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The Influence of Mu Opioid Receptor Endocytosis on the Analgesic and
Motivational Properties of Acute and Chronic Morphine

by
Amy Chang Berger

Abstract
The biological actions of morphine and other opioid narcotics are mediated
primarily by the mu opioid receptor (MOR). In response to endogenous opioids, the
signaling of the MOR is regulated by a conserved endocytic mechanism, involving both
the desensitization of signaling by receptor phosphorylation and arrestin recruitment and
the subsequent resensitization by endocytosis and recycling. In response to morphine,
however, this regulatory mechanism is only weakly engaged, resulting in persistent MOR
desensitization without resensitization in some cells and in persistent MOR activation
without desensitization in others. We hypothesized that this could have multiple
consequences for morphine’s physiological effects. First, persistent MOR desensitization,
arising within minutes to days of morphine administration, could contribute to acutely
diminished sensitivity to morphine and acute tolerance. Second, compensatory
adaptations in response to persistent MOR activation, arising within hours to weeks of
morphine administration, could contribute to chronic tolerance, physical dependence, and
possibly addiction. To test this hypothesis, we generated a mutant Recycling MOR
(RMOR) that desensitizes, internalizes, and recycles in response to morphine. Here, we
describe the phenotype of knock-in mice expressing the mutant RMOR in place of the
iv

wild-type receptor. Consistent with our hypothesis, RMOR mice exhibited increased
analgesia and reward selectively in response to morphine. Furthermore, they developed
reduced tolerance and physical dependence following chronic morphine treatment, and
they were less likely to progress from controlled to compulsive drug seeking when given
the opportunity to freely self-administer morphine. These results suggest that promoting
agonist-induced MOR desensitization and endocytosis preserves the therapeutically
desirable effects of opioid drugs while preventing their negative side effects, particularly
tolerance, physical dependence, and addiction.
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Chapter 1:
Introduction

1

Opioids have been used to treat pain for well over 5,000 years (Brownstein,
1993). Before the 19th century, the drug of choice was opium, the resin released from the
seed pods of the opium poppy. The potency of opium varied greatly from batch to batch,
making it impossible to standardize dosage and greatly increasing the risk of overdose.
The purification of morphine from opium in 1803 finally solved this problem and greatly
improved the safety of using opioids; however, once drug doses were easily quantifiable,
the problem of tolerance, defined as the need for higher doses of drug to achieve the same
effect, became increasingly apparent. Tolerance was frequently accompanied by physical
dependence, the need for continued drug use to prevent somatic and affective withdrawal
symptoms, and, in some cases, by addiction.
Scientists have assumed or, at least, hoped that the biological mechanisms
mediating opioid analgesia are distinct from, and can be divorced from, those mediating
tolerance, dependence, and addiction; and from the time of morphine’s discovery, they
have tried to develop opioids with a reduced propensity to cause these negative sequelae
of prolonged opioid use. 200 years later, however, morphine is still a mainstay of
modern pain management, and the satisfactory treatment of chronic pain is still, in many
cases, frustrated by tolerance as well as fear of dependence and addiction.
Many attempts to develop a better opioid have been based on flawed or
incomplete hypotheses of tolerance development. Case in point, both heroin and
sustained release oxycodone (tradename OxyContin), today two of the most highly
sought after opioid drugs of abuse, were initially marketed as promoting less tolerance
and habit formation than morphine. Fortunately, our understanding of the molecular
mechanisms underlying opioid analgesia as well as tolerance and dependence has
2

improved greatly, paving the way for a new generation of more rationally designed and
screened opioid analgesics.
If the goal is truly to develop a better opioid and not “bandaid” drugs to treat the
undesired effects of opioids, then one must start at the opioid receptor. The biological
actions, both desired and undesired, of morphine and other narcotic analgesics are
mediated primarily by the mu opioid receptor (MOR), as they are abolished by MORspecific antagonists and in MOR knockout (KO) mice (Matthes et al., 1996). In our lab,
we study the effect of MOR trafficking and hetero-oligomerization on opioid analgesia,
tolerance, and dependence.

Regulation of Signal Transduction by MOR Trafficking
The MOR is a member of the Gi/o-coupled family of G protein coupled receptors
(GPCRs). When the MOR is activated, for example by endogenous enkephalins and βendorphin, it signals by catalyzing nucleotide exchange on Gi and Go, leading to
inhibition of adenylyl cyclase, neuronal hyperpolarization via activation of K+ channels,
and inhibition of neurotransmitter release via inhibition of Ca2+ channels. Following
activation, receptors are rapidly phosphorylated by GPCR kinases (GRKs) and
subsequently bound by arrestin. These two events uncouple the MOR from G protein,
resulting in receptor desensitization. Arrestin additionally recruits clathrin and other
components of the endocytic machinery, and endocytosis further attenuates receptor
signaling by removing ligand-receptor complexes from the cell surface. Finally,
internalized MORs are resensitized by rapid recycling to the plasma membrane (for
review, see (Ferguson et al., 1998)).
3

In this cycle, endocytosis acts as an OFF-ON-OFF-ON timer that precisely titrates
MOR signal transduction. First, when the receptor is actively signaling, receptor
desensitization and endocytosis function as an OFF switch that rapidly silences receptor
activity. However, once the receptor has been desensitized, endocytosis and recycling act
as an ON switch that is necessary for the recovery of agonist responsiveness.
The OFF-ON function normally provided by endocytosis may be compromised in
response to morphine and other commonly used opioids, including heroin and
oxycodone. Whereas endogenous opioids promote robust MOR internalization,
morphine fails to induce substantial endocytosis in vitro, even after prolonged periods at
saturating concentrations (Arden et al., 1995; Keith et al., 1996). Morphine also fails to
induce MOR endocytosis in multiple brain regions in vivo, including those involved in
pain transmission and morphine reward, such as the dorsal horn of the spinal cord, the
periaqueductal gray (PAG), and the ventral tegmental area (VTA) (He et al., 2002; He
and Whistler, 2005; Keith et al., 1998; Sternini et al., 1996). Importantly, in preparations
where morphine does promote some endocytosis, the degree of internalization is
substantially less than that achieved with endogenous peptide ligands and certain
synthetic agonists, such as methadone (Alvarez et al., 2002; Koch et al., 2005).
Defects in agonist-induced internalization could impact MOR signaling and
contribute to the development of morphine tolerance and dependence in multiple ways
(Fig. 1). The direction of the effect would depend on whether or not the receptor has
already been desensitized. If the receptor has been desensitized by phosphorylation
and/or arrestin binding, then the failure to resensitize, i.e. the loss of the ON function
provided by endocytosis, would result in the persistent loss of signaling-competent
4

receptors and could manifest as acute or chronic tolerance. In this case, agonists that do
not induce desensitization, agonists that induce both desensitization and resensitization
via receptor trafficking, or highly efficacious agonists that function at low receptor
occupancy and high receptor reserve would be expected to drive less tolerance. On the
other hand, if the receptor has not been desensitized, then the failure to internalize, i.e. the
loss of the OFF function provided by endocytosis, would result in persistent receptor
activation, and such abnormally prolonged signaling could, in turn, trigger homeostatic
cellular and systemic adaptations that manifest not only as tolerance but also as physical
dependence. In this case, agonists that induce desensitization, endocytosis, and recycling
would be expected to drive both less tolerance and less dependence. Thus, regardless of
whether opioid tolerance is due to impaired ON function (persistent desensitization due to
poor endocytosis and resensitization) or impaired OFF function (persistent activation due
to poor desensitization and endocytosis), agonists that promote MOR trafficking similar
to endogenous ligands would be expected to produce less tolerance.

Persistent MOR Desensitization and Tolerance
The hypothesis that MOR desensitization is the cellular basis of behavioral
tolerance has been studied extensively by our lab and others. In general, morphineoccupied receptors elude GRK and arrestin-mediated desensitization in heterologous
expression systems and brain slices in vitro (Whistler and von Zastrow, 1998; Zhang et
al., 1998). However, the endogenous complement of GRKs and arrestins may vary
across cell types and brain regions (Bailey et al., 2004; Bohn et al., 2002). In vivo studies
using chronic morphine have detected desensitization in some cases (Bagley et al., 2005;
5

Dang and Williams, 2005; Johnson et al., 2006b; Sim et al., 1996) but not others
(Blanchet and Luscher, 2002; Connor et al., 1999; Ingram et al., 1998). Similarly,
attempts to reduce tolerance by genetically ablating either GRKs or arrestins have
produced mixed results. GRK3 KO mice have reduced tolerance to fentanyl but not to
morphine, consistent with evidence that morphine does not stimulate robust GRK
phosphorylation (Terman et al., 2004); whereas, β-arrestin 2 KO mice have reduced
tolerance to morphine and heightened sensitivity to the analgesic effects of a single dose
of morphine and heroin but not fentanyl or methadone (Bohn et al., 2004; Bohn et al.,
2000; Bohn et al., 1999). These seemingly paradoxical results can be reconciled by the
fact that fentanyl and methadone are stronger MOR internalizers than morphine and can
recruit additional desensitizing mechanisms, such as β-arrestin 1, to the receptor in the
absence of β-arrestin 2 (Alvarez et al., 2002; Bohn et al., 2004; Virk and Williams, 2008).
Importantly, neither GRK nor arrestin deletion reduces the development of opioid
dependence and withdrawal (Bohn et al., 2000; Terman et al., 2004).
It is safe to say that compared to endogenous opioid peptides, morphine is a poor
inducer of canonical desensitization mediated by GRKs and arrestins. However, under
certain conditions, other kinases, most notably protein kinase C (PKC), may participate in
MOR desensitization (Chu et al., 2008; Johnson et al., 2006a). PKC does not appear to
play a role in persistent desensitization caused by acute morphine, as PKC inhibitors do
not enhance acute morphine analgesia (Smith et al., 2002; Smith et al., 1999). Rather,
PKC-mediated desensitization appears to be a secondary mechanism to reduce persistent
MOR activation when GRK phosphorylation, arrestin binding, and/or endocytosis are
inhibited or “fail,” as in the case of morphine. Furthermore, while analgesic doses of
6

morphine do not activate PKC in naïve animals, chronic morphine treatment has been
shown to increase coupling of the MOR to pro-nociceptive PKC-dependent signaling
pathways (Esmaeili-Mahani et al., 2008; Galeotti et al., 2006). PKC-dependent tolerance
to DAMGO, a synthetic analogue of endogenous enkephalin, is only observed when
endocytosis is inhibited (Ueda et al., 2001), and similarly, deletion of arrestin is required
to unmask PKC-dependent tolerance to morphine in the spinal cord (Bohn et al., 2002).
This may be explained by the loss of arrestin-dependent translocation of the MOR away
from lipid rafts where it is normally retained, as it has been shown that localization within
rafts is necessary for PKC activation by some GPCRs, including the NK1 receptor
(Monastyrskaya et al., 2005; Zheng et al., 2008). Whereas GRK-phosphorylated
receptors are rapidly resensitized by endocytosis and recycling, PKC activation inhibits
endocytosis, and PKC-phosphorylated receptors appear to require the activity of
phosphatases to restore signaling competency (Gabra et al., 2007; Shih and Malbon,
1994; Shih and Malbon, 1996). Thus, PKC phosphorylation may be a response to
unusually prolonged MOR activation that leads in turn to unusually prolonged
desensitization.
Overall, a complex picture is emerging in which morphine does induce limited
MOR desensitization in certain brain regions in vivo, including the brainstem, an
important site for pain transmission (Bohn et al., 2000; Kim et al., 2008). Although
morphine recruits desensitizing mechanisms poorly compared to endogenous opioids and
drugs like methadone, the functional impact is amplified, perhaps by a deficit in receptor
endocytosis and resensitization. Persistent desensitization thus contributes to acutely
diminished sensitivity to morphine, occurring within minutes of an animal’s first
7

exposure to drug, and to tolerance, particularly in situations where high doses of drug
given over a short period of time induce the development of tolerance over hours to days,
such as in many animals models. However, in patients receiving opioid analgesics,
tolerance typically emerges on the time scale of weeks. Such clinical tolerance is most
likely due not only to true insensitivity to medication caused by desensitization but also
to increased pain caused by homeostatic changes in signal transduction, as discussed
below.

Persistent MOR Activation and Dependence
By their very nature, opioid dependence and withdrawal cannot be explained by receptor
desensitization. The fact that withdrawal from opioid agonists promotes a physiological
response, especially in profoundly tolerant individuals, is proof that at least some opioid
receptors are still actively signaling. In other words, if all receptors were desensitized,
then removing drug from them would produce no effect. However, the administration of
a MOR antagonist to dependent subjects, such as heroin addicts, unmasks active
withdrawal symptoms, such as pain, agitation, and diarrhea, that are the polar opposite of
the acute effects of opioids. In dependent subjects, therefore, the body has adapted to
persistent high opioid tone by making homeostatic adjustments in anti-opioid systems.
Such compensatory changes have been observed at both the cellular level, e.g. cAMP
superactivation, and the circuit level, e.g. increased glutamate transmission in excitatory
nociceptive pathways (for review, see (King et al., 2005; Williams et al., 2001)).
The homeostatic adaptation that is perhaps best studied is cAMP superactivation.
In response to acute treatment with MOR agonists, cAMP production by adenylyl cyclase
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is inhibited, protein kinase A (PKA) activation is reduced, and levels of phosphorylated
CREB fall. In contrast, chronic morphine exposure leads to an increase in the expression
of certain isoforms of adenylyl cyclase, PKA, and CREB (Nestler, 1996). In addition,
functional upregulation of the cAMP pathway has been demonstrated in multiple brain
regions, including the locus coeruleus (LC) (Lane-Ladd et al., 1997), the PAG (Hack et
al., 2003), the nucleus accumbens (NAc) (Chieng and Williams, 1998), and the VTA
(Bonci and Williams, 1997; Chieng and Williams, 1998; Hack et al., 2003; Lane-Ladd et
al., 1997). Intriguingly, injection of an opioid antagonist into these sites in morphinedependent animals elicits many of the somatic (LC and PAG) and motivational (NAc)
symptoms of withdrawal (Koob et al., 1992; Maldonado et al., 1992; Stinus et al., 1990).
cAMP superactivation may in fact be the cellular basis of opioid withdrawal.
Administration of CREB antisense oligonucleotides or PKA inhibitors directly into the
LC or PAG attenuates the somatic signs of withdrawal in morphine-dependent animals.
Conversely, in morphine naïve animals, administration of PKA activators precipitates a
withdrawal-like syndrome (Lane-Ladd et al., 1997; Punch et al., 1997). cAMP
superactivation also leads to an increase in the excitability of MOR-expressing neurons
and an increase in neurotransmitter release from these cells. For example, chronic
morphine and withdrawal cause a cAMP-dependent increase in GABA synaptic
transmission in interneurons in the NAc (Chieng and Williams, 1998), dopaminergic
neurons in the VTA (Bonci and Williams, 1997), and pain inhibitory neurons in the PAG
(Hack et al., 2003; Ingram et al., 1998) and nucleus raphe magnus (NRM) (Ma and Pan,
2006). Each of these effects opposes the acute action of morphine, and upon removal of
morphine, they may contribute to rebound excitation that exceeds pre-morphine levels.
9

When opioids are used for a prolonged period of time, as in the treatment of
chronic pain, some amount of compensation and hence dependence may be inevitable.
However, just as with tolerance, not all opioids are created equal when it comes to
dependence. For example, methadone produces a much milder withdrawal syndrome
than morphine when administered chronically to otherwise opioid-naïve animals (Kim et
al., 2008). And in general, MOR agonists that stimulate robust receptor internalization
induce less tolerance and dependence in vivo when administered at equi-antinociceptive
doses (Duttaroy and Yoburn, 1995; Grecksch et al., 2006; Walker and Young, 2001).

