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Abstract 

Activation of kappa opioid receptors (KOR) expressed by peripheral sensory 

neurons that respond to noxious stimuli (nociceptors) can reduce neurotransmission of 

pain stimuli from the periphery to the CNS. We have previously shown that the 

antinociception dose-response curve for peripherally-restricted doses of the KOR 

agonist, U50488, has an inverted U-shape. Here we found that the downward phase of 

the U50488 dose-response curve was blocked by an inhibitor of extracellular signal-

regulated kinase (ERK) activation, U0126. Local administration of the selective KOR 

agonist, Salvinorin-A (Sal-A), also resulted in an inverted U-shaped curve, however, the 

downward phase was insensitive to U0126. By contrast, inhibition of c-Jun N-terminal 

kinase (JNK) partially blocked the downward phase of the dose-response curve to Sal-

A, suggesting a role for JNK. In cultures of peripheral sensory neurons, U50488 and 

Sal-A inhibited adenylyl cyclase activity with similar efficacies, however their ability to 

activate ERK and JNK differed. Whereas U50488 activated ERK, but not JNK, Sal-A 

activated JNK, but not ERK. Moreover, although both U50488 and Sal-A produced 

homologous desensitization, desensitization to U50488 was blocked by inhibition of 

ERK activation, whereas desensitization to Sal-A was blocked by inhibition of JNK. 

Substitution of an ethoxymethyl ether for the C2 position acetyl group of Sal-A (EOM-

Sal-B) reduced stimulation of JNK, prevented desensitization by EOM-Sal-B, and 

resulted in a monotonic antinociception dose-response curve. Collectively, these data 

demonstrate functional selectivity of KOR ligands for signaling in peripheral sensory 

neurons that results in differential effects on behavioral responses in vivo. 
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Introduction: 

Opioid receptors are key targets for drugs used for the treatment of pain. 

However there are several serious adverse effects associated with opioid 

pharmacotherapy (e.g. respiratory depression, addiction, euphoria, sedation, etc.), 

many of which are due to opioid actions at receptors located within the central nervous 

system. To avoid CNS-mediated adverse effects, it may be possible to target inhibitory 

opioid receptors expressed on peripheral pain-sensing neurons (nociceptors). Mu, delta, 

and kappa opioid receptor subtypes (MOR, DOR and KOR, respectively) are expressed 

by peripheral nociceptors (Fields et al., 1980; Chen et al., 1997; Stein and Lang, 2009; 

Stein and Zollner, 2009). Both clinical and animal studies have shown that peripheral 

opioid receptors, when activated, can inhibit transmission of nociceptive signals from 

the periphery to the CNS (Gupta et al., 2001; Kalso et al., 2002; Stein et al., 2003; 

Zollner et al., 2008). Moreover, recent evidence suggests that activation of these 

peripheral opioid receptors can contribute to analgesia produced by systemic opioid 

administration (Labuz et al., 2007; Weibel et al., 2013; Jagla et al., 2014). However, 

unlike their CNS counterparts, much less is known about the function and regulation of 

peripheral opioid receptor systems expressed by nociceptors.  

Activation of KOR with peripherally-restricted doses of KOR agonists produces 

antinociception in a variety of animal pain models, without demonstrable CNS-mediated 

adverse effects (for reviews see Riviere, 2004; Kivell and Prisinzano, 2010; Vanderah, 

2010; Vadivelu et al., 2011). In a previous study using an inflammatory pain model 

system, we demonstrated that the KOR agonist, U50488, produces strong inhibition of 
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prostaglandin E2 (PGE2)-stimulated thermal allodynia when administered directly into 

the plantar surface of the rat hindpaw at doses that do not act systemically (Berg et al., 

2011). However, the dose-response curve to U50488 is not monotonic, rather it has an 

inverted “U”-shape. At doses of U50488 above 0.1 µg, the antinociceptive effect 

decreases and returns to baseline levels at a dose of 10 µg. Inverted U-shaped dose-

response curves reduce the therapeutic window of drugs and therefore limit their 

usefulness as therapeutic agents. 

In this study, we examined the cellular mechanisms responsible for the 

downward phase of the inverted U-shaped dose-response curve to KOR agonists for 

inhibition of thermal allodynia in vivo. We found that the downward phase of the dose-

response curve to U50488 was KOR-mediated and involved activation of extracellular 

signal-regulated kinase (ERK). Interestingly, the dose-response curve to a different 

KOR agonist, salvinorin-A (Sal-A) also had an inverted U-shape, but the downward 

phase was not mediated by ERK activation. Instead, activation of c-Jun N-terminal 

kinase (JNK) played a role in the downward phase of the Sal-A dose-response curve. 

Addition of an ethoxymethyl ether to the C2 position acetyl group of Sal-A (EOM-Sal-B), 

reduced stimulation of JNK and resulted in a monotonic dose-response curve for 

inhibition of thermal allodynia. These results indicate that, in peripheral sensory 

neurons, ligands of different structure can differentially regulate cellular signaling 

mechanisms (i.e. functional selectivity) leading to differential effects on behavior in vivo. 

