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Abstract

Signaling bias refers to G protein-coupled receptor ligand ability to preferentially activate one type

of signal over another. Bias to evoke signaling as opposed to sequestration has been proposed as a

predictor of opioid ligand potential for generating tolerance. Here we measured whether delta

opioid receptor agonists preferentially inhibited cyclase activity over internalization in HEK cells.

Efficacy (τ) and affinity (KA) values were estimated from functional data and bias was calculated

from efficiency coefficients (log τ/KA). This approach better represented the data as compared to

alternative methods that estimate bias exclusively from τ values. Log (τ/KA) coefficients

indicated that SNC-80 and UFP-512 promoted cyclase inhibition more efficiently than DOR

internalization as compared to DPDPE (bias factor for SNC-80: 50 and for UFP-512: 132).

Molecular determinants of internalization were different in HEK293 cells and neurons with βarrs

contributing to internalization in both cell types, while PKC and GRK2 activities were only

involved in neurons. Rank orders of ligand ability to engage different internalization mechanisms

in neurons were compared to rank order of Emax values for cyclase assays in HEK cells.

Comparison revealed a significant reversal in rank order for cyclase Emax values and βarr-

dependent internalization in neurons, indicating that these responses were ligand-specific. Despite

this evidence, and because kinases involved in internalization were not the same across cellular

backgrounds, it is not possible to assert if the magnitude and nature of bias revealed by rank orders

of maximal responses is the same as the one measured in HEK cells.
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Introduction

Most clinically available opiates act upon mu opioid receptors (MORs) to elicit powerful

analgesic actions. However, despite their uncontested efficacy in alleviating acute severe

pain, MOR agonists are much less effective for the treatment of chronic pain syndromes [1].

These limitations have driven attention to other receptors, in particular delta opioid receptors

(DORs), which are currently viewed as promising targets for the development of novel

opiate analgesics for chronic pain management [2–4]. Within this context, DOR agonist

potential for generating tolerance constitutes a limitation for their use as long-acting opioid

analgesics [5, 6].

Remarkably, not all DOR agonists produce the same degree of tolerance [5, 7, 8] and some

of these differences have been attributed to distinct trafficking profiles of the different

ligands [9]. For example, administration of SNC-80 ((1)-4-[(αR)-α-((2S,5R)-4-allyl-2,5-

dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide) triggered marked in vivo

DOR sequestration and acute tolerance while poorly internalizing agonists like ARM390,

ADL5747 (N,N-diethyl-3-hydroxy-4-(spiro[chromene-2,4′-piperidine]-4-yl)benzamide),

and ADL5859 (N,N-diethyl-4-(5-hydroxyspiro[chromene-2,4′-piperidine]-4-yl) benzamide)

did not induce a rapid loss of analgesic actions [7, 10]. Despite marked differences in

internalization and distinct potential for generating acute analgesic tolerance, some of these

ligands display a similar ability to produce maximal G protein activation [7] or cAMP
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accumulation [11], which has led to the suggestion that certain DOR agonists may display a

response bias that favors signaling over internalization. Moreover, the observation that acute

tolerance induced by non-internalizing DOR agonists is less than that produced by

internalizing ones has fueled the notion that the proposed bias could be a means for

screening/identifying DOR agonists with longer-lasting analgesic actions.

Essential to this type of screening is the capacity to quantify bias. By applying novel

analytical tools specifically developed to this purpose [12, 13], here we show that in

HEK293 cells, SNC-80 and UFP-512 [H-Dmt-Tic-NH-CH(CH2-COOH)-Bid] were

significantly more efficient in promoting cyclase inhibition than DOR internalization as

compared to DPDPE ([D-Pen(2), D-Pen(5)]-enkephalin). However, molecular determinants

of internalization were different in HEK293 cells and neurons, raising the question as to

whether bias involving internalization responses would be maintained across cellular

backgrounds.

Materials and methods

DNA constructs

Murine DORs tagged with the Flag epitope at the N-terminus were kindly provided by Dr.

M. von Zastrow (University of California at San Francisco) and have been described

elsewhere [14]. Constructs encoding human DOR fused to yellow green fluorescent protein

(YFP) were generated as described before [8]. βarr2-Luc and βarr319–418 were a generous

gift from Dr. Bouvier (Université de Montréal, Canada).

Cell culture and transfections

Immortalized cell lines—Internalization and cAMP accumulation assays to establish

signaling bias of DOR agonists were carried out in HEK293 cells stably expressing Flag-

DORs. Monoclonal cell lines expressing the receptor were produced using Lipofectamine

(Invitrogen, Carls-bad, CA, USA) to transfect 6 μg of DNA/100 mM Petri dish. Cells were

then selected with G418 (500 μg/ml) and a clone expressing 1 pmol/mg protein was used

[15]. Cells were grown and maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10 % (v/v) fetal bovine serum (FBS), 1,000 U/ml penicillin, 1 mg/ml

streptomycin, and 2 mM glutamine, in a humidified atmosphere of 5 % CO2 at 37 °C. For

the experimental series evaluating the effect of dominant negative βarr (βarr319–418) [16]

on DOR internalization, βarr319–18 (9 μg) or empty vector pcDNA3 (9 μg) were

cotransfected with DOR (3 μg) to yield similar membrane expression of receptors as in

stable cell lines. siRNA GRK2 (Smart pool, Thermo Fisher Scientific, Waltham, MA, USA)

were introduced into DOR-expressing cells (25 pmol/well in 24-well plates) using Dharma-

FECT1 according to the manufacturer’s specifications. In experiments in which PKC

activity was blocked by chelerythrine (4 μM), the drug was introduced into the incubation

medium 10 min prior to DOR agonists and remained present until the end of the experiment.

In experiments in which PMA was used to stimulate PKC activity, the phorbol ester was

introduced at a concentration of 500 nM 60 min before agonist addition, and allowed to

remain in the medium until the end of the experiment.
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Primary neuronal cultures were used for immunofluorescence assays to assess ligand-

induced DOR internalization in neurons. Cultures were prepared from rat postnatal

prefrontal cortex (P0–P2) using a procedure adapted from a previously described method

[17]. Briefly, pups were cryo-anaesthetized, their brains rapidly removed and transferred

into ice-cold dissociation solution (NaSO4 90 mM; K2SO4 30 mM; MgCl2 5,8 mM; CaCl2;

HEPES 10 mM; glucose 20 mM; pH 7,4). The prefrontal cortex was dissected and digested

in papain solution (20 U/ml; 40 min at 37 °C) following which the product was passed

through Pasteur pipettes of progressively decreasing diameter for mechanical dissociation.