The Mutant Recycling Mu Opioid Receptor
As mentioned above, studies comparing different MOR agonists have found that
those that induce robust receptor endocytosis and recycling, and thus a response more
like that induced by endogenous ligands, tend to produce reduced tolerance and
dependence in vivo (see Box 1: Opioids in Clinical Use). Based on these
pharmacological studies alone, however, it is impossible to conclude that endocytosis per
se is protective, because different agonists differ in other properties in addition to
endocytosis, including specificity, potency, efficacy, and half-life.
In order to isolate the effect of endocytosis on morphine analgesia, tolerance, and
dependence, we generated a mutant Recycling MOR (RMOR) that desensitizes,
internalizes, and recycles in response to morphine (Finn and Whistler, 2001).
Importantly, the affinity of the RMOR for morphine and other MOR ligands and the
efficiency of its coupling to G protein are equivalent to the wild-type (WT) receptor. The
trafficking of the RMOR in response to peptide ligands and methadone are also
10

unchanged. Initial in vitro experiments demonstrated that cultured epithelial cells
expressing the mutant receptor develop reduced signs of cellular tolerance and
withdrawal, including cAMP superactivation and CREB-induced gene expression. In
order to determine whether this would translate into reduced systemic tolerance and
withdrawal, we generated a knock-in mouse line that expresses the mutant RMOR in
place of the WT receptor (Kim et al., 2008). The following two chapters describe the
phenotype of RMOR mice. Chapter 2 discusses their pain-related behaviors – analgesia,
analgesic tolerance, and physical dependence – in response to morphine and methadone,
a drug that is predicted to behave similarly in RMOR and WT mice. Chapter 3 discusses
their reward-related behaviors – acute reinforcement, affective dependence, and addiction
– in response to morphine.
The goal of this research is to help guide the selection and development of safer,
more effective opioid drugs. The MOR has been exceptionally well validated as a drug
target for acute pain. However, if chronic pain is to be successfully treated, drug
developers must look beyond efficacy and potency and consider additional properties that
affect net receptor signaling, including receptor trafficking and signaling through noncanonical pathways such as arrestin. Our findings with the mutant RMOR mice,
presented below, suggest that the ideal drug would recruit arrestin to the MOR and
induce receptor endocytosis and recycling similar to endogenous opioids.

11

Box 1. Opioids in Clinical Use
We predict that the ideal opioid would be highly selective for the MOR, have
pharmacokinetic properties similar to morphine, but promote MOR desensitization and
trafficking similar to endogenous opioids. Unfortunately, among the opioids commonly
used to treat pain, no such drug currently exists.
Morphine and codeine – These two drugs are the primary active ingredients of raw
opium. Codeine is a prodrug that is converted in vivo into codeine-6-glucuronide and
morphine, through which it exerts the majority of its analgesic effect. Compared to
endogenous opioid peptides, both codeine and morphine induce significantly less MOR
internalization in vitro and in vivo even when they are administered at higher doses for an
extended period of time (Keith et al., 1998).
Hydromorphone, hydrocodone, oxycodone, and oxymorphone – Along with
morphine, these drugs are the most commonly prescribed to chronic pain patients. They
are all semi-synthetic drugs that are derived from naturally occurring opiate alkaloids,
such as morphine, and structurally, they are very similar to morphine. It is not surprising
then that, like morphine, they are poor internalizers of the MOR (Koch et al., 2005), and
their use is associated with the development of both substantial tolerance and
dependence.
Fentanyl – Fentanyl is a fully synthetic agonist that is structurally unrelated to morphine.
It is commonly used as an induction agent for surgical anesthesia and, in transdermal and
buccal preparations, as a treatment for chronic pain, particularly cancer pain. Fentanyl is
both highly efficacious and highly potent and produces maximal analgesic effect at low
receptor occupancy. Compared to morphine, it also induces a greater degree of MOR
12

desensitization and endocytosis when applied at saturating concentrations in vitro (Keith
et al., 1998; Koch et al., 2005). However, the dose of an agonist that is required for
signal transduction is much lower than that required for receptor internalization (Alvarez
et al., 2002), and at clinically relevant doses, fentanyl does not drive substantial MOR
endocytosis. Fentanyl-occupied receptors would thus be expected to be persistently
desensitized in some regions of the brain and persistently activated in others. Because
fentanyl is able to drive strong signal transduction while occupying only a small
percentage of the total receptor pool, we would predict that persistent MOR
desensitization would not cause significant tolerance to fentanyl, but persistent activation
would trigger compensatory changes that, in turn, would cause dependence and tolerance
to other opioid agonists. Indeed, fentanyl is often effective in otherwise opioid-tolerant
patients; however, its use is also associated with the rapid development of hyperalgesia
and an increase in the need for other opioid analgesics, frequently after even a single
exposure to fentanyl (Angst et al., 2003; Laulin et al., 2002).
Methadone – Methadone has a potency similar to morphine but, in contrast, is quite
effective at stimulating receptor endocytosis (Koch et al., 2005). However, methadone
has a very long half-life, and unfortunately, there is a great deal of both pharmacokinetic
and pharmacodynamic variability in methadone metabolism and response across the
human population (Eap et al., 2002). In particular, in many patients, the effective halflife of methadone for analgesia does not mirror the half-life for respiratory suppression
and cardiac side effects, making methadone difficult to dose consistently and safely.
Therefore, methadone is only rarely used as a first line therapy for chronic pain.
However, because it does facilitate MOR trafficking, we would predict that methadone
13

would be able to overcome the portion of tolerance to other opioids that is due to
persistent receptor desensitization rather than compensatory changes in signal
transduction. Consistent with this, cross-tolerance to methadone is often incomplete,
making methadone a common choice for opioid rotation in chronic pain patients
(Mercadante, 1999).
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Figure 1. Impairment of MOR trafficking in response to morphine contributes to
tolerance and dependence.
A. Normal cycling of the MOR in response to endogenous enkephalin (ENK).
Ligand binding activates signal transduction, leading to a reduction in cAMP. Activated
receptors are rapidly silenced by receptor phosphorylation and arrestin binding.
Subsequently, agonist responsiveness is restored by receptor endocytosis and recycling to
the plasma membrane. Signal transduction in response to enkephalin is therefore
pulsatile: ON-OFF-ON-OFF.
B. Abnormal cycling of the MOR in response to morphine (MOR). Morphine
induces desensitization in some brain regions but not others and, compared to enkephalin,
stimulates very little receptor endocytosis. (i) In brain regions where morphine induces
neither desensitization nor endocytosis, signal transduction is persistently ON, leading to
homeostatic counteradaptations that manifest as tolerance and dependence. (ii) In brain
regions where morphine induces desensitization without endocytosis, signal transduction
is persistently OFF, leading to a prolonged loss of agonist responsiveness that contributes
to tolerance but not dependence.
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Chapter 2:
Promoting morphine-induced mu opioid receptor
trafficking enhances morphine analgesia and reduces
the development of tolerance and dependence
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Summary
Morphine induces its biological actions primarily through the G-protein coupled muopioid peptide receptor (MOP-R)†. Unlike endogenous mu ligands, morphine fails to
promote rapid internalization of the MOP-R in many brain regions; consequently,
prolonged MOP-R activation may lead to compensatory adaptations that contribute to the
development of morphine tolerance and dependence. To directly test this hypothesis, we
generated a knock-in mouse with altered MOP-R trafficking properties. A specific
mutation to the C-terminal tail was sufficient to allow MOP-Rs to rapidly endocytose in
response to morphine. Behaviorally, this gain-of-function resulted in significantly
enhanced morphine antinociception, attenuated development of antinociceptive tolerance,
and reduced physical dependence. These data suggest that opioid drugs that promote
internalization of the receptor could provide enhanced analgesia while having a reduced
liability for the side effects of tolerance and dependence.

Introduction
Opiates are among the most powerful analgesics available in clinical medicine.
However, the utility of opiates such as morphine for the treatment of chronic pain is
limited by side effects such as nausea, sedation, respiratory depression (Shapiro et al.,
2005), opioid dependence (Streltzer and Johansen, 2006), and tolerance. Many patients
receiving morphine for chronic pain develop tolerance as evidenced by the need for
escalating doses of drug to maintain effective analgesia (Raith and Hochhaus, 2004).

†

The data presented in this chapter has been published by Kim et al. (2008) Curr Biol. 18(2):129-35. The
23 preserved here.
naming conventions used in that chapter have been

Studies using knock-out animals have conclusively demonstrated that the main biological
actions of morphine, both desired and undesired, require one particular G-protein-coupled
receptor – the mu-opioid receptor (MOP-R) (Loh et al., 1998; Matthes et al., 1996;
Monory et al., 2000; Schuller et al., 1999; Sora et al., 2001). The endogenous peptide
ligands of the opioid receptors and the many clinically relevant small molecule opioid
drugs, such as morphine, methadone, fentanyl, and codeine, all act as agonists at the
MOP-R. Each of these diverse ligands has a distinct pharmacology and endocytic
receptor trafficking profile (for review see (Waldhoer et al., 2004)). Specifically, the
endogenous opioid peptides, and some alkaloid agonists facilitate pronounced
endocytosis of the MOP-R both in vitro and in vivo. In contrast, morphine-occupied
receptors, both in vitro (Arden et al., 1995; Ferguson et al., 1998; Keith et al., 1996; Koch
et al., 2001; Whistler and von Zastrow, 1998; Yu et al., ; Zhang et al., 1998) and in vivo
(Abbadie and Pasternak, 2001; He et al., 2002; He and Whistler, 2005; Keith et al., 1998;
Sternini et al., 1996; Trafton et al., 2000), fail to internalize even when morphine is given
at higher effective doses. Even in systems where morphine appears to induce some
endocytosis of the MOP-R, it is to a lesser degree than that induced by opioid peptides or
other small molecule drugs such as methadone (Haberstock-Debic et al., 2005).
As is the case for most G protein-coupled receptors (GPCRs), endocytosis of the
MOP-R is the culmination of a cascade of events involving receptor activation, receptor
phosphorylation by G protein-coupled receptor kinases (GRKs) or other kinases, and
recruitment of arrestin, which uncouples the receptor from its G protein partner (for
review see (Claing et al., 2002). Arrestin additionally acts as a scaffold to promote
receptor endocytosis (Goodman et al., 1996). Following endocytosis, the MOP-R is
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recycled to the membrane (Koch et al., 2001; Law et al., 2000; Trafton and Basbaum,
2004; Whistler et al., 2002). In this cycle, endocytosis of the MOP-R serves two
important functions in regulating signal transduction. First, desensitization and
endocytosis act as an “OFF” switch by uncoupling receptors from their cognate G
protein. Second, endocytosis and receptor recycling serve as an “ON” switch,
resensitizing receptors by recycling them to the plasma membrane where agonist can
regain access to the receptors. In short, endocytosis provides an efficient mechanism to
carefully titrate signal transduction from the receptor.
Evidence suggests that both the OFF and ON function of the MOP-R are altered
in response to morphine compared to endogenous ligands. In some cells and tissues,
MOP-Rs appear to be partially desensitized both in vitro and in vivo following chronic
morphine treatment (Bagley et al., 2005; Borgland et al., 2003; Dang and Williams, 2005;
Johnson et al., 2006; Schulz et al., 2004). This desensitization has been hypothesized to
contribute to morphine tolerance. Indeed, mice lacking arrestin show enhanced morphine
antinociception (Bohn et al., 1999) and reduced tolerance (Bohn et al., 2000). Because
morphine-occupied, desensitized receptors are poorly internalized, it is likely they cannot
be efficiently resensitized. Hence, the ON function provided by endocytosis is
compromised.
However, morphine clearly does not promote complete receptor desensitization,
as removal of morphine causes withdrawal signs—a clear indication that signal
transduction is still occurring in the presence of drug. In fact, both in vitro and in vivo
data demonstrate that chronic morphine treatment causes compensatory changes in signal
transduction that lead to alterations in levels of second messengers (Bailey and Connor,
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2005; Gintzler and Chakrabarti, 2006; Nestler, 1996), gene transcription (AmmonTreiber and Hollt, 2005; McClung et al., 2005) and neurotransmitter (Bonci and
Williams, 1997; Hack et al., 2003). These compensatory changes are revealed upon
removal of the drug. We propose that these compensatory changes are a consequence of
the compromised OFF function of endocytosis.
Consistent with this hypothesis, cells expressing a mutant receptor – a recycling
MOP-R (rMOP-R) that internalizes and recycles in response to morphine – show reduced
compensatory adaptations in response to chronic morphine compared to cells expressing
the wild-type (WT) MOP-R (Finn and Whistler, 2001). Furthermore, pharmacological
cocktails that facilitate endocytosis of morphine-bound MOP-Rs reduce the development
of tolerance and dependence in vivo (He et al., 2002; He and Whistler, 2005), and
agonists that stimulate endocytosis in vitro produce reduced tolerance in vivo (Duttaroy
and Yoburn, 1995; Grecksch et al., 2006; Walker and Young, 2001). An important
caveat of these pharmacological studies is that varying the opiate ligand changes multiple
properties, including receptor endocytosis but also ligand affinity, potency, efficacy and
bioavailability. For this reason, it has been difficult to directly test whether endocytosis
per se is a critical mechanism that affects opioid analgesia, tolerance and dependence.
In summary, we propose that facilitating MOP-R endocytosis in response to
morphine could restore the OFF/ON switch and titrate signaling in a manner similar to
that induced by endogenous opioid peptides, leading to reduced morphine tolerance and
dependence. Here we examine this hypothesis in a novel knock-in mouse that expresses
a mutant MOP-R that internalizes in response to morphine.
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Results
Generation of a novel MOP-R knock-in mouse with altered trafficking properties.
To directly examine whether endocytosis of the MOP-R in response to morphine
alters the development of tolerance and dependence in vivo, we generated a knock-in
mouse expressing the rMOP-R mutant receptor that internalizes in response to morphine.
In this rMOP-R, a portion of the cytoplasmic tail of the MOP-R, encoded entirely within
exon 3, has been replaced with sequence from the delta opioid receptor (see Fig. 1A).
Mice expressing the rMOP-R were identified by Southern (DNA) blot analysis (Fig. 1A
and B). The specific mutation introduced to the MOP-R gene was contained entirely
within Exon 3, which is common to all splice variants that have been described.
Endocytic trafficking of the WT receptor and mutant rMOP-R examined in striatal
neurons cultured from WT and mutant mice demonstrated that morphine promoted
rMOP-R but not MOP-R endocytosis (Fig. 1C and Supplemental Fig. 1).
The mutant mice were viable, had no gross phenotypic abnormalities, and showed
normal baseline pain responses (hot-plate latency, 56˚C: WT, 4.88 ± 0.33 seconds;
mutant, 4.55 ± 0.32 seconds and see Fig. 4 saline treatments). Consistent with their
equivalent baseline pain responses, there were no genotypic differences in MOP-R
distribution in the spinal cord or multiple brain regions important for the antinociceptive
and reinforcing properties of opiates (Supplemental Fig. 2 and data not shown). In
addition, ligand affinity, receptor number, and receptor G-protein coupling were
unaltered in the rMOP-R mice (Fig. 2A-C).