Further, these results suggest that modifications to a ligand can fine tune the signaling 

profile to enhance beneficial, and minimize adverse, physiological effects. 
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Methods: 

Drugs and Chemicals. The following compounds were purchased from Sigma-

Aldrich (St. Louis, MO): bradykinin (BK) acetate salt, rolipram, nor-binaltorphimine 

dihydrochlorite (norBNI), (-)-trans-(1S, 2S)-U50488 hydrochloride hydrate (U50488), 

U0126 (mitogen/extracellular signal-regulated kinase 1/2 inhibitor), SP600125 (JNK 

inhibitor), [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO), and L-JNKi-1 

trifluoroacetate salt (JNK-inhibitor peptide). SCH772984 (ERK inhibitor) and JNK-IN-8 

(JNK inhibitor) were purchased from Selleckchem (Houston, TX). Prostaglandin E2 

(PGE2) was purchased from Cayman Chemical (Ann Arbor, MI). Sal-A was isolated 

from S. divinorum and EOM-Sal-B was synthesized in the laboratory of Dr. Thomas 

Prisinzano (Lawrence, KS). 125I-cAMP was purchased from PerkinElmer Life and 

Analytical Sciences (Waltham, MA). Nerve growth factor (NGF) was purchased from 

Harlan Laboratories (Indianapolis, IN), collagenase from Worthington Biochemicals 

(Freehold, NJ), and all other tissue culture reagents were purchased from Life Sciences 

(Carlsbad, CA). 

Animals. Adult male Sprague-Dawley rats (Charles River Laboratories, Inc., 

Wilmington, MA), weighing 250-300g, 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 the 

International Association for the Study of Pain and federal guidelines. Animals were 

housed for 1 week, with food and water available ad libitum, before experimentation. 

Behavioral assay of nociceptor function. Agonist-mediated changes in paw 
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withdrawal latency (PWL) to a thermal stimulus were measured with a plantar test 

apparatus (Hargreaves et. al., 1988) as described previously (Berg et. al. 2011). The 

radiant heat stimulus intensity was set to produce baseline PWL of 10±2 sec, with a 

cutoff time of 25 sec to prevent tissue damage. Because peripheral opioid receptor-

mediated antinociception typically requires an inflammatory stimulus (Patwardhan et al., 

2005; Berg et al., 2007; Obara et al., 2009; Rowan et al., 2009; Stein and Lang, 2009; 

Stein and Zollner, 2009; Berg et al., 2011; Sullivan et al., 2015), in all experiments BK 

and PGE2 were used to enhance opioid receptor-mediated antinociception. After 

baseline PWL was determined, animals were pre-treated (15 min) with BK (25 μg) via 

intraplantar (i.pl.) injection. BK injection produces a transient (<10 min) allodynia such 

that PWL returns to baseline before opioid administration. Rats then received a co-

injection (i.pl.) of PGE2 (0.3 µg) with U50488, Sal-A (doses indicated) or vehicle. 

Measurements of PWL were taken in duplicate at least 30 sec apart at 5 min intervals 

for 20 min after PGE2/opioid injections. Where indicated, antagonists or inhibitors were 

injected (i.pl.) with BK 15 min before injection of PGE2 with or without KOR agonists. 

Time-course data are expressed as the change (sec) from individual PWL baseline 

values and represent mean ± SEM. Area under the curve (AUC) was quantified by 

averaging the area under each individual timecourse curve for rats in a group. Drugs 

were solubilized as follows: BK and norBNI were solubilized in PBS; U50488 in ddH2O; 

U0126, SP600125, JNK inhibitor peptide, and Sal-A were solubilized in dimethyl 

sulfoxide (final dilution = 0.1%); PGE2 in ethanol (final dilution = 0.1%). All drugs were 

administered via i.pl. injection at a final volume of 50 μl. Observers were blinded to the 

treatment allocation. 
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Primary sensory neuron cultures. Primary cultures of rat trigeminal ganglion 

neurons were prepared as described previously (Berg et al., 2007; Berg et al., 2011). 

Cells were maintained in culture for 6 days before experimentation. For all experiments, 

cells were re-fed with serum-free Dulbecco’s modified Eagle’s medium without nerve 

growth factor on day five and used for experiments on the sixth day of culture (i.e., after 

a 24 hr serum/nerve growth factor free period). 

Measurement of cellular cAMP accumulation. Opioid receptor-mediated 

inhibition of PGE2-stimulated adenylyl cyclase activity was determined by measuring the 

amount of cellular cAMP accumulated in the presence of the phosphodiesterase 

inhibitor, rolipram (100 µM), and PGE2 (1 µM) with or without the indicated kappa opioid 

receptor ligands as described previously (Berg et al., 2007; Berg et al., 2011; Sullivan et 

al., 2015).  As in the behavior experiments, cells were pre-treated for 15 min with BK (10 

µM) for 15 min before application of PGE2 ± opioid agonist. When tested, antagonists or 

inhibitors were administered 15 min before the opioid ligand (co-administered with BK). 

For experiments to assess Gαi protein mediation, cells were treated with pertussis toxin 

(PTx, 400 ng/ml) for 24 h. 

Desensitization of KOR-mediated inhibition of PGE2–stimulated cAMP 

accumulation. To elicit desensitization, cells were pre-treated with maximal 

concentrations of either U50488 (1 µM), Sal-A (1 µM) or EOM-Sal-B (1 µM) in the 

presence of BK for 15 min. After pre-treatment, cells were washed several times and 

the ability of either U50488 (100 nM), Sal-A (100 nM), or EOM-Sal-B (100 nM) to inhibit 

PGE2-stimulated cAMP accumulation was determined. When tested, inhibitors were 
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incubated with the cells 15 min before pre-treatment KOR agonists. 

