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Numerous G protein-coupled receptors (GPCRs) have been shown
to form heteromeric receptors in cell-based assays. Among the
many heteromers reported in the opioid receptor family are μ/κ,
κ/δ, and μ/δ. However, the in vivo physiological and behavioral
relevance for the proposed heteromers have not yet been estab-
lished. Here we report a unique example of a ligand, N-naphthoyl-
β-naltrexamine (NNTA) that selectively activates heteromeric
μ/κ-opioid receptors in HEK-293 cells and induces potent antinoci-
ception in mice. NNTA was an exceptionally potent agonist in cells
expressing μ/κ-opioid receptors. Intriguingly, it was found to be
a potent antagonist in cells expressing only μ-receptors. In the
mouse tail-flick assay, intrathecal (i.t.) NNTA produced antinocicep-
tion that was ∼100-fold greater than by intracerebroventricular
(i.c.v.) administration. The κ-antagonist, norBNI, decreased the i.t.
potency, and the activity was virtually abolished in μ-opioid re-
ceptor knockout mice. No tolerance was induced i.t., but marginal
tolerance (3-fold) was observed via the i.c.v. route. Moreover,
NNTA produced neither significant physical dependence nor place
preference in the ED50 dose range. Taken together, this work
provides an important pharmacologic tool for investigating the
in vivo functional relevance of heteromeric μ/κ-opioid receptors
and suggests an approach to potent analgesics with fewer dele-
terious side effects.

pain

Opioid receptors are class A members of the G protein-
coupled receptor (GPCR) superfamily. There is high amino

acid homology (∼60%) within the opioid receptor family that
constitutes a group of four receptor types: MOP (μ), DOP (δ),
KOP (κ), and NOP (nociceptin, orphanin FQ, ORL1) (1, 2).
Opioid receptors are present in the central nervous system and
peripherally, including immune cells, and are believed to func-
tion as neuromodulators or immunomodulators. Morphine is
among the best known clinically used analgesics that activate
opioid receptors.
Although the concept of opioid receptor dimers was proposed

nearly 30 y ago (3, 4), classical models of GPCRs, including
opioid receptors, were generally based on the assumption that
they are organized and function as monomers (5). However, in
view of burgeoning evidence for the existence of heteromeric
GPCRs, which includes at least 12 different heteromeric opioid
receptors in cultured cells (6–17), it seems likely that constitutive
oligomerization of GPCRs may be the general rule rather than
the exception (18–21).
It appears that heteromers are not artifacts of overexpression,

inasmuch as it has been shown that constitutively expressed re-
ceptor heteromers are secreted from the endoplasmic reticulum
before being expressed on the cell surface (22–24). Moreover, it
has been shown that μ-opioid and CCK2 receptors do not form
constitutive heteromers when overexpressed in Chinese hamster
ovary (CHO) cells, but can be induced to form heteromers in the
presence of a bivalent ligand containing μ-agonist and CCK

antagonist pharmacophores (25). Thus, heteromerization does
not appear to be an artifact related to receptor overexpression in
cultured cells.
Although the results in cultured cells provide insight into the

propensity for constitutive heteromerization, extrapolation to in
vivo systems cannot be easily made without reliable pharmaco-
logical tools. Selective pharmacological tools that span the divide
between cultured cells and in vivo systems can clarify the func-
tional roles and localization of heteromeric opioid receptors in
experimental animals and lead to the development of potent
analgesics devoid of side effects. For example, studies with a se-
ries of bivalent ligands containing μ-agonist and δ-antagonist
pharmacophores have led to the proposal for an in vivo role of
heteromeric μ/δ-opioid receptors in opioid dependence (26, 27).
Here we report a unique example of a monovalent ligand, N-

naphthoyl-β-naltrexamine (NNTA) (Fig. 1) that selectively acti-
vates heteromeric μ/κ-opioid receptors in HEK-293 cells. More-
over, NNTA exhibits potent antinociception and lack of physical
dependence or conditioned place preference in mice (28–30).

