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The -8 opioid receptor heteromer activates the pertussis toxin-resistant Go,, GTP-binding protein fol-
lowing stimulation by the §-agonist deltorphin-Il whereas |- and §-receptors activate the pertussis
toxin-sensitive Goys protein following stimulation by p1- and 3-agonists, respectively. Although the regu-
lation of the -8 heteromer is being investigated extensively in vitro, its physiological relevance remains
elusive owing to a lack of available molecular tools. We investigated -8 heteromer signaling under basal
conditions and following prolonged morphine treatment in rodent brain regions highly co-expressing -
and d-receptors and Go,. Deltorphin-II induced Go, activation in the striatum and hippocampus, demon-
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Hetzerooligomer strating the presence of |1-8 heteromer signaling in these brain regions. Prolonged morphine treatment,
GTPyS which desensitizes |- and 3-receptor function, had no effect on -3 heteromer signaling in the brain. Our
Brain data demonstrate that -3 heteromer signaling does not desensitize and is regulated differently from p-

and d-receptor signaling following prolonged morphine treatment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

- and §-opioid receptors (OR) interact to form a receptor com-
plex that acts as a novel signaling unit with characteristics distinct
from those of its constituent POR or 3ORs [1]. The p-§ heteromer
displays a novel pharmacological, internalization, desensitization
and signaling profile in transfected cells [2,3] and in vivo [4].
K- and 3-ORs co-localize extensively within the same neurons in
several anatomic regions including the striatum (nucleus accum-
bens and caudate putamen), hippocampus, spinal cord and dorsal
root ganglia [5,6], making these receptors poised for functional
interactions in specific neuronal circuits. However, mere pLlOR and
SOR co-localization cannot be considered indicative of heteromeric
receptor-receptor interactions. Definitive evidence of heteromer
formation in brain would require evidence such as could be
provided by confocal FRET between the endogenous receptors
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* Corresponding author at: Department of Pharmacology, Faculty of Medicine,
University of Toronto, Medical Sciences Building Rm 4358, 1 King's College Circle,
Toronto, Ontario M5S 1A8, Canada. Fax: +1 (416) 971 2868.

E-mail address: s.george@utoronto.ca (S.R. George).

http://dx.doi.org/10.1016/j.bbrc.2014.06.099
0006-291X/© 2014 Elsevier Inc. All rights reserved.

in situ, evidence of binding of a heteromer-selective ligand to the
receptor complex, or activation of a distinct heteromer-mediated
signaling pathway not activated by ligands targeting the constitu-
ent receptors. Here, we focused on the distinct signaling pathway
activated by an opioid ligand acting through the -3 heteromer.

Unlike p- and 8-OR monomers/homomers, -8 heteromer
function is resistant to pertussis toxin (PTX) [1]. The §-agonist
deltorphin-II acts as an agonist at the p-3 heteromer whereby
deltorphin-II binding to the receptor complex leads to selective
activation of the PTX-resistant Go,, GTP-binding protein [2]. In con-
trast, agonist binding to the p1- or -OR monomers/homomers leads
to activation of the PTX-sensitive Goys protein [2]. In vivo evidence
suggesting existence of pu-8 heteromer signaling, namely deltor-
phin Il-induced Go, activation, is provided by several studies.
Firstly, deltorphin-II's analgesic effects are not entirely abolished
following central administration of PTX, suggesting that activation
of PTX-resistant Ga-proteins is involved in transducing the antin-
ociceptive effects of deltorphin-II [7]. Secondly, Gao.,, the G-protein
to which the p-5 heteromer couples selectively, has a predominant
neuronal localization and is present in brain regions where - and
3-ORs are colocalized [8]. Further, deltorphin-II-induced analgesia
is reduced in POR gene-deleted animals, further supporting the
involvement of both pOR and 30R in the actions of deltorphin-II
[9].
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The p-30R heteromer may be intimately involved in the cellu-
lar mechanism of morphine tolerance. Prolonged morphine treat-
ment potentiates deltorphin-ll-induced antinociceptive effects
and induces plasmalemmal targeting of SOR from intracellular
stores in the CNS in a pOR-dependent manner [10,11]. Further,
Gol, gene ablation in rodents leads to accentuated morphine toler-
ance, suggesting that signaling through Go,, may be protective
under conditions of prolonged morphine treatment [12].

