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BACKGROUND AND PURPOSE
We recently found that PKCε was required for spinal analgesic synergy between two GPCRs, δ opioid receptors and α2A

adrenoceptors, co-located in the same cellular subpopulation. We sought to determine if co-delivery of μ and δ opioid
receptor agonists would similarly result in synergy requiring PKCε.

EXPERIMENTAL APPROACH
Combinations of μ and δ opioid receptor agonists were co-administered intrathecally by direct lumbar puncture to
PKCε-wild-type (PKCε-WT) and -knockout (PKCε-KO) mice. Antinociception was assessed using the hot-water tail-flick assay.
Drug interactions were evaluated by isobolographic analysis.

KEY RESULTS
All agonists produced comparable antinociception in both PKCε-WT and PKCε-KO mice. Of 19 agonist combinations that
produced analgesic synergy, only 3 required PKCε for a synergistic interaction. In these three combinations, one of the
agonists was morphine, although not all combinations involving morphine required PKCε. Morphine + deltorphin II and
morphine + deltorphin I required PKCε for synergy, whereas a similar combination, morphine + deltorphin, did not.
Additionally, morphine + oxymorphindole required PKCε for synergy, whereas a similar combination, morphine +
oxycodindole, did not.

CONCLUSIONS AND IMPLICATIONS
We discovered biased agonism for a specific signalling pathway at the level of spinally co-delivered opioid agonists. As the
bias is only revealed by an appropriate ligand combination and cannot be accounted for by a single drug, it is likely that the
receptors these agonists act on are interacting with each other. Our results support the existence of μ and δ opioid receptor
heteromers at the spinal level in vivo.

LINKED ARTICLES
This article is part of a themed section on Opioids: New Pathways to Functional Selectivity. To view the other articles in this
section visit http://dx.doi.org/10.1111/bph.2015.172.issue-2
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Abbreviations
CL, confidence limit; DELT, deltorphin; DELT-I, deltorphin I; DELT-II, deltorphin II; DOP, δ opioid peptide; MOP, μ
opioid peptide; OCI, oxycodindole; OMI, oxymorphindole; MPE, maximum possible effect

Introduction

Two analgesic drugs may produce a greater than additive, or
synergistic, response when co-delivered at the spinal level
(Ossipov et al., 1989; Tallarida et al., 1989; Sutters et al.,
1990; Fairbanks and Wilcox, 1999). We have recently shown
that PKCε is required for spinal analgesic synergy between
agonist pairs acting at α2A-adrenoceptors (receptor nomen-
clature conforms to BJP’s Concise Guide to PHARMACOL-
OGY, Alexander et al., 2013) and δ-opioid peptide (DOP)
receptors (Cox et al., 2015), but not for interactions between
α2A-adrenoceptors and μ opioid peptide (MOP) receptors
(Schuster et al., 2013). It is thought that the PKCε-
dependent interaction between α2A-adrenoceptors and DOP
receptors occurs at the level of individual presynaptic ter-
minals in the superficial dorsal horn of the spinal cord
because all three proteins (α2A-adrenoceptors, DOP receptors
and PKCε) are found to co-localize there (Riedl et al., 2009;
Schuster et al., 2013), and the interaction has also been
shown to occur in spinal cord slices (Overland et al., 2009)
and spinal synaptosomes (Riedl et al., 2009). Thus, it is fea-
sible that other pairs of GPCRs located in the same cell with
PKCε could also produce PKCε-dependent synergy. Further-
more, the requirement of PKCε for spinal analgesic synergy
between a pair of GPCRs can provide indirect functional
evidence that the two receptors in question are expressed in
a common cell.

There have been several studies demonstrating interac-
tions between ligands acting at MOP and DOP receptors.
Some groups have found enhanced analgesia when MOP
and DOP agonists are co-delivered at the spinal level (Sutters
et al., 1990; Miaskowski et al., 1992), or locally in the periph-
ery (Joseph and Levine, 2010; Schramm and Honda, 2010),
compared with the same agonists delivered alone. Others
have shown that both agonists and antagonists of DOP recep-
tors can potentiate analgesic effects of morphine (Gomes
et al., 2000; 2004; Abul-Husn et al., 2007). These studies are
complemented by work indicating that DOP receptors
mediate the development of analgesic tolerance to morphine
(Zhu et al., 1999), and that MOP activity regulates cellular
trafficking and functional availability of DOP receptors
(Cahill et al., 2001; Morinville et al., 2003; Gendron
et al., 2006; 2007). Although there is much evidence for func-
tional cross-modulation between MOP and DOP receptors,
co-localization of these receptors, specifically within pepti-
dergic primary afferent neurons, has recently been a topic of
controversy. Some have suggested that there is very little
overlap (Scherrer et al., 2009), whereas others have presented
molecular and functional evidence of co-expression and for-
mation of MOP-DOP heteromeric complexes (Daniels et al.,
2005; Gupta et al., 2010; Wang et al., 2010; Beaudry et al.,
2011; He et al., 2011).