Antinociception in rMOP-R knock-in mice versus WT mice.
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Morphine-induced antinociception was evaluated by measuring response latencies
in the hot-plate test. We tested a dose of morphine (10 mg/kg) known to induce robust
antinociception in mice. The acute antinociceptive effect of this dose of morphine was
significantly enhanced and prolonged in knock-in mice relative to their WT littermates
(Fig. 3A). A dose of 3 mg/kg in the mutant mouse was equi-antinociceptive to 10 mg/kg
in the WT mouse (Fig. 3B). Both genotypes reached a ceiling effect at the highest dose
tested, 50 mg/kg. The opioid antagonist naloxone completely reversed the antinociceptive
effects of morphine in both WT and mutant mice (Fig. 3B).
We propose that the enhanced antinociception in the mutant mice reflects the
restoration of the ON function provided by receptor endocytosis and recycling.
Specifically, we propose that morphine-occupied MOP-Rs become partially desensitized
in WT mice and fail to resensitize due to poor endocytosis; whereas in the rMOP-R
knock-in mice, receptors are also desensitized but are rapidly resensitized by endocytosis
and recycling. Consistent with this hypothesis, MOP-Rs in WT mice given a single 10
mg/kg dose of morphine showed significant receptor-G protein uncoupling (Fig. 3C, left
panel). Clearly not all MOP-Rs in these mice were desensitized, since morphine is still
an excellent acute antinociceptive agent in WT mice. Nevertheless, MOP-Rs in the
brainstem of WT mice treated with morphine showed a 200-fold shift in the EC50 of
DAMGO (Fig. 3C, left panel) compared to WT mice treated with vehicle. In contrast,
receptors in rMOP-R mice given the same dose of morphine, showed no desensitization
(Fig. 3C, right panel). These data suggest that the reduced morphine antinociception in
the WT compared to the rMOP-R mice reflects partial desensitization of MOP-Rs that is
not reversed by endocytosis and recycling.
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If this were the case, we would expect mice of both genotypes to show equivalent
antinociception to an agonist that promotes endocytosis of the receptor in both genotypes.
Indeed, there were no significant genotypic differences in antinociception induced by
methadone (1-10 mg/kg; Fig. 3D), a MOP-R agonist that promotes rapid internalization
of both the WT MOP-R and mutant rMOP-R. Thus, the enhanced opioid antinociception
observed in the rMOP-R knock-in mice is specific to morphine. Together with our
immunohistochemical and pharmacological data (Supplemental Fig. 2 and Fig. 2), these
data suggest that the enhanced morphine antinociception in the rMOP-R knock-in mice
cannot be accounted for by differences in MOP-R distribution, ligand affinity, receptor
number, or receptor G-protein coupling. Rather, these data suggest that facilitating
MOP-R endocytosis enhances morphine antinociception by reversing rapid
desensitization.

Acute antinociceptive tolerance in rMOP-R knock-in mice versus WT mice.
It has been hypothesized that MOP-R desensitization contributes to acute
morphine tolerance. If this were the case, rMOP-R mice would be expected to develop
reduced acute tolerance compared to WT mice. To examine this, we evaluated the acute
antinociceptive effect of equi-antinociceptive doses of morphine (3 mg/kg in rMOP-R
and 10 mg/kg in MOP-R, see Fig 3B) 24 hours following pretreatment with a high dose
of morphine (100 mg/kg) or saline. The day following pretreatment, baseline response
latencies between genotypes were similar (rMOP-R, 5.76 ± 0.47 secs; MOP-R, 5.86, ±
0.51 secs). Indicative of the acute tolerance that is typically observed in this paradigm ,
WT MOP-R mice that had been pretreated with 100 mg/kg of morphine showed a 43%
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reduction in antinociception compared to mice that had received saline the day before
(Fig. 4A). In contrast, the rMOP-R knock-in mice maintained similar levels of morphine
antinociception regardless of whether they had received morphine or saline pretreatment
the day before (Fig. 4A). Thus, the rMOP-R knock-in mice did not develop acute
antinociceptive tolerance to morphine.

Chronic antinociceptive tolerance in rMOP-R knock-in mice versus WT mice.
While acute tolerance to high doses of opioids is most relevant to acute pain,
during the treatment of chronic pain, analgesic tolerance typically develops over the
course of repeated administrations of moderate levels of drug. Thus, we evaluated the
development of tolerance following twice daily administrations of morphine (10 mg/kg)
over 5 days. WT mice in this paradigm developed antinociceptive tolerance (Fig. 4B,
squares). In contrast, their rMOP-R littermates, treated with the same dose of morphine
(10 mg/kg) at the same intervals, showed no evidence of tolerance, exhibiting as much
antinociception on the last day of drug treatment as they did on the first day (Fig. 4B,
circles).
To rule out the possibility that the lack of tolerance in the mutant mice was an
artifact of enhanced morphine antinociception (Fig. 3A,B), a separate group of knock-in
mice were treated chronically with an equi-antinociceptive dose of morphine (3 mg/kg,
see Fig. 3B) given at the same intervals. These rMOP-R knock-in mice still showed
reduced tolerance, maintaining similar levels of antinociception over the course of
treatment (Fig 4B, triangles). Thus, reduced morphine tolerance in the knock-in relative
to WT mice cannot be attributed to enhanced morphine antinociception.
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These results suggest that endocytosis of the receptor reduces the development of
antinociceptive tolerance. If this were the case, one would expect that opiate agonists,
such as methadone, that promote endocytosis of the MOP-R would have reduced liability
for promoting tolerance in WT mice. In addition, WT and rMOP-R mice should show
equivalent responsiveness to chronic methadone. To examine this hypothesis, we
evaluated the development of tolerance to methadone in MOP-R and rMOP-R mice. In
order to directly compare tolerance to morphine versus methadone, a dose of methadone
was chosen (4 mg/kg, see Fig. 3D) that was equi-antinociceptive to the morphine dose
administered in Fig. 4B. At this dose, neither genotype showed evidence of tolerance
across treatment days (Fig. 4C). In addition, responsiveness to methadone during all
treatment days was equivalent in MOP-R (Fig. 4C, squares) and rMOP-R mice (Fig. 4C
circles). Thus, reduced chronic opioid tolerance in rMOP-R mice relative to MOP-R
mice is specific to morphine.
As was the case for reduced acute tolerance, reduced chronic tolerance to
morphine in the mutant mice may reflect, at least in part, that MOP-Rs in the WT mice
are desensitized (Fig. 3C) but are unable to resensitize due to poor endocytosis of the
receptor. Facilitating receptor internalization and recycling (i.e., restoring the ON
function of endocytosis) may protect against the development of both acute (Fig. 4A) and
chronic tolerance (Fig. 4B).
However, receptor desensitization alone cannot explain antinociceptive tolerance
to morphine. Specifically, if all MOP-Rs were desensitized in morphine tolerant mice,
then displacement of morphine from these non-signaling receptors with antagonist should
have no behavioral effect. However, morphine tolerant animals show substantial
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naloxone-precipitated withdrawal signs (for example, see (Kest et al., 2002)), indicating
that receptors continue to signal actively in morphine tolerant animals despite the lack of
antinociception. Hence, mechanisms other than receptor desensitization are likely
contributing to tolerance.
Morphine withdrawal in rMOP-R knock-in mice versus WT mice.
We next examined whether facilitating endocytosis in the rMOP-R mice affected
the development of morphine dependence. Following chronic treatment with morphine,
mice were challenged with the opioid antagonist, naloxone (2 mg/kg), 30 min following
the final morphine injection. Global withdrawal responses were scored by an observer
who was blind to genotype (Fig 4D). WT mice expressed robust withdrawal responses
compared to mutant mice, which were chronically treated with the same amount of
morphine (10 mg/kg) but at a functionally higher dose (see Fig. 3A, B). Consistent with
the hypothesis that enhanced receptor endocytosis decreases withdrawal, chronic
methadone treatment (4 mg/kg given at the same intervals as morphine), promoted
substantially less withdrawal than did morphine in WT mice (Fig. 4D). In fact, the
moderate level of methadone withdrawal in WT mice was equivalent to that produced by
either morphine or methadone in the rMOP-R mice (Fig. 4D). Hence, we have generated
a mouse line that retains morphine antinociceptive potency with markedly reduced
morphine tolerance and dependence.