Owing to a lack of available selective pharmacological and
molecular tools to study the p-3 heteromer in vivo, we sought to
leverage deltorphin Il-induced Gao, activation as an index to inves-
tigate p—38 heteromer-specific signaling in distinct brain regions co-
expressing LLOR, 30R and Go,, under basal conditions and following
prolonged morphine treatment.

2. Methods
2.1. Animals

Adult male Sprague-Dawley rats (Charles River, Québec, Can-
ada) were housed in pairs in a temperature-controlled room with
corn chip bedding and free access to rodent chow and water. Rats
were maintained under a standard 12-h/12-h light/dark cycle.
Testing was performed during the light cycle. Animal protocols
were approved by the University of Toronto Animal Care Commit-
tee and in accordance with the Canadian Council on Animal Care
guidelines.

2.2. Drugs

Morphine sulfate was purchased from BDH Chemicals (Toronto,
ON, Canada). Deltorphin I, DAMGO, and DPDPE were purchased
from Sigma (Saint Louis, MO).

2.3. Prolonged morphine treatment

Rats were injected subcutaneously (s.c.) with ascending doses of
morphine sulfate (5,8, 10, and 15 mg/kg, s.c. every 12 h) for48 hand
sacrificed 12 h following the last morphine injection as described
[10]. Control rats were injected with equal volumes of saline.

2.4. Tail immersion antinociception assay

Rats were restrained gently and the distal 5 cm of their tail
dipped in a 52 °C-water bath. The latency to tail withdrawal from
water was measured. Three pre-drug baseline (BL) measures were
obtained and averaged. A cut-off of 4 x BL latency was imposed to
minimize tissue damage. Rats were habituated to the tail immersion
assay before testing. % Maximum Possible Effect was calculated
according to the equation: % Maximum Possible Effect = (Laten-
cy — BL latency)/(Cut-off Latency — BL latency) x 100.

2.5. Brain membrane preparation

Following decapitation, rat brain was removed. The striatum
(nucleus accumbens and caudate putamen) and hippocampus
were isolated, placed in buffer (50 mM Tris, 250 mM sucrose,
25 mM KCI, 5 mM MgCl,, pH 7.4), homogenized and centrifuged
at 100g. The supernatant was centrifuged at 40,000g for 20 min
at 4 °C to isolate the crude membrane fraction.

2.6. Total and Ga-specific [>°S]-GTPyS binding

Rat striatal and hippocampal membranes (200 pg/tube) were
pre-incubated at 30°C for 5 min, then treated with vehicle or

10 uM agonist in the presence of 2 nM [3*S]-GTPyS (1250 Ci/mmol,
Perkin Elmer Life Sciences, Waltham, MA) and 10 pM GDP for
1 min. Binding was terminated by the addition of ice-cold assay
buffer (10 mM HEPES, 100 mM NacCl, 10 mM MgCl,, pH 7.4) and
centrifugation at 20,000g for 10 min at 4 °C. The pellet was dis-
solved in solubilization buffer (100 mM Tris, 200 mM NacCl, 1 mM
EDTA, 1.25% (v/v) Igepal 630, pH 7.4) and 0.18% SDS for 1 h (hr)
at 4 °C. Unsolubilized debris was pelleted at 20,000g for 20 min.
To detect total G-protein activation, the pellet from the first centri-
fugation step was washed three times with assay buffer by centri-
fugation at 2500 rpm for 3 min each time. Scintillation cocktail
(Ready Safe™, Beckman Coulter, Mississauga, ON) was added and
radioactivity was counted (Beckman LS 6500 Counter, Beckman
Coulter, Mississauga, ON). To detect activation of specific
G-proteins, the supernatant was incubated with 5 pg of Go, or
Gaz antibody (Sc-388 or Sc-262, respectively, Santa Cruz Biotech-
nology, Santa Cruz, CA) overnight at 4 °C. Protein-G-agarose 50:50
was added and the tubes rotated at 4 °C for 4 h. Beads were washed
4 times with solubilization buffer, suspended in scintillation cock-
tail and radioactivity was counted.

