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BACKGROUND AND PURPOSE
Opioids, such as morphine, are the most effective treatment for pain but their efficacy is diminished with the development of
tolerance following repeated administration. Recently, we found that morphine activated ERK in opioid-tolerant but not in
naïve rats, suggesting that morphine activation of μ-opioid receptors is altered following repeated morphine administration.
Here, we have tested the hypothesis that μ-opioid receptor activation of ERK in the ventrolateral periaqueductal gray (vlPAG)
is dependent on dynamin, a protein implicated in receptor endocytosis.

EXPERIMENTAL APPROACH
Rats were made tolerant to repeated microinjections of morphine into the vlPAG. The effects of dynamin on ERK activation
and antinociception were assessed by microinjecting myristoylated dominant-negative dynamin peptide (Dyn-DN) or a
scrambled control peptide into the vlPAG. Microinjection of a fluorescent dermorphin analogue (DERM-A594) into the vlPAG
was used to monitor μ-opioid receptor internalization.

KEY RESULTS
Morphine did not activate ERK and Dyn-DN administration had no effect on morphine-induced antinociception in
saline-pretreated rats. In contrast, morphine-induced ERK activation in morphine-pretreated rats that was blocked by Dyn-DN
administration. Dyn-DN also inhibited morphine antinociception. Finally, morphine reduced DERM-A594 internalization only
in morphine-tolerant rats indicating that μ-opioid receptors were internalized and unavailable to bind DERM-A594.

CONCLUSIONS AND IMPLICATIONS
Repeated morphine administration increased μ-opioid receptor activation of ERK signalling via a dynamin-dependent
mechanism. These results demonstrate that the balance of agonist signalling to G-protein and dynamin-dependent pathways
is altered, effectively changing the functional selectivity of the agonist-receptor complex.

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

Abbreviations
Dyn-DN, dominant-negative dynamin peptide; Dyn-scr, scrambled dynamin peptide; GRK, G-protein receptor kinase;
vlPAG, ventrolateral periaqueductal gray
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Introduction
The antinociceptive effects of opioids are limited by the
development of tolerance with repeated administration. The
mechanism for tolerance has been difficult to identify
because many signalling adaptations correlate with the devel-
opment of tolerance (Christie, 2008; Williams et al., 2013).
Opioid agonist binding to μ-opioid receptors induces phos-
phorylation of the receptor by G-protein receptor kinases
(GRKs) and recruitment of proteins, including β-arrestin and
dynamin, involved in the internalization of the receptor
(Goodman et al., 1996; receptor nomenclature follows
Alexander et al., 2013a). Ligand-biased signalling of μ-opioid
receptors (McPherson et al., 2010; Kelly, 2013a,b) has been
observed where specific agonists preferentially couple to spe-
cific effectors. Few studies have addressed whether ligand-
biased signalling is altered by repeated opioid administration
and the development of tolerance.

The μ-opioid receptor belongs to a family of GPCRs dem-
onstrated to signal from the plasma membrane or from
endosomes following internalization (Murphy et al., 2009).
The ability of opioids to induce tolerance varies inversely
with agonist efficacy to induce antinociception and μ-opioid
receptor internalization. Internalization, but not tolerance,
readily occurs following acute administration of high-efficacy
agonists, whereas low-efficacy agonists, such as morphine,
produce pronounced tolerance and little internalization
(Finn and Whistler, 2001; Grecksch et al., 2006; Pawar et al.,
2007). The fact that morphine tolerance is attenuated in
β-arrestin knock-out mice (Bohn et al., 2000) led to the
hypothesis that endocytosis of μ-opioid receptors was neces-
sary for morphine tolerance. However, endocytosis and recy-
cling of receptors has been demonstrated to reduce the
development of tolerance to opioids (Finn and Whistler,
2001; He et al., 2009). A potential resolution to this contro-
versy is that the ability of morphine to induce μ-opioid inter-
nalization is enhanced with repeated administration.
Morphine, upon binding to the μ-opioid receptors, does not
recruit β-arrestin or induce internalization of μ-opioid recep-
tors efficiently (Whistler and von Zastrow, 1998; Alvarez
et al., 2002; Arttamangkul et al., 2008; He et al., 2009).
However, recent results from our laboratory indicate that
morphine potency for inhibition of presynaptic GABA release
and activation of the postsynaptic G-protein-activated,
inward-rectifier K channels (GIRK;Kir3.x; channel nomencla-
ture follows Alexander et al., 2103b) is enhanced in ventro-
lateral periaqueductal gray (vlPAG) neurons following
chronic morphine administration (Ingram et al., 1998; 2008).
These findings suggest that morphine is a more potent
μ-opioid receptor agonist following repeated administration
and may recruit endocytic machinery necessary for internali-
zation and activation of endosomal signalling pathways, such
as the ERK pathway.