Measurement of extracellular signal-regulated kinase (ERK) 1/2 activation. 

KOR agonist-mediated activation of ERK in peripheral sensory neurons was measured 

as described previously (Berg et al., 2011). ERK activity was determined by measuring 

the levels of phosphorylated ERK (pERK) with the AlphaScreen SureFire Phospho-

ERK1/2 Kit (PerkinElmer Life and Analytical Sciences) according to manufacturer’s 

instructions and a FluoStar microplate reader equipped with AlphaScreen technology 

(BMG Labtech GMBH, Ortenberg, Germany).  

Measurement of c-Jun N-Terminal Kinase (JNK) activation. Peripheral 

sensory neurons were plated in 6-well plates and maintained for 5 days as described 

above. Cells were washed with 4 ml per well of HBSS containing 20 mM HEPES (pH 

7.4,) and incubated for 15 min at 37°C before addition of ligands. Cells were incubated 

with or without BK (10 µM, 15 min 37°C) followed by a further incubation with maximal 

concentrations of U50488 (100 nM) or Sal-A (100 nM) for 2.5, 5, 15, 30, and 60 min, in 

the presence of phosphatase inhibitor cocktail 3 (0.1%, Sigma-Aldrich) and okadaic acid 

(10 nM, Sigma-Aldrich). Incubation was terminated by aspiration of buffer and addition 

of 2 ml of ice-cold phosphate-buffered saline (PBS) to each well. Plates were placed on 

ice, PBS aspirated, and cells lysed by adding 50 μl lysis buffer (Pierce, Thermo 

Scientific), supplemented with 1% phosphatase inhibitor cocktail 3, 100 nM okadaic 

acid, and 1% protease inhibitor (Pierce, Thermo Scientific) per well. Cells were scraped, 

centrifuged 2,000 rpm at 4°C for 3 min, and the supernatant collected and prepared for 

SDS-PAGE following the NuPAGE protocol (Novex, Life Technologies). Immunoblots 
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were probed with anti-rat phospho-JNK (pJNK) rabbit monoclonal antibody (Cell 

Signaling). Actin was measured as a loading control with an anti-rat actin goat 

polyclonal antibody (Santa Cruz). Goat anti-rabbit IR800 and donkey anti-goat IR680 

secondary antibodies (LI-COR Biosciences) were used to detect pJNK and actin, 

respectively. Immunoblots were imaged using a LI-COR Odyssey infrared imager and 

relative band intensities were quantified using Odyssey software (LI-COR Biosciences).  

Data Analysis. For cell culture experiments, concentration-response data were 

fit to a logistic equation (equation 1) using nonlinear regression analysis to provide 

estimates of maximal response (Rmax), potency (EC50), and slope factor (n). 

    Equation #1 

where R is the measured response at a given agonist concentration (A), Ro is the 

response in the absence of agonist, Ri is the response after maximal inhibition by the 

agonist, EC50 is the concentration of agonist that produces a half-maximal response, 

and n is the slope index. Rmax (the maximal inhibition produced by the agonist) was 

calculated as Ro - Ri. Experiments were repeated at least three times. Statistical 

differences in concentration-response curve parameters between groups were analyzed 

with Student’s paired t test. When only a single agonist concentration was used, 

statistical significance was assessed using one-way analysis of variance (ANOVA) 

followed by Bonferroni’s post hoc or Student’s t test (paired) using Prism software 

(GraphPad Software, Inc., San Diego, CA). p  < 0.05 was considered statistically 

significant. 

R = Ro −
Ro − Ri

1 + [A]
EC50

⎛ 
⎝ 

⎞ 
⎠ 

n
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For behavioral experiments, time-course data were analyzed for statistical 

significance with two-way ANOVA followed by Bonferroni’s post hoc test. Area under 

the time-response curves was calculated and analyzed with one-way ANOVA followed 

by Bonferroni’s post hoc test. Data are presented as mean ± SEM and p < 0.05 was 

considered statistically significant. 
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Results: 

Intraplantar (i.pl.) injection of PGE2 (0.3 µg, 50 µl) elicited a mild (3–5 sec 

reduction in PWL), prolonged (> 20min) thermal allodynia (Supplemental Figure 1). As 

shown in Figure 1, co-injection (i.pl.) of either U50488 or Sal-A at a dose of 0.1 µg not 

only completely abolished PGE2-induced thermal allodynia, but produced robust 

antinociception (PWL was significantly above pre-injection baseline). However, the 

antinociceptive effects of both U50488 and Sal-A were dose-limited. As the dose of 

either agonist was increased above 0.1 µg, the magnitude of the antinociceptive effect 

diminished, resulting in an inverted U-shaped dose response curve (Figure 1). Injection 

(i.pl.) of the selective KOR antagonist, norBNI (0.3 ng, 10 x Ki) 15 min before either 

U50488 or Sal-A produced a rightward shift of both the ascending and descending limbs 

of the dose-response curve for each agonist (Figure 1), suggesting that both phases of 

the dose-response curve were KOR mediated. norBNI alone did not alter PGE2-induced 

thermal allodynia (PWL: -4.7 ± 1.2 vs. -4.9 ± 1.6 sec, Veh vs. norBNI, respectively). 