Results
Immunofluorescence. HEK-293 cells stably expressing hemagglu-
tinin-tagged μ (HA-μ) or FLAG-tagged κ (FL-κ) receptors were
used in the immunofluorescence assay to determine their relative
densities. Cells were stained with anti-HA and anti-FLAG pri-
mary and respective secondary antibodies and imaged. High-
resolution confocal images reveal both μ- and κ-opioid receptors
to be extensively colocalized and similarly expressed on the cell
surface of HEK-293 cells (Fig. 2).

Binding of NNTA in Stably Expressing HEK-293 Cells. The affinity of
NNTA for the different opioid receptor types was investigated in
cells stably transfected with the different types of opioid recep-
tors. In a competition binding assay using [3H]diprenorphine
(Table S1), NNTA was found to bind with very high affinity to
cells that express μ- (Ki = 0.077 pM) or κ- (Ki = 0.084 pM)
opioid receptors. NNTA possessed substantially lower binding
affinity for δ-opioid receptors (Ki = 1.39 nM).
The selective radioligands, [3H]DAMGO and [3H]U69593,

were used for μ- and κ-opioid receptors, respectively, in cells
containing μ- or κ-receptors alone and in μ/κ-coexpressing cells
(Table S2). Competition binding with these radioligands afforded
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Ki values that were essentially identical between the cells coex-
pressing μ/κ-receptors and cells singly expressing μ- or κ-receptors.

NNTA Selectively Activates μ/κ-Heteromeric Opioid Receptors. The
selectivity of NNTA for the different opioid receptors was de-
termined using intracellular Ca2+ release experiments in HEK-
293 cells stably expressing opioid receptors. Six different cell lines
containing singly expressed μ-, κ-, and δ-receptors or coexpressed
as μ/κ, κ/δ, and μ/δ were used for the experiments. It is important
to note here that the same coexpressed cell lines used in our
studies have been previously established to be expressing hetero-
dimeric receptors using coimmunoprecipitation (31, 32). The six
different stably expressing cell lines were transiently transfected
with Δ6-Gαqi4-myr (33), a chimeric Gα subunit to measure the ex-
tent of intracellular Ca2+ ion release due to receptor activation.
The chimeric G protein has already been characterized previously
and used for different Gi/Go G protein-coupled receptors, in-
cluding the opioid receptors (31, 33, 34). Prior comparisons be-
tween the Δ6-Gαqi4-myr method and [35S]GTPγS binding have
given consistent results (34).
NNTA was substantially more efficacious in the cells coex-

pressing μ/κ-opioid receptors [AUCpeak = 15,947 relative fluo-
rescent units (RFU) × seconds] compared with other cell lines
(Fig. 3A and Tables S3 and S4). Interestingly, the concentration
response curve of NNTA at the μ/κ-opioid receptor was biphasic
with activation observed at concentrations as low as 10−16 M (Fig.
3A). The different cell lines were evaluated for consistent receptor
expression and activation using the standard ligands, DAMGO
(μ), U69593 (κ), and DPDPE (δ), as controls (Tables S3 and S4).
To ensure the reproducibility of the results obtained from

the Ca2+ release experiments, we evaluated NNTA using the
[35S]GTPγS assay in membranes isolated from HEK-293 cells
stably expressing μ-, κ-, and μ/κ-opioid receptors. It is important
to note here that for this experiment, the binding of [35S]GTPγS
to the endogenous pool of G proteins was measured because the
chimeric G protein was not transfected. Thus, the data observed
was independent of the calcium release experiments to reassess
NNTA’s unique selectivity using a different experimental tech-

nique. NNTA was again most potent at the μ/κ-opioid hetero-
mers (EC50 1 = 0.81 fM; EC50 2 = 22 pM) compared with κ (1.1
pM) and μ (0.3 nM). The biphasic concentration response was
even more pronounced with greater activation in the sub-pM
range (Fig. 3B) using this alternate method.