Discussion
Here we report that mice expressing a mutant rMOP-R with altered receptor
trafficking properties in response to morphine show enhanced morphine-induced
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antinociception, reduced morphine tolerance, and reduced naloxone-precipitated
withdrawal compared to their WT littermates. These knock-in mice otherwise show
normal ligand affinity, receptor number, receptor G-protein coupling, and receptor
distribution, consistent with the fact that both their basal pain responses as well as
methadone antinociception are equivalent to that of their WT littermates.
These data are consistent with the hypothesis that enhanced endocytosis of the
MOP-R in response to morphine can reduce antinociceptive tolerance and dependence
while retaining the antinociceptive efficacy of morphine. It is important to note that
endocytosis is only one step in a cascade of highly conserved events that occurs
following G-protein coupled receptor activation. When receptors are activated by
endogenous ligand, they are rapidly desensitized by phosphorylation and interaction with
arrestin and then endocytosed. Following endocytosis, MOP-Rs are functionally
resensitized by recycling to the plasma membrane. Many groups have demonstrated in
vitro that morphine-activated receptors elude this natural cycle of receptor
desensitization, endocytosis and resensitization that is induced by endogenous MOP-R
ligands (Alvarez et al., 2002; Blanchet et al., 2003; Connor et al., 1999; Kovoor et al.,
1998; Whistler and von Zastrow, 1998). Similarly, morphine has been found to be a
poor inducer of receptor endocytosis in vivo (Abbadie and Pasternak, 2001; He et al.,
2002; He and Whistler, 2005; Keith et al., 1998; Sternini et al., 1996; Trafton et al.,
2000). However, subtleties emerge, because in some cases, desensitization has not been
detected (Ingram et al., 1998), whereas in other cases desensitization of the morphineactivated receptor by GRK/arrestin and/or PKC does appear to occur (Bagley et al., 2005;
Bailey et al., 2004; Bohn et al., 2002; Bohn et al., 1999; Borgland et al., 2003; Bushell et
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al., 2002; Johnson et al., 2006; Narita et al., 2001; Selley et al., 1997; Smith et al., 2002).
Thus, receptor desensitization may be either brain region specific, incomplete, or both.
In the context of regionally-specific or incomplete receptor desensitization, the
failure to endocytose the morphine-bound receptor has the potential to affect signal
transduction in at least two ways. First, in cells or brain regions where morphine does not
cause substantial receptor desensitization, prolonged receptor activation may trigger
downstream adaptive responses that contribute to morphine tolerance and dependence. In
rMOP-R mice, this prolonged receptor activation is replaced by pulsatile receptor
activation due to restoration of the OFF/ON switch of endocytosis. Second, in cells or
brain regions where receptors do become desensitized after morphine activation, failure
to endocytose would prevent functional resensitization of the receptor; whereas, in
rMOP-R mice, resensitization would be restored. Notably, even in regions where
desensitization appears to occur (Fig. 3C), a significant number of receptors may remain
coupled. These remaining receptors would exhibit prolonged activation in WT mice and
pulsatile activation in knock-in mice.
Promoting morphine-induced endocytosis would be expected to both facilitate
receptor resensitization and alleviate the compensatory adaptive changes associated with
dependence. Our data in rMOP-R mice are consistent with this hypothesis. Both the
rMOP-R knock-in mice and mice with a genetic disruption of arrestin show enhanced
morphine antinociception and reduced tolerance (see Fig 3 and 4 and (Bohn et al., 2000).
These data suggest that the WT MOP-R is desensitized by arrestin in response to
morphine. Elimination of arrestin function, in the arrestin knock-out mice, prevents this
desensitization thereby enhancing morphine antinociception and delaying tolerance. In
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the rMOP-R knock-in mice, facilitating endocytosis produces the same result by
facilitating recovery from desensitization.
Importantly, in contrast to the rMOP-R knock-in mice, arrestin knock-out mice
show levels of naloxone-precipitated withdrawal that are equivalent to their WT
littermates (Bohn et al., 2000). This suggests that, even after chronic morphine treatment,
there are substantial numbers of MOP-Rs still coupled to G protein in WT animals with
intact arrestin. Together, these data again suggest that arrestin-mediated desensitization
of morphine-occupied receptors may either be brain region specific or incomplete or
both. In contrast, the rMOP-R knock-in mice show substantially reduced somatic
withdrawal signs (Fig 4D). While both facilitating receptor endocytosis/resensitization
and preventing receptor desensitization are effective strategies to enhance morphine
antinociception and prevent tolerance, the former has the added benefits of 1) reducing
morphine dependence and 2) specificity to the MOP-R. Trafficking of many G proteincoupled receptors, not just the MOP-R, is likely to be affected by the inhibition of
arrestin-mediated desensitization.
Tolerance and dependence induced by prolonged opioid exposure occur at
multiple levels in the nervous system but are initiated by agonist action at the receptor.
All opioids, when given at high enough concentration for a long enough period of time,
can induce tolerance and dependence. However, when given at equi-antinociceptive
doses, opioids induce different degrees of tolerance and dependence (Duttaroy and
Yoburn, 1995; Grecksch et al., 2006; Walker and Young, 2001) and some ligands even
appear to cause these effects by different mechanisms (Narita et al., 2006; Patel et al.,
2002). Hence, given the complex pharmacology of the various opioid ligands, it has been
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difficult to isolate the effect of endocytosis on tolerance and dependence. When different
opioid drugs are compared, (e.g., morphine versus methadone) numerous aspects of
signaling are modified—including, but not limited to, endocytosis.
The present results provide a genetic “proof-of-concept” that endocytosis, is an
important mechanism that can delay tolerance and dependence. Notably, the use of the
rMOP-R knock-in mice allow the same opioid drug to be compared in mice that appear to
differ only in their MOP-R trafficking properties. These mice also provide a powerful
tool for delineating which of the adaptive changes that have been observed in WT
animals following chronic morphine treatment are relevant to behavioral tolerance and
dependence. Changes that occur only in WT but not rMOP-R knock-in mice are likely
crucial, while changes that happen in both genotypes are unlikely to be contributing
factors to the pathophysiology of chronic morphine use. These data also suggest a new
approach to the design of better opioid analgesic drugs, especially for the treatment of
chronic pain. Accordingly, we would expect that opioid drugs that facilitate endocytosis
and recycling of the MOP-R would exhibit good antinociceptive potency but nevertheless
show a reduced liability for causing tolerance and dependence.
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Figure 1. Generation of rMOP-R knock-in mice.
A. Schematic of targeting strategy. A Sal1-Sac1 genomic fragment containing the
MOP-R sequence, including Exons 2 and 3 was modified to contain the rMOP-R
sequence (inset). A cassette containing resistance to G418 (Fx-Neo) and flanked by Lox
P sites was inserted in the intron downstream of exon 3 for selection of ES clones.
B. Detection of homologous recombinants. Genomic DNA was digested with BamHI
and subjected to DNA hybridization with a ~1.1kb BglII fragment (see a). Targeted loci
were confirmed by the presence of a band at ~8kb. The intact locus gave a band at ~6kb.
C. Quantification of endocytosis. Metamorph software was used to quantify the
intensity of receptor signal at the plasma membrane versus the cytosol for each treatment
condition and each genotype (MOP-R in black, rMOP-R in white). Data is plotted as the
ratio of signal located within 0.3 µm of the surface (peripheral) versus the amount in the
cytosol (central). See supplemental Fig. 1 for representative neurons and schematic.
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Figure 2. Pharmacological characterization of WT MOP-R and rMOP-R mice.
A, B. Receptor-G protein coupling. Agonist mediated GTPγS binding was measured in
brain membranes of WT MOP-R (squares) and rMOP-R mice (circles) with increasing
concentrations of DAMGO or morphine. Data were analyzed by nonlinear regression
using GraphPad Prism software and are presented as means ± SEM of at least three
experiments performed in triplicate. There were no significant genotypic differences in
either EC50 or Emax.
C. Ligand affinity and receptor number. [3H] Naloxone binding in whole brain
membranes from MOP-R and rMOP-R mice. Saturation binding assays were performed
on membranes (50-100 μg per well) with increasing concentrations of [3H] naloxone (0 to
15 nM, 55.9Ci/mmol). Nonspecific binding was measured in the presence of 10 μM
naloxone. Binding parameters were determined by Scatchard analysis of specific binding.
Data are means ± SEM of three experiments performed in duplicate. There were no
statistically significant differences between the genotypes (One way ANOVA with
Tukey’s post-hoc test). Bmax, maximum binding capacity; KD, dissociation constant.
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Figure 3. Antinociception in WT MOP-R and rMOP-R mice.
A. Enhanced and prolonged morphine-induced antinociception in rMOP-R knockin mice. Antinociceptive responses were measured with the hot-plate response latency
test (56˚C) after morphine treatment (10 mg/kg, sc). A response endpoint was defined as
latency to either lick the fore- or hindpaws or flick the hindpaws. To avoid tissue
damage, mice were exposed to the hot-plate for a maximum of 20s. Data are reported as
the mean ± SEM of percent maximum possible effect (MPE) using the following
formula: 100% x [(drug response time – basal response time)/(20 s – basal response
time)]. A two-way analysis of variance revealed that the MPE curve for rMOP-R mice
(n=17) mice was significantly greater and prolonged relative to the MOP-R mice (n=17)
as indicated by a significant genotype [p<.001, F(1,7)=28.05] and genotype X time
interaction effect [p<.001, F(1,7)=4.97].
B. Dose-dependent morphine-antinociception. Antinociceptive responses were
determined with the hot-plate test and data are reported as mean ± SEM of MPE (see a).
Separate groups of mice for both genotypes (n=7-9) were injected with the doses of
morphine indicated and assessed for antinociception 30 min later. To test whether the
antinociceptive responses were mediated by opioid receptors, a final grouping was
injected with morphine (10 mg/kg) followed by naloxone (2 mg/kg). rMOP-R knock-in
mice showed enhanced antinociception at 3 and 10 mg/kg doses (rMOP-R vs. MOP-R
scores for MPE at respective morphine doses, student’s t-test, *p<.03) with the latter dose
inducing the maximum possible response (100%) in the mutant mice. At the highest dose
tested (50 mg/kg) both genotypes exhibited the maximum possible response (100%). For
both genotypes, antinociception induced by 10 mg/kg of morphine was reversed by
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treatment with 2 mg/kg of the opioid antagonist naloxone (morphine 10 mg/kg with and
without naloxone 2 mg/kg treatment for each genotype respectively, student’s t-test
+++p<.001).
C. MOP-R desensitization in the brainstem following acute morphine treatment.
Agonist-mediated [35S]GTPγS binding was measured in brainstem membranes of MOP-R
and rMOP-R mice with increasing concentrations of DAMGO. Left Panel. Binding in
MOP-R mice was significantly reduced (p<0.01) following acute morphine-treatment (10
mg/kg s.c. 30 min; EC50 = 428 ± 141 μM; open squares ) compared to vehicle-treated
mice (EC50 = 2.35 ± 0.9 μM; closed squares). Right Panel. Binding in rMOP-R mice
was not significantly changed (p>0.05) following acute morphine-treatment (EC50 = 3.29
± 1.4 μM; open circles) compared to vehicle-treated mice (EC50 = 1.16 ± 0.6 μM; closed
circles). Data were analyzed by nonlinear regression using GraphPad Prism software and
are presented as means ± SEM of at least three experiments performed in triplicate.
D. Enhanced antinociception in rMOP-R knock-in mice is morphine-specific.
Separate groups of mice for both genotypes (n=8-10) were injected with the doses of
methadone indicated (1-10 mg/kg,) and assessed for antinociception. Methadone induced
a dose-dependent increase in antinociceptive response with no genotypic differences. For
both genotypes, antinociception induced by 4 mg/kg of methadone was reversed by
treatment with 2 mg/kg of the opioid antagonist naloxone (methadone 4 mg/kg with and
without naloxone 2 mg/kg treatment for each genotype respectively, student’s t-test
+++p<.001). Thus, enhanced opioid-induced antinociception observed in the rMOP-R
knock-in mice is agonist-specific, and naloxone-reversible.
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Figure 4. Opioid tolerance and dependence in WT MOP-R and rMOP-R mice.
A. Acute morphine tolerance. Mice (n=9) were initially treated with either saline (gray
bars) or a high dose of morphine (100 mg/kg, sc, black bars). 24 h later, mice were
challenged with an acute equi-antinociceptive dose of morphine (3 mg/kg for rMOP-R
and 10 mg/kg for MOP-R, see Fig. 4B). Data are presented as mean ± SEM of MPE.
WT mice exhibited significant acute tolerance, showing a 43% reduction in MPE when
pretreated with 100 mg/kg of morphine compared to saline 24 h before (MOP-R
comparing saline vs. morphine pretreatment, student’s t-test, ***p<.001). In contrast,
rMOP-R knock-in mice showed no evidence of tolerance and maintained the same level
of morphine-induced antinociception whether they were pretreated with 100 mg/kg of
morphine or saline 24 h before.
B. Chronic morphine tolerance. Mice were treated twice daily with morphine (10
mg/kg, sc) for 5 days and antinociception was assessed following the first injection of
morphine each day. Mean ± SEM of MPE across days are presented. A two-way
ANOVA revealed that mice treated chronically with morphine (n=17) behaved
differently corresponding to genotype as indicated by a significant group effect
[F(2,42)=27.95, p<.001] and group X treatment days effect [F(4,84)=12.09, p<.001].
Post-hoc comparisons (Tukey’s) revealed the source of the interaction. rMOP-R knockin mice treated with 10 mg/kg of morphine had significantly longer response latencies
across days compared to WT mice treated with the same dose of morphine (10 mg/kg)
and rMOP-R knock-in mice chronically treated with a lower (equi-antinociceptive) dose
of morphine (3 mg/kg), [rMOP-R 10 significantly different from MOP-R 10 and rMOP-R
3, **p<.01]. Additionally, rMOP-R knock-in mice chronically treated with an equi44

antinociceptive dose of morphine (3 mg/kg) showed significantly greater antinociception
than did WT mice chronically treated with a higher dose of morphine (10 mg/kg) across
the tolerance development days (rMOP-R 3 vs. MOP-R 10, ++p<.01). Only WT mice
chronically treated with morphine (10 mg/kg) showed a significant decrease in
antinociception from Day 1 to Day 5 (MOP-R 10 Day 1 vs. Day 5, ###p<.001). Thus, the
development of antinociceptive tolerance to morphine was evident in WT mice but
attenuated in the knock in mice, whether they were chronically treated with the same (10
mg/kg) or equi-antinociceptive (3 mg/kg) dose of morphine.
C. Methadone tolerance. Mice were injected twice daily with methadone (4 mg/kg, sc)
for 5 days. For both genotypes, there was no evidence of tolerance development with
both groups expressing comparable levels of methadone-antinociception following the
first and last injection. Methadone antinociception was equivalent in both genotypes
across all days.
D. Naloxone precipitated withdrawal. Groups of mice were chronically treated with 10
mg/kg of morphine (black bars, n=10-12), 4 mg/kg of methadone (grey bars, n=9) or
saline (white bars, n=6) at the same intervals described for Fig 4B and C. Mice were
challenged with naloxone (2 mg/kg, sc) 30 min following the final treatment injection.
Notably, the chronic dose of morphine used (10 mg/kg) corresponded to a functionally
higher dose in the rMOP-R knock-in mice relative to WT mice (see Fig 3A, B). Standard
withdrawal behaviors including jumping, wet-dog shakes, paw licks and paw treMOP-Rs
were scored by an observer blind to genotype. Total withdrawal scores (the sum of all
individual withdrawal behaviors) ± SEM are presented and group differences were
analyzed with the LSD test. Compared to saline-treated mice, WT mice displayed a
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significantly higher incidence of withdrawal when chronically treated with morphine or
methadone (MOP-R MOP-R vs. MOP-R SAL, ***p<.001; MOP-R METH vs. MOP-R
SAL, *p<.05), with a higher degree of withdrawal associated with chronic morphine
treatment (MOP-R MOP-R vs. MOP-R METH, ++p<.01). In contrast, rMOP-R knock-in
mice displayed similar levels of withdrawal regardless of pretreatment drug. For rMOPR knock-in mice, both morphine and methadone pretreatment resulted in similar levels of
moderate withdrawal, comparable to methadone pretreatment in WT mice.
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Supplemental Figure 1. Quantification of receptor trafficking profiles of WT MOPR and rMOP-R mice.
A-C. Representative images. Striatal neurons were cultured from WT mice (top panels)
and rMOP-R knock-in mice (bottom panels). Neurons were then treated with DAMGO
(5 µM, b), or morphine (5 µM, c) for 30 minutes or left untreated (NT, a). Neurons were
then fixed and processed for immunocytochemical localization of the MOP receptor (see
methods). For each condition, the region in the white box is enlarged 10x for detail.
Representative images are shown. Scale bar 15µm.
D-E. Quantification of endocytosis. D. Metamorph software was used to quantify the
intensity of receptor signal at the plasma membrane versus the cytosol for each treatment
condition and each genotype (MOP-R in black, rMOP-R in white). Data is plotted as the
ratio of signal located within 0.3 µm of the surface (peripheral) versus the amount in the
cytosol (central). See E. for schematic. A value of 2 means twice as much signal was
located peripherally than cytosolically (NT, both genotypes, MOP-R, morphine). A
value of 0.5 means half as much signal was localized peripherally versus in the cytosol
(DAMGO both genotypes, rMOP-R morphine). All images were acquired by an
investigator blind to genotype and treatment. At least 5 neurons were analyzed for each
condition. See methods for details. *p<0.01 rMOP-R morphine versus MOP-R morphine.
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Supplemental Figure 2. Receptor distribution for WT MOP-R and rMOP-R mice.
Representative coronal sections of the spinal cord (A, B) and brain areas (C-H), that were
processed with anti-MOP-R antibody. In both MOP-R (left panels) and rMOP-R (right
panels) there was a similar strong labeling for MOP-R in the superficial layer of the
dorsal horn of the spinal cord (arrows in A and B) and the spinal trigeminal nucleus in the
medulla (arrows in C and D) both of which receive primary afferents. The overall brain
distribution of receptor-immunoreactivity was similar for MOP-R and rMOP-R animals
as shown in sections containing periaqueductal grey matter (arrows in E and F) and basal
ganglia (G and H). Note similar patchy pattern of labeling for receptor in striatum. Scale
bars: 500 μm
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Experimental Procedures
Generation of knock-in mice. The rMOP-R knock-in mice were generated using
homologous recombination in ES cells to modify the OPRM1 gene. The rMOP-R
mutation is contained entirely within exon 3. Mouse genomic DNA clones were derived
from a pBK2 library (129.SvEv strain). A ~12.5kb SalI-SacI fragment of genomic DNA
was used to generate the targeting vector. In this targeting vector, the wild-type MOP-R
sequence (FREFCIPTSSTIEQQNSARIRQNTREHPSTANTVDRTNHQ) was replaced
with the rMOP-R sequence (FRQLCRTPCGRQEPGSLRRPRQATTRERVTACTPSQ).
A 2.1kb cassette containing G418 resistance flanked by lox P sites was inserted into a
SpeI site in the intron downstream of Exon 3. The targeting vector was linearized with
SacI and transfected into embryonic stem cells (E14) by electroporation. Clones were
selected by G418 resistance. 120 clones were screened by PCR of which nine were
homologous recombinants (7.5%). These clones were confirmed by Southern blot
analysis. A positive clone was injected into C57bl/6 blastocysts to create chimeric
animals. F1 agouti progeny were genotyped for transmission of the mutant allele. These
mice were used to generate a transgenic line of rMOP-R knock-in mice. Mice were
genotyped using PCR of genomic tail DNA. Primers 5’ACAGCACCTGATACCAGTCTAAGA-3’ and 5’GGATTATAGAAGTTGCTGTGTGAATCAAGACTCC-3’ produce a ~500bp band in
wild-type. Primers 5’-ACAGCACCTGATACCAGTCTAAGA-3’ and 5’GAAAGTATCCATCATGGCTGATGCA-3’ produced a ~1200bp band in the knock-in.
For all experiments, mice 7-10 weeks old of both genders were used. All animal
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experiments were performed in accordance with the Ernest Gallo Clinic & Research
Center Institutional Animal Care and Use Committee guidelines.