Injection (i.pl.) of U50488 (Berg et al., 2011) or Sal-A (not shown) into the contralateral 

paw did not alter PGE2-induced thermal allodynia in the ipsilateral paw indicating the 

actions of the KOR agonists were peripherally-restricted.  

ERK has been shown to have a role in regulating nociceptor function (Dai et al., 

2002; Ji et al., 2009) and ERK can be activated by KOR in cells of the CNS (Bruchas 

and Chavkin, 2010). Previously, we have shown that activation of KOR with U50488 

increases ERK activity in peripheral sensory neurons (Berg et al., 2011). To determine if 

activation of ERK was responsible for the descending phase of the dose-response 
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curves for U50488 and Sal-A–mediated antinociception, we injected the selective 

mitogen-activated protein kinase kinase1/2 inhibitor, U0126 (50 µl, 10 µg, i.pl.), into the 

rat hindpaw 15 min before i.pl. injection of a dose of U50488 (10 µg) or Sal-A (10 µg). 

As shown in Figure 2A, the response to U50488 was enhanced by U0126. By contrast, 

the response to Sal-A was insensitive to U0126 (Figure 2B).  

Previous studies have shown that JNK can be activated via KOR (Bruchas and 

Chavkin, 2010) and that activation of JNK is involved in pain responsiveness (Zhuang et 

al., 2006). Further, activation of JNK can disrupt KOR signaling (Bruchas et al., 2007b; 

Bruchas and Chavkin, 2010; Melief et al., 2010; Melief et al., 2011). To determine if 

activation of JNK was responsible for the downward phase of the Sal-A dose-response 

curve for antinociception, we injected the selective JNK inhibitor, SP600125 (50 µl, 1 

µg, i.pl.) into the rat hindpaw 15 min before injection of Sal-A (10 µg). SP600125 

partially restored the antinociceptive response for Sal-A (Figure 2B). Similar results 

were obtained with pre-injection of L-JNKi-1 trifluoroacetate (JNK-inhibitor peptide, 50 

µl, 30 µg, i.pl.) (Figure 2B). Inhibition of JNK with SP600125 had no effect on the 

response U50488 (Figure 2A). Inhibitors of ERK or JNK did not alter PGE2-induced 

thermal allodynia (-5.85 ± 0.57 vs. -5.97 ± 0.30 for PWL with ERK and JNK inhibitors, 

respectively). 

As shown in Figure 3A, both U50488 and Sal-A produced a concentration-

dependent reduction in PGE2 stimulated cAMP levels, with similar maximal inhibition 

and potency values, in peripheral sensory neurons in culture. Maximal inhibition was 76 

± 4% and 68 ± 5% for U50488 and Sal A respectively. The pEC50 values were 8.11 ± 
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0.33 (8 nM) and 8.29 ± 0.24 (5 nM) for U50488 and Sal-A, respectively. Similar to our 

previous findings with U50488 (Berg et al., 2011), pretreatment with norBNI (3 nM, 100 

x Ki) for 15 min or with pertussis toxin (PTx, 400 ng/mL) for 24 h completely blocked 

Sal-A-mediated inhibition of cAMP accumulation (Figure 3B) indicating that this 

signaling pathway is mediated by KOR activation of Gαi/o proteins. norBNI did not alter 

basal nor PGE2-stimulated cAMP accumulation as reported previously (Berg et al., 

2011; Berg et al., 2012). 

Results from the behavioral experiments (Figure 2) indicated a role for activation 

of ERK or JNK in regulating the antinociceptive effect of U50488 and Sal-A, 

respectively. Accordingly, incubation of peripheral sensory neurons with a maximal 

concentration of U50488 (100 nM) increased activation of ERK (Figure 4A), but did not 

activate JNK (Figure 4B). By contrast, Sal-A (100 nM) did not increase ERK activation 

(Figure 4A), but was effective at increasing activation of JNK (Figure 4B).  

As a possible mechanism for the downward phase of the KOR agonist dose-

response curve for antinociception, we examined whether U50488 and/or Sal-A caused 

desensitization of KOR signaling in peripheral sensory neurons. Pretreatment of 

peripheral sensory neurons in culture with a maximal concentration of U50488 

completely eliminated the subsequent inhibition of PGE2-stimulated cAMP accumulation 

in response to a second application of U50488 (Figure 5A), but not to Sal-A or to the µ 

opioid receptor (MOR) agonist, DAMGO (Figure 5C). Pretreatment with a maximal 

concentration of Sal-A likewise abolished the response to a second application of Sal-A 

(Figure 5B), but not to U50488 or DAMGO (Figure 5C). The desensitization produced 
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by U50488 was blocked by inhibition of ERK activation with U0126 or SCH772984 

(Figure 5A). Desensitization produced by Sal-A was blocked by the JNK inhibitors 

SP600125 or JK-IN-8, but not by U0126 (Figure 5B). None of the inhibitors tested 

altered PGE2-stimulated activity nor the inhibition of cellular cAMP levels produced by 

either U50488 or Sal-A. 