Consistent with this idea, morphine activated ERK in the
PAG of morphine-tolerant rats more efficiently than in naïve
rats (Macey et al., 2009), an effect seen in several different
brain areas following chronic morphine administration
(Ortiz et al., 1995; Berhow et al., 1996; Narita et al., 2002;
Asensio et al., 2006). Given that ERK activation in many cell
types is dependent on recruitment of β-arrestin and dynamin
scaffolding proteins (Whistler et al., 1999; Zheng et al., 2008),

we tested the hypothesis that the increased ability of mor-
phine to activate ERK in tolerant rats was dependent on
recruitment of dynamin following repeated morphine
administration. Phosphorylated ERK (pERK) levels were
measured in the presence of the dynamin dominant-negative
peptide (Dyn-DN) microinjected directly into the vlPAG in
saline- and morphine-pretreated rats. Dyn-DN inhibits recep-
tor internalization by disrupting dynamin formation of the
endosome (Grabs et al., 1997). The vlPAG is an important
area for opioid antinociception and the development of tol-
erance (Tortorici et al., 1999; Lane et al., 2005; Morgan et al.,
2006a). We found that μ-opioid receptor signalling via ERK
was enhanced in morphine-tolerant rats in a dynamin-
dependent manner and that prior exposure to morphine
blocked internalization of DERM-A594, a fluorescent ana-
logue of the potent and selective μ-opioid receptor agonist, in
morphine-tolerant rats without affecting DERM-A594 inter-
nalization in saline-pretreated rats. Thus, repeated morphine
treatment effectively changes the ‘apparent’ functional selec-
tivity of the agonist-receptor complex from predominately
dynamin-independent signalling to a dynamin-dependent
pathway.

Methods

Animals
All animal care and experimental procedures complied with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committees at Washington State
University or Oregon Health & Science University. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 157 animals were used in the experiments described here.

Experiments were performed in adult male Sprague
Dawley rats (250–350 g; supplied by Animal Technologies,
Livermore, CA, USA or Harlan Laboratories, Livermore, CA,
USA).

Microinjections
Rats were anaesthetized with pentobarbital (60 mg·kg−1, i.p.)
and implanted with a guide cannula (23 gauge, 9 mm long)
aimed at the vlPAG (AP: +1.7 mm, ML: ±0.6 mm, DV:
−5.0 mm from lambda) using stereotaxic techniques. The
guide cannula was attached to two screws in the skull by
dental cement. At the end of the surgery, a stylet was inserted
to plug the guide cannula. The rat was maintained under a
heat lamp until awake. Following surgery, rats were housed
individually. The animal housing room was maintained on a
reverse light/dark schedule (lights off at 0700 h) so rats could
be tested during the active dark phase. Food and water were
freely available at all times except during testing. Rats were
handled daily before and after surgery. Experiments began at
least 7 days after surgery.

Drugs were administered directly into the vlPAG through
a 31 gauge injection cannula (0.25 mm OD and 0.127 mm
ID) inserted into and extending 2 mm beyond the tip of the
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guide cannula. One day before testing, rats received a sham
injection in which an injector was inserted into the guide
cannula but no drug was administered. This procedure
reduces responses resulting from mechanical stimulation of
neurons on the test day and habituates the rat to the micro-
injection procedure. Testing with drug administration began
1 day later. Drugs were microinjected at a rate of 0.1 μL per
10 s while the rat was gently restrained by hand. The injec-
tion cannula remained in place for an additional 20 s to
minimize backflow of the drug up the cannula track. Follow-
ing the injection, the stylet was replaced and the rat was
returned to its home cage.

Testing of antinociceptive behaviour
All behavioural assessments were conducted using the hot
plate test which consisted of measuring the time taken
(latency) to lick a hind paw when the rat was placed on a hot
(52.5°C) plate. The rat was removed from the hot plate if no
response occurred before the cut-off of 50 s. Animals with
baseline hot plate latencies greater than 20 s were omitted
from the study (n = 6). Only rats with the injection cannula in
or on the border of the vlPAG were included in data analyses
(Paxinos and Watson, 2005). A total of 36 rats were omitted
due to cannula placements outside of vlPAG.

Histology
Rats were anaesthetized with halothane, 5–10 min after the
final hot plate test and perfused with saline and then forma-
lin (10%). The brain was removed and placed in formalin
(10%) in preparation for subsequent immunohistochemical
and confocal analysis. The brain was sectioned coronally
(60 μm) to identify the location of the injection site, defined
as the end of the cannula track (Paxinos and Watson, 2005).
Brain slices containing the vlPAG were incubated in 5% goat
serum (Sigma-Aldrich, St. Louis, MO, USA), 3% BSA (Sigma-
Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich) for 1 h at
room temperature. To label neurons, slices from Experiment 1
(see below) were stained with NeuroTrace Fluorescent 640/
660 Nissl Stain (1/250, Molecular Probes, Eugene, OR, USA).
Slices from Experiment 2 (see below) were incubated with
mouse anti-NeuN antibodies (1/500, Chemicon, Temecula,
CA, USA). In both experiments, slices were incubated with
rabbit anti-phospho-ERK1/2 antibodies (1/300, Cell Signal-
ing, Beverly, MA, USA) overnight, washed and then incubated
in appropriate secondary antibodies [goat anti-rabbit IgG 488
Alexa Fluor conjugate (1/800, Invitrogen, Carlsbad, CA, USA)
and/or goat anti-mouse IgG 555 (1/800, Invitrogen)]. All
slices were thoroughly washed, mounted onto a slide with
either SlowFade or Prolong Gold Antifade Reagents (Invitro-
gen), coverslipped and imaged with a Zeiss LSM510 META
confocal microscope (Carl Zeiss MicroImaging, Inc., Thorn-
wood, NY, USA).