Considering our recent results indicating that PKCε
co-localizes with DOP receptors and α2A-adrenoceptors in
peptidergic primary afferent neurons where it mediates spinal
analgesic synergy between these receptors (Overland et al.,
2009; Schuster et al., 2013), we sought to determine if we
could provide further functional evidence for co-localization
of MOP and DOP receptors in the same population of
neurons by evaluating the role of PKCε in analgesic synergy
between co-delivered MOP and DOP agonists. In the current
study, we tested a battery of MOP and DOP agonist combi-
nations in wild-type (PKCε-WT) and PKCε-knockout mice
(PKCε-KO) for analgesic synergy in the hot-water tail-flick
assay. We found that while nearly all agonist combinations
produced synergistic analgesia, few required PKCε for
synergy. Ligand-dependent bias in opioid receptor signalling
has been previously proposed to account for pharmacological
differences observed between individual opioid agonists of
the same class (for review, see Pradhan et al., 2012). The
finding that requirement of PKCε for synergy was dependent
on the specific ligand combinations used suggests that biased
agonism of opioid receptors towards a given signalling
pathway can occur at the level of co-delivered agonists simul-
taneously acting on two different protomers of a heteromeric
receptor signalling complex.

Methods

Animals
Adult PKCε-WT and PKCε-KO mice of either sex (20 ± 5 g)
were used for all experiments and were bred from pairs of
hybrid (50% C57BL/6J, 50%129S4) mice heterozygous for the
mutant PKCε gene (Khasar et al., 1999); all animals were
maintained on a 12 h light/dark cycle with food and water
available ad libitum. The temperature range was 20–24°C. The
humidity range was 45 ± 15%. Animals were housed with
littermates and were assigned to experimental groups in such
a way to distribute age and sex equally across groups. Animals
from each category (age/sex) were chosen at random for a
given group. The total number of animals used was 454. The
authors have consulted the ARRIVE guidelines (Kilkenny
et al., 2010) and the associated British Journal of Pharmacology
editorial (McGrath et al., 2010) regarding pharmacological
studies. All experiments and protocols were as humane as
possible and were approved by the Institutional Animal Care
and Use Committee of the University of Minnesota.

Behavioural measures
Thermal nociceptive responsiveness was assessed using the
warm water (52.5°C) tail immersion assay as previously
described (Janssen et al., 1963). Briefly, each animal was
gently held wrapped in a cloth, and the tail dipped into a
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controlled temperature water bath. Withdrawal latency was
recorded as the amount of time that passed before a rapid
movement of the tail and was not allowed to exceed 12 s.
Baseline latency was recorded before drug administration,
and subsequent latencies were recorded 7 min after each
dose, immediately before the next dose. Each agonist or com-
bination was administered sequentially approximately every
7 min in increasing doses to generate a cumulative dose–
response curve, each mouse received no less than three and
no more than four doses (Shin and Eisenach, 2003). Most
dose–response curves were generated with an n of 5 or 6, or as
indicated in each figure or table legend. For morphine and
deltorphin II, two dose–response curves were obtained on
separate days to confirm the potency and efficacy of these
drugs in the PKCε mutant mice. These curves did not differ
significantly in potency or efficacy and were combined for a
total n of 11 or 12 as indicated in each figure or table legend.
These curves were reused in the analysis for each combina-
tion tested allowing us to minimize the number of animals
necessary to complete this study. Data are presented as %
maximum possible effect (MPE) values, which were deter-
mined using the following equation: %MPE = 100 × (test –
baseline)/(maximum – baseline).

All injections were administered to the intrathecal space
between the L5 and L6 vertebrae, which is caudal to the
spinal cord and at the level of the cauda equina. No more
than four injections were given to each animal for generation
of a single dose–response curve. Most mice were used in only
one experiment, but some were used in one to two additional
experiments; the latter mice were allowed to recover for at
least 2 weeks before reuse. Repeat of dose–response curves for
morphine and deltorphin II on mice that had been used
previously indicated no change in potency or efficacy. There
were no signs of tissue damage or pain associated with the
injection site.

Data analysis
The ED50, in nmol, and 95% confidence limits (CLs) of all
agonists and combinations were calculated using the graded
dose–response curve method of Tallarida and Murray (1987).
Dose-ratios for drug combinations were estimated based on
comparison of ED50 values and/or dose–response curves, and
were chosen to approximate equi-effective doses. Isobolo-
graphic analyses were performed using the numerical method
(Tallarida et al., 1989; Ossipov et al., 1997). All ED50 calcula-
tions and statistical comparisons were performed using the
JFlashCalc Pharmacological Calculations Program software
package generously provided by Dr. Michael Ossipov (Depart-
ment of Pharmacology, University of Arizona College of
Medicine, Tucson, AZ, USA). For all isobolograms, error bars
for theoretical additive and observed combination ED50

values represent the vector sum of vertical and horizontal
CLs. Interaction index (γ) values were calculated as described
by Tallarida (2002) using the equation γ = a/A + b/B, where A
and B are the doses of each single drug required for a given
effect, and a and b are the relative dose contribution of each
drug when given in combination for the same effect. Dose–
response curves and isobolograms were produced using
GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla,
CA, USA).