NNTA Is a Potent Antagonist at Homomeric μ-Opioid Receptors.
Given that NNTA contains a pharmacophore derived from the
μ-selective opioid antagonist, naltrexone, we wished to evaluate
the possibility of antagonism at μ-opioid receptors. We therefore
evaluated NNTA antagonism of the standard μ-agonist,
DAMGO, in the μ-opioid receptor cell line. NNTA (0.1 pM) was
observed to significantly antagonize (∼80%) the effect produced
by 1 μM of DAMGO (Fig. 4).

NNTA Is a Highly Potent Agonist in the Guinea Pig Ileum and Mice.
NNTA was tested for agonistic activity in the Hartley guinea pig
ileum (Charles River Laboratories). In comparison with mor-
phine (IC50 = 50.6 nM), NNTA (IC50 = 0.038 nM) was 1,225
times more potent (Fig. 5A). In ICR-CD1 mice (Harlan Labo-
ratories), NNTA produced potent antinociception through both
intrathecal (i.t.) and intracerebroventricular (i.c.v.) routes when
tested using the tail-flick assay (Fig. 5B). Interestingly, NNTA
produced a biphasic dose–response relationship when adminis-
tered i.t. The antinociceptive ED50 (95% CI) values were 18.7
(10.3–32.8) pmol per mouse and 101.7 (75.3–137.5) for the i.t.
route and 2.06 (1.09–3.27) nmol per mouse for the i.c.v. injec-
tions. Thus, NNTA was at least 110-fold more potent when ad-
ministered spinally than when given supraspinally.
NNTA is also a potent antinociceptive agonist when admin-

istered by the i.v. route (Fig. 5C), with an ED50 of 8.8 (6.8–11.5)
nmol per mouse. By comparison, the i.v. morphine ED50 value
was 420 (378–469) nmol per mouse or ∼50-fold more potent
than morphine after systemic administration. NNTA was also
active via the oral route with an ED50 of 2.68 mg/kg (1.74–4.29).

NNTA Is Antagonized by the κ-Selective Antagonist, norBNI, in Mice
and HEK-293 Cells Coexpressing μ- and κ-Receptors. Selective an-
tagonists were used to investigate possible mechanisms for the
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Fig. 1. Molecular structure of N-Naphthoyl-β-naltrexamine (NNTA).

Fig. 2. High-magnification confocal images of double-labeling immuno-
fluorescence for μ- and κ-opioid receptors on HEK-293 cells. The identical
cells are shown labeled for μ (green fluorescence) and κ (red fluorescence).
DAPI counterstaining is shown in blue.
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Fig. 3. NNTA is a highly selective agonist at the μ/κ-opioid receptor het-
eromers in (A) intracellular calcium release and (B) [35S]GTPγS experiments.
The concentration response curve showed a characteristic biphasic response
in the HEK-293 cells coexpressing μ/κ-opioid receptor heteromers.

Yekkirala et al. PNAS | March 22, 2011 | vol. 108 | no. 12 | 5099

PH
A
RM

A
CO

LO
G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016277108/-/DCSupplemental/pnas.201016277SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016277108/-/DCSupplemental/pnas.201016277SI.pdf?targetid=nameddest=ST4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016277108/-/DCSupplemental/pnas.201016277SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1016277108/-/DCSupplemental/pnas.201016277SI.pdf?targetid=nameddest=ST4


agonism of NNTA in ICR-CD1 mice. Antagonist ED50 ratios
were determined for selective μ- and κ-antagonists β-funaltrex-
amine (β-FNA) (35) and norbinaltorphimine (norBNI) (36),
respectively. Whereas β-FNA did not significantly antagonize
NNTA i.c.v., norBNI produced weak antagonism by that route
(ED50 ratio = 5.63). More potent antagonism was observed upon
i.t. administration (ED50 ratio = 38.26).

Because β-FNA induced significant calcium release in HEK-
293 cells coexpressing μ- and κ-receptors, we used the μ-antag-
onist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP) and
norBNI to antagonize NNTA (Fig S2). CTOP did not antagonize
NNTA, whereas norBNI significantly antagonized NNTA, cor-
roborating the in vivo data.