Fluorescence intensity quantification
The pERK labelling was quantified in individual NeuN-
labelled or NeuroTrace-labelled vlPAG neurons 100–200 μm
adjacent to the aqueduct using Image J (NIH, Bethesda, MD,
USA). Three fields from the same slice were analysed for each
animal. The experimenter was unaware of the treatments

during analysis. The pERK labelling and background labelling
were calculated for each neuron using Image J (Schneider
et al., 2012). The intensity of the background labelling was
subtracted from the pERK labelling to obtain the final inten-
sity for each neuron.

Experiment 1: activation of ERK following
single injections of opioid agonists
Baseline hot plate nociception was assessed. Animals then
received a single microinjection of one of the following:
DERM-A594 [300 ng per 0.5 μL (0.32 mM); generous gift from
Dr. Seksiri Arrtamangkul, Vollum Institute, OHSU] or its
vehicle (0.5 μL of 32% DMSO in saline), saline (0.4 μL), der-
morphin [2.2 μg per 0.4 μL (6.2 mM); Phoenix Pharmaceuti-
cals, Burlingame, CA, USA], or one of two doses of morphine
[10 μg (32.9 mM) or 22 μg per 0.4 μL (72.5 mM); Sigma-
Aldrich]. The dose of DERM-A594 given was the highest dose
possible because of solubility constraints. The hot plate test
was performed 15 min following drug microinjections.
Immediately after the hot plate test, the rat was killed and the
brain was removed for histological analysis of pERK labelling.

Experiment 2: role of dynamin in ERK
activation in tolerant rats
To determine the effect of dynamin inactivation on the time
course of acute morphine-induced antinociception, rats were
tested on the hot plate test to assess baseline hot plate laten-
cies. Each rat was pretreated with either a microinjection of
Dyn-DN (200 ng per 0.4 μL; Tocris Bioscience, Bristol, UK) or
scrambled dynamin peptide (Dyn-scr; 200 ng per 0.4 μL;
Tocris Bioscience) and tested on the hot plate 20 min prior to
receiving a single microinjection of morphine (5 μg per
0.4 μL) or saline. Hot plate latencies were measured at 15, 30,
60, 90 and 120 min following injections. A separate study
used the same procedure to test the ability of Dyn-DN peptide
to block ERK activation after a single microinjection of a high
dose of morphine (22 μg per 0.4 μL). Rats were perfused
20 min following microinjections and the brains were
removed for immunohistochemistry.

To determine the effect of dynamin inactivation on the
acute morphine dose response, rats were pretreated with
either a microinjection of Dyn-DN (200 ng per 0.4 μL; Tocris
Bioscience) or Dyn-scr (200 ng per 0.4 μL; Tocris Bioscience)
20 min prior to receiving microinjections of cumulative
third-log doses (1, 2.2, 4.6, 10, 22 μg per 0.4 μL) at 20 min
intervals. Hot plate latencies were measured 15 min following
each microinjection.

To induce tolerance, animals received twice daily micro-
injections of morphine (5 μg per 0.4 μL) or saline on days 1
and 2. Baseline nociception was assessed using the hot plate
test before and 15 min after the first set of microinjections of
morphine or saline on day 1. On day 3, rats were pretreated
with Dyn-DN (100 ng per 0.4 μL; Tocris Bioscience) or Dyn-
scr (100 ng per 0.4 μL; Tocris Bioscience) 20 min prior to
microinjection of morphine (10 μg per 0.4 μL) microinjec-
tions into the vlPAG. Nociception was assessed using the hot
plate test 15 min after each injection. Immediately after the
hot plate test, the rat was killed and the brain was removed
for histological analysis of pERK labelling.
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Experiment 3: morphine inhibition of
DERM-A594 internalization
It is difficult to find a μ-opioid receptor antibody that specifi-
cally labels the PAG, so we used the fluorescent opioid
peptide, DERM-A594 to measure μ-opioid receptor internali-
zation. Microinjection of DERM-A594 into the vlPAG pro-
duces rapid internalization of μ-opioid receptors (Macey
et al., 2010). We reasoned that if microinjection of morphine
into the vlPAG induces μ-opioid receptor internalization in
tolerant rats, then fewer μ-opioid receptors would be available
for internalization to a subsequent microinjection of DERM-
A594. Tolerance was induced by twice daily microinjections
of morphine or saline for 2 days. Half of the rats in each
group were injected with morphine (5 μg per 0.4 μL) or saline
on day 3 and tested on the hot plate test 15 min later. DERM-
A594 (300 ng per 0.5 μL) was microinjected into the vlPAG
30 min after morphine or saline injection and the brain was
removed 10 min later. DERM-A594 labelling was quantified
in individual NeuN-labelled vlPAG neurons 100–200 μm
adjacent to the aqueduct using the Zeiss LSM Image Examiner
program (Carl Zeiss MicroImaging, Inc.). The experimenter
was unaware of the treatments during analyses. The fluores-
cence intensities of DERM-A594 and background labelling
were calculated as the integrated density for each neuron
using Image J (Schneider et al., 2012). The intensity of the
background labelling was subtracted from the DERM-A594
labelling to obtain the final intensity for each neuron.