Drug preparation and administration
Agonists used were dermorphin, deltorphin (both from
Bachem, Torrance, CA, USA), deltorphin I (Biotrend, Destin,
FL, USA), deltorphin II, SNC80, naltrindole HCl (Tocris Bio-
science, Bristol, UK), morphine sulfate, endomorphin II,
leu-enkephalin, β-endorphin, codeine HCl, oxycodone HCl,
oxymorphone HCl, hydromorphone HCl, DAMGO ([D-Ala2,
N-MePhe4, Gly-ol]-enkephalin), fentanyl, DPDPE ([D-Pen2,
D-Pen5]-enkephalin) (all from Sigma, St. Louis, MO,
USA), α-oxymorphamine HCl, oxymorphindole HCl and
oxycodindole HCl (gifts from the lab of Phillip Porto-
ghese, University of Minnesota). Commercially unavailable
deltorphin analogue peptides (Tyr-D-Met-Phe-Glu-Leu-
Met-Asp, Tyr-D-Met-Phe-Glu-Leu-Met-Asn, Tyr-D-Ala-Phe-
Ala-Val-Val-Gly and Tyr-D-Ala-Phe-Ala-Val-Val-Asp) were
synthesized by, and purchased from, Biomatik (Wilmington,
DE, USA). SNC80 was dissolved with an equimolar amount
of tartaric acid in saline. All other drug stocks were
prepared in normal saline. All drugs were diluted from
stock solution into sterile 0.9% saline and injected intra-
thecally in a volume of 5 μL in awake mice by the method
of Hylden and Wilcox (1980), as modified by Fairbanks
(2003).

Results

Mechanisms underlying spinal analgesic
synergy between morphine and DOP receptor
agonists depend on the specific DOP
agonist used
To determine if PKCε is required for spinal analgesic synergy
between MOP and DOP receptor agonists, we tested combi-
nations of DOP receptor agonists with morphine. Initially,
we tested intrathecal co-delivery of morphine with deltor-
phin II (DELT-II), SNC80 or DPDPE for antinociceptive
synergy in the hot-water tail-flick assay. When delivered indi-
vidually, each agonist produced comparable antinociception
in PKCε-WT and PKCε-KO mice (Table 1). Morphine was
delivered intrathecally in approximately equi-effective com-
bination with DELT-II, SNC80 or DPDPE in both PKCε-WT
and PKCε-KO mice. All three combinations were synergistic
in PKCε-WT mice, but only DELT-II + morphine was additive
in PKCε-KO mice (Figure 1, Table 1). Subsequently, we tested
several additional DOP receptor agonists in combination
with morphine.

Other deltorphin peptides, deltorphin (DELT) and deltor-
phin I (DELT-I), were chosen for their similarity for DELT-II.
Each peptide produced comparable spinal antinociception in
PKCε-WT and PKCε-KO mice when delivered alone (Table 1),
and was subsequently delivered in approximately equi-
effective combination with morphine. We found that DELT-I,
which is nearly structurally identical to DELT-II, yielded a
PKCε-dependent interaction with morphine like DELT-II
(Table 1); however, DELT in combination with morphine
resulted in synergy that did not require PKCε (Figure 2,
Table 1).

In addition to SNC80, we tested another non-peptide
DOP agonist, oxymorphindole (OMI), for synergy with mor-
phine, and dependence on PKCε. Oxymorphindole produced
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comparable antinociception in PKCε-WT and PKCε-KO mice
when delivered intrathecally alone (Table 1). The combina-
tion of OMI + morphine was synergistic in PKCε-WT mice,
but was additive in PKCε-KO mice (Figure 3, Table 1). We
then tested an additional small-molecule DOP receptor
agonist, oxycodindole (OCI), which has a very similar struc-
ture to OMI, for spinal analgesic synergy with morphine.
Oxycodindole produced comparable antinociception in
PKCε-WT and PKCε-KO mice when delivered intrathecally
alone (Table 1). Unlike OMI, spinal co-delivery of OCI with
morphine in approximately equi-effective combination
resulted in synergy that did not require PKCε (Figure 4,
Table 1). All numerical details including statistical analyses
are reported in Table 1.

Analgesic synergy between deltorphin II and
MOP receptor agonists other than morphine
does not require PKCε
To determine if other MOP receptor agonists would synergize
with DELT-II in a PKCε-dependent manner similar to mor-
phine, we tested several MOP receptor agonists delivered
intrathecally in approximately equi-effective doses with
DELT-II. Each of the MOP receptor agonists, endomorphin II,
DAMGO, fentanyl, codeine, hydromorphone, oxymorphone,
oxycodone and oxymorphamine, produced comparable
spinal antinociception in both PKCε-WT and PKCε-KO mice
when delivered singly (Table 2). Each agonist that produced
antinociceptive synergy with DELT-II did so in both PKCε-WT
and PKCε-KO mice, suggesting that PKCε-dependent synergy

Table 1
Morphine in combination with DOP receptor agonists

Genotype

ED50, nmol (95% CL)

In combination with morphine

Agonist
Observed
combined

Theoretical
additive

Outcome
(P-value)