NNTA Is Not Spinally Active in μ-Knockout (MORKO) Mice. Given the
potent and biphasic spinal activity of NNTA in wild-type mice, its
cell-based antagonistic activity at μ-opioid receptors and highly
potent activity at μ/κ-receptors, these data suggested that the
spinal activity was mediated via μ/κ-heteromeric receptors rather
than homomeric κ-receptors in vivo. Hence, we determined the
activity of NNTA in μ-knockout mice (MORKO) at doses that
produced antinociception (12.5, 25, 125, and 250 pmol per
mouse) in the corresponding wild-type mice (B6129PF1/J).
NNTA did not produce significant antinociception in MORKO
mice for the dose ranges tested (Fig. 5D).

NNTA Produces No Intrathecal Tolerance or Physical Dependence.
The i.c.v. tolerance and physical dependence experiments were
conducted as described previously (37) using osmotic minipumps
to infuseNNTAor saline i.c.v. for 3 d. Results shown in Fig. 6A are
the tail-flick dose–response curves obtained for NNTA adminis-
tered i.c.v. to naïve controlmice,mice infused i.c.v. with saline, and
mice infused i.c.v. with NNTA. The ED50 values calculated from
these curves are: control, 2.5 (1.8–3.6) nmol per mouse; saline
infused, 4.8 (2.8–8.1) nmol per mouse; and NNTA infused, 14.1
(11.9–17.5) nmol per mouse. These results indicate that a three-
fold tolerance developed to NNTA-induced antinociception.
Previous studies using morphine in the same protocol showed
a sixfold development of tolerance to i.c.v. morphine (30).
To determine i.t. tolerance, mice were injected i.t. with NNTA

(250 pmol per mouse) twice daily (5-h gap between injections)
for 2 d and once on the third day, after which the antinociceptive

Fig. 4. NNTA antagonized the effect of DAMGO in HEK-293 cells expressing
μ-opioid receptors in the intracellular calcium release assay. There was ∼80%
inhibition of DAMGO (1 μM) by NNTA (0.1 pM) that was determined to be
significant by an unpaired t test (two-tailed, P < 0.05).

A B

C D

Fig. 5. NNTA is a potent agonist in vivo but lacks spinal activity in MORKO mice. (A) NNTA was an ∼1200-fold more potent agonist compared with morphine
in the guinea pig ileum. (B) In the ICR-CD1 mouse tail-flick experiments (Quantal method) a biphasic antinocicpetive dose–response was observed after in-
trathecal (i.t.) administration (ED50 = 9.8 pmol per mouse and 101.7 pmol per mouse); NNTA was >200-fold more potent i.t. than i.c.v. (ED50 = 2.1 nmol per
mouse). (C) NNTA (ED50 = 8.8 nmol per mouse, CI: 6.8–11.5) was at least 50-fold more potent compared with morphine (ED50 = 420 nmol per mouse, CI: 378–
469) when administered i.v. (D) NNTA did not produce significant antinociception when administered intrathecally in the MORKO mice at doses that pro-
duced strong antinociception in wild-type mice. MPE, maximal possible effect.
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ED50 was determined. NNTA did not induce any significant
tolerance (Fig. 6B), as the control ED50 of 101.7 pmol per mouse
(75.27–137.4) did not significantly differ from the NNTA ED50
of 46.3 pmol per mouse (22.91–93.42).
After 3 d of NNTA infusion, the naloxone-induced jumping

method failed to reveal any physical dependence. Naloxone did
not induce significant jumping in either saline (1.57± 0.7 jumps) or
NNTA-infused mice (1.0 ± 0.7 jumps) over a 10-min period. Un-
der identical conditions in prior studies (31), naloxone induced 100
jumps in i.c.v.morphine-infusedmice,whereas only∼5 jumpswere
observed for the saline-infused mice. Thus, in contrast to the
robust tolerance and physical dependence that develops after
chronic i.c.v. morphine infusion (26), no withdrawal syndromewas
effected with naloxone after chronic i.c.v NNTA treatment.
Conditioned place preference studies corroborated the absence