2.7. Mammalian cells

HEK 293T human embryonic kidney cells (American Type Cul-
ture Collection, Manassas, VA, USA) were maintained as a mono-
layer at 37°C with 5% CO, in advanced minimal essential
medium containing 6% fetal bovine serum and antibiotics (Invitro-
gen, Burlington, ON, Canada). Cells were stably expressing |- and
3-ORs as described previously [3].

2.8. SDS-polyacrylamide gel electrophoresis and immunoblotting

Membrane proteins were resolved on 10% Tris-Glycine gels
(Novex, San Diego, CA, USA) under denaturing conditions by
SDS-PAGE and then electroblotted onto polyvinylidene difluoride
membranes as described [2]. Immunoreactivity was revealed by
incubating in Go, or Goyz antibody diluted 1:250, HRP-conjugated
goat-anti-rabbit secondary antibody diluted 1:1000 (Bio-Rad, Her-
cules, CA, USA), and enhanced chemiluminescent reagents, and
then exposing to film.

2.9. Immunoprecipitation studies

Membrane fractions were re-suspended and stirred with prote-
ase inhibitors and the homogenate centrifuged. The solubilized
portion was isolated and incubated with 5 pg anti-Go, or 5 pug
anti-Go,s antibody and then protein-G-agarose beads. The immu-
noprecipitate was washed and solubilized in SDS sample for gel
electrophoresis.

2.10. Data analysis

Statistical analysis and graph generation were performed using
GraphPad Prism software 3.01 (San Diego, CA). The results are pre-
sented as a percentage over unstimulated (basal) controls, which
were designated as 0%. The results were presented as
means + standard error of the mean (SEM). One-way analysis of
variance (ANOVA) and Dunnett’s post hoc tests were utilized to
analyze the statistical significance of agonist-induced effects on
G-protein activation in comparison to unstimulated controls. The
unpaired Student’s t-test was used to analyze the statistical signif-
icance of the difference in agonist-induced G-protein activation in
brain samples from animals treated with repeated morphine or
saline injections. P < 0.05 was deemed significant.
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3. Results and discussion

To interrogate the presence of |1-8 heteromer signaling in the
striatum and hippocampus, we used the [*>S]-GTPYS incorporation
assay followed by selective G-protein immunoprecipitation using a
specific antibody to assess agonist-induced activation of Ga,. Del-
torphin-II-induced Gao, activation only occurs in cells co-expressing
1- and 3-ORs and is an index of functional p-3 heteromers [2]. Del-
torphin-II significantly enhanced [**S]-GTPyS incorporation into
Ga, over unstimulated levels (which were designated as 0% activa-
tion) in the striatum and hippocampus (Fig. 1A and B; hatched
bars), suggestive of |1-3 heteromer expression in the striatum and
hippocampus. Neither DAMGO (p-agonist) nor DPDPE (8-agonist)
induced significant Go, activation over unstimulated levels in these
regions (Fig. 1A and B; hatched bars).

In separate experiments, brains were sectioned to obtain
nucleus accumbens tissue, another region of high plOR and SOR
co-expression, but of low protein yield. Conducting this assay using
a sufficient number of samples and replicates would have necessi-
tated pooling tissue from large numbers of animals, precluding us
from analyzing the region.