Dose ratio
with morphine

Morphine

PKCε-WT 2.22 (±0.51) NA NA NA NA

PKCε-KO 1.86 (±0.44) NA NA NA NA

SNC80a

PKCε-WT 49.30 (±6.31) 1.21 (±0.58) 27.18 (±3.66) SYN (2.0 × 10−16) 25:1

PKCε-KO 49.50 (±5.42) 2.00 (±1.12) 24.97 (±3.57) SYN (9.5 × 10−15)

DPDPE

PKCε-WT 1.86 (±0.62) 1.35 (±0.28) 2.03 (±0.40) SYN (8.6 × 10−3) 1:1

PKCε-KO 1.95 (±0.65) 1.33 (±0.29) 1.90 (±0.37) SYN (0.019)

Deltorphin II

PKCε-WT 2.22 (±0.57) 1.21 (±0.45) 2.22 (±0.41) SYN (1.2 × 10−3) 1:1

PKCε-KO 2.16 (±0.53) 2.32 (±0.92) 2.00 (±0.36) ADD (0.50)

Deltorphin I

PKCε-WT 1.39 (±0.44) 0.49 (±0.19) 1.71 (±0.37) SYN (2.3 × 10−7) 1:1

PKCε-KO 1.24 (±0.46) 1.13 (±0.46) 1.49 (±0.37) ADD (0.21)

Deltorphin

PKCε-WT 3.11 (±1.28) 0.22 (±0.07) 2.59 (±0.57) SYN (6.3 × 10−11) 1:1

PKCε-KO 4.84 (±2.00) 0.51 (±0.16) 2.69 (±0.58) SYN (1.6 × 10−9)

Oxymorphindole

PKCε-WT 1.24 (±0.28) 0.32 (±0.12) 1.59 (±0.27) SYN (1.8 × 10−11) 1:1

PKCε-KO 1.28 (±0.36) 2.04 (±1.22) 1.52 (±0.30) ADD (0.39)

Oxycodindole

PKCε-W 10.47 (±2.84) 3.33 (±1.88) 6.47 (±1.18) SYN (5.2 × 10−3) 5:1

PKCε-KO 10.44 (±2.90) 3.45 (±1.96) 5.91 (±1.11) SYN (0.028)

aSingle-drug data for SNC80 were previously published (Schuster et al., 2013). Morphine + SNC80 combination data are novel. A P-value
< 0.05 indicates a synergistic interaction. For all groups except morphine, deltorphin II and morphine + DPDPE, n = 6. For morphine, n = 12
in PKCε-WT and n = 11 in PKCε-KO. For deltorphin II, n = 11 in PKCε-WT and n = 12 in PKCε-KO. For DPDPE + morphine, n = 10 in PKCε-WT
and PKCε-KO. All analyses were performed using JFlashCalc software (M. Ossipov, University of Arizona).
ADD, additive; SYN, synergistic.
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of a MOP receptor agonist with DELT-II may be unique to
morphine. Numerical details including statistical analyses are
reported in Table 2.

Lack of requirement for PKCε in
opioid–opioid interactions involving
endogenous agonists
Two endogenous opioid ligands, β-endorphin and leu-
enkephalin, were co-administered intrathecally in approxi-
mately equi-effective doses in both PKCε-WT and PKCε-KO
mice, and tested using the hot-water tail-flick assay. There was
no difference in efficacy or potency of either agonist between
PKCε-WT and PKCε-KO mice, and co-delivery resulted in
antinociceptive synergy that did not require PKCε (Table 3).
We also tested each of these endogenous ligands in combi-
nation with either morphine or DPDPE. All four combina-
tions produced antinociceptive synergy in PKCε-WT and
PKCε-KO mice. Numerical details including statistical analy-
ses are reported in Table 3.

Discussion and conclusions

The results presented here show a clear difference in signal-
ling pathways when different combinations of agonists are
co-administered. Instead of a biased agonist effect presenting
itself at the level of the individual ligand, these results suggest
that biased agonism of a receptor complex for a given signal-
ling pathway can occur at the level of co-delivered agonists.
For example, morphine co-delivered with DELT-II, DELT-I or
OMI resulted in a synergistic interaction that differed in
mechanism from the combination of morphine with any
other agonist tested in that it required PKCε. Furthermore,
synergy resulting from co-delivery of DELT-II with any of the
other tested agonists also differed in mechanism from the
morphine + DELT-II combination. Thus, the bias in signalling
did not lie with a single agonist, but required a specific com-
bination of two agonists. These results are in agreement with
the previously proposed concepts that MOP and DOP

Figure 1
Morphine and deltorphin II (DELT-II) require PKCε for spinal analge-
sic synergy. (A, C) Dose–response curves for morphine, DELT-II and a
1:1 combination of the two in PKCε-WT (A) and PKCε-KO (C) mice.
Error bars for each data point represent SEM. (B, D) Isobolograms
showing DELT-II dose and ED50 (square) on the x-axis, morphine dose
and ED50 (square) on the y-axis, theoretical additive ED50 for a 1:1
combination (open circle on line of theoretical additivity), and
observed combined ED50 (filled circle). Error bars represent 95%
confidence limits. (B) Morphine and DELT-II produce analgesic
synergy at the spinal level in PKCε-WT mice. (D)The combination of
morphine and DELT-II is additive in PKCε-KO mice. For morphine,
n = 12 in PKCε-WT and n = 11 in PKCε-KO. For DELT-II, n = 11 in
PKCε-WT and N = 12 in PKCε-KO. For morphine + DELT-II, n = 6 for
PKCε-WT and PKCε-KO. Numerical details including ED50 value for
each dose–response curve, and P-value for each interaction can be
found in Table 1.