of reward learning and drug-seeking behavior of NNTA. In the
conditioned place preference experiments set up as described
previously (27), morphine (1,200 nmol/kg) produced a place
preference that was blocked by naloxone (300 nmol/kg). The two
lower doses of NNTA (5.6 and 28 nmol) did not produce a signif-
icant effect on the time that the mice spent in the drug-paired
chamber (Fig. 7). However, at the 10× ED50 dose (56 nmol),
NNTA produced a significant place aversion effect (P < 0.1).

Discussion
The report by Wang et al. (9) that demonstrated the association
of μ- and κ-opioid receptors as heteromers in cultured cells
renewed our interest in a ligand, NNTA (Fig. 1), prepared in our

laboratory a decade ago. In view of its extremely high potency
(1,200-fold greater than morphine) in the guinea pig ileum
preparation (Fig. 5A) and sub-pM binding affinity for μ- and
κ-receptors (Tables S1 and S2), we entertained the possibility
that NNTA might activate μ/κ-heteromeric receptors (28, 29). In
view of the pressing need for selective pharmacologic tools for
the study of heteromeric opioid receptors in vivo, we investigated
the properties of NNTA in cultured cells and mice.
Experiments with HEK-293 cells containing stably expressed

homomeric (μ-, κ-, and δ-) and heteromeric-opioid receptors
(μ/κ-, μ/δ-, and δ/κ) using fluorometric Ca2+ ion release meth-
odology and [35S]GTPγS binding assays as an index of receptor
activation revealed results that were consistent with selective
activation of heteromeric μ-κ (Fig. 3). In this regard, treatment
of the μ/κ-cell line with NNTA led to remarkably potent acti-
vation at concentrations consistent with the binding data. Sig-
nificantly, interaction of NNTA with cell lines that contained
other heteromeric opioid receptors or homomeric receptors af-
forded substantially lower activity.
The remarkable ∼1,000-fold enhancement of agonist potency

exhibited in the μ/κ-cell line compared with singly expressed
κ-receptors conceivably may be due to allosterically induced
amplification of activation of the κ-receptor due to heteromer
formation. From this perspective, and in view of the comparable
affinity of NNTA for μ- and κ-receptors, one possible scenario is
that a conformational change induced in the μ-receptor proto-
mer leads to enhanced activation via its NNTA-bound κ-receptor
partner in the heteromeric μ/κ-receptors. The high μ-receptor
antagonist potency of NNTA in the μ-receptor cell line would be
consistent with this view (Fig. 4).
Because the results of experiments with the HEK-293 cell lines

were consistent with the selective activation of μ/κ-heteromers by
NNTA, we investigated its antinociceptive properties using the
mouse tail-flick assay (Fig. 5 B and C). By the i.t. route, NNTA
exhibited a biphasic dose–response relationship (ED50 = 18.7
pmol and 101.7 pmol), which was over 100-fold greater than by i.c.
v. administration. The large difference raised the possibility that
NNTA might be activating phenotypic opioid receptors that are
more responsive in the cord compared with those in the brain.
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Fig. 6. NNTA i.c.v. and i.t. tolerance studies. (A) Saline or NNTA was infused
for 3 d and the antinociceptive ED50’s were determined on the fourth day.
The dose–response curve for NNTA i.c.v. infusion (blue triangles) is right
shifted (threefold) compared with saline infused (red triangles) and acute
NNTA treatment (control, black squares) in the mouse tail-flick assay, in-
dicating the development of tolerance. (B) NNTA (250 pmol per mouse) was
injected i.t. twice a day (5-h gap between injections) for 2 d and once on the
third day after which, the tail-flick latencies were calculated. No significant
tolerance was observed as the NNTA curve did not differ significantly from
the acute NNTA treatment (control) after the repeated injections.
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Fig. 7. NNTA does not produce dependence in mouse conditioned place
preference studies. NNTA at the ED50 dose (5.6 nmol/kg, i.v.) and 5× ED50