Figure 6A shows that an ethoxymethyl derivative of Sal-A, (EOM-Sal-B), 

produced a monotonic dose-response curve for antinociception, unlike the inverted-U 

shaped curve of Sal-A (Figure 1 and Supplemental Figure 2). NorBNI (0.3 ng) 

antagonized the response to 30 µg of EOM-Sal-B. Neither the ERK inhibitor, U0126, nor 

the JNK inhibitor, L-JNKi-1, altered the maximal response to EOM-Sal-B. In peripheral 

sensory neurons in culture, EOM-Sal-B inhibited PGE2-stimulated cAMP accumulation 

with a higher potency that Sal-A (pEC50 = 10.07 ± 0.07 [0.09 nM] vs. 8.29 ± 0.24 [5 nM], 

EOM-Sal-B vs. Sal-A respectively), but similar efficacy (Emax = 59% ± 2% vs. 55 ± 2%, 

EOM-Sal-B vs. Sal-A, respectively) (Figure 6B). The higher potency of EOM-Sal-B 

compared to Sal-A is consistent with previous reports (Cunningham et al., 2011). 

However, unlike Sal-A, EOM-Sal-B did not activate JNK in peripheral sensory neurons 

but did activate ERK (Figure 6C,D). Given that activation of ERK was responsible for 

the downward phase of the dose-response curve for U50488, we were surprised to find 

that activation of ERK by EOM-Sal-B did not reduce the antinociceptive effect of EOM-

Sal-B (Figure 6A). It has been shown that the mechanism by which ERK is activated 

can dictate the cellular response to activated ERK (Azzi et al., 2003; Tohgo et al., 2003; 

Ahn et al., 2004; Zheng et al., 2008). Figure 6D shows that whereas the activation of 

ERK by U50488 was sensitive to PTx, indicating mediation by Gαi G proteins, activation 
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of ERK by EOM-Sal-B was insensitive to PTx, suggesting a mechanism of ERK 

activation different from that of U50488. Figure 6E shows that pretreatment with EOM-

Sal-B, did not reduce the response to a second application of EOM-Sal-B, as did Sal-A 

and U50488 (Figure 5) 
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Discussion 

Previously we reported that peripherally-restricted doses of the KOR agonist, 

U50488, can produce robust antinociceptive responses in rats (Berg et al., 2011), 

suggesting that peripheral KOR may be a favorable target for development of 

peripherally-restricted opioid analgesics. Here, we further characterized the effect of 

KOR activation on the function of peripheral sensory neurons in vivo (inhibition of 

thermal allodynia in the rat hindpaw) and ex vivo (signaling in primary cultures) in 

response to U50488 and another highly selective, KOR agonist, Sal-A (Roth et al., 

2002; Cunningham et al., 2011).  

Both U50488 and Sal-A reduced PGE2-elicited thermal allodynia when injected 

directly in the rat hindpaw. Consistent with previous results (Berg et al., 2011), the dose-

response curve for U50488 had an inverted U-shape, with the peak antinociceptive 

response occurring at a dose of 0.1 µg. As the dose increased beyond 0.1 µg, the 

antinociceptive effect of U50488 decreased. Similarly, the dose-response curve for Sal-

A was also an inverted U-shape, with a peak antinociceptive response at 0.1 µg that 

returned to baseline at higher doses. Both phases of the dose-response curves to 

U50488 and Sal-A were antagonized equivalently by the selective KOR antagonist, 

norBNI, suggesting that both effects were mediated by activation of KOR.  

Interestingly, the downward phases of the dose-response curves for the two 

agonists were differentially sensitive to kinase inhibitors. The downward phase of the 

dose-response curve to U50488, but not that of Sal-A, was blocked by the inhibitor of 

ERK activation, U0126, suggesting that the decline in antinociceptive efficacy of 
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U50488 was due to ERK. The downward phase of the dose-response curve to Sal-A 

was partially blocked by inhibition of JNK activity with SP600125 or L-JNKi-1, 

suggesting that activation of JNK played a role in the decline in antinociceptive efficacy 

of Sal-A. Although U0126 and SP600125 are highly selective for their respective targets 

(English and Cobb, 2002), caution is required for interpretation of results since all 

pharmacological inhibitors can have off-target effects. Moreover, ERK and JNK, along 

with other signaling molecules (e.g. p38 mitogen activated protein kinase), each can 

regulate several cellular functions that could influence KOR-mediated responses in vivo 

(Cargnello and Roux, 2011). To better understand the roles of ERK and JNK in 

regulating KOR function in peripheral sensory neurons, it would be important to 

evaluate the effects of inhibitors on the complete dose-response curves of U50488 and 

Sal-A to help delineate cellular mechanisms that underlie KOR regulation. 

Although the efficacy of U50488 and Sal-A to inhibit PGE2-stimulated cAMP 

accumulation in peripheral sensory neuron cultures was similar, their ability to regulate 

ERK and JNK activity differed. U50488, but not Sal-A, activated ERK. Conversely, Sal-

A, but not U50488, activated JNK. These results agree with the behavior experiments 

where inhibition of ERK activity blocked the downward phase of the U50488 dose-

response curve, but not that of Sal-A, whereas inhibition of JNK reduced the effect of 

Sal-A, but not that of U50488. In heterologous expression systems and in brain tissues, 

both U50488 and Sal-A have been reported to activate both ERK and JNK (Bruchas 

and Chavkin, 2010). The selective regulation of ERK and JNK by U50488 and Sal-A 

here illustrates the uniqueness of opioid receptor function in peripheral sensory neurons 
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(Patwardhan et al., 2005; Berg et al., 2007; Rowan et al., 2010; Berg et al., 2011; 

Sullivan et al., 2015).  