Figure 2
Morphine and deltorphin (DELT) do not require PKCε for spinal
analgesic synergy. (A, C) Dose–response curves for morphine, DELT
and a 1:1 combination of the two in PKCε-WT (A) and -KO (C) mice.
Error bars for each data point represent SEM. (B, D) Isobolograms
showing DELT dose and ED50 (square) on the x-axis, morphine dose
and ED50 (square) on the y-axis, theoretical additive ED50 for a 1:1
combination (open white circle on line of theoretical additivity), and
observed combined ED50 (filled circle). Error bars represent 95%
confidence limits. (B) Morphine and DELT produce analgesic synergy
at the spinal level in PKCε-WT mice. (D) The combination of mor-
phine and DELT remains synergistic in PKCε-KO mice. For morphine,
n = 12 in PKCε-WT and n = 11 in PKCε-KO. For DELT and morphine
+ DELT, n = 6 in PKCε-WT and PKCε-KO. Numerical details including
ED50 value for each dose–response curve, and P-value for each inter-
action can be found in Table 1.
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receptors form heteromers at the spinal level in vivo, and that
these heteromers are capable of multiple signalling mecha-
nisms dependent on the ligand, or ligands, bound to the
receptor complex (Daniels et al., 2005; Gupta et al., 2010;
Wang et al., 2010; Costantino et al., 2012; Yekkirala et al.,
2013).

In recent years, a growing body of evidence has indicated
that MOP and DOP receptors co-localize at the spinal level
where they have regulatory effects on one another, and that
these two receptors are able to physically interact and form
heteromers. Studies performed in vitro have indicated that
co-expression of MOP and DOP receptors enables interactions
by co-administered agonists (Gomes et al., 2000; 2004), and
that binding of single agonists as well as agonist-induced
activity are different in cells expressing MOP or DOP recep-
tors alone compared with cells expressing MOP and DOP
receptors together (Yekkirala et al., 2010; Metcalf et al., 2012).
Additional in vitro work has shown that dimerization of MOP
and DOP receptors can lead to changes in downstream sig-
nalling (George et al., 2000; Rozenfeld and Devi, 2007), and

that these changes appear to be in part due to interactions
involving the carboxy termini of receptors (Fan et al., 2005).
Collectively, these studies suggest that heteromer-induced
signalling is a plausible and reliable mechanism for ligand
bias. It is possible that binding of the appropriate agonist
combination, such as morphine + DELT-II, allows an interac-
tion between the intracellular portions of each receptor to
enable otherwise unavailable signalling mechanisms leading
to involvement of PKCε in the observed interaction.

There is also strong pharmacological evidence that MOP
and DOP receptors form heteromers in vivo, which are differ-
entially activated by ligands with subtle variations. Daniels
et al. (2005) demonstrated that central delivery of a series of
bivalent ligands consisting of two opioid pharmacophores,
specifically a MOP receptor agonist and a DOP receptor
antagonist connected by a chemical spacer of variable length,
yielded distinct pharmacological profiles dependent specifi-
cally on the length of the spacer. These results were attributed

Figure 3
Morphine and oxymorphindole (OMI) require PKCε for spinal anal-
gesic synergy. (A, C) Dose–response curves for morphine, OMI and a
1:1 combination of the two in PKCε-WT (A) and -KO (C) mice. Error
bars for each data point represent SEM. (B, D) Isobolograms showing
OMI dose and ED50 (square) on the x-axis, morphine dose and ED50

(square) on the y-axis, theoretical additive ED50 for a 1:1 combination
(open circle on line of theoretical additivity), and observed combined
ED50 (filled circle). Error bars represent 95% confidence limits. (B)
Morphine and OMI produce analgesic synergy at the spinal level in
PKCε-WT mice. (D) The combination of morphine and OMI is addi-
tive in PKCε-KO mice. For morphine, n = 12 in PKCε-WT and n = 11
in PKCε-KO. For OMI and morphine + OMI, n = 6 for PKCε-WT and
PKCε-KO. Numerical details including ED50 value for each dose–
response curve, and P-value for each interaction can be found in
Table 1.