dose (28 nmol/kg, i.v.) did not produce any significant place preference,
suggesting a lack of reward due to chronic NNTA treatment. At the 10× ED50

dose (56 nmol/kg, i.v.) considerable place aversion was observed. On the
other hand, morphine (1,200 nmol/kg) in the same protocol produced robust
place preference that could be reversed by naloxone (300 nmol/kg).
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Because a similar phenomenon has been reported previously
(31, 38) in connection with differential populations of putative
heteromeric opioid receptors in the spinal cord and brain, we were
interested in pharmacologically characterizing the receptors that
were activated by NNTA. This involved determining the ED50
ratios for antagonism using selective antagonists for κ- (norBNI)
and μ- (β-FNA) opioid receptors. These data revealed that only
norBNI antagonized the effect of NNTA, which suggested in-
volvement of κ-receptors in the antinociceptive response.
In view of reports for the colocalization of δ- and κ-receptors in

rodent spinal cord (39) and the presence of putative heteromeric
δ/κ-receptors (31, 38), taken together with our cell-based data that
show NNTA to be substantially more efficacious in activating
μ/κ-heteromers, the exceptional potency of i.t. NNTA tends to
support the concept that the observed spinal antinociception is
mediated principally via μ/κ-heteromers. This concept was further
supported by the lack of significant spinal antinociception in
μ-opioid receptor knockout mice (Fig. 5D), demonstrating that
κ-receptors alone are unable to mediate the potent spinal activity
of NNTA. These data are also consistent with the significantly
lower activity of NNTA in cells expressing only κ-opioid receptors
in the intracellular calcium release assay (Fig. 3).
Given the unique properties of NNTA, it was evaluated for

tolerance and physical dependence. Antinociceptive tolerance
was dependent on the route of administration of NNTA. Some
tolerance was observed after 3 d of infusion by the i.c.v. route
(Fig. 6A), although it was substantially less robust compared with
morphine (34). Significantly, no tolerance was observed when
NNTA was administered i.t. (Fig. 6B). These results, coupled
with the potent spinal antinociception of NNTA in wild-type
mice and lack of spinal activity in μ-knockout mice, suggest that
there may be a tissue-dependent localization of different phe-
notypic receptor populations as suggested from other studies (31,
38, 40). Because the in vitro data showed NNTA to be highly
selective and active at heteromeric μ/κ-opioid receptors, these
receptors may be the predominant target for NNTA in the cord.
Our finding that naloxone did not precipitate naloxone-in-

duced jumping in mice infused with NNTA for 3 d suggested the
absence of physical dependence. Moreover, conditioned place
preference (CPP) studies indicated the absence of reward
learning or drug-seeking behavior through the administration of
NNTA (Fig. 7). At the ED50 dose (5.6 nmol) and 5× ED50 dose
(28 nmol) of NNTA, there was no significant CPP. However,
there was a significant dose-related trend for aversion at doses of
NNTA that produced antinociception in 100% of the mice. The
aversion of NNTA at high dose is of interest because members of
the clinically used mixed agonist–antagonist class (2) of opioids
that have κ-agonist and μ-antagonist components, are known to
produce dysphoria in humans (2). Whether the dysphoria is
mediated primarily through activation of μ/κ-heteromers, homo-
meric κ-receptors or other κ-receptor–containing heteromers re-
mains to be investigated.
In conclusion, the present study has revealed that the highly

potent opioid ligand, NNTA, selectively activates heteromeric
μ/κ in cultured cells, and therefore may be a useful pharmaco-
logical tool for investigating the role of such receptors in vitro
and in vivo. As NNTA produces unusually potent, biphasic spinal
(i.t.) antinociception that is two orders of magnitude greater than
its supraspinal (i.c.v.) effect in mice, and given its very high po-
tency in cultured cells, the mouse spinal cord may possibly
contain μ/κ-heteromers. The potent spinal activity is abolished in
MORKO mice, further corroborating the high degree of func-
tional coupling between μ- and κ-receptors in the cord. Because
the unusually high potency of NNTA was initially uncovered
through screening on the electrically stimulated guinea pig il-
eum, this preparation also may possibly contain a subpopulation