The suspension obtained was centrifuged, cells resuspended and diluted to a density of 2.5

million/ ml before plating on glass coverslips precoated with collagen/poly-L-lysine (each at

0.1 mg/ml). Cells were cultured in neurobasal A medium supplemented with B27 (4 %), 100

U/ml penicillin–streptomycin, Glutamax (2 %) and fetal bovine serum (10 %) for 24 h. At

this time, coverslips were transferred from their home dish to a six-well plate containing 2

ml of neurobasal A medium/well and transfected with Flag-DORs (8 μg of DNA/well) by

means of a modified calcium phosphate transfection protocol [18]. Briefly, a calcium

phosphate/DNA precipitate was formed in HEPES buffered saline (pH 7.03) and was added

drop-wise to the neurobasal A medium. After 30 min of transfection, neurons were washed

in Hank’s balanced salt solution and returned to their original culture medium. For siRNA

experiments, cells were transfected 24-h post-SFDOR transfection with βarr siRNA or

GRK2 siRNA (100 and 75 pmol/35 mm dish, respectively) using Lipofectamine as indicated

by the manufacturer. GRK2 siRNA was from Thermo Fisher Scientific and for βarr1/2

knock down primers and oligonucleotides were designed as previously described [19]. In

both cases, knockdown was verified by Western-blot analysis. For experiments in which

PKC was blocked by chelerythrine (4 μM), the drug was introduced 10 min prior to DOR

agonists and allowed to remain present throughout the experiment.

Evaluation of DOR trafficking

ELISA-based assays—Measurement of surface-expressed receptors and quantification

of receptor internalization was assessed using an ELISA-based method adapted from a

previously published protocol [15]. HEK293 cells stably expressing Flag-DORs were seeded

at a density of 2.5 × 105 cells/well and grown on 24-well polylysine-coated plates for 48 h.

Unless otherwise specified, on the day of the experiment cells were exposed to increasing

concentrations of different ligands (0–100 μM) for 30 min before internalization was

stopped by addition of cold PBS (phosphate-buffered saline). After three PBS washes, cells

were fixed for 15 min at 4 °C in paraformaldehyde (3 %) and non-specific binding was

blocked by incubation with PBS/BSA 1 %/CaCl2 1 mM at RT for 30 min. Cells were

subsequently incubated with anti-FLAG M1 antibody (1:1,000; Sigma-Aldrich) for 1 h

(RT), washed three times and incubated with peroxidase-conjugated (HRP) anti-mouse

antibody (1:5,000; Amersham Biosciences, Piscataway, NJ, USA) for 30 min. After

extensive washing, 200 μl of the HRP substrate o-phenylenediamine dihydrochloride

(SIGMA FASTTM OPD, Sigma-Aldrich) was added to each well. The reaction was allowed

to proceed for 8 min and stopped using 50 μl of 3 N HCl. An amount of 200 μl of the mix

was then transferred to a 96-well plate for optical density (OD) evaluation at 492 nM in a

microplate reader (Victor3; PerkinElmer, Waltham, MA, USA). OD readings corresponded

to the signal generated by receptors at the cell surface. The amount of surface receptors
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internalized following exposure to agonists was calculated by subtracting OD obtained in

the presence of agonist from the one obtained in its absence. Results were expressed as % of

receptors initially present at the membrane according to the following calculation:

 where ODBasal and ODStimulated correspond to

the signal obtained in absence or presence of agonist, respectively [10].

Immunofluorescence (IF) microscopy—Immunocytochemistry experiments were

carried out 2 days after transfection as previously described [8]. Briefly, labeling of surface

Flag-DORs was done by introducing Ca2+-dependent mouse anti-Flag M1 antibody (1:100;

Sigma) to the incubation medium 30 min prior to vehicle (DMSO 0.01 %) or agonists (10

μM). Following treatments of different durations (15–120 min), neurons were washed in

Ca2+-free phosphate buffered solution (PBS) (3 × 1 min, at 37 °C). These washes made it

possible to remove treatment drugs as well as antibody bound to surface receptors, thus

ensuring that only Flag-DORs that had been internalized and protected from washes,

conserved first antibody labeling [20]. Cells were then fixed with 4 % PFA and

permeabilized in PBS/0.1 % triton. Non-specific sites were blocked with PBS/BSA 1 % (10

min at RT) and neurons then exposed to secondary antibody (donkey anti-mouse Alexa-488;

1:1,000; Molecular Probes). All images were acquired using a Prairie Technologies point-

scanning confocal except for Fig. 5, where the microscope used was an Olympus FluoView

1,000 confocal system. Mean cytosolic labeling intensity was quantified in cells that had

been exposed to vehicle or agonist for 60 min, using ImageJ software according to a

previously described method [8]. Briefly, nuclear integrated intensity was subtracted from

the integrated intensity present within the perimeter of the neuron soma. The resulting value

was divided by the area comprised between the nuclear and outer perimeters of the cell to

yield mean cellular intensity. Nuclear fluorescence was considered as the background, and

its mean intensity subtracted from the quotient described above.

cAMP accumulation

cAMP accumulation assays were carried out according to a previously described protocol

[21], [3H]ATP and [3H] cAMP were separated by sequential chromatography on Dowex

exchange resin and aluminum oxide columns. cAMP produced was estimated by calculating

the ratio of [3H]cAMP/([3H]ATP + [3H]cAMP) in each sample.

BRET assays

BRET assays for βarr2 recruitment were conducted using a modified version of a previous

protocol [8]. Briefly, HEK293 cells grown in 100 mM Petri dishes were transfected with:

βarr2-Luc (0.2 μg) and DOR-YFP (6 μg). Experiments were carried out 2 days after

transfection. At this time, cells were kept at 37 °C and exposed to vehicle or DOR agonists

(1 μM) for 5 min. For experiments assessing PKC activity, cells were pretreated with PMA

(500 nM) for 60 min prior to exposure to ligands. Treatment was stopped by washing cells

with ice-cold phosphate-buffered solution (PBS) following which they were transferred to

96-well plates (white Optiplate; PerkinElmer Life Sciences) and BRET measures obtained in

a Victor3 plate reader (Perki-nElmer Life Sciences) 5 min after manual addition of

coelenterazine h. Plates were then introduced into a Victor3 plate reader (PerkinElmer Life

Sciences) and BRET measures were determined by calculating the ratio of light emitted by
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YFP (520–550 nM) over the light emitted by Rluc (440–480 nM). BRET values were then

corrected by subtracting the background signal (detected when Rluc-tagged constructs were

expressed without acceptor) from the BRET signal detected in cells coexpressing both Rluc

and YFP (Net BRET).