The different pattern of KOR signaling elicited by U50488 versus that of Sal-A is 

consistent with the concept of ligand “functional selectivity” or “biased agonism” (Urban 

et al., 2007; Kenakin and Christopoulos, 2013), where different ligands promote the 

formation of ligand-specific receptor conformations that differentially regulate the activity 

of various signal transduction systems coupled to the receptor. Several reports have 

demonstrated KOR ligand functional selectivity in HEK cells (Bruchas and Chavkin, 

2010; Rives et al., 2012; Schattauer et al., 2012; White et al., 2014; White et al., 2015), 

and immortalized astrocytes (McLennan et al., 2008), and it has been suggested that 

ligands biased for G protein activation may be more effective analgesics (Bruchas et al., 

2007a; White et al., 2015). Although well-established in heterologous expression 

systems, there are relatively few studies that have established functional selectivity of 

ligands toward cellular signaling pathways in physiologically-relevant systems (Bailey et 

al., 2009; Melief et al., 2010; Schmid and Bohn, 2010; Bosier et al., 2012; Morgan et al., 

2014; White et al., 2015). The differential, ligand-dependent signaling of KOR to ERK 

and JNK presented here is also evidence of functional selectivity of KOR ligands in 

peripheral sensory neurons, both in primary culture and in vivo.  

The mechanism underlying the downward phase of the dose-response curves to 

U50488 and Sal-A may be due to homologous desensitization. In sensory neuron 

cultures, pretreatment with U50488 abolished inhibition of adenylyl cyclase activity by a 

second application of U50488. This desensitization was blocked by inhibition of ERK 
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activation. Since inhibition of ERK also abolished the downward phase of the U50488 

dose-response curve for antinociception, this suggests that the downward phase is due 

to desensitization. Similarly, inhibition of JNK activity blocked desensitization of Sal-A-

mediated inhibition of adenylyl cyclase activity and reduced the downward phase of the 

Sal-A antinociception dose-response curve. Although several cellular mechanisms 

underlie GPCR desensitization (Gainetdinov et al., 2004; Kelly et al., 2008), the lack of 

U50488- or Sal-A-induced desensitization of DAMGO signaling suggests that signaling 

components in common with MOR and KOR signaling (e.g. Gαi proteins, adenylyl 

cyclase) are not the targets of desensitization mechanisms activated by U50488 or Sal-

A. Moreover, our finding that U50488 pretreatment did not desensitize the response to 

Sal-A, and vice versa, suggests that ligand-occupied KOR itself may be the target of 

desensitization mechanisms. Thus, the conformation of KOR occupied by Sal-A may 

not be a target for desensitization mechanisms activated by pretreatment with U50488, 

as is the conformation of KOR occupied by U50488, and vice versa. 

Further evidence that desensitization may underlie the downward phase of the 

dose-response curves of U50488 and Sal-A comes from experiments with the 

ethoxymethyl derivative of Sal-A, EOM-Sal-B. EOM-Sal-B had similar efficacy to inhibit 

adenylyl cyclase activity as did U50488 and Sal-A in cultured neurons, but did not 

activate JNK as did Sal-A. Importantly, EOM-Sal-B pretreatment did not desensitize 

signaling by a second application of EOM-Sal-B, as did Sal-A and U50488. Accordingly, 

the dose-response curve for antinociception for EOM-Sal-B did not have a downward 

phase, but instead was monotonic. Taken together, these results suggest that the 
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downward phase of the antinociception dose-response curves for U50488 and Sal-A 

are due to ERK- and JNK-mediated desensitization of KOR signaling, respectively. 

Interestingly, although Sal-A did not activate ERK in peripheral sensory neurons, 

EOM-Sal-B activated ERK to an extent similar to that of U50488. Thus, the substitution 

of the C2 position acetyl group of Sal-A with an ethoxymethyl ether changed the 

signaling specificity of Sal-A. Given that the downward phase of the antinociception 

dose-response curve to U50488 was mediated by ERK, we were surprised that EOM-

Sal-B did not have a dose-response curve with a downward phase and the ERK 

inhibitor, U0126, did not change the maximal antinociceptive response to EOM-Sal-B. 

Since the magnitude of ERK activation by EOM-Sal-B was somewhat less than that of 

U50488, its possible that the lower level of ERK activity is insufficient to produce 

desensitization. Alternatively, perhaps the EOM-Sal-B KOR conformation is not a target 

for desensitization mechanisms activated by EOM-Sal-B. However, the mechanism by 

which EOM-Sal-B activated ERK (PTx-insensitive) differed from that of U50488 (PTx-

sensitive). It has been shown that the consequences of activation of ERK can differ 

markedly depending upon the mechanism by which ERK is activated (Azzi et al., 2003; 

Tohgo et al., 2003; Ahn et al., 2004; Kohout et al., 2004; Shenoy et al., 2006; Zheng et 

al., 2008). For MOR, when ERK activation occurs via a non-G protein, ß-arrestin-

dependent mechanism, activated ERK translocates to the nucleus (Zheng et al., 2008; 

Zheng et al., 2010a; Zheng et al., 2010b). However, when ERK activation is G protein-

dependent, activated ERK remains in the cytoplasm and phosphorylates various 

cytosolic targets (Yoon and Seger, 2006). Thus, the differential cellular mechanisms of 
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ERK activation via U50488 versus that via EOM-Sal-B may explain why EOM-Sal-B did 

not produce ERK-mediated desensitization of KOR signaling. 