Our findings align with those from Garzon’s study demonstrat-
ing attenuation of the analgesic effects of deltorphin-II, but not
DPDPE, following intra-periaqueductal gray administration of anti-
sense oligodeoxynucleotides targeting Gol,, [13]. We observed
slight but non-significant activation of Go, by DAMGO, suggesting
that DAMGO may also activate the Go,-coupled p-3 heteromer,
although not as efficaciously as deltorphin-II. In Garzon’s study,
DAMGO-induced analgesic effects were also attenuated by dimin-
ishing Go,, expression in the periaqueductal gray, however, more
potent inhibition of DAMGO’s analgesic effects was achieved by
inactivating PTX-sensitive Go-proteins [13].

Our findings can be explained in the context of ligand-biased
agonism whereby different ligands stabilize their corresponding
G-protein coupled receptor (GPCR) in unique conformations
resulting in selective recruitment of signaling molecules to the
intracellular receptor domain [14]. Studies also demonstrate recep-
tor pre-coupling with G-proteins and complements of signaling
molecules in the endoplasmic reticulum and transportation as a
signalosome to the plasma membrane where the receptor is avail-
able to bind ligand [14,15]. In our example, while DAMGO and
DPDPE bind the -3 heteromer - along with the endogenous opi-

STRIATUM

§ 40+ E 60+
© ©
2 a
S Kk 1 -
2 304 o
o O 404
c c
£ 20 2 30
: :
2 g 2
& 10 ®
N N 104
3 DL 3
O . S ol
X S
O N <
N & Q

N. Kabli et al./ Biochemical and Biophysical Research Communications 450 (2014) 906-911

oids Leu-enkephalin, Met-enkephalin, and Endomorphin-1 and 2
-, they do so with much lower affinity than deltorphin-II [1,2]
and thus may not act as full agonists. Therefore these ligands
may not be as efficient at stabilizing the active Go,,-bound confor-
mation of the p-38 heteromer, which is likely responsible for the
functional effects of the heteromer which are PTX-resistant [2].
The phenomenon of ligand-directed signaling has been docu-
mented for p- and 3-ORs [14,16] and thus would be expected to
govern ligand-heteromer interactions as well.

Following repeated morphine treatment, deltorphin-II signifi-
cantly enhanced Go, activation over unstimulated levels in the
striatum and hippocampus whereas DAMGO and DPDPE did not
(Fig. 1A and B; filled bars). The p1-30R heteromer did not desensi-
tize following repeated morphine treatment.

To confirm the presence of functional |1- and 3-OR monomers/
homomers in the striatum and hippocampus, p- and §-agonist-
induced Goys activation was examined. In cell lines expressing
p- or 8-ORs individually, selective agonists for each receptor acti-
vate the PTX-sensitive Ga3 G-protein [2]. Here, all opioid agonists
tested significantly induced Goys activation over unstimulated lev-
els in the striatum and hippocampus (Fig. 2A and B; hatched bars).
As G-protein activation is a proximal step in the GPCR regulatory
pathway and serves as a functional measure of receptor activity,
these findings also confirm the presence of functional - and §-OR
monomers/homomers in these brain regions.

Interestingly, Goys activation in response to DAMGO, deltor-
phin-II, or DPDPE was abolished in striata and hippocampi from
animals treated repeatedly with morphine (Fig. 2A and B; filled
bars). The desensitization of Gays activation downstream of
p-and 3-OR homomers/monomers aligns with other studies
demonstrating chronic morphine-induced desensitization of
p- and 3-OR homomer/monomer function [17].

All agonists induced comparable and significant [3>°S]-GTPyS
incorporation into Ga-proteins over unstimulated levels in the stri-
atum and hippocampus (Fig. 3A and B; hatched bars), confirming
the presence of functional ORs in brain regions assayed and verify-
ing that the lack of Go, activation by DAMGO and DPDPE was due
to the lack of coupling to this particular subtype of G-protein, and
not due to an inability to activate Go-proteins in this assay.