Primary Striatal Neuronal Culture. Mice on the second postnatal day (P2), were
sacrificed by rapid decapitation, and the striata dissected out and pooled in dissection
fluid (5ml). Striatal sections were then digested in papain solution (5 ml) for 30 minutes,
followed by inhibition of digestion with inhibition solution (5 ml) and trituration using
pulled glass pipettes in Steve’s media (3 ml). Neurons were plated on CC2-coated
chamber slides (Lab-Tek) in Neurobasal-A media containing B27, GlutaMax
supplements, penicillin and streptomycin. Cultures were maintained for 11 days in vitro,
with 50% of the media changed after one and seven days. On day 12-15, neurons were
treated with DAMGO (5µM), or morphine (5µM) for 30 minutes or left untreated.
Neurons were then fixed in 4% paraformaldehyde with 4% sucrose in PBS,
permeabilized in PBS with 0.1% Triton, and blocked with 5% normal donkey serum. A
sub-group of cell cultures were incubated with wheat germ agglutinin conjugated with
Alexa 488 for 10 minutes (5 µg/ml, Invitrogen) prior to permeablization. Neurons were
then incubated for two hours with mouse anti-MOP-R (1:1000, Chemicon) antibody.
Following wash with PBS, neurons were incubated for 2 hours with Alexa 594 Goat antirabbit antibody (2 µg/ml, Molecular Probes). Slides were washed in PBS, mounted, and
images were acquired using a Zeiss confocal microscope LSM 510 Meta.

Quantification of receptor internalization. Neuronal cultures (grown as above) were
treated with DAMGO (5µM), or morphine (5µM) for 30 minutes or left untreated.
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Neurons were then fixed in 4% paraformaldehyde with 4% sucrose in PBS. Prior to
permeabilization, neurons were incubated with wheat germ agglutinin (WGA) conjugated
to Alexa 488 to label the plasma membrane. Neurons were then permeabilized and
incubated for two hours with mouse anti-MOP-R (1:1000, Chemicon) antibody.
Following wash with PBS, neurons were incubated for 2 hours with Alexa 594 Goat antirabbit antibody (2 µg/ml, Molecular Probes). Slides were washed in PBS, mounted, and
Z-stack images were acquired using a Zeiss confocal microscope LSM 510 Meta by an
investigator blind to genotype and treatment. The average receptor siganl (in red) that
was localized within 3µM of the WGA plasma membrane signal (in green) and the
average receptor signal that was localized more than 3µM from the plasma membrane
was determined using MetaMorph software. At least 5 independent neurons for each
condition were examined. For each of these neurons, 2-5 cross sections across a neuronal
process were examined in the center section of the Z-stack to determine the amount of
receptor that was associated with the plasma membrane and the amount that was not
associated with the cytosol. Histograms show average membrane-associated signal versus
total signal across the dendrite.

Drugs and Chemicals. [35S]-Guanosine 5`-(γ-thio)triphosphate ([35S]-GTPγS) (250µCi;
9.25MBq) was purchased from Perkin-Elmer® (Boston, USA). [D-Ala2, N-MePhe4, Gly5ol]-enkephalin (DAMGO), D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP), morphine sulphate,
naloxone, methadone, guanosine 5’-triphosphate sodium salt hydrate (GTP) and
guanosine 5’-diphosphate sodium salt (GDP), 2-hydroxyethylpiperazine-N-2-ethane
sulphonic acid (HEPES), DL-dithiothreitol, tricine, magnesium chloride (MgCl2)
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ethylenediaminetetraacetic acid (EDTA), saponin were purchased from Sigma-Aldrich®
(St. Louis, USA). Calcium chloride (CaCl2), Tris(hydroxymethyl) aminomethane (Tris)
base, sodium hydroxide, sodium chloride and hydrochloric acid were purchased from
Fisher Scientific (Fairlawn, USA). Complete mini protease inhibitor cocktail tablets
were purchased from Roche (Indianapolis, USA), Wheatgerm Agglutinin SPA Beads
were purchased from Amersham (Little Chalfont, England) Biosciences and Protein
Assay Reagent was purchased from BIORAD (Hercules, USA).

Brain Immunohistochemistry. Mice were deeply anaesthetized with an overdose of
Euthasol® (100 mg/kg) and intracardially perfused with 0.9% NaCl for 2 min, followed
by the mixture of 2% paraformaldehyde and 3.75% acrolein (Sigma) in PBS for 10 min.
Brains and spinal cord were removed, post-fixed in the same fixative overnight, and
transferred to 30% sucrose. Frozen sections (40 μm) were cut on a cryostat (Leica). Freefloating sections were pretreated with 1% sodium borohydrate in PBS for 30 min, rinsed
in PBS, incubated in 3% hydrogen peroxide in PBS, and incubated in 50% ethanol twice
for 10 min and again rinsed in PBS. Sections were blocked with 10% normal donkey
serum for 30 min and incubated with rabbit anti-MOR polyclonal antibody (1:4000;
Chemicon) diluted in PBS/0.1% Triton X-100 for 48 hrs. Sections were washed 3 times
for 5 min with PBS and then incubated with 2% normal donkey serum for 10 min.
Sections were then incubated in secondary biotin-labeled donkey anti-rabbit antibody
diluted 1:300 (Jackson ImmunoResearch) for 2 hours and after washes in PBS incubated
in ExtrAvidin (1:2500; Sigma) for 2 hours. The peroxodase was developed using nickeldiaminobenzidine protocol. Sections were mounted on slides, air-dried and coverslipped
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with DPX. Images were acquired at the Nikon E600 microscope using Spot II CCD
camera (Technical Instruments, San Franscisco)

Radioligand Binding. For preparation of membranes, brains were rapidly removed and
placed on ice and then homogenized by polytron in membrane preparation buffer [50 mM
Tris (pH 7.4), 1 mM EDTA, 3 mM MgCl2], and then crude membranes were prepared by
centrifugation at 20,000g for 15 min at 4°C. Membranes were resuspended in 50 mM
Tris-HCl (pH 7.4) and frozen until use. Protein value was determined using the Bio-Rad
protein assay kit. Saturation binding assays were performed on membranes (50-100 µg
protein per well) incubated with increasing concentrations of [3H] naloxone (0 to 15 nM,
55.9Ci/mmol; Amersham) for 45 mins at room temperature using a 96 well plate. The
reactions were terminated by rapid filtration over GF/B filters (Brandel Inc.,
Gaithersburg, MD) using a cell harvester (Tomtec, Hamden, CT). Filters were washed
three times with ice-cold 10 mM Tris-HCl (pH 7.4) and then counted using a Packard
Top counter. Nonspecific binding was measured in the presence of 10 µM naloxone and
amounted to 5-10% of total binding. Binding parameters were determined by Scatchard
analysis of specific binding. Data are means ± SEM of three experiments performed in
duplicate.

Receptor-mediated [35S]GTPγS binding. For Fig. 3A, mice were sacrificed and brains
were rapidly removed and homogenized by polytron in homogenizing buffer (50 mM
Tris-HCl, 1 mM EDTA, 3 mM MgCl2, pH 7.4) and centrifuged at 20,000 xg for 15 min at
4ºC. The supernatant was discarded, and the pellet was resuspended in ice-cold Tris-HCl
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buffer (pH 7.4), aliquoted and stored at -80°C until use. Protein value was determined
using the Bio-Rad protein assay kit. Membranes were thawed and mixed 1:1 with assay
buffer (20 mM HEPES, 100 mM, NaCl, 5 mM MgCl2, 10 µg/ml saponin, 5 µM GDP, pH
7.5). 5 µg of protein was incubated in assay buffer in a 96-well white Nunc plate at room
temperature (RT). The assay was started by adding 0.5 nM [35S]GTPγS and agonist and
was incubated for 45 min at RT in the presence of 0.5 mg/µg protein of wheat germ
agglutinin coated SPA beads (Amersham). The assays were terminated by centrifugation
of the plates for 5 min at 1500 rpm and radioactivity was measured in a Packard Top
counter. [35S]GTPγS binding is expressed as percent increase in [35S]GTPγS binding
relative to binding in unstimulated samples. Data were analyzed by nonlinear regression
using GraphPad Prism software and are presented as means ± SEM of at least three
experiments performed in triplicate wherein wild-type MOP-R and rMOP-R knock-in
were assayed simultaneously. For Fig. 4C, the brainstems from both vehicle and acutely
morphine-treated (10 mg/kg s.c. 30 min) MOP-R and rMOP-R mice were removed and
rapidly frozen (N2) and stored at -80oC until used. Rapidly thawed tissue was
homogenized in buffer (pH 7.4; 50 mM Tris-HCl, 2 mM EDTA, 6 mM MgCl2) with two
mammalian protease inhibitor tablets added per 50 mL buffer. The membranes were
pelleted (20000 rpm, 15 min, 4oC) and resuspended in assay buffer (pH 7.5; 50 mM
HEPES, 100 mM NaCl, 5 mM MgCl2, 10 mg/ml saponin; 1g brain/10 mL buffer) and
stored at -80oC until used. Protein concentrations in membrane samples were determined
by visible spectophotometry (595 nm) using the BIORAD protein assay reagent.
5-15 µg of membranes were incubated in assay buffer (50 mM HEPES, 100 mM, NaCl, 5
mM MgCl, 10 µg/ml saponin, 5 mM GDP, pH 7.5) in a 96-well white Nunc plate at room
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temperature (RT). The assay was started by adding 50 pM [35S]GTPγS and agonist and
was incubated for 60 min at RT in the presence of 0.5 mg/µg protein of wheat germ
agglutinin coated SPA beads (Amersham). The assays were terminated by centrifugation
of the plates for 5 min at 1500 rpm and radioactivity was measured in a Packard Top
counter. [35S]GTPγS binding is expressed as percent increase in [35S]GTPγS binding
relative to unstimulated binding in the presence of CTOP (10 μM). Data were analyzed
by nonlinear regression using GraphPad Prism software and are presented as means ±
SEM of at least three experiments performed in triplicate from at least 4 independent
animals of each genotype, wherein MOP-R and rMOP-R brain regions were assayed
simultaneously. Non-specific binding was determined in the presence of CTOP (10 μM)
with ligand-induced [35S]GTPγS-stimulated binding expressed as a percentage of the
CTOP stimulation: % stimulation = (ligand count – CTOP count)/CTOP count x 100%.
All statistics, regression analyses and determination of EC50 and Emax values were
performed using GraphPad Prism® (version 4.02, GraphPad, San Diego, CA).

Brain homogenate preparation. Mice were sacrificed by decapitation under deep
isofluorane anesthesia immediately following the behavioral test on day 5 and brains
were quickly removed. For adenylyl cyclase activity measurement, brain regions were
quickly dissected on ice and homogenized in homogenizing buffer (20 mM Tris-HCl, pH
7.4, 2 mM EGTA, 1 mM MgCl2, 250 mM sucrose) and centrifuged at 27,000 x g for 15
min at 4°C. Supernatant was discarded and the pellet was resuspended in fresh buffer and
centrifuged again for 15 min. The supernatant was discarded, and the pellet was
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resuspended in ice-cold buffer (2 mM Tris-HCl, pH 7.4, and 2 mM EGTA), aliquoted and
stored at -80°C. Protein value was determined using the Bio-Rad protein assay kit.

Antinociception Assessment and Tolerance Induction. Antinociceptive responses were
measured using the hot-plate assay. Mice were placed on a hot-plate maintained at 56°C.
An observer who was blind to genotypic conditions recorded latency to lick the fore- or
hindpaws or flick the hindpaws. A cut-off time of 20 secs was used to prevent tissue
damage. In acute antinociception tests, mice were injected with morphine (1-50 mg/kg)
or methadone (1-10 mg/kg). Drugs were dissolved in physiological saline and injected in
a volume of 10 ml/kg. In the acute tolerance test, mice were treated with either saline or
morphine (100 mg/kg). 24 h later, mice were challenged with morphine (3 or 10 mg/kg).
In chronic tolerance development tests, mice were injected twice daily (10AM and 4PM)
with morphine (3 or 10 mg/kg) or methadone (4 mg/kg) for 5 days. Data are reported as
maximal possible effect, calculated as 100% X [drug response latency minus basal
response latency/20s cut-off minus basal response latency].

Withdrawal Assessment. Mice were chronically treated with morphine (10 mg/kg) or
methadone (4 mg/kg) twice daily for 5 days. 30 min after the final drug injection, mice
were injected with naloxone (2 mg/kg) and observed for 20 minutes by an observer blind
to experimental conditions. Standard withdrawal behaviors were scored and included wet
dog shakes, jumps, and paw tremors.
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Chapter 3:
Promoting morphine-induced mu opioid receptor
trafficking prevents the development of compulsive
morphine seeking and relapse despite enhanced reward
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Summary
Morphine induces little mu opioid receptor (MOR) trafficking compared to
endogenous opioids. Here we show that facilitating MOR desensitization and endocytosis
in response to morphine not only enhances morphine reward but, despite this, also
reduces the development of morphine addiction in knock-in mice expressing a mutant
Recycling MOR (RMOR). To demonstrate this, we developed a novel mouse model of
the transition from controlled to compulsive drug use that recapitulates many features of
human addiction, including persistent drug seeking despite adverse consequences and a
decreased preference for alternative rewards. These behaviors emerged spontaneously in
a subpopulation of WT but not RMOR mice and, importantly, their development
predicted reinstatement, whereas consumption did not. These findings suggest that there
is no consistent relationship between morphine reward or consumption and addiction and
that it is possible to both reduce the “addictiveness” of opioid drugs and enhance their
desirable effects by promoting agonist-induced MOR trafficking.