Figure 4
Morphine and oxycodindole (OCI) do not require PKCε for spinal
analgesic synergy. (A, C) Dose–response curves for morphine, OCI
and a 1:5 (morphine : OCI) combination of the two (open squares
for relative contribution of morphine, and open circles for relative
combination of OCI) in PKCε-WT (A) and -KO (C) mice. Error bars for
each data point represent SEM. (B, D) Isobolograms showing OCI
dose and ED50 (square) on the x-axis, morphine dose and ED50

(square) on the y-axis, theoretical additive ED50 for a 1:5 combination
(open white circle on line of theoretical additivity), and observed
combined ED50 (filled circle). Error bars represent 95% confidence
limits. (B) Morphine and OCI produce analgesic synergy at the spinal
level in PKCε-WT mice. (D) The combination of morphine and OCI
remains synergistic in PKCε-KO mice. For morphine, n = 12 in
PKCε-WT and n = 11 in PKCε-KO. For OCI and morphine + OCI, n =
6 for PKCε-WT and PKCε-KO. Numerical details including ED50 value
for each dose–response curve, and P-value for each interaction can
be found in Table 1.
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to variations in the ability of the connected pharmacophores
to simultaneously bind their respective receptors and stabilize
a form of heteromer that resulted in altered signalling path-
ways (Yekkirala et al., 2013). Given that a change in spacer
length of roughly 5 Å led to a 10-fold shift in analgesic
potency, altered the development of tolerance and promoted
dramatic differences in downstream signalling (Daniels et al.,
2005; Yekkirala et al., 2013), it appears that MOP-DOP heter-
omers are highly sensitive to variations in ligand binding of
each protomer in the overall heteromer complex. The finding
that co-delivery of the two monovalent analogues (one phar-
macophore with a spacer) of a bivalent ligand (two pharma-
cophores connected by a chemical spacer) did not produce

the same effects as the bivalent ligand suggests that stabiliza-
tion of a highly specific conformation of a heteromeric recep-
tor complex must be achieved for the observed changes in
signalling to occur (Daniels et al., 2005; Yekkirala et al., 2013).
Our observation that modest differences in the structure of
the DOP receptor agonist injected with morphine can deter-
mine which signalling pathway is utilized could be explained
by the induction of different heteromeric receptor complex
conformations.

The fact that morphine + DELT-I yielded the same result as
morphine + DELT-II is not surprising given that these two
deltorphin analogues share a nearly identical structure. The
difference in result when morphine was combined with DELT

Table 2
Deltorphin II in combination with MOP receptor agonists

Genotype

ED50, nmol (95% CL)

In combination with deltorphin II

Agonist
Observed
combined

Theoretical
additive

Outcome
(P-value)

Dose ratio with
deltorphin II

Deltorphin II

PKCε-WT 2.22 (±0.57) NA NA NA NA

PKCε-KO 2.16 (±0.53) NA NA NA NA

Endomorphin IIa

PKCε-WT 1.24 (±0.58) 1.71 (±0.43) 1.85 (±0.46) SYN (0.029) 1:3

PKCε-KO 1.16 (±0.55) 1.21 (±0.34) 1.78 (±0.43) SYN (0.037)

DAMGO

PKCε-WT 8.7 × 10−4 (±2.0 × 10−4) 0.10 (±0.03) 0.63 (±0.11) SYN (3.6 × 10−12) 1:1000

PKCε-KO 7.8 × 10−4 (±1.5 × 10−4) 0.13 (±0.06) 0.57 (±0.09) SYN (7.6 × 10−11)

Fentanyl

PKCε-WT 0.98 (±0.28) 0.20 (±0.06) 1.36 (±0.29) SYN (1.6 × 10−10) 1:1

PKCε-KO 1.23 (±0.41) 0.26 (±0.07) 1.61 (±0.36) SYN (1.2 × 10−9)

Codeine

PKCε-WT 1.80 (±0.56) 2.19 (±0.55) 1.99 (±0.42) ADD (0.55) 1:1

PKCε-KO 1.90 (±0.46) 2.52 (±0.65) 2.02 (±0.36) ADD (0.17)

Hydromorphone

PKCε-WT 0.05 (±0.01) 0.14 (±0.03) 0.45 (±0.09) SYN (3.7 × 10−8) 1:10

PKCε-KO 0.05 (±0.01) 0.15 (±0.03) 0.44 (±0.08) SYN (6.5 × 10−9)

Oxymorphone

PKCε-WT 0.06 (±0.02) 0.14 (±0.02) 0.52 (±0.11) SYN (6.4 × 10−9) 1:10

PKCε-KO 0.06 (±0.01) 0.14 (±0.02) 0.49 (±0.09) SYN (2.0 × 10−9)

α-Oxymorphamine

PKCε-WT 1.12 (±0.30) 0.75 (±0.12) 1.67 (±0.32) SYN (1.3 × 10−6) 1:2

PKCε-KO 1.21 (±0.31) 0.65 (±0.09) 1.71 (±0.32) SYN (2.6 × 10−8)

Oxycodone

PKCε-WT 1.21 (±0.34) 0.32 (±0.09) 1.57 (±0.32) SYN (8.1 × 10−10) 1:1

PKCε-KO 1.30 (±0.34) 0.31 (±0.10) 1.62 (±0.31) SYN (5.9 × 10−11)

aSingle-drug data for endomorphin II were previously published (Schuster et al., 2013). Deltorphin II + endomorphin II combination data are
novel. A P-value < 0.05 indicates a synergistic interaction. For all groups except deltorphin II, n = 6. For deltorphin II, n = 11 in PKCε-WT and
n = 12 in PKCε-KO. All analyses were performed using JFlashCalc software (M. Ossipov, University of Arizona).
ADD, additive; SYN, synergistic.
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rather than DELT-I/DELT-II suggested that the specific struc-
ture of the peptide agonist used might determine the signal-
ling bias of the combination. We explored this possibility by
synthesizing and testing four deltorphin analogue peptides.
While the results of these experiments confirmed that
changes to the peptide structure were crucial to determining
the agonism produced, the results failed to illuminate the key
characteristics distinguishing DELT-I/DELT-II from DELT (see
Supporting Information).