Repeated morphine treatment abolished Go-protein activation
by all agonists in the striatum and hippocampus (Fig. 3A and B;
filled bars). Thus, prolonged morphine leads to the desensitization

HIPPOCAMPUS
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Fig. 1. Quantification of agonist-induced [>*S]-GTPyS incorporation into immunoprecipitated Go, in the striatum and hippocampus of rats treated with saline or repeated
morphine injections. Membrane preparations from striatum (A) or hippocampus (B) were treated with 10 uM DAMGO, deltorphin-II, or DPDPE. Data are presented as %
activation over unstimulated basal (designated as 0%) and are shown as means * S.E.M. for n = 3-4 separate experiments. Agonist-induced Go, activation relative to basal in
each group was assessed for statistical significance using one-way ANOVA followed by Dunnett’s post hoc analysis. [***p < 0.001, **p < 0.01 relative to unstimulated basal].
Differences in % Go, activation induced by the same agonist in striata and hippocampi from saline-treated versus morphine-treated animals were assessed for statistical
significance using the unpaired Student’s t-test. [p > 0.05 relative to saline-injected control animals].
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Fig. 2. Quantification of agonist-induced [3>>S]-GTPyS incorporation into immunoprecipitated Goys in the striatum and hippocampus of rats treated with saline or repeated
morphine injections. Membrane preparations from striatum (A) or hippocampus (B) were treated with 10 uM DAMGO, deltorphin-II, or DPDPE. Data are presented as %
activation over unstimulated basal (designated as 0%) and are shown as means + S.E.M. for n = 3 separate experiments. Differences in % Goy3 activation induced by the same
agonist in striata and hippocampi from saline-treated versus morphine-treated animals were assessed for statistical significance using the unpaired Student’s t-test. [*p < 0.05

relative to saline-injected control animals].
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Fig. 3. Quantification of agonist-induced [>*S]-GTPyS incorporation into all Ga-protein subtypes in the striatum and hippocampus of rats treated with saline or repeated
morphine injections. Membrane preparations from striatum (A) or hippocampus (B) were treated with 10 uM DAMGO, deltorphin-II, or DPDPE. Data are presented as %
activation over unstimulated basal (designated as 0%) and are shown as means * S.E.M. for n = 3-6 separate experiments. Differences in % Go activation induced by the same
agonist in striata and hippocampi from saline-treated control versus morphine-treated animals were assessed for statistical significance using the unpaired Student’s t-test.

[*p <0.05;*p < 0.01;***p < 0.001 relative to saline-injected animals].

of OR-mediated G-protein activation which may be due to the
uncoupling of these receptors from select populations of
G-proteins. Indeed, prolonged morphine treatment leads to cellular
adaptations which act to dampen OR signaling. Reduced receptor-
G-protein coupling is one of the desensitization mechanisms limit-
ing the clinical utility of current clinically-used p-agonists [18] and
necessitating dose escalation to maintain therapeutic efficacy.
Until now, the effect of repeated morphine treatment on agonist-
induced activation of specific Ga-proteins had not been explored
in vivo. Here, |- and 3-agonist activation of Goys was dramatically
reduced following prolonged morphine treatment, suggestive of
HOR and 30R monomer/homomer uncoupling from G-proteins.
This observation aligns with previous reports of marked attenua-
tion in opioid receptor G-protein coupling following various
chronic morphine regimens in cell lines and in the brain [19] and
desensitization of individual p- and 3-OR function [17]. Receptor
density reductions are unlikely to account for this effect as reduc-
tions in POR number are not consistently observed following
chronic morphine treatment [20,21].

On the other hand, prolonged morphine exposure has been
shown to enhance deltorphin-Il-induced effects and to induce

SOR targeting to the plasma membrane in a pOR-dependent
manner [10,11]. Thus, it is likely that a proportion of the SORs
undergoing plasmalemmal targeting may be complexed with [LORs
in a p—30R heteromer. Recent studies using a newly-synthesized
1-8 heteromer antibody revealed that chronic morphine treatment
upregulated the p-3 receptor complex in brain regions including
the striatum and hippocampus [22]. Since our findings indicate
that deltorphin-II-induced Ga, activation was maintained but not
potentiated, we speculate that the efficiency of coupling to post-
heteromer signaling cascades and effectors underlying the behav-
ioral effects of deltorphin-II may be enhanced following prolonged
morphine exposure.