Introduction
For decades it has been a priority of opioid pharmaceutical research to develop an
analgesic that can be used for an extended period of time without causing tolerance,
dependence, and addiction. No such drug has yet been developed; however, currently
available opioid analgesics, which are primarily agonists at the mu opioid receptor
(MOR), a Gi/o-coupled receptor, induce varying degrees of tolerance and dependence
when they are used at acutely equi-antinociceptive doses (Duttaroy and Yoburn, 1995;
Grecksch et al., 2006; Walker and Young, 2001). This is not surprising when one
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considers that the potency and efficacy with which a drug stimulates Gi/o signaling is not
necessarily related to the potency and efficacy with which it activates regulatory
processes, such as receptor phosphorylation, and G protein-independent signaling (Groer
et al., 2007; Rajagopal et al., 2010). Thus, two MOR agonists, which induce similar
magnitudes of MOR activation in the acute setting, may induce quantitatively and
qualitatively different patterns of signal transduction over time.
For example, following activation by endogenous opioid peptides and the small
molecule drug, methadone, the MOR is rapidly phosphorylated by GPCR kinases
(GRKs) and bound by arrestins (von Zastrow, 2010). These events uncouple the receptor
from G protein, resulting in the desensitization of G protein-dependent signal
transduction on the one hand. On the other hand, however, arrestins may function as
scaffolds for additional signaling molecules, resulting in the activation of kinase cascades
(Rajagopal et al., 2010). In addition, arrestins recruit components of the endocytic
machinery, and internalized MORs are then resensitized by recycling back to the plasma
membrane.
In contrast, morphine and other commonly abused opioids, including heroin and
oxycodone, induce little GRK phosphorylation or arrestin recruitment (Kovoor et al.,
1998; Whistler and von Zastrow, 1998; Zhang et al., 1998). The functional consequences
of this vary depending on the cell type or brain region examined, because the endogenous
complement of GRKs and arrestins varies, and because under certain circumstances,
morphine may induce MOR desensitization by other kinases, including protein kinase C
(Bohn et al., 2002; Chu et al., 2010; Kelly et al., 2008). Consequently, in some parts of
the brain, morphine induces little MOR desensitization or endocytosis compared to
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endogenous opioids and methadone, and this results in relatively persistent MOR
activation (Alvarez et al., 2002; Ingram et al., 1998; Keith et al., 1998; Trafton et al.,
2000); while in other parts of the brain, morphine induces desensitization but little
endocytosis, resulting, instead, in comparatively persistent MOR silencing (Bagley et al.,
2005; Dang and Williams, 2004; Sim et al., 1996; Ueda et al., 2001).
Importantly, both scenarios have been implicated in morphine tolerance and
dependence. For example, in cells where morphine induces neither desensitization nor
endocytosis, the cell compensates for persistent MOR activation by upregulating
pathways that oppose receptor signaling. Specifically, whereas acute MOR activation
inhibits cAMP production by adenylyl cyclase, chronic morphine treatment leads to an
increase in adenylyl cyclase activity and an elevation of basal cAMP levels (Bonci and
Williams, 1997; Hack et al., 2003; Nestler, 1996). This superactivation of the cAMP
pathway contributes to tolerance in the presence of morphine, and dependence upon its
removal. Indeed, inhibitors of this pathway attenuate withdrawal signs in morphine
dependent animals (Lane-Ladd et al., 1997; Punch et al., 1997).
On the other hand, in cells where morphine induces MOR desensitization but little
endocytosis, the failure to resensitize receptors leads to a loss of signaling capacity. As
receptor desensitization occurs over the time scale of minutes rather than days, this
persistent desensitization likely contributes to the development of acute and/or rapid
tolerance. Consistent with this, beta-arrestin 2 knockout mice have enhanced morphine
analgesia and reduced analgesic tolerance (Bohn et al., 2000; Bohn et al., 1999).
However, they still develop dependence similar to wild-type animals, likely because
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compensatory adaptations to persistent MOR signaling have not been prevented and may
in fact be enhanced.
We hypothesized that facilitating MOR desensitization and endocytosis in
response to morphine would reduce both persistent MOR activation and persistent
desensitization and therefore reduce both tolerance and dependence. To test this
hypothesis, we generated a mutant Recycling MOR (RMOR) that desensitizes,
internalizes, and recycles in response to morphine (Finn and Whistler, 2001).
Importantly, the trafficking of the mutant receptor in response to endogenous and
exogenous peptide ligands and methadone is unchanged. In addition, the affinity,
potency, and efficacy of morphine and other MOR agonists are equivalent at the RMOR
and wild-type (WT) receptor both in vitro and in knock-in mice expressing the mutant
receptor (Kim et al., 2008).
Consistent with our hypothesis that promoting morphine-induced receptor
trafficking would reduce both persistent activation and persistent desensitization of the
MOR, RMOR mice show increased analgesia and develop reduced tolerance and
dependence selectively in response to morphine. These findings suggest that opioid drugs
that promote MOR trafficking would be superior to existing drugs, at least with regards
to the side effects of tolerance and physical dependence; however, these previous studies
did not address whether such drugs would have an increased or decreased liability for
abuse.
Opioid analgesia and reward are mediated by overlapping brain circuits (Altier
and Stewart, 1998; Olmstead and Franklin, 1997). Since morphine is a more potent
analgesic in RMOR mice, it might therefore be expected to be a more potent reinforcer,
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potentially putting RMOR mice at higher risk for addiction. However, while reward is a
necessary prerequisite for recreational drug use, the vast majority of opioid users do not
go on to become addicts.
Addiction differs from recreational drug use in the compulsive nature of drug
seeking despite adverse consequences. The transition from casual to compulsive drug use
is likely mediated by changes in brain function induced by repeated drug consumption
(Koob and Volkow, 2010; Nestler, 2004). RMOR mice are resistant to at least some of
the changes in brain function induced by chronic morphine, suggesting that they might
also be less vulnerable to morphine addiction. However, the relationship between
tolerance and physical dependence, which are reduced in RMOR mice, and the
motivational changes that underlie addiction is far from clear.
It is obvious that extreme tolerance and dependence can arise in the absence of
addiction, for example, in patients receiving high doses of opioids for cancer pain.
Conversely, while most opioid addicts do report dependence and some tolerance to the
euphoric effects of drug, there is no consistent relationship between the severity of
withdrawal at the initiation of treatment and worse clinical outcomes (Chakrabarti et al.,
2010; Ziedonis et al., 2009). In addition, the escalation of drug use in human addicts is
primarily due to an increase in the frequency of intoxication events rather than an
increase in the amount of drug taken during each event, suggesting that tolerance also is
not the predominant driver of drug use (Zernig et al., 2007).
Thus, it was not possible to predict whether facilitating morphine-induced MOR
trafficking in the RMOR mice would increase or decrease their likelihood of developing
addiction. To answer this question, it was necessary to model not just reward, but the
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transition from controlled to compulsive drug taking in animals voluntarily selfadministering morphine. Here, we report a novel mouse model of oral morphine selfadministration and the spontaneous emergence of addiction-like behaviors. We used this
model to show that RMOR mice are less likely than WT mice to become addicted to
morphine, despite the fact that they are initially more sensitive to its rewarding effects.
Moreover, we provide evidence that facilitating morphine-induced MOR trafficking
prevents changes in the reinforcing strength of morphine during withdrawal and
abstinence.

Results
Opioid reinforcement in naive mice
Morphine reward was measured using a conditioned place preference (CPP)
paradigm. In brief, mice were treated with various doses of morphine in one chamber and
with saline in an adjoining chamber with distinct contextual cues. Only one drug and one
saline conditioning session were conducted in order to minimize the influence of
tolerance and dependence. Following conditioning, mice were allowed to freely explore
both chambers in a drug-free state. A preference for the morphine-paired side indicated a
positive reinforcing effect of the drug.
The overall "inverted V" shape of the dose response curve was similar in both
genotypes: low doses of morphine had no reinforcing effect; intermediate doses, on the
ascending limb of the curve, had positive effects; and the highest doses tested, on the
descending limb, had mixed positive and negative effects (Fig. 1). RMOR mice exhibited
greater sensitivity to the rewarding effects of morphine. Thus, a low dose (0.3 mg/kg)
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that was insufficient to produce detectable CPP in WT mice (black, p=0.34) produced
robust CPP in RMOR mice (red, p<0.05). An intermediate dose (3 mg/kg) likewise
produced greater CPP in RMOR than in WT mice (p<0.05).
In contrast, the CPP produced by methadone was equivalent in the two genotypes
(Fig. S1A). This demonstrates that the mutant RMOR receptor functions equivalently to
the WT receptor in response to ligands that promote MOR trafficking and indicates that
the potentiation of morphine reward in RMOR mice is due to a selective enhancement of
morphine-induced trafficking and not some other non-specific gain of function of the
RMOR receptor.
Similar results were obtained with operant self-administration of subcutaneous
opioids (Fig. S1B). Specifically, a lower dose of morphine but not methadone was
required to sustain operant responding in RMOR mice compared to WT mice, confirming
their selectively increased sensitivity to the positive reinforcing effects of morphine.

Chronic self-administration of oral morphine
We combined elements of operant self-administration and the two bottle choice
test to track the development of addiction-like behaviors in mice drinking a morphine
solution (Fig. 2A). Repeated measures of drug seeking behavior were taken for each
animal to determine whether that individual's motivation to consume morphine increased
over time. We followed each individual for approximately four months, a time frame that
is much longer than that typically possible with intravenous self-administration. In
addition, we felt the oral route was particularly relevant to the abuse of prescription
opioids.
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We used a morphine solution sweetened with 0.2% saccharin, because the bitter
taste of morphine is aversive to opioid-naïve mice. Although this concentration of
saccharin improves the palatability of the drug solution, it is insufficient to completely
mask the taste of even low concentrations (0.3 mg/ml) of morphine, as mice are still able
to discriminate between saccharin alone and saccharin plus morphine (Belknap et al.,
1993). In the present study, morphine was introduced at a concentration of 0.3 mg/ml,
and this was gradually increased to 0.75 mg/ml over three weeks.
Mice were allowed to self-administer morphine in an operant session on the first
day of each week, and they were given unlimited access to both morphine and water in
their home cages on days 2, 3, 4, and 5 (Fig. 2A). On the last two days of the week, only
water was provided in the home cage. Thus, operant sessions were always conducted in
an otherwise drug-free state. The length of operant sessions was also restricted to 30
minutes in order to minimize any effect of morphine on performance.
Each operant session consisted of three components to measure three different
aspects of compulsivity (Fig. 2A):
(1) High motivation to obtain drug. We measured the rate of lever pressing to
earn a morphine reward. Lever presses were reinforced on a variable interval (VI) (25
second) schedule, meaning that morphine was delivered for the first response after an
unpredictable amount of time, averaging 25 seconds, had passed. In a VI schedule, the
total amount of drug available is held constant, and there is no direct relationship between
the number of responses emitted and the number of reinforcers received. VI schedules are
thus designed to produce steady rates of lever pressing that reflect how hard a subject is
willing to work for a given amount of drug.
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(2) Futile drug seeking. Addicts expend a great deal of time and energy to obtain
drug, even when the likelihood of success is extremely low. We measured lever pressing
during a time-out period when it was signaled to the animals that morphine was not
available.
(3) Persistent drug seeking in the face of adverse consequences. Addicts continue
to use drug despite its directly harmful effects. They also expose themselves to harmful
situations in order to obtain drug. We modeled the latter by measuring conditioned
suppression of drug seeking (Vanderschuren and Everitt, 2004). Mice learned that they
could retrieve a morphine reinforcer if they entered the reward port during the
presentation of a light discriminative stimulus. During separate fear conditioning
sessions, they also learned that an auditory cue predicted the delivery of a footshock. This
auditory cue was then played during presentation of the discriminative stimulus to
determine whether it suppressed morphine retrieval.
A fourth feature of addiction was periodically measured during home cage
drinking sessions:
(4) Preference for drug over alternative rewards. Mice were normally presented
with the choice between sweetened morphine and water; however, they were occasionally
given the choice between morphine plus saccharin and saccharin alone (0.2%). This
concentration of saccharin is highly palatable to mice, and they will normally drink it to
the exclusion of water (Fig. S2).
In addition to these longitudinal measures to detect compulsive changes in drug
taking behavior, we also measured daily morphine consumption and the reinstatement of
drug seeking following extinction and 15 days of abstinence.
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Absolute morphine consumption
RMOR mice (n=18, red diamonds) consumed significantly less morphine than
WT mice (n=25, black squares) over the course of the experiment (Fig. 2B, p<0.0001).
Indeed, all but three (17%) high drinking RMOR mice consumed less than every WT
mouse in the study.
An analysis of the pattern of consumption across time revealed main effects of
Genotype and Time and a significant interaction of the two (Fig. 2C; F[1,246]=30.0,
p<0.0001; F[6,246]=31.2, p<0.0001; and F[6,246]=9.4, p<0.0001). On average, both
genotypes increased their intake over time (week 7 v. week 1: WT p<0.001, RMOR
p<0.001); however, the rate and magnitude of escalation were both greater in WT mice
(weeks 3 and 9 v. week 1, WT p<0.001, RMOR p>0.05).
The difference in morphine consumption between RMOR and WT mice could not
be explained by a genotype difference in sweet or bitter taste discrimination or
preference, as both saccharin and quinine solutions were equally consumed and preferred
(saccharin) or avoided (quinine) by RMOR and WT mice (Fig. S2).

Effective morphine consumption
RMOR mice require less morphine than WT mice to achieve the same level of
analgesia and reward (Fig. 1 and (Kim et al., 2008)) and would therefore be expected to
require less drug to attain the subjective response that governs voluntary morphine intake.
We hypothesized that WT and RMOR mice were titrating their consumption to achieve
similar levels of intoxication. To address this question, we measured the locomotor
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activation induced by voluntary morphine intake. Compared with other measures of
morphine response, such as anti-nociception, locomotor activation is highly sensitive to
low concentrations of morphine and can be measured repeatedly without the potential
confounds of learning and tissue injury.
Despite the striking difference in the absolute amounts of morphine consumed,
both genotypes showed a similar increase in locomotor activation across time (Fig. 2D,
Time effect only: F[4,88]=7.6, p<0.0001). There was a trend towards a significant
Genotype x Time interaction before week 7 (F[2,44]=2.9, p=0.066), suggesting that
RMOR mice may even have initially consumed higher effective doses of morphine. This
is unlikely to be due to greater behavioral sensitization in the RMOR mice, as passive
administration of either morphine or cocaine administration produced similar degrees of
locomotor sensitization in both genotypes (Fig. S3).

High motivation to obtain drug and futile drug seeking
The rate of lever pressing was measured in both a VI and a time-out task, in
which it was signaled to the mice that morphine was not available (Fig. 2A). Statistical
analysis revealed a significant Genotype x Time interaction and a main effect of
Genotype on lever pressing in both tasks (Fig. 3A, VI task: F[2,82]=11.2, p<0.0001 and
F[1,82]=16.1, p<0.001; Fig. 3D, Time-out task: F[1,41]=10.6, p<0.01 and F[1,41]=12.4,
p<0.01), the latency to earn morphine (Fig. 3B F[2,82]=6.2, p<0.01 and F[1,82]=13.6,
p<0.001), and the amount of morphine earned (Fig. 3C, F[2,82]=8.2, p<0.001 and
F[1,82]=57.1, p<0.0001). After only two weeks of drinking experience, RMOR and WT
mice did not differ in their drug seeking behavior. However, over time, WT mice
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progressively increased their responding on the active lever during both drug and no drug
periods (Fig. 3A, p<0.001; Fig. 3D p<0.05); whereas, RMOR mice appeared to decrease
their responding, although this change was not significant. These changes were specific
to the active lever, indicating that they were related to drug seeking and not due to nonspecific changes in motor activity (Lever x Time interaction in VI task, WT:
F[2,96]=10.1, p<0.001 and RMOR: F[2,68]=3.7, p<0.05). Importantly, the increase in
lever pressing in WT mice was not associated with any increase in the amount of
morphine delivered, suggesting that WT mice were willing to work harder to obtain the
same amount of drug (Fig. 3C). This was not due to a ceiling effect, as WT mice were
only earning about 50% of possible reinforcers.

Persistent drug seeking in the face of adverse consequences
We next assessed whether morphine seeking could be suppressed by an auditory
cue that had previously been paired with a footshock. All fear conditioning sessions were
carried out in a drug-free state (Fig. 2A). RMOR and WT mice showed similar
conditioned suppression of drug seeking after only two weeks of morphine drinking
experience. However, following prolonged experience, drug seeking became more
resistant to suppression in the WT mice than in the RMOR mice (Fig. 3E, p<0.05).
Statistical analysis revealed a significant Genotype x Time interaction (F[1,37]=4.3,
p<0.05). This cannot be explained by a difference in learning, as the two genotypes
showed equivalent increases in cue-induced freezing following fear conditioning (Fig.
S4).
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Preference for drug over alternative rewards
We measured shifts in the preference for sweetened morphine versus a highly
palatable saccharin solution. Again, there was a significant Genotype x Time interaction
(Fig. 3F, F[1,41]=12.5, p<0.01). RMOR mice initially showed a significantly higher
preference for morphine than WT mice (p<0.01), and a substantial fraction, 40%,
preferred morphine outright compared to only 12% of WTs. After extended drinking
experience, however, WT mice showed a significantly higher preference for morphine
than RMOR mice (p<0.05), and 44% preferred morphine outright compared to only 22%
of RMORs.