Our results suggest that the KOR ligands, U50488, Sal-A, and EOM-Sal-B, elicit 

distinct patterns of signaling in peripheral sensory neurons and that as a result, 

antinociceptive behavioral responses are differentially regulated. The ability of ligands, 

acting at the same receptor subtype to differentially regulate specific cellular signaling 

pathways holds great promise for new drug development. Just as selectivity for different 

receptor subtypes has played a crucial role in targeting drugs for specific therapeutic 

indications, development of ligands with selectivity for specific signaling pathways (or 

specific patterns of signaling pathways) that mediate beneficial effects, and with minimal 

activity at pathways that lead to adverse effects, would be expected to further improve 

therapeutic efficacy. Further, this work highlights the importance of measuring ligand 

activity at multiple cellular signaling pathways to properly characterize ligand efficacy 

and improve predictions of therapeutic efficacy in vivo. 
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Figure Legends 

Figure 1. Dose response curves for U50488 (A) and Salvinorin A (B) to inhibit 

PGE2-inuced thermal allodynia in the rat hindpaw. Rats received intraplantar (i.pl.) 

injections of norBNI (0.3 ng) or vehicle 15 min before induction of thermal allodynia by 

intraplantar injection of PGE2 (0.3ug). U50488 (doses indicated), Sal-A (doses 

indicated) or vehicle was co-injected with PGE2. Paw withdrawal latencies (PWL) in 

response to radiant heat applied to the ventral surface of the hindpaw were measured in 

duplicate before norBNI/veh injections and at 5 min intervals for 20 min after the last 

injection. Data are expressed as the mean ± SEM of the area under the time-course 

curves for individual rats. Each data point represents mean ± SEM of 4-10 animals. 

 
Figure 2. The descending limb of dose-response curves for U50488 and Sal-A are 

differentially regulated. Rats received intraplantar injections of the inhibitor of ERK 

activation, U0126 (10 µg), the inhibitors of JNK, SP600125 (1.0 µg) or L-JNKi-1 (30 µg), 

or vehicle 15 min before PGE2 (0.3 µg, i.pl.) with various doses of U50488 (A), Sal-A 

(B) or vehicle. PWL were measured before and at 5 min intervals for 20 min following 

the last injection. Area under the curve values were calculated from the time-course 

data for each animal. The dose-response curve data for U50488 and Sal-A are 

reproduced from Fig 1. Data represent mean ± SEM of 4-8 rats. *p < 0.05 compared 

with the corresponding 10 µg dose of U50488 or Sal-A.  
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Figure 3. U50488 or Sal-A mediated inhibition of PGE2-stimulated cAMP 

accumulation in rat primary sensory neuron cultures. A) Cells were treated with 

PGE2 (1 µM) with or without U50488 or Sal-A (doses indicated) for 15 min. B) Cells 

were pre-treated with norBNI (3 nM, 15 min) or PTx (400 ng/ml, 24 hrs) then incubated 

with PGE2 plus Sal-A (100 nM) for 15 min. Cellular levels of cAMP were measured with 

radioimmunoassay. Basal cAMP levels averaged 0.22 ± 0.03 pmol per well. Data are 

expressed as the percentage of PGE2 stimulated levels which averaged 217 ±  22% 

above basal and represent the mean ± SEM of 6 experiments. ***p < 0.001 compared 

with vehicle (VEH) pretreatment. 

 

Figure 4. Activation of ERK and JNK by U50488 and Sal-A in primary cultures of 

peripheral sensory neurons. A) Cells were treated with U50488 (100 nM) or Sal-A 

(100 nM) for the times indicated and the level of pERK was measured using the pERK 

Surefire assay kit from PerkinElmer Life and Analytical Sciences, according to the 

manufacturer’s protocol. Data are expressed as the percentage increase in pERK over 

basal (no ligand) activity and represent the mean ± SEM of four experiments. B) Cells 

were treated with U50488 (100 nM) or Sal-A (100 nM) for the times indicated and the 

level of pJNK (54 kD and 46 kD bands) was measured using Western Analysis. 

Immunoblots were analyzed using LI-COR Odyssey Imaging software. Data points 

represent pJNK levels (54 kD and 46 kD bands) normalized to actin as a percentage of 

basal and represent the mean ± SEM of four experiments. Inset: representative 
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immunoblots (54 kD and 46 kD bands) of cells treated with Sal-A (top) or U50488 

(bottom). **p < 0.01, ***p < 0.001 versus basal activity (time 0). 