Data analysis
Values of hot plate latencies are shown as means ± SEM for
the different treatment groups. The integrated density of fluo-
rescence (from pERK or DERM-A594) was averaged (±SEM) for
the total number of neurons in each treatment group (n = 4–7
rats per group; 20–24 neurons per rat). Statistical significance
of differences between group means (for both hotplate and
fluorescence assays) was determined by ANOVA followed by
Bonferroni’s post hoc test, P < 0.05 (GraphPad Prism, La Jolla,
CA, USA).

Results

Activation of ERK with acute
opioid administration
We compared the ability of dermorphin and morphine to
activate ERK when microinjected into the vlPAG. We also
compared a lower dose of the fluorescent dermorphin com-
pound DERM-A594 (Arttamangkul et al., 2000; 2008; Macey
et al., 2010). Microinjection of each agonist into the vlPAG
caused a significant increase in hot plate latency at the doses
given, compared with saline- or vehicle-treated controls [one-
way ANOVA; F(5,21) = 24.52, P < 0.05; Bonferroni’s post hoc test,
*P < 0.05; n = 3–5 rats per group; Figure 1A].

Slices from each animal were stained with NeuroTrace and
immunostained with an antibody to pERK1/2. There was a
significant overall effect of opioid treatment in the intensity
of pERK labelling [F(5,19) = 6.271, P < 0.05; Figure 1B]. This
effect was primarily driven by the increase in intensity in rats
injected with dermorphin (n = 4) compared with saline (n = 3;

Bonferroni’s post hoc test, P < 0.05). The dose of DERM-A594
(n = 3) injected also caused an increase in pERK intensity,
although this increase did not reach statistical significance
compared with vehicle-treated rats (n = 4; Bonferroni’s post
hoc test, ns). Morphine (10 μg per 0.4 μL; n = 3) did not
activate ERK compared with saline (Bonferroni’s post hoc test,
ns). However, a supramaximal antinociceptive dose of mor-
phine (22 μg per 0.4 μL; n = 4) increased pERK labelling
compared with saline and the lower dose of morphine (Bon-
ferroni’s post hoc tests, P < 0.05).

Opioids are known to hyperpolarize vlPAG neurons
(Chieng and Christie, 1994; Osborne et al., 1996) and disin-
hibit PAG output neurons (Vaughan and Christie, 1997).
Thus, it is not known whether activation of ERK by opioid
agonists occurs in the cells expressing μ-opioid receptors or in
cells that are activated by removing GABA inhibition. In
order to test this, colocalization of internalized DERM-A594
and pERK was assessed (n = 3). We found that an average of 66
± 11% of cells that had pERK1/2 intensities over background
were also labelled with DERM-A594 (Figure 1C). These results
indicate that a significant proportion of pERK labelled cells
express μ-opioid receptors. The percentage is probably an
underestimate considering the low dose of DERM-A594 used
in these studies. The data also suggest that ERK activation
may occur as a result of disinhibition. An example of a slice
containing vlPAG and three separate fields assessed for
DERM-A594 labelling and pERK staining is shown in
Figure 1D. DERM-A594 labelling is brightest in the nucleus
but it is not known why it trafficks so quickly to this
portion of neurons or whether it trafficks with receptors.
However, several laboratories in independent studies have
confirmed that internalized DERM-A594 is dependent on
binding to μ-opioid receptors with irreversible antagonists
(Arttamangkul et al., 2006; Macey et al., 2010; Phillips et al.,
2012).

Activation of ERK in morphine-tolerant rats
is dependent on dynamin
The effects of blocking dynamin activity on morphine anti-
nociception were assessed using microinjections of Dyn-DN
or the scrambled control peptide (Dyn-scr) 20 min prior to a
single microinjection of morphine (5 μg per 0.4 μL). Rats
were tested on the hot plate test 15, 30 60, 90 and 120 min
following the microinjections (Figure 2A). There was no
overall effect or effect of treatment [two-way repeated meas-
ures ANOVA, F(1,15) = 4.636, P > 0.05]. Additional groups of rats
were pretreated with Dyn-DN or Dyn-scr microinjections and
then received cumulative doses of morphine. Rats were tested
on the hot plate 15 min after each injection (Figure 2B). The
D50 values were 7.8 (CI 3.8–11.8) for Dyn-scr and 5.8 (CI
1.9–9.7) for Dyn-DN [F(1,79) = 0.4712, P > 0.05] treated rats.
These results show that inhibition of dynamin does not affect
the ability of morphine to induce antinociception.