Western blot

Two days after siRNA transfection, neurons or HEK293 cells were lysed in RIPA buffer (50

mM Tris–HCl pH 7.4, 1 % triton X100, 0.25 % deoxycholic acid, 150 mM NaCl, 1 mM

EDTA, 1 mM PMSF, 1 μg/ml Aprotinin, PI 1X, 1 mM Na3VO4 et 1 mM NaF). Following

centrifugation at 10,000 rpm for 30 min, the supernatant containing membranes and cytosol

was recovered. GRK2 and βarr resolved in SDS-PAGE were then transferred (50 mA, 16 h,

Bio-Rad Mini-Trans Blot apparatus) from the gels onto nitrocellulose (GE Healthcare,

Piscataway, NJ, USA). GRK2 polyclonal antibody (SRC2: sc-18; Santa Cruz Biotech, Santa

Cruz, CA, USA) and βarr antibody (a generous gift from Dr. S. Laporte, McGill University)

were used at a dilution of 1:200 and 1:1,000 to determine, respectively, the amount of total

GRK2 and of βarr present in cells transfected with siRNA or scrambled controls. Secondary

anti-rabbit horse-radish-conjugated antibody was used at 1:20,000 dilution (Amersham

Biosciences, Piscataway, NJ, USA). Chemiluminescence detection reagent (GE Healthcare)

was used to reveal blotted proteins and images of immunoreactive bands were acquired with

MCID (Imaging Research Inc, Canada).

Curve fitting—Concentration response curves describing modulation of cAMP production

or DOR internalization were obtained for five different agonists. In a first series of analyses,

curves were generated with GraphPad 5 using the four parameter logistic function y = a + (b

− a)/(1 + 10(logEC50-x).c) and fixing the slope parameter c at the value of one or allowing it to

freely vary (y → measured response, a → minimal asymptote, b → maximal asymptote,

a–b → Emax). In every case, data were best fit by the equation with slope fixed at one.

Concentration response curves were also analyzed with the operational model of agonism

[22] to obtain efficacy (τ) and functional affinity (KA) values that were then used in the

calculation of log (τ/KA) for the calculation of bias [13]. Curve fitting was done using the

equation: , where basal corresponds

to the response observed in the absence of agonist; Emax is the maximal response of the

system; KA denotes agonist affinity for the receptor state(s) mediating the response; τ
describes agonist efficacy; x corresponds to the logarithm of molar concentration of agonist

and n is the slope of the function which links occupancy to response. System parameters (n

and Emax) were estimated from curves generated by full agonists DPDPE and SNC-80,

where the only constraint imposed was for each of these values to be shared by both ligands.

Estimates for cyclase dose–response curves were Emax: 75 and n: 0.72. Estimates for

internalization curves were Emax: 64 and n: 1.1. These values were then used as system

parameters to simultaneously fit curves for all ligands (Prism5 operational model “partial

agonist”), yielding corresponding τ and KA values for each agonist except the standard,

DPDPE. τ and KA values for DPDPE were obtained from depletion assays in which dose–

response curves were generated in cells expressing progressively lower amounts of receptors

(Prism5 operational model: receptor depletion). Emax and n values used to fit curves in
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depletion mode were the same as above. Pooled standard error values were calculated as in

Gregory et al. [23]: pooled 

Results

Establishing evidence of ligand bias in DOR-mediated responses

Many MOR and DOR agonists display an “imbalance” in their ability to promote maximal

signaling and regulatory responses [24–26]. However, the bases for this imbalance remain a

matter of active investigation, in particular the extent to which biased agonism may

contribute to poor sequestration by agonists that effectively engage signaling [7, 26]. To

address this question, we used HEK293 cells to compare cAMP modulation and

sequestration induced by five different DOR agonists. Dose–response curves for these

responses and corresponding Emax (maximal effect) and potency (EC50) values appear in

Fig. 1 and Tables 1 and 2. Data presented therein indicate that maximal responses (Emax) by

DPDPE and SNC-80 were significantly larger than those evoked by morphine, UFP-512,

and TIPP, both in cyclase and internalization assays. However, Emax values for partial

agonists were not proportional across the two responses. On the one hand, the three partial

agonists inhibited cAMP production displaying responses that ranged between 30 and 80 %

of maximal inhibition induced by the standard DPDPE (Tables 1, 2). On the other hand,

morphine induced no significant sequestration (p = 0.2136; n = 11) while internalization by

UFP-512 and TIPP was significant (p < 0.01; n = 9–10) but only reached ~10 % of the

response induced by DPDPE (Fig. 1b). As shown in Supplementary Fig. 1, insufficient

incubation time could not have accounted for the small magnitude of internalization by

partial agonists, since kinetic experiments indicated that at the time at which dose–response

curves were obtained (30 min) sequestration had attained its plateau.

One of the favored explanations for the observed “disproportion” in the magnitude of

signaling and internalization Emax values is the existence of ligand bias [26]. However,

disproportion without a reversal in the rank order of maximal response may admit

alternative interpretations since Emax values depend not only on ligand properties but also on

system determinants such as total receptor number, maximal response allowed by the

system, and the efficiency with which the stimulus imparted by an active receptor couples to

the response of interest [27]. Based on these considerations, it is possible that a more

efficient stimulus–response coupling and/or the saturation of maximal response in cyclase

assays could have resulted in partial agonists (UFP-512, TIPP, and morphine) displaying

“disproportionately” higher Emax values in cyclase than in internalization assays.

The operational model proposed by Black and Leff [22] provides a means of estimating

relative drug efficacies while controlling for the above-mentioned confounders and, at the

same time, allows quantifying the bias across different responses [12, 13]. Quantification is

achieved by calculating two operational parameters from dose–response curves: (1) ligand

efficacy (τ to induce each of the responses of interest and (2) “functional affinity” (KA),

which describe the tendency of the agonist to interact with receptor state(s) mediating the

response [12, 13]. According to this conception of the operational model, bias may result

from a ligand displaying distinct relative efficacies (τ) at different pathways and/or from its
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differential affinity for the receptor state(s) mediating these effects. Whatever the

combination, all possibilities are contemplated by calculating a transduction coefficient

τ/KA, which describes the efficiency with which a drug evokes a particular response. We

have used this approach to measure signaling versus internalization bias for the different

DOR agonists.