Propensity to relapse
In addition to compulsive drug use, relapse is one of the most consistently
observed features of addiction, occurring in up to 90% of subjects in some studies (Hunt
et al., 1971). The probability of relapse remains high even after extended periods of
abstinence, making it one of the clinically most problematic features as well. We
measured the reinstatement of morphine seeking following extinction and 15 days of
abstinence (Fig. 2A). Morphine seeking was provoked by the presentation of a drugassociated conditioned stimulus and the delivery of a single, non-contingent morphine
reinforcer. The rate of lever pressing under these conditions is thought to be indicative of
the propensity to relapse (Zernig et al., 2007).
On average, the level of reinstatement was significantly greater in WT than in
RMOR mice (Fig. 3G, p<0.01); however, WT mice appeared to fall into two distinct
groups. One group (WT-LR, grey squares, n=14) showed similar levels of reinstatement
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to RMOR mice (p=0.29), while the other group (WT-HR, black squares, n=8) showed
substantially higher reinstatement (p<0.001).
This variability in the WT population provided an opportunity to examine
whether the longitudinal measures above (Fig. 3) were valid behavioral "biomarkers" for
relapse probability. We hypothesized that if the severity of addiction were related to the
intensity of these markers, then WT-HR mice should have shown more compulsive
changes over time than WT-LR mice. Indeed, although both groups behaved similarly at
the start of drinking, only WT-HR mice exhibited a significant increase in their
motivation to obtain morphine in the VI (Fig. 4A, Group x Time interaction: F[1,21]=4.6,
p<0.05) and time-out tasks (Fig. 4B, Group effect: F[1,21]=9.2, p<0.01 and Group x
Time interaction: F[1,21]=7.8, p<0.05), and they were the only group to retain an
elevated preference for morphine after abstinence (Fig. 4C, Group effect, F[1,20]=4.5,
p<0.05 and Group x Time interaction, F[1,20]=4.9, p<0.05). The ability of a shock-paired
cue to suppress morphine seeking also declined more in WT-HR than in WT-LR mice
after extended drinking experience; however, this did not reach statistical significance
(Fig. 4D).
In order to determine whether individual differences in these addiction-like
behaviors were predictive of the propensity to relapse across all WT mice, we quantified
the relationship between reinstatement and a compulsivity score that incorporated all four
measures. For every behavior, each animal was given a sub-score equal to how much its
behavior changed over time, relative to the average amount of change and normalized by
the standard deviation. For example, an animal that showed an increase in lever pressing
that was equal to the average increase observed for all WT mice would receive a sub80

score of 0. On the other hand, an animal that showed an increase in lever pressing that
was one standard deviation below the average increase would receive a sub-score of -1.
The sub-scores for all four behaviors were summed to yield the overall compulsivity
score.
There was a significant positive correlation between the compulsivity score and
reinstatement (Fig. 5A, p<0.01, r[20]=0.62). Interestingly, no single addiction-like
behavior was predictive of reinstatement when taken in isolation, except for lever
pressing during the time-out period, which correlated with reinstatement more weakly
than the composite measure (Fig. S5, p<0.05, r[20]=0.48). Thus, animals who exhibited
multiple addiction-like behaviors were more likely to have a high propensity to relapse
than animals who exhibited increased compulsivity in only one dimension. All in all,
these data suggest that changes in the four markers do, in fact, model the progression
from controlled drug use to addiction and that, over the course of the study, addiction
developed in a portion of WT but not RMOR mice.
Given the wide disparity in morphine consumption between WT and RMOR
mice, we next examined whether differences in addiction-like behaviors or reinstatement
could be explained by differences in consumption. In sharp contrast to the relationship
between the compulsivity score and reinstatement, there was no significant relationship
between cumulative morphine intake and either reinstatement (p=0.27) or the
compulsivity score in WT mice (Fig. 5B, p=0.51). In addition, we compared the pattern
of intake over time in WT mice that demonstrated both high reinstatement and high
compulsivity (WT-HH, n=6, solid black) and WT mice that exhibited both low
reinstatement and low compulsivity (WT-LL, n=9, open/dashed black) (Fig. 5C).
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Although the initial escalation in drinking was sustained to a greater extent in WT-HH
than in WT-LL mice (Group x Time interaction, F[6,78]=3.3, p<0.01), this was only
significant at late time points (weeks 11 and 13 v. week 7, WT-HH p>0.05, WT-LL
p<0.01) , when addiction-like behaviors had already developed. Furthermore, the
absolute amount of morphine consumed was not statistically different between WT-HH
and WT-LL mice at any time point.
Finally, we examined whether the small proportion of high drinking RMOR mice
(RMOR-HD, n=3, solid red) exhibited addiction-like changes that were obscured in the
aggregate analysis of RMORs. RMOR-HD mice consumed up to 10x as much morphine
as their low drinking counterparts (RMOR-LD, n=15, dashed/open red) (Fig. 2B), and
their overall intake and pattern of escalation were indistinguishable from WTs (Fig. 5C).
In fact, the statistically significant escalation observed for all RMOR mice could be
entirely attributed to the RMOR-HD subgroup (weeks 5 and 7 v. week 1, RMOR-HD
p<0.001, RMOR-LD p>0.05). However, despite their high consumption, RMOR-HD
mice did not show more compulsive changes in any of the four addiction-like behaviors
than either RMOR-LD or WT-LL mice (Fig. 5D-G). Thus, high morphine intake was not
associated with increased compulsivity or reinstatement in either WT or RMOR mice,
and the reduced propensity of RMOR mice to developing morphine addiction cannot be
solely attributed to their low absolute consumption.

Opioid reinforcement in mice with a history of chronic morphine experience
Reinforcement during acute withdrawal
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We speculated that morphine self-administration induced an altered motivational
state in WT but not RMOR mice. Repeated morphine exposure can induce a state of
dependence with separate somatic and affective components. The affective symptoms, in
particular, are extremely sensitive to small changes in opioid tone. In opioid addicts
undergoing detoxification, for example, feelings of dysphoria and anxiety often precede
the development of somatic withdrawal signs, and these feelings are frequently associated
with increased craving for drug (Koob, 2009). Similarly, in rats that have been trained to
self-administer heroin, very low doses of naloxone, that are insufficient to elicit somatic
withdrawal signs, increase heroin seeking and consumption in dependent but not nondependent animals (Carrera et al., 1999). This suggests that while drug seeking in nondependent animals is driven primarily by the drug's rewarding effects, in dependent
animals, it may also be driven by the secondary benefit of preventing or relieving the
negative affective state of withdrawal.
We have previously shown that, following chronic morphine treatment and
withdrawal, RMOR mice exhibit a less intense physical withdrawal syndrome than WT
mice (Kim et al., 2008). To determine whether the affective symptoms of dependence are
also reduced, we measured the place aversion induced by naloxone-precipitated
withdrawal.
RMOR and WT mice were treated with twice daily injections of morphine (10
mg/kg) or saline for five days. This regimen produces a higher degree of analgesic
tolerance and physical dependence in WT than in RMOR mice, even though the effective
dose of morphine is much higher in RMOR mice (Fig. S6). Thirty minutes after their
final morphine or saline injection, animals were treated with various doses of naloxone in
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a chamber with distinctive environmental cues. One week later, they were allowed to
freely explore the naloxone-paired chamber and an adjoining neutral chamber. Avoidance
of the naloxone-paired side indicated a negative reinforcing effect of affective
withdrawal.
Morphine produced a positive place preference in both WT (p<0.001) and RMOR
mice (p<0.01) (Fig. 5A, 0 mg/kg NX). Notably, the magnitude of this preference was
similar to that measured in naïve mice (Fig. 1), despite the fact that the WT mice were
highly tolerant to the analgesic effects of this dose of morphine, suggesting in itself a
sensitization of morphine’s reinforcing effects during dependence.
A low dose of naloxone (0.1 mg/kg) blocked morphine CPP in WT (p=0.15) but
not RMOR mice (p<0.01), indicating that the WT mice were more sensitive to naloxone.
Importantly, a high dose of naloxone (1 mg/kg) not only blocked morphine reward in WT
mice but also revealed a strong aversive effect of withdrawal (p<0.05). In sharp contrast,
the same dose in RMOR mice reversed morphine CPP but had no negative reinforcing
effect (p=0.9). Importantly, even the high dose of naloxone (1 mg/kg) had no
motivational effects in opioid-naive mice of either genotype (Fig 5A, open bars). These
data suggest that chronic morphine induces affective dependence in WT but not RMOR
mice and that the highly aversive effects of withdrawal in WT mice would provide a
strong incentive to maintain morphine consumption.

Reinforcement during abstinence
The negative reinforcing effects of withdrawal may contribute to the intense
motivation to obtain drug during active drug use. However, they cannot explain the high
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rate of relapse after extended drug-free periods. The symptoms of opioid withdrawal peak
within hours to days of the cessation of drug use; however, the risk of relapse remains
high weeks to months and even years later. Although addicts may no longer be tolerant or
dependent at the time of relapse, their re-progression to compulsive drug use occurs much
more precipitously than during the initial development of addiction. Thus, addiction
leaves a lasting mark on the brain, likely including a persistent increase in the reinforcing
effects of drug. Similar changes may also be induced by opioid dependence (Aston-Jones
and Harris, 2004); in fact, repeated morphine treatment results in a heightened motivation
to self-administer low doses of heroin that persists well beyond the abatement of
withdrawal (Gerak et al., 2009).
To determine whether chronic morphine exposure induced a lasting change in the
reinforcing strength of morphine, we measured CPP during protracted abstinence. RMOR
and WT mice were treated with twice daily injections of morphine (10 mg/kg) or saline
for five days. Two weeks later, morphine-induced place preference was measured as in
Fig. 1.
In this paradigm, a low dose of morphine (0.3 mg/kg), that was insufficient to
produce CPP in opioid-naive WT mice (p=0.34), produced robust CPP in morphinetreated WT mice that was equivalent to that generated by a 10-fold higher dose in naive
mice (p<0.05) (Fig. 5B). In contrast, repeated morphine administration did not induce any
shift in the threshold dose of morphine required to elicit CPP in RMOR mice. Thus, a
relatively short course of chronic morphine treatment caused a long lasting sensitization
to morphine's reinforcing effects in WT but not RMOR mice. This sensitization was
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apparent two weeks after withdrawal and could therefore play a role in maintaining high
motivation to obtain morphine during relapse.

Discussion
A mouse model of opioid addiction
The diagnosis of addiction in human subjects is a clinical diagnosis. There is no
set of laboratory findings or cutoff values for drug intake that can define addiction.
Rather, the determination is made by identifying the presence of a constellation of
symptoms that, taken together, indicate a loss of control over drug use. According to the
diagnostic criteria set forth in the DSM IV, this loss of control may be manifested by
difficulty limiting the amount of drug consumption, excessive time and effort devoted to
obtaining and using drug, abandonment of important alternative activities, and continued
drug use despite harmful consequences.
In contrast, most animal studies related to addiction take into account only the
acute reinforcing effects of drug or the amount of drug use over relatively short periods
of time. Unfortunately, neither of these factors may be truly indicative of the long-term
risk of addiction. Realizing the limitations of these approaches, several groups have
developed multidimensional models that capture the spontaneous emergence of addiction
in rats self-administering intravenous cocaine or heroin for extended periods of time
(Ahmed et al., 2000; Chen et al., 2006; Deroche-Gamonet et al., 2004). The power of
these models comes from their ability to differentiate compulsive drug use from
controlled drug use, which represents the majority of drug use in our society and is not a
clinical problem. In some cases, these models have been used to refute findings obtained
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using less comprehensive approaches, for example, demonstrating that sensitivity to
novelty is predictive of the acquisition of cocaine self-administration but that this has no
bearing on the long-term progression to addiction (Belin et al., 2008). While these models
have clear advantages, they have not yet been applied to mice, due to both the relative
inflexibility of learned behaviors in mice and the technical difficulty of maintaining
intravenous access for prolonged periods.
Here, we have presented a novel mouse model of opioid addiction using chronic
self-administration of oral morphine. Like the multidimensional rat models described
above, this model recapitulates many features of human addiction, including price
inelasticity or a willingness to work harder for the same amount of drug, punishmentresistant drug seeking, and an increased preference for drug over alternative "natural"
rewards. Importantly, these behaviors bear more than just a superficial resemblance to the
criteria used to diagnose human addiction. Like the DSM IV criteria, they have
prognostic value, and their presence predicted a higher propensity to relapse. WT mice
that scored higher on a composite of four addiction-like behaviors showed higher levels
of reinstatement than mice that scored lower (Fig. 5A). Importantly, just as in human
addiction, no single behavior had a similar predictive value to the composite measure,
illustrating the necessity of a multidimensional approach (Fig. S5).
Using this model, we found that extensive self-administration experience was
necessary for the emergence of compulsive morphine seeking. However, while a long
duration of drug use was critical, surprisingly, a high amount of drug consumption was
neither necessary nor sufficient. WT mice with high and low levels of both reinstatement
and addiction-like behaviors did not differ in either their cumulative morphine intake or
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their early pattern of escalation, and there were heavy and light drinkers in both groups
(Fig. 5B and C).
A similar dissociation between consumption and the development of compulsivity
has been described for cocaine and ethanol self-administration and is clinically evidenced
by the emergence of addiction in only a minor subset of prescription opioid users
(Deroche-Gamonet et al., 2004; Vengeliene et al., 2009). This dissociation is generally
attributed to individual differences in susceptibility traits, such as impulsivity and anxiety
(Everitt et al., 2008; Heilig et al., 2010). Another possibility is that the intensity of drug
taking may be more important than the absolute amount taken (Belin et al., 2009).
We observed that several mice with high levels of compulsivity and/or
reinstatement had previously engaged in binge-like episodes, during which individual
mice occasionally drank up to 800 mg/kg or 30 ml of morphine in a single 24 hour
session. Another mouse that exhibited this behavior actually died during a home cage
drinking session, possibly due to morphine overdose. However, from the present study, it
is difficult to say whether intense drinking bouts were a cause or consequence of
increased compulsivity. It will be an important area for future study to discover the
determinants of resistance and susceptibility to morphine addiction in WT mice.