Our earlier results showed evidence that another opioid
agonist, dermorphin, induces dynamin-dependent antinoci-
ception (Macey et al., 2010) and that morphine preferentially
activates ERK signalling in tolerant rats (Macey et al., 2009).
Given that ERK signalling can be dynamin-dependent, we
assessed whether Dyn-DN changed morphine-induced ERK
activation and antinociception in morphine-tolerant rats.
Rats were pretreated with either saline or morphine (5 μg per
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Figure 1
Opioid agonists induce antinociception and ERK phosphorylation. (A) DERM-A594 microinjections [300 ng per 0.5 μL (0.32 mM); n = 3]
significantly increased hot plate latencies, compared with vehicle-treated rats (32% DMSO; n = 3; *P < 0.05). Dermorphin [2.2 μg per 0.4 μL
(6.9 mM); n = 4] and morphine [10 μg per 0.4 μL (33 mM), n = 5 and 22 μg per 0.4 μL (72.5 mM), n = 4] microinjections increased hot plate
latencies to cut-off for all rats and were significantly different from saline (*P < 0.05). (B) Dermorphin significantly increased the intensity of pERK
immunoreactivity compared with saline control animals. There was a trend towards increased pERK labelling for the lower concentration of the
fluorescent DERM-A594. Similarly, the maximal concentration of morphine (22 μg) significantly increased the intensity of pERK labelling but an
equally antinociceptive dose of morphine (10 μg) did not (*P < 0.05). (C) Confocal images from a representative slice showing that cells that
internalized DERM-A594 in the vlPAG also showed pERK labelling. Neurons were defined by NeuroTrace staining. Scale bar is the same for all
images. (D) Confocal images (10×) showing the whole field of vlPAG and three fields that were scanned for pERK analyses. The cerebral aqueduct
(aq.) and injection site is noted on the DERM-A594 panel. Scale bar is the same for all images.
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0.4 μL) twice a day for 2 days to induce tolerance (Morgan
et al., 2006b; Bobeck et al., 2012). The first microinjection of
morphine on day 1 increased hot plate latencies (48 ± 2 s; n =
17) compared with rats injected with saline (13 ± 1 s; n = 13;
t(28) = 18.10; P < 0.05). On day 3, morphine- and saline-
pretreated rats received microinjections of either the Dyn-DN
(100 ng per 0.4 μL) or Dyn-scr (100 ng per 0.4 μL) 20 min
prior to morphine microinjection. All rats received morphine
(10 μg per 0.4 μL) microinjections on the test day (Figure 2C).
There was an effect of pretreatment on hot plate latencies
[two-way ANOVA; F(1,26) = 8.721; P < 0.05; Figure 2A] where
morphine-pretreated rats had shorter hot plate latencies com-
pared with saline controls. In saline-pretreated rats, microin-
jection of Dyn-DN or Dyn-scr did not alter the effect of
morphine on hot plate latency. However, Dyn-DN signifi-
cantly reduced hot plate latencies in morphine- compared
with saline-pretreated rats (Bonferroni’s post hoc test; P <
0.05). Dyn-DN also reduced the response to morphine com-
pared with Dyn-scr [t-test, t(15) = 2.319, P < 0.05].

Brains from a subset of the animals tested for behaviour
were fixed and sliced for pERK immunoreactivity (Figure 2D
and E). There was a significant overall interaction between
pretreatment and dynamin peptide injections [two-way
ANOVA interaction; F(1,18) = 5.082; P < 0.05]. There was a low
level of pERK labelling in saline-pretreated rats given the
Dyn-scr peptide and Dyn-DN peptide in the presence of mor-
phine. However, morphine caused an increase in pERK in
morphine-pretreated rats injected with Dyn-scr (Bonferroni’s
post hoc test, P < 0.05). Dyn-DN peptide blocked the increase
in pERK labelling in morphine-pretreated rats and there was
no difference in pERK intensity from saline-pretreated rats
given Dyn-DN + morphine (Bonferroni’s post hoc test, ns).

Given the increase in pERK intensity in naïve animals in
response to the supramaximal dose of morphine (22 μg), we
were also interested in further testing if the response was
dynamin-dependent. Rats were pretreated with microinjec-
tions of Dyn-DN or Dyn-scr peptides 20 min prior to micro-
injections of morphine (22 μg per 0.4 μL). One rat received a
microinjection of DERM-A594 to confirm that the Dyn-DN

peptide attenuated internalization (Figure 2F). All rats were
perfused 15 min after the final injections and tissue was pro-
cessed for pERK staining. The high dose of morphine (22 μg)
increased pERK integrated densities compared with rats that
received saline but there was no effect of Dyn-DN peptide
(422 ± 49% increase) compared with Dyn-scr-treated rats (425
± 108% increase, Figure 2G). These results suggest that high
doses of morphine induce pERK but it is dependent on other
signalling pathways.

Morphine reduces DERM-A594
internalization in morphine-tolerant rats
Dynamin is a GTPase involved in endocytosis (Herskovits
et al., 1993). The blockade of morphine-induced antinocicep-
tion and ERK activation in morphine-tolerant rats by
Dyn-DN administration suggested that morphine activation
of μ-opioid receptors may induce endocytosis more readily
after repeated morphine administration. We tested this
hypothesis by analysing the effects of prior morphine expo-
sure on DERM-A594 internalization. If morphine induces
μ-opioid receptor internalization, then fewer μ-opioid recep-
tors would be available to bind DERM-A594. Rats were pre-
treated with saline or morphine (5 μg per 0.4 μL) twice a day
for 2 days to induce tolerance. On the test day, nociception
was assessed 15 min after microinjection of either saline or
morphine (5 μg per 0.4 μL). There was a significant interac-
tion between pretreatment and test day injection [two-way
ANOVA interaction; F(1,27) = 17.06; P < 0.05; Figure 3A]. Hot plate
latencies were significantly lower in morphine-pretreated rats
as would be expected with the development of tolerance
[pretreatment; F(1,27) = 5.005, P < 0.05]. Hot plate latencies
were not different in saline- and morphine-pretreated rats
given a saline injection on the test day (Bonferroni’s post hoc
test, ns). However, morphine-pretreated rats had significantly
decreased hot plate latencies when challenged with mor-
phine on the test day, compared with saline-pretreated rats
(Bonferroni’s post hoc test, P < 0.05). These results indicate
that morphine-pretreated rats were tolerant to repeated mor-
phine microinjections as we have shown many times