Operational parameters derived from cAMP accumulation and internalization assays are

shown in Tables 3 and 4. Within the context of the operational model, parameters obtained

from cyclase dose–response curves indicate that the efficacy with which UFP-512 (τ = 0.35

± 0.07) and morphine (τ = 0.44 ± 0.26) activated the receptor to inhibit cAMP production

was not different from each other, but UFP-512 displayed much higher affinity for the

receptor state(s) mediating this effect (log KAUFP = −8.82 ± 0.18, log KAMOR = −5.02 ±

0.36; Tables 3, 4). Thus, despite displaying similar efficacies, UFP-512 had a larger

transduction coefficient than morphine [log (τ/KA)UFP = 9.16 ± 0.20, log (τ/KA)MOR = 5.46

± 0.45; Tables 3, 4]. Taking log (τ/KA) coefficients as an indicator of drug efficiency to

inhibit cAMP production [12], morphine’s coefficient was the lowest while that of UFP-512

did not differ from those of DPDPE and SNC-80 (Tables 3, 4). Also note that although TIPP

efficacy was much lower than that of DPDPE, differences in apparent affinities accounted

for the fact that TIPP’s transduction coefficient was not different from that of this full

agonist (Tables 3, 4). Internalization responses were also analyzed by means of the

operational model, except for morphine where absence of internalization prevented the

calculation of meaningful operational parameters. For the remaining ligands, τ values

allowed to distinguish two groups of drugs in which DPDPE/SNC-80 displayed higher

efficacy for internalization than UFP-512/TIPP (Tables 3, 4). However, differences in KA

accounted for the fact that the transduction coefficient for SNC-80 [log (τ/KA): 5.51 ± 0.50]

was not different from that of UFP-512 [log (τ/KA): 5.90 ± 0.24] and was lower than that of

TIPP [log (τ/KA): 6.83 ± 0.33]. Conversely, despite not differing at the level of their τ
values, distinct functional affinities (log KASNC = −4.28 ± 0.38, log KADPDPE = −6.12 ±

0.11) determined that transduction coefficients were also different for the two full agonists

[log (τ/KA)SNC = 5.51 ± 0.50, log (τ/KA)DPDPE = 6.85 ± 0.13; Tables 3, 4].

To estimate ligand bias from transduction coefficients it is necessary to correct for possible

differences in the efficiency with which the receptor itself couples to the different responses.

For this purpose, τ/KA values need to be “normalized” to the same standard across

responses of interest [12, 13]. Here the standard used was DPDPE and relative log (τ/KA)

values are shown in Table 5. Comparison of normalized coefficients indicated that SNC-80

and UFP-512 were respectively 50 and 132-fold more efficient in generating cyclase than

internalization as compared to DPDPE. These values confirm that despite the marked

imbalance in their internalization Emax, both agonists preferentially activate signaling over

sequestration when compared to DPDPE.

DOR internalization in neurons

Regulatory proteins that control opioid receptor internalization are not the same across

different cell types and this variation could influence not only the efficiency of stimulus

response coupling but also the signaling molecules with which the receptor interacts to

Charfi et al. Page 8

Cell Mol Life Sci. Author manuscript; available in PMC 2014 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



produce internalization. As a consequence, cellular background could influence both the

magnitude of response and the molecular determinants of internalization. To determine

whether these considerations were relevant to DOR agonists, we compared magnitude and

mechanisms of ligand-induced internalization in HEK293 cells and cultured neurons, which

are more akin to the cellular background where DOR agonists produce their analgesic

effects. Internalization in neurons was assessed by transfecting rat cortical neurons with

Flag-DORs and labeling surface receptors prior to treating them with ligand concentrations

that supported maximal internalization in HEK293 cells (10 μM). At the end of different

incubation periods, receptors remaining at the membrane were stripped of the labeling

antibody such that only DORs protected by internalization were subsequently revealed by

immunofluorescence labeling. As shown in Fig. 2a, neurons that were exposed to vehicle

displayed modest intracellular labeling, which is consistent with low levels of constitutive

internalization. Treatment with different ligands induced progressive increase in intracellular

immunoreactivity, with marginal increment beyond 60 min exposure to the agonist.

Consequently, internalization was quantified following 60-min treatment with different

ligands (Fig. 2b). Internalization by DPDPE and SNC-80 were similar, and significantly

higher than responses by UFP512, morphine, and TIPP, whose respective magnitudes were

62 ± 4, 49 ± 3, and 47 ± 3 % of the effect by DPDPE. Thus, at a concentration of 10 μM, the

difference in internalization between full and partial agonists became less pronounced, a

behavior that could be explained by a more effective stimulus–response coupling in neurons

than in HEK cells.

Mechanisms involved in DOR internalization are cell-dependent

Internalization is a complex cellular response usually determined by multiple signals. In the

case of DORs, these signals include G protein-coupled receptor kinases (GRKs) [28], PKCs

[29, 30], and βarrs [28, 31, 32] whose expression may vary across different cell types [33,

34]. Hence, we were interested in finding out if and to what extent distinct cellular

backgrounds influenced the type of regulatory protein contributing to ligand-dependent

DOR internalization.

Implication of neuronal βarrs was assessed by silencing their expression (Fig. 3a). As shown

in Fig. 3b (inset), neurons expressed βarr1 and βarr2, both of which were down-regulated by

siRNA transfection. As a result, sequestration by a maximal effective concentration of

different agonists was reduced by ~30–60 % (Fig. 3a, b), indicating that all of them relied

upon βarr function for effective internalization. βarr implication in ligand-induced

internalization of DORs was also assessed in HEK293 cells by means of a construct

corresponding to the C-terminal region of βarr1. This fragment binds to clathrin at the same

site as endogenous βarrs, acting as a dominant negative mutant on the internalization

function of βarr1 and βarr2 [16], both of which were expressed in HEK293 cells (Fig. 3c,

inset). Expression of the dominant negative construct inhibited DOR sequestration by

SNC-80 and DPDPE (Fig. 3c), indicating their ability to also engage βarr function in this

cell background. Because of the small magnitude of internalization by partial agonists, the

effects of dominant βarr constructs were not assessed for these ligands. However, all five

agonists were tested in BRET (bioluminescence resonance energy transfer) assays to

determine their ability to induce βarr2 recruitment. As shown in Fig. 3d, and in keeping with
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internalization responses, only ligands that induced significant recruitment of βarr2 triggered

maximal DOR sequestration.

βarr recruitment to GPCRs (G protein-coupled receptors) is modulated by phosphorylation

[35]. In the case of DORs, GRKs [36–38] and PKCs [30] both enhance βarr-dependent

internalization of the receptor. Here we observed that siRNA silencing of neuronal GRK2

reduced intracellular accumulation of immunoreactivity by ~50–70 %, depending on the

agonist used (Fig. 4a, b). In contrast, GRK2 silencing had no effect on sequestration

triggered by DPDPE or SNC-80 in HEK293 cells (Fig. 4c), although the same kinase was

actively involved in the internalization of another GPCR. Indeed, GRK2 participated in 5-

HT4 receptor internalization, as indicated by the fact that silencing of this kinase blocked 5-

HT4R (5-hydroxytryptamine receptor 4) internalization by its endogenous ligand

(membrane 5-HT4 receptors internalized by 5-HT in HEK293 cells + scrambled siRNA:

41.5 ± 0.5 %; in HEK293 cells + GRK2 siRNA: 31.8 ±1.6; p< 0.01; n =3).

