conditions, opioid receptors have
been found to be constitutively phosphorylated (Arden et al.,
1995; Hasbi et al., 1998) and associated with b-arrestin
(Walwyn et al., 2007; Audet et al., 2012). We found that
treatment of cultured peripheral sensory neurons with siRNA
for b-arrestin-2, but not b-arrestin-1, increased responsive-
ness of MOR and DOR, mimicking the effect of naloxone.
However caution is needed in relying on manufacturer’s
claims of siRNA selectivity. These data provide further
support that the lack of responsiveness of MOR and DOR in
peripheral sensory neurons is due to constitutive desensitiza-
tion. These results are also consistent with reports of in-
creased constitutive activity of MOR (Walwyn et al., 2007;
Lam et al., 2011) and increased antinociceptive responsive-
ness of MOR to activation by systemic morphine in b-arrestin-
2 knockout mice (Bohn et al., 1999, 2002).
Tissue damage and exposure to some inflammatory medi-

ators will also enhance responsiveness of opioid receptors
expressed by peripheral sensory neurons (Fields et al., 1980;
Chen et al., 1997; Patwardhan et al., 2005; Berg et al., 2007;
Rowan et al., 2009; Stein and Lang, 2009; Stein and Zollner,
2009; Berg et al., 2011, 2012). Brief exposure to bradykinin
induces functional competence through a cellular mechanism
that involves production of a cyclooxygenase-dependent me-
tabolite of arachidonic acid (Patwardhan et al., 2005; Berg
et al., 2007, 2011; Rowan et al., 2009; Sullivan et al., 2015a)

and an increase in receptor-G protein coupling efficiency (Berg
et al., 2007). It is possible that bradykinin, acting via a
cyclooxygenase-dependent arachidonic acid metabolite, may
promote dissociation of b-arrestin-2 from MOR and DOR,
thereby disinhibiting Gai-mediated signaling.
In summary, the results of this work suggest that the lack of

responsiveness to agonist stimulation of MOR and DOR
expressed by peripheral sensory neurons under basal condi-
tions in vivo and ex vivo is the result of constitutive activity of
those receptors that leads to constitutive desensitization.
Reduction of constitutive activity by treatment with an in-
verse agonist permits the receptor systems to resensitize,
resulting in increased responsiveness to agonist stimulation
for antinociceptive signaling. These results add to the growing
evidence that constitutive receptor activity has physiologic
relevance in vivo. A better understanding of the mechanisms
that underlie regulation of the responsiveness of peripheral
opioid receptors may lead to new approaches to improve the
treatment of pain by targeting opioid receptors expressed by
peripheral sensory neurons.
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