Figure 2
Inhibition of dynamin reduces morphine antinociception and ERK activation in morphine-tolerant rats. (A) Rats were placed on the hot plate to
determine their baseline latency, then were pretreated with Dyn-DN (n = 6) or Dyn-scr (n = 10) and tested on the hot plate 15 min later. Rats were
then microinjected with a single dose of morphine (5 μg per 0.4 μL, used to induce tolerance in later studies). Hot plate latencies were tested at
15, 30, 60, 90 and 120 min. There was no effect of the Dyn-DN peptide on the time course of morphine antinociception. (B) Rats were pretreated
with Dyn-DN (n = 7) or Dyn-scr (n = 10) microinjections followed by cumulative doses of morphine at 20 min intervals. Rats were tested on the
hot plate 15 min following each morphine dose. There was no effect of the dynamin inhibitor peptide on the dose response to morphine in naïve
animals. (C) Rats were pretreated with either saline or morphine (5 μg per 0.4 μL) twice daily for 2 days. On day 3, rats were microinjected with
either Dyn-DN or Dyn-scr peptides 20 min prior to morphine (10 μg per 0.4 μL). There was a significant effect of pretreatment [two-way ANOVA;
F(1,26) = 8.721; P < 0.5]. In addition, hot plate latency was significantly attenuated by Dyn-DN in morphine-pretreated rats (n = 7) compared with
saline (n = 5) (Bonferroni’s post hoc test; *P < 0.05) and compared to morphine-pretreated + Dyn-scr (Bonferroni’s post hoc test; ++P < 0.05). There
was no difference in morphine- (n = 10) and saline- (n = 8) pretreated rats given Dyn-scr (Bonferroni’s post hoc test; ns). (D) Brains from rats in
(C) were removed 30 min after final morphine microinjection and immunostained with an antibody to phosphorylated ERK (pERK). There was an
overall interaction [two-way ANOVA; F(1,18) = 5.082); P < 0.05]. Morphine increased the intensity of pERK labelling in morphine-pretreated rats given
Dyn-scr (n = 5) compared with saline-pretreated rats (n = 4; Bonferroni’s post hoc test, *P < 0.05). Microinjection of Dyn-DN peptide blocked pERK
labelling in morphine- (n = 8) pretreated rats so pERK labelling was not different from saline-pretreated rats (n = 5; Bonferroni’s post hoc test, ns).
(E) Confocal images showing pERK1/2 labelling in morphine-pretreated rats receiving Dyn-scr and Dyn-DN microinjections. Scale bar is the same
for both images. (F) Confocal image (100×) showing a DERM-A594-labelled neuron (left panel) and the decreased DERM-A594 labelling in a rat
that received Dyn-DN peptide prior to the DERM-A594 microinjection. (G) Rats received either Dyn-DN or Dyn-scr microinjections prior to a
supramaximal dose of morphine (22 μg per 0.4 μL). Rats were perfused and brains removed 20 min later for pERK immunohistochemistry. There
was no effect of the dynamin inhibitor peptide on pERK levels.
◀
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Figure 3
Morphine reduces DERM-A594 fluorescence in morphine-tolerant rats. (A) Rats were pretreated with either morphine (5 μg per 0.4 μL) or saline
twice daily for 2 days. On day 3, rats received microinjections of saline or morphine (5 μg per 0.4 μL) and were tested on the hot plate. There
was a significant overall interaction [two-way ANOVA; F(1,27) = 17.06; P < 0.05]. Hot plate latencies were significantly reduced following morphine
microinjections on the test day in morphine-tolerant rats (n = 11) compared with saline-pretreated rats (n = 5; Bonferroni’s post hoc test; *P < 0.05).
Saline microinjections on the test day did not affect latencies in saline- (n = 6) or morphine- (n = 8) pretreated rats (Bonferroni’s post hoc test; ns).
(B) Immediately after hot plate testing, all rats received microinjections of DERM-A594 (300 ng per 0.5 μL) and rats were perfused and brains were
removed 10 min after microinjections. DERM-A594 intensity was significantly reduced in morphine- compared with saline-pretreated rats
[pretreatment: F(1,21) = 6.943; P < 0.05]. Morphine injection on test day significantly reduced DERM-A594 intensity in morphine- (n = 6) compared
with saline- (n = 9) pretreated rats (Bonferroni’s post hoc test; *P < 0.05). There was no difference in saline- (n = 6) and morphine-pretreated rats
(n = 4) when given saline on test day (Bonferroni’s post hoc test, ns). (C) Representative confocal images from each group showing reduced
DERM-A594 fluorescence in cell bodies and processes in morphine-tolerant rats that received a morphine microinjection prior to DERM-A594.
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previously (Tortorici et al., 1999; Morgan et al., 2006b; Bobeck
et al., 2012).

Following testing on the hot plate, all rats were microin-
jected with DERM-A594 (300 ng per 0.5 μL) into the vlPAG
and the brains were removed 10 min later. Slices were ana-
lysed for fluorescence intensity of internalized DERM-A594
(Figure 3B and C). The intensity of DERM-A594 fluorescence
was significantly decreased in morphine- compared with
saline-pretreated rats [two-way ANOVA pretreatment; F(1,21) =
6.943; P < 0.05]. Morphine microinjection prior to the DERM-
A594 injection significantly decreased DERM-A594 intensity
in morphine-tolerant rats compared with saline-pretreated
rats (Bonferroni’s post hoc test, P < 0.05). DERM-A594
intensity was similar in rats that received saline on test day,
regardless of the pretreatment with saline or morphine
(Bonferroni’s post hoc test; ns).