PKC contribution to DOR internalization was assessed using chelerythrine as a universal

PKC inhibitor [39]. In neurons, chelerythrine (4 μM) reduced internalization by ~40–70 %,

and this effect was significant for 10 μM concentrations of all ligands, except morphine (Fig.

5a, b). In HEK293 cells, the same chelerythrine treatment did not modify maximal

internalization by SNC-80 or DPDPE (10 μM), although it reduced the sequestration rate of

the latter (KCTL 0.08 ± 0.01/min; KCHEL 0.05 ± 0.01; p = 0.011; n = 4; Fig. 5c). To further

determine a possible contribution of PKC to DOR internalization in HEK293 cells, dose–

response curves for DPDPE and SNC-80 were completed in presence and absence of

chelerythrine (4 μM). There was no effect on internalization by DPDPE (Fig. 5d) and a left-

shift in the case of SNC-80 (Fig. 5e), implying that inhibition of PKC activity enhanced

internalization by this agonist. The reason for this left-shift is not clear, but a possible

explanation could be that PKC inhibition could have released DORs from an interaction that

interfered with its recognition by “internalizing proteins” such as βarrs. Independent of the

reason for the observed shift, the data confirm that inhibition of PKC activity did not block

DOR internalization, ratifying that this type of kinase does not actively contribute to DOR

sequestration by either agonist in HEK293 cells.

Phosphorylation by GRK2 requires DOR activation by an agonist [40, 41] while PKC

produces heterologous phosphorylation of the receptor [30]. However, both mechanisms can

influence each other since pre-activation of PKCs may enhance DOR internalization by

subsequent agonist stimulation [30]. Data shown above indicated that both types of kinases

contributed to DOR sequestration in neurons but not in HEK293 cells, even if GRK2 was

present and active in the latter. It was therefore of interest to determine whether enhancing

PKC activity in HEK293 cells could recruit additional internalization mechanisms to

produce similar magnitude of internalization as in neurons. To evaluate this possibility,

HEK293 cells were treated with PMA (phorbol 12-myristate 13-acetate) (500 nM; 60 min)

to then assess changes in ligand-induced βarr2 recruitment and internalization. Activation of

typical and novel PKC isoforms by the phorbol ester [42, 43] increased βarr2 recruitment

(Fig. 6a) and DOR internalization (Fig. 6b), confirming PKC as heterologous modulator of

DOR endocytosis. However, increase in internalization was quite modest, particularly for
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partial agonists, indicating that the neuronal internalization phenotype could not be recreated

by simply increasing basal PKC activity levels.

Statistical analysis of data obtained in neurons indicated a significant interaction between

the magnitude of sequestration promoted by each ligand and the extent to which βarr,

GRK2, and PKC contributed to agonist-promoted internalization (Figs. 3b, 4b, and 5b). The

presence of this interaction implies that agonists differ in their ability to engage the different

regulatory proteins. To better appreciate these differences, we calculated the percentage of

maximal agonist-induced internalization that could be blocked by silencing the function of

βarr, GRK2 and PKC. The results of these calculations are shown in Fig. 7, where it can be

appreciated that GRK2 contribution to DOR internalization was not different among ligands

(Fig. 7a), while a greater proportion of the internalization produced by UFP-512 relied on

PKC as compared to morphine (Fig. 7b). Ligands also differed in their ability to engage

βarr-mediated internalization, with UFP-512 being more effective than DPDPE, and TIPP

more so than morphine (Fig. 7c). Rank order of ligand ability to engage the different

responses were compared among themselves and to Emax values obtained in cAMP assays

(Fig. 7d). A significant reversal in rank order was only observed for cyclase Emax in HEK

cells as compared to ligand ability to engage βarr-dependent internalization in neurons.

Although this observation does not exclude possible ligand-specific responses for GRK2 or

PKC, the data are consistent with the notion that cAMP inhibition in HEK cells and βarr-

mediated internalization in neurons are mediated by distinct receptor states.

Discussion

Results obtained in this study revealed a measurable bias in the efficiency with which DOR

agonists engaged cyclase versus internalization responses in HEK293 cells. The data also

indicated that molecular determinants of DOR sequestration were different in HEK cells and

neurons, and comparison of maximal responses showed that cyclase inhibition in HEK cells

and βarr-dependent internalization in neurons did not follow the same rank order, implying

that these effects were agonist-specific.

Numerous studies have established that DORs may adopt different active conformations [44,

45], which differ in their signaling and regulatory properties [8, 14, 46]. The challenge now

is to determine whether these functional differences may be exploited for therapeutic

purposes. Answering this question requires not only the identification of novel, functionally

selective molecules but also the ability to accurately quantify bias among different

responses. Such a requirement has prompted the development of novel analytical tools

(reviewed by Kenakin and Christopoulos [13]), several of which share the operational model

of Black and Leff [22] as a common basis. However, the different methods for calculating

bias make distinct assumptions with respect to the way the ligand, the receptor, and its

signaling partners influence each other [12, 13, 47]. One of the methods assumes that: (1)

conformations stabilized by different ligands may distinctively recognize/activate specific

intracellular signaling partners and (2) interaction of the receptor with different signaling

proteins may distinctively modify its affinity for different agonists [12, 13]. An alternative

quantification approach also admits that ligand-specific conformations may distinctively

engage different signaling partners, but assumes independence between ligand affinity for
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the receptor and receptor association with cellular proteins that support different signals

[47]. In keeping with this assumption, the latter method provides the operational model with

fixed affinity values and only uses operational efficacies to measure whether a ligand

displays bias in producing two responses [47]. Such an approach has been successfully

applied to reveal a significant bias in endomorphin-2’s efficacy to induce G protein

activation versus βarr2 recruitment [48]. In the present study, we opted for the model which

allows ligand affinity for the receptor to be influenced by its signaling partner(s) [13]. As a

consequence, “functional affinity” or KA values were calculated as one of the parameters of

the dose–response curve, yielding an estimate of the agonist’s affinity to bind receptor

conformation(s) mediating each of the responses. The values obtained indicated that

KAcAMP for DPDPE, SNC-80, UFP-512, and TIPP were lower than corresponding KAintern

values (Supplementary Table 1), implying that these ligands would better recognize the

receptor complex that is responsible for cyclase modulation than the one in which the

receptor is associated with cellular mediators of internalization. Actually, when cyclase and

internalization data for the different agonists were assumed to share a fixed affinity value for

both responses, only cyclase data points could be reasonably fit by the model

(Supplementary Fig. 2), confirming that a single affinity state could not account for

functional responses assessed in this study. The aspect of ligand diversity that is captured by

allowing the receptor to adopt distinct ligand affinities for different responses was

incorporated into the calculation of bias by comparing transduction coefficients (τ/KA)

instead of operational affinities for each of the functional readouts.