The fact that we achieved comparable results with mor-
phine + DELT-II/DELT-I and morphine + OMI suggests that
this phenomenon of biased agonism, which only occurs
when certain DOP receptor agonists are delivered in combi-
nation with morphine, is not unique to opioid peptides.
Interestingly, OCI delivered in combination with morphine
yielded PKCε-independent synergy (analogous to the mor-
phine SNC-80 combination), unlike morphine-OMI synergy,
which was PKCε-dependent (analogous to the morphine
DELT-I or DELT-II combinations). Oxymorphindole and
oxycodindole are small-molecule DOP receptor agonists.
They differ structurally by the 3-phenol, which is masked as
a methyl ether in OCI (Figure 5). It is unclear how this dif-
ference can account for the difference in requirement of PKCε

for spinal antinociceptive synergy with morphine. However,
it is apparent that OMI and DELT-I/DELT-II interact function-
ally with morphine at the spinal level in a very similar way
despite large structural differences.

Comparisons of the ligands based solely on DOP receptor
affinity or efficacy (Clark et al., 1997) (in vitro individual
cloned receptors or homomers) do not display any consistent
pattern relating to the current results. This lack of a cohesive
pattern with receptor homomer data implies that the agonists
are acting at MOP-DOP heteromers, which, in turn, implies
that the receptors are co-localized in the same neurons. For
example, if MOP and DOP receptors were activated in differ-
ent cells, it would be expected that previous data using recep-
tor homomers would be better able to predict requirement of
PKCε for synergy as receptors acting independently should
produce consistent responses for a given agonist. Further-
more, several studies have shown that MOP and DOP recep-
tor agonists interact at the level of single cells to modulate
spinal pain signalling (Cahill et al., 1996; Daniels et al., 2005;
Gupta et al., 2010; Wang et al., 2010; Beaudry et al., 2011),
and it has recently been shown that other agonist combina-
tions requiring PKCε for synergy act on receptors co-located
within the same cells (Overland et al., 2009; Schuster et al.,

Table 3
Interactions involving endogenous opioid agonists

Genotype

ED50, nmol (95% CL)

Agonist(s) Observed combined Theoretical additive Outcome (P-value) Dose ratio

β-Endorphin

PKCε-WT 0.76 (±0.25) NA NA NA NA

PKCε-KO 0.74 (±0.29) NA NA NA NA

leu-Enkephalin

PKCε-WT 1.42 (±0.49) NA NA NA NA

PKCε-KO 1.49 (±0.47) NA NA NA NA

β-Endorphin: leu-Enkephalin

PKCε-WT NA 0.11 (±0.03) 0.99 (±0.25) SYN (2.6 × 10−9) 1:1

PKCε-KO NA 0.32 (±0.13) 0.99 (±0.28) SYN (4.2 × 10−5)

β-Endorphin: Morphine

PKCε-WT NA 0.10 (±0.02) 1.36 (±0.30) SYN (3.2 × 10−11) 1:2

PKCε-KO NA 0.19 (±0.05) 1.24 (±0.30) SYN (6.2 × 10−9)

leu-Enkephalin: Morphine

PKCε-WT NA 0.09 (±0.02) 1.73 (±0.40) SYN (4.7 × 10−11) 1:1

PKCε-KO NA 0.14 (±0.04) 1.66 (±0.34) SYN (8.4 × 10−12)

β-Endorphin: DPDPE

PKCε-WT NA 0.16 (±0.03) 1.37 (±0.32) SYN (5.9 × 10−10) 1:3

PKCε-KO NA 0.33 (±0.10) 1.38 (±0.35) SYN (2.5 × 10−7)

leu-Enkephalin: DPDPE

PKCε-WT NA 0.19 (±0.05) 1.72 (±0.43) SYN (3.2 × 10−9) 1:3

PKCε-KO NA 0.32 (±0.09) 1.81 (±0.45) SYN (2.0 × 10−8)

A P-value < 0.05 indicates a synergistic interaction. For all groups, n = 6. All analyses were performed using JFlashCalc software (M. Ossipov,
University of Arizona).
SYN, synergistic.
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2013). The preceding points along with the evidence pre-
sented for involvement of receptor heteromers suggest that
the differential effects of co-delivered ligands occur due to
simultaneous binding of both protomers of a MOP-DOP het-
eromer. These results serve as another example of the high
sensitivity of GPCRs to ligand structure and binding, and
further illustrate the increased complexity in opioid receptor
signalling made possible by co-delivery of two agonists.