of μ/κ-heteromers. This is of interest because the guinea pig il-
eum (GPI) has been widely used in the screening of opioid
agonists. The absence of physical dependence in mice, the low
degree of antinociceptive tolerance upon chronic i.c.v adminis-
tration, and the lack of significant CPP at its ED50 dose, suggest
that μ/κ-opioid receptors may be a viable target for the de-
velopment of analgesics devoid of the undesirable side effects
associated with morphine.

Materials and Methods
Materials. β-FNA and norBNI were synthesized as described previously (35,
36). cDNAs encoding human κ-, μ-, and murine δ-opioid receptors were
inserted separately into the mammalian expression vector pcDNA3 (Invi-
trogen) and these were used to generate the singly expressing stable cell
lines. HEK-293 cells stably coexpressing μ/κ-, κ/δ-, and μ/δ-receptors were
obtained from Jennifer Whistler (Ernest Gallo Clinic and Research Center,
University of California, San Francisco) and their construction has been
previously explained and verified (31, 32, 34). The chimeric G protein, Δ6-
Gαqi4-myr, was graciously provided by Evi Kostenis (University of Bonn, Bonn)
and its construction has been previously described (33).

Immunocytochemistry: Two-color immunofluorescence was used to analyze
coexpression of μ- and κ-opioid receptors as previously described (34). De-
tailed description is provided in SI Materials and Methods.

Cell Culture and Intracellular Ca2+ Release Assay. HEK-293 cells were cultured
at 37 °C in Dulbelcco’s modified Eagle’s medium supplemented with 10%
bovine calf serum, Pen/Strep antibiotics. For cells singly expressing opioid
receptors, G418 was used as the selection antibiotic; G418 and Zeocin were
used for selecting for cells coexpressing two opioid receptors. The protocol
for the intracellular calcium release has been previously described in detail
(34). Briefly, the stable opioid receptor cell lines were transiently transfected
with 200 ng/20,000 cells of the chimeric G protein, Δ6-Gαqi4-myr, using Opti-
MEM medium (Invitrogen) and Lipofectamine 2000 (Invitrogen) reagent
according to manufacturer protocol (1:2 wt/vol ratio for DNA:Lipofect-
amine). The cells were seeded into 96-well plates (half-area; Corning) at
20,000 cells per well after 24 h and assayed 48 h after transfection using the
FLIPR calcium kit (Molecular Devices) in a Flexstation-III apparatus (Molecular
Devices). The response was measured as area under the curve (relative
fluorescence units × seconds) and plotted using nonlinear regression.

[35S]GTPγS Assay. The assay was setup as described previously (34, 41) and is
described in detail in SI Materials and Methods.

Animal Protocols. Detailed descriptions of each assay are provided in SI
Materials and Methods. For studies performed at the University of Minne-
sota, male ICR-CD1 mice (18–25 g or 30–35 g; Harlan), were housed in groups
of eight in a temperature- and humidity-controlled environment with un-
limited access to food and water and maintained on a 12-h light/dark cycle.
The μ-opioid receptor knockout mice (BALB/C X C57BL/6 MORKO) were
a generous gift from Sabita Roy (University of Minnesota, Minneapolis) and
have been described previously (42). The corresponding wild-type mice
(B6129PF1/J) were procured from The Jackson Laboratory. All experiments
were approved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Minnesota.

For studies performed at the Louisiana State University Health Sciences
Center in Shreveport (LSUHSC-S), male ICR mice weighing 25–35 g (Harlan
Sprague–Dawley) were used in the i.v. and chronic i.c.v. studies. The mice
were housed in Association for Assessment and Accreditation of Laboratory
Animals (AALAC)-accredited animal facilities with 12-h light/dark cycles and
food and water available ad libitum. All procedures were approved by the
IACUC at LSUHSC-S.
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