Comparison of normalized transduction coefficients for cAMP inhibition and DOR

internalization in HEK293 cells showed that SNC-80 and UFP-512 displayed a significant

bias towards cyclase signaling as compared to DPDPE. The fact that UFP-512 was more

efficient in inhibiting cAMP production than inducing internalization confirms the notion

that some partial agonists at opioid receptors may display signaling versus internalization

bias [49, 50]. Perhaps more surprising was the fact that SNC-80 was also found to display

similar bias as the partial agonist. In fact, when compared to ARM100390, SNC-80 had

been characterized as a functionally selective ligand which preferentially induces

internalization over signaling [7]. Different reasons could explain divergent observations

between the two reports. First, the signaling response monitored in each of the studies was

different, focusing on GTPS binding in one study and cyclase modulation in the other.

Second, the two reports compared SNC-80 to different standards, namely ARM100390 and

DPDPE. Third, quantification of internalization was different, relying on kinetic parameters

in one study [7] and endpoint measurements in the other. Finally, cellular backgrounds used

in both studies were different, with the present study measuring bias in HEK293 cells and

that of Pradhan et al. [7] monitoring responses in brain tissue and cultured neurons.

Evidence presented herein indicates that neither the magnitude of maximal internalization by

partial agonists nor the signals mediating ligand-induced internalization were conserved

across cellular backgrounds. Indeed, although βarr implication was a common element in

HEK293 cells and neurons, PKC and GRK2 contributed to ligand internalization capacity

only in neurons. Since GRK2 was present and active in the sequestration of another

HEK293-expressed receptor, it is possible that key determinants for its participation in DOR

Charfi et al. Page 12

Cell Mol Life Sci. Author manuscript; available in PMC 2014 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



internalization were either absent or occluded in this cellular background. Hence, if bias is

considered the result of distinct interactions between ligand-specific receptor conformations

and cellular proteins that determine response [51–53], the very existence of internalization

signals that are present in neurons and not in HEK cells would imply that bias described for

one cell type need not persist in another. This limitation is not necessarily exclusive to

heterologous systems versus neurons, since molecular determinants of internalization need

neither be the same across all neuronal populations expressing opioid receptors [7, 33].

Ligand ability to stabilize/recognize distinct receptor conformations constitutes the

molecular basis of bias [24, 51]. As heterologous DOR regulators, PKCs phosphorylate the

receptor at a fixed residue (Ser344-independent), regardless of its occupancy [30]. As such,

PKCs would not be expected to translate ligand-dependent conformational diversity into

ligand-specific responses. On the other hand, GRK2 is recruited to agonist-occupied

receptors [41, 54] where it may discriminate ligand-specific receptor states [55] and

establish phosphorylation patterns [56] that transfer this diversity to downstream

internalization such as βarrs [57, 58]. GRK2 contribution to maximal internalization in

neurons did not differ among agonists, preventing us from establishing a distinct rank order

in ligand ability to engage this mechanism. On the other hand, ligand rank order to promote

βarr-dependent internalization and cAMP inhibition were reversed for DPDPE and UFP-512

as well as for morphine and TIPP. These differences cannot be simply explained by

saturation of maximal responses or by differential amplification. Thus, despite the fact that

they do not provide a quantitative estimation of bias, they are indicative of ligand-specific

ability to modulate cyclase versus DOR internalization in neurons.

In summary, we have provided quantitative evidence that DOR agonists may display

signaling versus internalization bias, and demonstrated that this type of functional selectivity

is present in full and partial agonists. We have also shown that DOR internalization

mechanisms are cell-dependent and established that βarr-dependent internalization in

neurons and inhibition of cAMP production were ligand-specific.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PBS Phosphate-buffered saline

BSA Bovine serum albumin
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DOR D-opioid receptor

DPDPE [D-Pen(2), D-Pen(5)]-enkephalin

SNC-80 (1)-4-[(αR)-α-((2S,5R)-4-Allyl-2,5-dimethyl-1-piperazinyl)-3-

methoxybenzyl]-N,N-diethylbenzamide

TIPP H-Tyr-Tic-Phe-Phe-OH

UFP-512 H-Dmt-Tic-NH-CH(CH2-COOH)-Bid

Emax Maximal effect

GPCR G protein-coupled receptor

HEK Human embryonic kidney

PKC Protein kinase C

GRK G protein-coupled receptor kinase

βarr βarrestin

ARM390 AR-M100390

ADL5859 N,N-diethyl-4-(5-hydroxyspiro[chromene-2,4′-piperidine]-4-yl) benzamide

ADL5747 N,N-diethyl-3-hydroxy-4-(spiro[chromene-2,4′-piperidine]-4-yl) benzamide

cAMP Cyclic adenosine monophosphate

EC50 Term half maximal effective concentration

BRET Bioluminescence resonance energy transfer

5-HT4R 5-Hydroxytryptamine receptor 4

PMA Phorbol 12-myristate 13-acetate
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Fig. 1.
Dose–response curves showing ligand-induced changes in cAMP accumulation and receptor internalization. a cAMP inhibition

and b DOR internalization were monitored in Flag-DOR HEK293 cells. Inhibition in cAMP production was expressed as %

change with respect to non-treated cells, and corresponds to mean ± SEM of 6–9 independent experiments carried out in

triplicate. DOR sequestration was expressed as % of receptors present at the membrane before exposure to drugs for a period of

30 min. Values represent mean ± SEM of 9–12 independent experiments carried out in triplicate. The main panels and insets,

respectively, show dose–response curves generated by means of three parameter logistic equation or operational model as

described in the Materials and methods section. Statistical analyses using two-way ANOVA showed an effect of drug (p <

0.0001), and effect of concentration (p < 0.0001) and an interaction (p < 0.0001) both for cAMP and internalization assays.