Discussion

Our previous studies showed evidence that morphine acti-
vated MAP/ERK signalling selectively in morphine-tolerant
rats (Macey et al., 2009). The results presented here extended
this finding to show that ERK activation in morphine-
tolerant rats was dynamin-dependent and that inhibition of
dynamin decreased morphine-induced antinociception in
morphine-tolerant rats without affecting antinociception in
saline-pretreated rats. Our results also show that morphine
interfered with internalization of the fluorescent dermorphin
analogue, DERM-A594, in morphine-tolerant rats. Taken
together, the results indicated that repeated morphine
administration and the development of tolerance enhanced
the ability of morphine to recruit dynamin, a GTPase
involved in GPCR endocytosis (Herskovits et al., 1993; Vallee
et al., 1993).

Role of ERK activation in
opioid antinociception
Opioids induce antinociception in the vlPAG by inhibiting
GABA release and disinhibiting PAG output neurons to the
rostral ventromedial medulla (Heinricher and Ingram, 2008).
Microinjections of the MEK/ERK inhibitor UO126 reduce
morphine antinociception selectively in morphine-tolerant
rats (Macey et al., 2009) indicating that activation of ERK
enhances morphine antinociception. In this paper, we extend
our earlier studies to show that antinociceptive doses of mor-
phine (10 μg) did not induce ERK activation in control rats,
but significantly increased ERK activation in rats pretreated
with repeated injections of morphine. We also showed that
the potent agonist dermorphin increased pERK with acute
administration as expected from our earlier work showing
dynamin-dependent dermorphin antinociception (Macey
et al., 2010). Together, these results strongly support the
hypothesis that dynamin and ERK activation are important
signalling pathways that promote opioid antinociception in
the vlPAG.

Functional selectivity of opioid agonists at
μ-opioid receptors
There are many known opioid agonists that bind to the
μ-opioid receptor and several of these have distinct potencies

and efficacies for selected signalling pathways, known as
ligand bias or functional selectivity (Kelly, 2013a). Morphine
has long been known to initiate signalling cascades different
from those of other opioid agonists, such as fentanyl and
DAMGO (Connor et al., 2004; Kelly et al., 2008). Agonist-
specific differences in internalization with acute administra-
tion have been observed (Stevens and Yaksh, 1989; Paronis
and Holtzman, 1992; Duttaroy and Yoburn, 1995; Grecksch
et al., 2006), and similar differences have been noted with
ERK activation (Macey et al., 2006). Opioid agonists
show ligand bias when tested for their ability to activate
G-proteins, recruit β-arrestin or induce internalization
(McPherson et al., 2010; Rivero et al., 2012) and this bias has
been measured using various methods that are dependent on
comparing agonist affinity and efficacy on these measures
(Kenakin et al., 2012; Kelly, 2013a,b; Kenakin and
Christopoulos, 2013). In this study, we showed that repeated
morphine administration increased morphine signalling via
ERK in a dynamin-dependent manner. Activation of the
MAPK/ERK pathway by chronic morphine administration
has been demonstrated in spinal cord (Horvath et al., 2010)
and brain (Narita et al., 2002; Macey et al., 2006; 2009; Lin
et al., 2010) and ERK signalling has been shown to be both
internalization and dynamin-dependent in many cell types
(Ignatova et al., 1999). However, in some cases dynamin-
dependent μ-opioid receptor signalling appears to be inde-
pendent of μ-opioid receptor internalization (Whistler et al.,
1999; Kramer and Simon, 2000) suggesting that scaffolding
proteins downstream of the μ-opioid receptor but prior to
endocytosis could be involved in μ-opioid receptor activation
of ERK. A G-protein-dependent pathway that is not depend-
ent on dynamin or internalization also has been described in
some cells (Rozenfeld and Devi, 2007; Zheng et al., 2008).
This pathway may explain the increase in ERK activation
observed with supramaximal morphine doses in naïve
animals (Figure 1B) that was not inhibited in the presence of
the Dyn-DN peptides (Figure 2G). It is also important to note
that the supramaximal dose induces severe behavioural
immobility suggestive of catatonia so ERK activation may
occur through very different signalling pathways.