Specific morphine signalling mechanisms at MOP-DOP
heteromers may be relevant to our current results; Rozenfeld
and Devi (2007) found that formation of MOP-DOP heterom-
ers results in constitutive interaction with β-arrestin2 rather
than the interaction with Gαi observed with homomeric
receptors. Interestingly, it has been shown that knockout of

β-arrestin2 results in enhanced morphine analgesia (Bohn
et al., 1999; 2002), and that this effect is specific to morphine,
as it was not observed with the MOP receptor agonists fenta-
nyl or oxycodone (Raehal and Bohn, 2011). This morphine-
specific effect is pertinent to our current results considering
that morphine + DELT-II resulted in a different signalling
interaction than fentanyl + DELT-II and oxycodone + DELT-II.
Interestingly, Zheng et al. (2011) showed another difference
between morphine and other MOP receptor agonists (includ-
ing DAMGO and fentanyl) in that under basal conditions
morphine resulted in significantly increased activation of
PKCε compared to the other agonists. Several recent studies
have indicated that morphine-induced signalling differs from
that of other MOP receptor agonists (Borgland et al., 2003;

Figure 5
Variation in DOP receptor agonist structure corresponds to outcome of intrathecal co-delivery with morphine. Table illustrates outcomes of
morphine delivered in combination with each DOP receptor agonist in PKCε-WT and PKCε-KO. ‘Syn’ or ‘Add’ indicates a synergistic or additive
interaction respectively as determined by isobolographic analysis. Interaction index values are given in parentheses as a secondary measure of
synergism (or lack thereof). A value of 1 indicates pure additivity. Increasing distance of values from 1, either above or below, indicates departure
from additivity, towards either antagonism or synergism respectively. Morphine structure is illustrated at the top left. Structures for each DOP
receptor agonist are shown on the right with coloured highlights indicating specific structural differences between similar agonists yielding
opposing outcomes with morphine. For morphine, n = 12 in PKCε-WT and n = 11 in PKCε-KO. For DELT-II, n = 11 in PKCε-WT and n = 12 in
PKCε-KO. For all other groups, n = 6 for PKCε-WT and PKCε-KO.
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Raehal and Bohn, 2011; Zheng et al., 2011; Pradhan et al.,
2012). Our results that no other MOP receptor agonist besides
morphine produced PKCε-dependent synergy with DELT-II
mirror the recent indication that morphine is an agonist with
functional properties highly distinct from other MOP recep-
tor agonists.

It is thought that morphine alone can lead to activation
of PKCε (Zheng et al., 2011), but it is unclear how PKCε is
involved in synergistic interactions between morphine and
some DOP receptor agonists. Mittal et al. (2012) found that
inhibition of PKC attenuated the enhanced morphine anal-
gesia observed in β-arrestin2 knockout animals, although a
specific PKC isoform was not identified. This mechanism
provides one possible explanation of our current results in
that simultaneous binding of morphine and an appropriate
DOP receptor ligand with the individual protomers in a
heteromer may cause dissociation from β-arrestin2 and
enhanced analgesia through a PKCε-dependent mechanism.
Another possible mechanism for involvement of PKCε in
analgesic synergy stems from involvement of PKCε in recep-
tor trafficking. In a basal state, DOP receptors are thought to
be located primarily in intracellular locations, and trafficked
to the surface via large dense-core vesicles (LDCVs) upon
various stimuli such as exposure to a DOP receptor agonist
(Bao et al., 2003; Zhao et al., 2011) or treatment with mor-
phine (Cahill et al., 2001; Morinville et al., 2003; Gendron
et al., 2006). Interestingly, Sweitzer et al. (2004) found that
inhibition of PKCε reduced stimulus-evoked release of
calcitonin gene-related peptide, which is transported in
LDCVs similar to DOP receptors (Zhao et al., 2011). In line
with these observations, it has been shown that inhibition
of PKC prevents stimulus-induced increases in functional
competence of DOP receptors (Patwardhan et al., 2005;
Rowan et al., 2009). There is also evidence that PKCε is
involved in vesicular trafficking and regulation of surface
availability of other receptors (Csukai et al., 1997; Chou et al.,
2010). Although there is clearly a link between PKCε, DOP
receptors and MOP receptors, a straightforward increase in
functional competence of DOP receptors via activation of
PKCε by MOP receptors cannot explain why so few combi-
nations of a DOP agonist with morphine result in PKCε-
dependent synergy.

Bias in signalling of GPCRs upon binding of a defined
agonist has become an increasingly well-accepted concept.
The current report is the first to demonstrate this phenom-
enon at the level of interactions between two opioid agonists
that are co-delivered at the spinal level in vivo. These results
expand the potential utility of opioid agonist co-delivery to
include activation of specific signalling mechanisms that
cannot be achieved with delivery of a single agonist.
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Figure S1 Illustration of differences between various deltor-
phin peptides tested for PKCε-dependent synergy with mor-
phine. (A) Deltorphin structure is shown on the left.
Synthesized peptides are shown on the right with differences
from deltorphin highlighted by coloured boxes. (B) Deltor-
phin II structure is shown on the left. Synthesized peptides
are shown on the right with differences from deltorphin II
highlighted by coloured boxes.
Table S1 Morphine in combination with deltorphin ana-
logue peptides.
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