A recent study advanced that an inhibitory peptide derived
from the HOR TM1 domain abolished the interaction between
ILOR and 30Rs in the spinal cord and abolished morphine tolerance,
leading the authors to conclude that p-8 heteromer disruption
would be effective in preventing tolerance [23]. However, model-
ing [24] and crystallization studies [25] demonstrate that pOR
TM1 is part of the pOR homo-oligomerization interface. Further,
the TM1 peptide had no effect on the analgesic effects of the
d-agonist deltorphin-I, which had been shown to activate the p-3
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Fig. 4. The analgesic effects of morphine in the tail immersion nociceptive assay (A) and verification of Go, and Goys antibody specificity (B). (A) Rats were injected
subcutaneously (s.c.) with saline or morphine sulfate (5 mg/kg or 10 mg/kg). The latency to tail withdrawal from warm water (52 °C) was measured at baseline (BL) and
following saline or morphine injection. The arrow denotes morphine or saline injection time. 4 x BL latency cut-off was imposed to minimize tissue damage. % Maximum
Possible Effect was calculated as: % Maximum Possible Effect = (Latency — BL latency)/(Cut-off Latency — BL latency) x 100. (B) HEK 293T Cells co-expressing {OR, 80R, Gatis
and Go,, were immunoprecipitated with Go,, or Goy; antiserum, and then probed with either Go, or Goyz antibody. Immunoblotting with Gol, or Go3 antibody revealed an
immunoreactive band with an approximate weight of 41 kDa as reported [27,28]. Molecular weights were estimated by comparing band migration with calibrated protein

ladder.

heteromer in the same paper [23]. The TM1 peptide may have
interfered with the integrity of the pOR, which would confound
the interpretation of the observations presented. Thus, it is not
possible to conclude that p-8 heteromer loss would prevent the
development of morphine tolerance.

Our findings point to unique regulation of p1-8 heteromer sig-
naling by morphine exposure. The [1-3 receptor complex may still
be activated and functional and could be recruited to elicit thera-
peutic effects even under prolonged morphine exposure conditions
which desensitize plOR and SOR function and contribute to the
diminished clinical efficacy of pi-opioid analgesics. The preferential
coupling of the |- heteromer to Go, [2] together with the accen-
tuated morphine tolerance in Go, gene-deleted animals [12]
further supports our interpretation of the findings.

To confirm the efficacy of morphine doses used in the repeated
morphine treatment regimen, rats underwent behavioral testing in
the tail immersion nociception assay. Morphine - but not saline -
injections induced sustained analgesia (Fig. 4A), confirming that
any lack of desensitization in G-protein activation following
repeated morphine treatment is not due to morphine not reaching
the nervous system. Further, the 10 mg/kg morphine dose pro-
duced comparable - not greater - analgesia as the 5 mg/kg dose
at 30 min following administration (the timepoint frequently
reported in the literature [26]), confirming that tolerance was pres-
ent in this paradigm.

Gol, antiserum detected immunoprecipitated Go, protein, the
latter was not detected by the Goys antiserum, and vice versa
(Fig. 4B), confirming that each antibody reacted selectively with
its corresponding antigen.

In conclusion, this study demonstrates that the p-3 heteromer
is regulated differently from its constituent pi- and 3-receptors fol-
lowing prolonged morphine treatment and therefore may have a
distinct role in modulating cellular adaptations to morphine toler-
ance in addition to other effects, which once elucidated, may reveal

discrete and unique functions that may establish the p-§ hetero-
mer as a potential therapeutic target for treating pain, neurologic
and neuropsychiatric disorders.
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