Our results indicate that acute morphine signalling is
different from that of dermorphin. Dermorphin is a potent
μ-opioid receptor agonist with high selectivity for μ-opioid
receptors compared with δ-opioid receptors (de Castiglione
and Rossi, 1985; Melchiorri and Negri, 1996). Dermorphin
stimulates internalization of μ-opioid receptors that is
blocked by inhibitors of dynamin (Macey et al., 2010), a
GTPase involved in vesicle endocytosis that is recruited
following GRK phosphorylation and binding of β-arrestin to
the μ-opioid receptor (Herskovits et al., 1993; Daaka et al.,
1998). Morphine is a partial agonist that is also more selec-
tive for μ- over δ-opioid receptors but does not efficiently
recruit β-arrestin and dynamin to the receptor and does not
induce internalization in most cell types (Whistler and von
Zastrow, 1998). β-Arrestin binding to the β2-adrenoceptor is
dependent on both agonist occupation and phosphorylation
of the receptor by GRKs (Krasel et al., 2005). Therefore,
agonist occupancy may be a key factor for GRK phosphor-
ylation and recruitment of β-arrestin. The change in func-
tional selectivity of morphine and its ability to recruit
dynamin-dependent signalling pathways is consistent with
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our previous observations that morphine has increased
potency at the μ-opioid receptor in tolerant rats (Ingram
et al., 1998; 2008). These results support previous data dem-
onstrating adaptive changes in μ-opioid receptor activation
in the vlPAG associated with repeated administration of mor-
phine. In tolerant rats, morphine activates GIRK channels
with increased potency (Ingram et al., 2008) and desensitizes
μ-opioid receptor coupling to GIRK channels more readily
(Dang and Williams, 2004; Bagley et al., 2005a; Ingram et al.,
2008). The μ-opioid receptor inhibition of adenylyl cyclase
and Ca2+ channels are also altered following chronic mor-
phine administration (Ingram et al., 1998; Bagley et al.,
2005a,b). Moreover, the binding affinity of opioid agonists
has been shown to increase after long-term exposure of
μ-opioid receptor-expressing cells to morphine (Birdsong
et al., 2013). These results imply that morphine binding to
the μ-opioid receptor induces a different conformation of the
receptor in tolerant rats that may expose different phospho-
rylation sites (Doll et al., 2011; 2012). The fact that changes
are observed in multiple effector pathways and that the
potency and/or efficacy of agonist activation of μ-opioid
receptors is altered argues that changes occur in agonist
binding and activation of the receptor, prior to activation of
effector systems.

The change in functional selectivity of morphine may
also arise from activation of heteromers of the μ-opioid recep-
tor and δ-opioid receptor. Chronic morphine administration
induces the expression of μ/δ-opioid receptor heteromers
(Gupta et al., 2010), activation of which induces prolonged
ERK signalling (Rozenfeld and Devi, 2007). δ-receptor ago-
nists have no effect in naïve animals but inhibit presynaptic
GABA release in the vlPAG after chronic morphine treatment
(Hack et al., 2005). Interestingly, upregulation of δ-opioid
receptor activity is dependent on expression of μ-opioid
receptor and β-arrestin as inhibition of presynaptic GABA
release mediated by δ-opioid receptors was not observed in
μ-opioid receptor or β-arrestin knock-out mice (Hack et al.,
2005).

The physiological consequence of this adaptive change in
morphine signalling at μ-opioid receptors is important for
differences in interpretation of recent studies on tolerance.
Current cellular models of tolerance focus on regulatory
mechanisms of μ-opioid receptors, including desensitization
and internalization (Christie, 2008; Williams et al., 2013).
Support for these models include data generated from
β-arrestin knock-out mice (Bohn et al., 2000) and mice
expressing a knock-in mutant μ-opioid receptor that internal-
izes to morphine (Kim et al., 2008) that do not develop tol-
erance to opioids. These findings indicate that proteins
involved in μ-opioid receptor desensitization and internali-
zation are critically involved in tolerance to morphine.
However, many studies have shown that acute morphine
administration is not effective at recruiting proteins involved
in μ-opioid receptor desensitization and endocytosis
(Whistler and von Zastrow, 1998; Finn and Whistler, 2001).
Although acute morphine is not capable of inducing signifi-
cant μ-opioid receptor internalization (Keith et al., 1996;
Sternini et al., 1996; Whistler and von Zastrow, 1999) or acti-
vating dynamin-dependent ERK signalling (Macey et al.,
2006; 2009), our results suggest that morphine does induce
μ-opioid receptor internalization and stimulate dynamin-

dependent ERK phosphorylation after repeated administra-
tion of morphine. Loss of μ-opioid receptors on the plasma
membrane has been demonstrated in the brain (Drake et al.,
2005) and guinea pig ileum (Patierno et al., 2011) following
chronic morphine administration. Alternatively, dynamin
inhibitors may disrupt the development of adaptations to
repeated opioid administration (Madhavan et al., 2010) or
disrupt μ-opioid receptor signalling in tolerant animals that is
not dependent on internalization (Whistler and von Zastrow,
1999; Whistler et al., 1999). Indeed, additional morphine sig-
nalling pathways have been identified that are disrupted in
β-arrestin knock-out mice (Bradaia et al., 2005; Mittal et al.,
2012). Our data are also consistent with the interpretation
that there is an increased affinity of morphine for μ-opioid
receptors (Ingram et al., 1998; 2008; Birdsong et al., 2013).
Increased competition of morphine with DERM-A594 would
also result in decreased DERM-A594 fluorescence in tolerant
rats after a morphine challenge. In either case, morphine
activation of μ-opioid receptors, in morphine-tolerant rats,
recruits dynamin-dependent processes that are important in
mediating antinociception.

In summary, our results demonstrate that for a single
opioid agonist, morphine, the balance between activation of
different effector signalling pathways is altered by repeated
administration. These changes in μ-opioid receptor signalling
are associated with the development of antinociceptive tol-
erance observed in the vlPAG. Future studies will address
the role of ligand-biased endosomal μ-opioid receptor
signalling in the vlPAG and the role of ERK signalling in the
cellular mechanisms underlying μ-opioid receptor-mediated
antinociception.
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