Subsequent comparisons by one-way ANOVA with Bonferroni correction indicated a significant effect of concentration for all

drugs for both responses except for morphine in internalization assays. Detailed comparisons among drugs are provided in

Tables 1 and 2
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Fig. 2.
Internalization in neurons. a Cortical neurons in primary cultures expressing Flag-DORs were labeled at the surface prior to

exposure to different ligands (10 μM) for the indicated times. At the end of treatments, antibody bound to surface receptors was

stripped and cells processed for visualization of intracellular labeling. A representative example from three independent time

course experiments is shown. b Histograms correspond to mean intracellular labeling intensity quantified in neurons that were

exposed to agonists or vehicle for 1 h and represent mean ± SEM of 13–14 independent experiments. Internalization data were

analyzed by means of one-way ANOVA with Bonferroni correction for multiple comparisons. #p < 0.001 as compared to

vehicle; *** p < 0.001

Charfi et al. Page 20

Cell Mol Life Sci. Author manuscript; available in PMC 2014 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
βarrs are involved in DOR internalization in neurons and HEK293 cells. a Mean intracellular immunoreactivity was quantified

(b) in neurons transfected with βarr specific or scramble siRNA and treated as above (60 min; n = 4). Two-way ANOVA

revealed effect of drug (p < 0.0001), of siRNA (p < 0.0001), and an interaction (p < 0.0001). * p < 0.05; ** p < 0.01; *** p <

0.001 using Bonferroni post hoc tests to compare βarr-siRNA to scramble. Inset shows efficacy of βarr1/2 knock down. c
HEK293 were exposed to SNC-80 or DPDPE as indicated, and sequestration expressed as % of receptors present at the

membrane before exposure to agonists (n = 4). Two-way ANOVA revealed effect of time (p < 0.0001), DNM-βarr (p < 0.0001)

and a time × DNM-βarr interaction (p < 0.0001) for both agonists. Inset shows the presence of both βarr subtypes in HEK293

cells. d BRET measures were taken in HEK293 cells expressing DOR-YFP and βarr2-Luc. Results were expressed as mean ±

SEM of net BRET values (n = 10). One-way ANOVA followed by Bonferroni correction revealed: * p < 0.001 as compared to

vehicle; #p < 0.001; p < 0.001
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Fig. 4.
GRK2 is required for DOR internalization in neurons but not in HEK293 cells. a Neuronal expression of GRK2 was silenced by

means of siRNA and the day of the experiment internalization was assessed as in previous figures. b Histograms correspond to

mean intracellular immunoreactivity quantified in neurons transfected with specific or scrambled siRNA and exposed to

different agonists. Results represent mean ± SEM of five independent experiments. Data were analyzed by means of two-way

ANOVA, which revealed an effect of drug (p < 0.0001), siRNA (p < 0.0001), and an interaction (p < 0.0001). The significance

of the effect of GRK2 silencing on internalization induced by different ligands was assessed by means of Bonferroni post hoc

tests. * p < 0.001. Inset shows effectiveness of GRK2 knockdown in neurons. c HEK293 cells stably expressing Flag-DORs

were transfected with indicated siRNAs, and internalization measured following incubation with SNC-80 or DPDPE. Results

represent mean ± SEM of four independent experiments carried out in triplicate. Two-way ANOVA analysis revealed an effect

of time (p < 0.0001) for both agonists. Inset shows effectiveness of GRK2 knockdown in HEK293 cells
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Fig. 5.
PKC activity contributes to DOR internalization in neurons but not in HEK293 cells. a Cortical neuron cultures expressing Flag-

DORs were exposed to chelerythrine (4 μM) or vehicle and indicated ligands (10 μM) as before. b Histograms correspond to

mean intra-cellular immunoreactivity in the presence or absence of chelerythrine (n = 4). Two-way ANOVA revealed an effect

of drug (p < 0.0001), chelerythrine (p < 0.0001) and an interaction (p = 0.0012). * p < 0.05; ** p < 0.01; *** p < 0.001

following Bonferroni post hoc tests. As specified in the Materials and methods section, the microscope used in this series was

different from the one used in previous figures. c HEK293 cells stably expressing Flag-DORs were exposed to chelerythrine as

above and internalization measured following incubation with SNC-80 or DPDPE. Data were normalized to maximum observed

in the absence of chelerythrine and correspond to mean ± SEM of four experiments. Two-way ANOVA analysis revealed an

effect of time (p < 0.0001) for both agonists and a chelerythrine effect for DPDPE (p < 0.001). Dose–response curves for d
DPDPE and e SNC-80 were completed in cells treated with chelerythrine (4 μM) or vehicle as indicated. Data were analyzed by
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two-way ANOVA revealing an effect of concentration (p < 0.001; n = 3) for DPDPE and an effect of concentration (p < 0.001),

of chelerythrine (p < 0.01) and an interaction (p < 0.05; n = 3) for SNC-80
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Fig. 6.
PKC activation produced an increase in βarr2 recruitment and DOR internalization in HEK293 cells. a HEK293 cells transiently

expressing DOR-YFP and βarr2-Luc were pretreated with PMA (500 nM) for 60 min prior to exposure to the indicated ligands

(1 μM) for 5 min and obtaining BRET readings. Results are expressed as mean ± SEM of agonist-induced changes in net BRET

and correspond to five independent experiments carried out in triplicate. Data were analyzed by means of two-way ANOVA

revealing an effect for PMA (p < 0.0001) and ligands (p < 0.0001). * p < 0.05; ** p < 0.001 using post hoc Bonferroni

comparisons. b HEK293 cells stably expressing Flag-DORs were exposed to PMA as above and exposed to different agonists

for the indicated periods of time. Internalization was expressed as % of receptors present at the membrane before exposure to

agonist and represent mean ± SEM of 4–5 independent experiments carried out in triplicate. Statistical analysis by two-way
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ANOVA revealed an effect for PMA (p < 0.0001), for ligands (p < 0.0001) and an interaction (p < 0.0001). Post hoc Bonferroni

comparisons indicated a significant effect of PMA on each agonist (p < 0.05), except for morphine
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Fig. 7.
Ligand rank order is not conserved for cAMP Emax values and βarr-dependent internalization in neurons. The proportion of

ligand-induced DOR internalization that was blocked by interfering with the activity of neuronal βarr, PKC or GRK2 was

calculated to establish the following rank orders: a ligand ability to engage GRK-2-dependent internalization (n = 5), b ligand

ability to engage PKC-dependent internalization (n = 4), and c βarr-dependent-internalization (n = 4). Results are expressed as

mean ± SEM of the percentage of internalization blocked by interfering with the activity of each of the regulatory proteins. Data

were analyzed by means of one-way ANOVA with Bonferroni correction for multiple comparisons and results appear in the

figure. d Rank order or ligand Emax values in cyclase assays (n = 7–9). Results are expressed as in Tables 1 and 2, which also

show details of statistical comparisons
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Table 1

Potency (EC50) and maximal response (Emax) displayed by DOR agonists in cAMP accumulation assays

carried out in HEK293 cells

cAMP inhibition

log EC50 ± SEM (M) Emax± SEM

SNC-80 (n = 9) −8.43 ± 0.11a,b 69.42 ± 2.12 g,h

DPDPE (n = 8) −8.22 ± 0.11c,d 68.82 ± 2.31i,j

UFP-512 (n = 7) −9.44 ± 0.19e 47.97 ± 2.06 k

Morphine (n = 7) −6.04 ± 0.14f 45.86 ± 3.98 l

TIPP (n = 7) −10.1 ± 0.46 17.23 ± 2.00

Statistical comparisons among drugs done using one-way ANOVA followed by Bonferroni post hoc tests