 

Figure 5: KOR agonist-induced desensitization of inhibition of PGE2-stimulated 

cAMP accumulation in peripheral sensory neuron cultures. A) Cells were 

pretreated with U50488 (1 µM) or vehicle for 15 min (desensitizing stimulus), washed 

and then incubated with PGE2 with U50488 (100 nM) for an additional 15 min (test 

stimulus). The ERK inhibitors, U0126 (1 µM) or  SCH777984 (10nM), JNK inhibitors, 

SP600125 (1 µM), JNK-IN-8 (10 nM), or vehicle were added to cells 15 min before the 

desensitizing stimulus. B) Cells were pretreated with Sal-A (1 µM) or vehicle for 15 min 

(desensitizing stimulus), washed and then incubated with PGE2 with Sal-A (100 nM) for 

an additional 15 min (test stimulus). The ERK inhibitor, U0126 (1 µM), JNK inhibitors, 

SP600125 (1 µM) or JNK-IN-8 (10 nM), or vehicle were added to cells 15 min before the 

desensitizing stimulus. C) Cells were pretreated with U50488 (1 µM), Sal-A (1 µM) or 

vehicle for 15 min (desensitizing stimulus), followed by either U50488 (100 nM), Sal-A 

(100 nM), or DAMGO (100 nM) (test stimulus) for 15 min. Data are expressed as the 

percentage of PGE2 stimulated cAMP levels and represent mean ± SEM of four 

experiments. Pretreatment with either U50488 or Sal-A had no effect on basal or PGE2-

stimulated cAMP levels which were 0.23 ± 0.04 pmol per well and 284 ± 67 % above 

basal, respectively , mean ± SEM, n=8. **p < 0.01 compared with corresponding vehicle 

pretreatment. 
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Figure 6. Effect of EOM-Sal-B on peripheral sensory neurons in vivo and ex vivo. 

A) Rats received intraplantar (i.pl.) injections of norBNI (0.3 ng), L-JNKi-1 (30 µg), 

U0126 (10 µg) or Veh followed 15 min later by co-injection (i.pl.) of PGE2 (0.3ug) with 

vehicle or EOM-Sal-B (doses indicated). Paw withdrawal latencies (PWL) in response to 

radiant heat applied to the ventral surface of the hindpaw were measured in duplicate 

before injection and at 5 min intervals for 20 min after the last injection. Data are 

expressed as the mean ± SEM of the area under the time-course curves for individual 

rats. Each data point represents mean ± SEM of 5-6 animals. B) Peripheral sensory 

neurons in culture were treated with PGE2 (1 µM) with various concentrations of EOM-

Sal-B for 15 min. Data are expressed as the percentage of PGE2 stimulated cAMP 

levels and represent the mean ± SEM of 5-7 experiments. The concentration response 

curve for Sal-A from Figure 3 is shown in gray for comparison. C) Peripheral sensory 

neurons in culture were treated with vehicle, EOM-Sal-B (100 nM) or Sal-A (100 nM) for 

5 min and the level of pJNK was measured using Western Analysis. Immunoblots were 

analyzed using Li-COR Odyssey Imaging software. Data points represent pJNK levels 

normalized to actin as a percentage of basal and represent the mean ± SEM of four 

experiments. *p < 0.05, **p < 0.01 compared to corresponding vehicle treatment. Inset: 

representative immunoblot. D) Peripheral sensory neurons in culture were pre-treated 

with vehicle or PTx (400 ng/ml, 24 hrs) followed by U50488 (100 nM) or EOM-Sal-B 

(100 nM) for the times indicated. The level of pERK was measured using the pERK 

Surefire assay kit from PerkinElmer Life and Analytical Sciences, according to the 

manufacturer’s protocol. Data are expressed as the percentage increase in pERK over 

basal (no ligand) activity and represent the mean ± SEM of four experiments. Data for 
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U50488 with vehicle pretreatment are from Figure 4 for comparison. E) Peripheral 

sensory neurons in culture were pretreated with EOM-Sal-B (1.0 µM) or vehicle for 15 

min (desensitizing stimulus), washed and then incubated with PGE2 with EOM-Sal-B 

(100 nM) for an additional 15 min (test stimulus). Data are expressed as the percentage 

of PGE2 stimulated cAMP levels and represent the mean ± SEM of 8 experiments. Pre-

treatment with EOM-Sal-B did not alter basal or PGE2-stimulated cAMP levels which 

were 0.75 ± 0.07 pmol per well and 240 ± 28 % above basal, mean ± SEM, n= 8, 

respectively. **p < 0.01 compared to vehicle/vehicle treatment. 
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Supplemental Figure Legends 

Supplemental Figure 1. Time-course and dose response curves for U50488 (A) 

and Sal-A (B) to inhibit PGE2-induced thermal allodynia in the rat hindpaw. Rats 

received injections of PGE2 (0.3 µg) with indicated doses of U50488 (A) or Sal-A (B). 

Paw withdrawal latencies (PWL) were measured in duplicate every 5 min for 20 min 

after the last injection. Data are expressed as change from individual baselines and 

represent mean +/- SEM, n= 4-10.  

 

Supplemental Figure 2. Time-course and dose response curve for EOM-Sal-B to 

inhibit PGE2-induced thermal allodynia in the rat hindpaw. Rats received injections 

of PGE2 (0.3 µg) with indicated doses of EOM-Sal-B. Paw withdrawal latencies (PWL) 

were measured in duplicate every 5 min for 20 min after the last injection. Data are 

expressed as change from individual baselines and represent mean +/- SEM, n= 5-6. 
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