Log EC50 comparisons

a
SNC-80 vs. UFP-512 p < 0.001

b
SNC-80 vs. Morphine p < 0.001

c
DPDPE vs. UFP-512 p < 0.001

d
DPDPE vs. Morphine p < 0.001

e
UFP-512 vs. TIPP p < 0.001

f
Morphine vs. TIPP p < 0.001

Emax comparisons

g
SNC-80 vs. UFP-512 p < 0.01

h
SNC-80 vs. Morphine p < 0.001

i
DPDPE vs. UFP-512 p < 0.01

j
DPDPE vs. Morphine p < 0.001

k
UFP-512 vs. TIPP p < 0.001

l
Morphine vs. TIPP p < 0.001
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Table 2

Potency (EC50) and maximal response (Emax) displayed by DOR agonists in internalization assays carried out

in HEK293 cells

Internalization

log EC50 ± SEM (M) Emax± SEM

SNC-80 (n = 12) −5.51 ± 0.08a,b,c 62.0 ± 2.3d,e,f

DPDPE (n = 11) −6.90 ± 0.08 54.9 ± 1.59 g,h

UFP-512 (n = 10) −6.38 ± 0.32 5.5 ± 0.5

Morphine (n = 11) N/A N/A

TIPP (n = 9) −7.21 ± 0.45 4.9 ± 0.6

Statistical comparisons among drugs done using one-way ANOVA followed by Bonferroni post hoc tests

N/A not applicable, minimal effect by morphine prevented meaningful curve fitting

Log EC50 comparisons

a
SNC-80 vs. DPDPE p < 0.001

b
SNC-80 vs. UFP-512 p < 0.05

c
SNC-80 vs. TIPP p < 0.001

Emax comparisons

d
SNC-80 vs. DPDPE p < 0.05

e
SNC-80 vs. UFP-512 p < 0.001

f
SNC-80 vs. TIPP p < 0.001

g
DPDPE vs. UFP-512 p < 0.001

h
DPDPE vs. TIPP p < 0.001
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Table 3

Operational parameters describing DOR agonist responses in cAMP accumulation and internalization assays

carried out in HEK293 cells

cAMP inhibition

log KA ± SEM (M) log τ ± SEM log (τ/KA) ± SEM

SNC-80 (n = 9) −6.58 ± 0.43a,b,c 1.77 ± 0.39 h,i,j 8.35 ± 0.58o

DPDPE (n = 8) −6.38 ± 0.13d,e,f 1.62 ± 0.12 k,l,m 8.00 ± 0.18p

UFP-512 (n = 7) −8.82 ± 0.18 g 0.35 ± 0.07 9.16 ± 0.20q

Morphine (n = 7) −5.02 ± 0.36 0.44 ± 0.26n 5.46 ± 0.45r

TIPP (n = 7) −9.51 ± 0.46 −0.71 ± 0.09 8.80 ± 0.47

Statistical comparisons among drugs done using one-way ANOVA followed by Bonferroni post hoc tests

Log KA comparisons

a
SNC-80 vs. UFP-512 p < 0.001

b
SNC-80 vs. morphine p < 0.05

c
SNC-80 vs. TIPP p < 0.001

d
DPDPE vs. UFP-512 p < 0.001

e
DPDPE vs. morphine p < 0.05

f
DPDPE vsTIPP p < 0.001

g
UFP-512 vs. morphine p < 0.001

Log τ comparisons

h
SNC-80 vs. TIPP p < 0.001

i
SNC-80 vs. morphine p < 0.01

j
SNC-80 vs. UFP-512 p < 0.01

k
DPDPE vs. morphine p < 0.05

l
DPDPE vs. UFP-512 p < 0.05

m
DPDPE vs. TIPP p < 0.001

n
Morphine vs. TIPP p < 0.05

Log (τ/KA) comparisons

o
SNC-80 vs. morphine p < 0.001

p
DPDPE vs. morphine p < 0.001

q
UFP-512 vs. morphine p < 0.001

r
Morphine vs. TIPP p < 0.001
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Table 4

Operational parameters describing DOR agonist responses in cAMP accumulation and internalization assays

carried out in HEK293 cells

Internalization

log KA ± SEM (M) log τ ± SEM log (τ/KA) ± SEM

SNC-80 (n = 12) −4.28 ± 0.38a,b,c 1.23 ± 0.33e,f 5.51 ± 0.50i,i

DPDPE (n = 11) −6.12 ± 0.10d 0.72 ± 0.07 g,h 6.85 ± 0.13

UFP-512 (n = 10) −6.85 ± 0.23 −0.95 ± 0.04 5.90 ± 0.24

Morphine (n = 11) N/A N/A N/A

TIPP (n = 9) −7.83 ± 0.33 −1.00 ± 0.04 6.83 ± 0.33

Statistical comparisons among drugs done using one-way ANOVA followed by Bonferroni post hoc tests

N/A not applicable, minimal effect by morphine prevented meaningful curve fitting

Log KA comparisons

a
SNC-80 vs. DPDPE p < 0.01

b
SNC-80 vs. UFP-512 p < 0.001

c
SNC-80 vs. TIPP p < 0.001

d
DPDPE vs. TIPP p < 0.01

Log τ comparisons

e
SNC-80 vs. UFP-512 p < 0.001

f
SNC-80 vs. TIPP p < 0.001

g
DPDPE vs. UFP-512 p < 0.001

h
DPDPE vs. TIPP p < 0.001

Log τ/KA comparisons

i
SNC-80 vs. DPDPE p < 0.01

j
SNC-80 vs. TIPP p < 0.05
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Table 5

cAMP inhibition and internalization coefficients for DOR agonists*

Normalized cyclase coefficients
Δ log (τ/KA) ± SEM

Normalized internalization coefficients
Δ log (τ/KA) ± SEM Bias factor p value#

SNC-80 0.36 ± 0.61 (n = 9) −1.34 ± 0.50 (n = 12) 1.70 0.04

DPDPE 0.00 ± 0.25 (n = 8) 0.00 ± 0.14 (n = 11)

UFP-512 1.17 ± 0.27 (n = 7) −0.95 ± 0.24 (n = 10) 2.12 <0.0001

Morphine −2.53 ± 0.48 (n = 7) N/A (n = 11) N/A N/A

TIPP 0.81 ± 0.50 (n = 7) −0.02 ± 0.34 (n = 9) 0.82 0.17

*
DPDPE was used as the standard

#
 Statistical comparisons of transduction coefficients across assays were done using two-tailed Student’s t test
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