Morphine-induced MOR trafficking reduces the risk of morphine addiction
Morphine, like other drugs of abuse, produces both positive reinforcement, which
is necessary for the acquisition of self-administration, and chronic changes in myriad
brain functions, which are necessary for the maintenance of harmful drug use. We found
that facilitating morphine-induced MOR desensitization, endocytosis, and recycling
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enhanced positive reinforcement and, hence, the acquisition of morphine selfadministration. At first glance, this might have been expected to increase the risk of
morphine abuse, as the initial euphoric effects of prescription opioids appear to be more
intense in patients who go on to develop addiction (Bieber et al., 2008; Haertzen et al.,
1983). However, we found striking evidence to the contrary. In fact, improved morphineinduced MOR trafficking reduced the long-term risk of progressing to addiction despite
the fact that morphine was more acutely rewarding.
In every measure of addictive behavior, WT mice showed a progressive increase
over time; whereas, RMOR mice appeared to show a decline (Fig. 3). Following a period
of abstinence, WT mice also demonstrated significantly greater reinstatement of
morphine seeking. Although the majority of RMORs drank considerably less than WT
mice, high drinking RMOR mice did not differ from WT mice with low reinstatement in
their motivation to obtain morphine (Fig. 5D-G). Furthermore, WT and RMOR mice
appeared to titrate their consumption to achieve similar levels of net behavioral activation
when morphine was freely available (Fig. 2D). When obtaining morphine was associated
with a cost, however, WT mice became increasingly motivated to maintain their level of
intake; whereas, RMOR mice became less motivated and consequently consumed less
(Fig. 3).
Chronic morphine self-administration induces changes in many different brain
functions, including executive and cognitive functions, reward processing, and stress
reactivity and coping (Koob and Volkow, 2010). In different individuals, these changes
likely combine and interact in different ways to produce addiction. While a constellation
of changes is likely necessary to stimulate and sustain compulsive drug use, resistance to
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change in one or a few arenas might be sufficient to confer a significant protective
advantage. We chose to examine alterations in morphine reward caused by opioid
dependence, because these changes are most likely to be mediated directly by MORexpressing cells. However, it is not unlikely that increasing morphine-induced MOR
trafficking would have cascading effects on other functions as well.
We found that opioid dependence intensifies the reinforcing effect of morphine
both during withdrawal and during protracted abstinence. RMOR mice exhibited greater
resistance to both changes when they received the same morphine regimen as WT mice
(Fig. 6). Perhaps most striking, treating WT mice with 100 mg/kg of morphine divided
over five days (incidentally, an amount similar to what WT mice self-administered in five
days, after accounting for morphine's low oral bioavailability) induced a 10-fold
reduction in the dose of morphine required to produce a positive place preference two
weeks later. In contrast, the same treatment in RMOR mice (approximately three times
what RMOR mice self-administered) produced no change in morphine's reward potency.
The dramatic and long lasting reward sensitization observed in WT mice could
help to explain why low doses of drug, such as those found in some cold medications, are
occasionally sufficient to trigger the sudden and complete resurgence of drug habits in
addicts who have been otherwise drug-free for prolonged periods. On the other hand, the
resistance of RMOR mice to developing dependence-induced changes in morphine
reward may explain why their motivation to consume morphine did not increase over
time. It would not explain the apparent decline in their motivation; however, this may
simply be related to a natural age-related peak of recreational drug use and noveltyseeking.
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In conclusion, the results presented here demonstrate that there is no simple
relationship between addiction and either drug consumption or reward and underscore the
necessity of long-term studies that directly examine the transition from controlled to
compulsive drug seeking in order to model addiction. Taken together with our previous
findings, they also demonstrate that enhancing agonist-induced MOR trafficking reduces
the development of tolerance, dependence, and addiction, while preserving analgesia and
the desirable subjective effects of opioids, and suggest a strategy for identifying novel
opioid drugs with increased utility for treating chronic pain and possibly anxiety.
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Figure 1. Morphine reward in opioid-naïve WT and RMOR mice
Mice were treated with morphine (MS) in a chamber with distinctive environmental cues.
Their preference for the MS-paired context was later assessed during a drug-free state.
Lower doses of MS produced a positive place preference in RMOR (red bars) than in WT
mice (black bars). *p<0.05 WT v. RMOR. #p<0.05, ##p<0.01, ###p<0.001 v. baseline
preference.
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Figure 2. Chronic oral morphine self-administration in WT and RMOR mice
A.

Schematic of the longitudinal study of morphine (MS, for morphine sulfate)
consumption and drug seeking behavior. Mice were first trained in the operant
task, using saccharin reinforcement. Mice then consumed MS over a 14 week
period – in an operant session on the first day of each week and in their home cages
on days 2, 3, 4, and 5. During this time, periodic operant and two bottle choice tests
were conducted to probe their motivation and compulsivity. Specifically,
motivation was assessed by measuring lever pressing for MS both during a “no
drug” time-out and during a variable interval (VI) task. Persistent drug seeking at
the expense of alternative activities and in the face of adverse consequences was
modeled by measuring the animals’ preference for MS versus a highly palatable
saccharin solution and the suppression of MS seeking by a shock-paired tone
(Shock-CS) during a discrimative stimulus (DS) task, respectively. At the end of the
14 week period, lever pressing for MS was extinguished, and cue-induced
reinstatement was measured following a 15 day drug-free period.

B.

Cumulative MS consumption over the 14 week period. On average, RMOR mice
(red diamonds, n=18) consumed significantly less MS than WT mice (black
squares, n=25) (p<0.0001). All but 3 RMOR mice consumed less than every WT
mouse in the study.

C.

Weekly MS consumption over the 14 week period. Both genotypes showed
significant escalation; however, the rate and magnitude of this effect were greater in
WT than in RMOR mice, as indicated by a significant Genotype effect
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(F[1,246]=30.0, p<0.0001) and Genotype x Time interaction (F[6,246]=9.4,
p<0.0001).
D.

Locomotor activity induced by voluntary MS intake. Although RMOR mice
consumed lower absolute amounts of MS, the behavioral activation produced by
their morphine intake was similar to WTs.

B-D. Significance of post-hoc (Bonferroni) tests. *p<0.05, **p<0.01 WT v. RMOR.
#p<0.05, ##p<0.01, ###p<0.001 v. earliest time point.

95

Figure 2

A

Operant 1st MS v.
Training MS Sacc.
1

Sacc Only

Suppression
by Shock-CS
2

Locomotor
Loco.
Habituation
H
bit ti
Activation
A
ti ti

MS v.
Suppression
Saccharin by Shock-CS

3

10

11

Fear Loco.
Cond.
C
d Act.
A t

12

MS v.
Sacc.

Extinction
13

14

15

Loco. Fear
A t Conditioning
Act.
C diti i

16

17

Cue-Induced
Reinstatement
R
i t t
t

Operant Session
5 min Time-Out/No MS

High motivation
to obtain drug

MS seeking despite
adverse effects
(Suppression by
Shock-CS)

***

15000
12500

10000
7500
5000
2500
0

Home Cage

C

Preference for MS
over alternative rewards
(MS v. Saccharin)

1000

D

**
###

800

*

###

*

###

###

600
### ###
###

400

#

#

200
0

WT

RMOR

Water
Only

2 Bottle Choice
MS v. Water

20 min DS Period
Retrieve MS when
signaled

Weekly
MS Intake (mg/kg)

Cumulative
MS Intake (mg//kg)

B

10 min VI Period
Lever press for MS

Locomotor Activ
vation
(% of baseline
e)

Futile drug seeking

500

##

##

400
300

###

200
100
0

1

3

5

7

Week

96

9

11 13

Habit.

1 3 5 7

Week

11

Figure 3. Longitudinal measures of motivation and compulsivity and the propensity
to relapse in WT and RMOR mice
A.

Lever pressing during the VI period. WT (black) and RMOR mice (red)
expended similar amounts of effort to obtain MS at the start of drinking; however,
over time, only WT mice exhibited a progressive increase in responding on the
active lever (solid line) (Genotype effect: F[1,82]=16.1, p<0.001 and Genotype x
Time interaction: F[2,82]=11.2, p<0.0001). There was no change in responding on
the inactive lever (dashed line) in either genotype.

B.

Latency to earn MS during the operant session. The latency of WT and RMOR
mice to earn morphine was similar at the start of drinking; however, over time,
RMOR but not WT mice exhibited a progressive increase in latency (Genotype
effect: F[1,82]=13.6, p<0.001 and Genotype x Time interaction: F[2,82]=6.2,
p<0.01).

C.

MS earned during the operant session. The amount of MS earned by WT mice
did not change over time despite increased lever pressing. In contrast, RMOR mice
showed a progressive decline in MS consumption during the operant session
(Genotype effect F[1,82]=57.1, p<0.0001 and Genotype x Time interaction:
F[2,82]=8.2, p<0.001).

D.

Lever pressing during the time-out. WT and RMOR mice initially showed similar
amounts of unreinforced lever pressing; however, over time, only WT mice
exhibited an increase (Genotype effect: F[1,41]=12.4, p<0.01 and Genotype x Time
interaction: F[1,41]=10.6, p<0.01). This effect was restricted to the active lever.
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E.

Suppression of MS seeking by a shock-predictive conditioned stimulus (CS). A
CS that had previously been paired with a footshock suppressed MS retrieval to a
similar extent in WT and RMOR mice at the start of drinking; however, over time,
WT mice became less inhibited compared to RMOR mice (Genotype x Time
interaction: F[1,37]=4.3, p<0.05).

F.

Preference for MS+saccharin versus saccharin alone. RMOR mice initially
showed a higher MS preference than WT mice; however, over time, MS preference
rose in WT but not RMOR mice (Genotype x Time interaction: F[1,41]=12.5,
p<0.01).

G.

Reinstatement of lever pressing. Reinstatement was induced by the noncontingent delivery of a single MS reinforcer and the contingent presentation of a
MS-paired CS. On average, RMOR mice showed significantly less reinstatement
than WT mice (p<0.01). WT mice appeared to segregate into a high reinstating
group (WT-HR, black squares, n=8) and a low reinstating group (WT-LR, grey
squares, n=14), that was not statistically different from RMOR mice.

A-F. Significance of post-hoc (Bonferroni) tests. *p<0.05, **p<0.01, ***p<0.001 WT
v. RMOR. #p<0.05, ##p<0.01, ###p<0.001 v. earliest time point.
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Figure 4. Longitudinal measures of motivation and compulsivity in WT-HR and
WT-LR mice
A-D. WT-HR and WT-LR mice initially showed similar levels of the four addiction-like
behaviors in Fig. 3; however, over time, only WT-HR mice exhibited a progressive
increase in lever pressing during the VI period (Group x Time interaction,
F[1,21]=4.6, p<0.05), lever pressing during the time-out (Group effect, F[1,21]=9.2,
p<0.01 and Group x Time interaction, F[1,21]=7.8, p<0.05), and preference for MS
over saccharin (Group effect, F[1,21]=4.5, p<0.05 and Group x Time interaction,
F[1,21]=4,9, p<0.05). Similarly, only WT-HR mice showed a trend towards
reduced inhibition of MS seeking by a shock-predictive CS at 12 weeks of drinking
compared to 3 weeks (p=0.09). Significance of post-hoc (Bonferroni) tests. *p<0.05
and **p<0.01 WT v. RMOR. ##p<0.01 v. earliest time point.
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Figure 5. The relationship of compulsivity to reinstatement and consumption in WT
and RMOR mice
A.

Compulsivity v. reinstatement in WT mice. A compulsivity score was calculated
for each WT mouse that quantified how much its behavior deviated from the mean
for all WT mice across the four longitudinal measures in Fig. 3 and 4. Note that
since the average WT mouse showed an increase in compulsivity, a negative score
does not necessarily indicate a decline in compulsivity. There was a significant
positive correlation between the compulsivity score and reinstatement (r[20]=0.62,
p<0.01). The mice in the upper right quadrant exhibited both high reinstatement and
higher than average compulsivity (WT-HH, solid black squares, n=6); whereas, the
mice in the lower left quadrant exhibited both low reinstatement and lower than
average compulsivity (WT-LL, open black squares, n=9).

B.

Compulsivity v. consumption in WT mice. There was no correlation between the
compulsivity score and cumulative MS intake (p=0.51). High and low drinkers
were present among both WT-HH and WT-LL mice.

C.

Weekly MS consumption. WT-HH mice showed more sustained escalation of MS
drinking than WT-LL mice (Group x Time interaction: F[6,78]=3.3, p<0.01);
however, post-hoc tests indicated that this was only significant at late time points
(weeks 11 and 13 v. week 7, WT-HH mice p>0.05, WT-LL mice p<0.01). There
was no difference in absolute MS consumption in WT-HH, WT-LL, and high
drinking RMOR mice (RMOR-HD, solid red line, n=3) at any time point. Low
drinking RMOR mice (RMOR-LD, dashed red line, n=15) were the only group not
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to show significant escalation (week 7 v. week 1, RMOR-LD p>0.05, all other
groups p<0.001).
D-G. Change in addiction-like behaviors. RMOR-HD mice did not differ from either
WT-LL or RMOR-LD mice in any of the four addiction-like behaviors. In contrast,
they showed significantly less compulsive change than WT-HH mice in both lever
pressing during the VI period and suppression of MS seeking by a shock-predictive
CS.
C-G. Significance of post-hoc (Bonferroni) tests. *p<0.05, **p<0.01, ***p<0.001 v.
WT-HH mice.
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Figure 6. Morphine reward in WT and RMOR mice following chronic morphine
treatment
A.

Negative reinforcing effect of MS withdrawal. Mice that had been treated
chronically with MS (solid bars) or saline (open bars) were injected with naloxone
(NX) in a chamber with distinctive environmental cues. Their preference or
avoidance of the NX-paired side was measured one week later. A low dose of NX
(0.1 mg/kg) blocked MS CPP in WT but not RMOR mice. Similarly, a high dose (1
mg/kg) produced a strong aversion, indicative of affective dependence, only in WT
mice.

B.

Sensitization of MS reward during protracted abstinence. Mice were treated
chronically with MS or saline. CPP was measured as in Fig. 1 two weeks after
spontaneous withdrawal. 0.3 mg/kg MS was insufficient to produce CPP in naïve
WT mice but produced robust CPP in WT mice that had been treated chronically
with MS. In contrast, there was no change in the CPP produced by either subthreshold (0.1 mg/kg) or threshold (0.3 mg/kg) doses of MS in RMOR mice.

A-B. *p<0.05 WT v. RMOR. #p<0.05 v. baseline preference.
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Supplemental Figure 1. The enhancement of opioid reward in RMOR mice is
selective for morphine and not methadone.
A.

CPP induced by methadone (MD). No genotype differences were detected at
either 2 or 4 mg/kg. #p<0.05, ##p<0.01, ###p<0.001 v. baseline preference.

B.

Dose response curve for s.c. self-administration of MS and MD. WT and RMOR
mice were trained to lever press for s.c. infusions of 0.5 mg/kg and 0.25 mg/kg MS,
respectively. At the completion of training, mice were allowed to self-administer
various doses of MS (0.125, 0.25, 0.5, and 1 mg/kg) or MD (0.5 mg/kg). RMOR
mice were more sensitive to MS reward, as indicated by the left shift in their dose
response curve relative to WT mice (Genotype x Dose interaction, F[2,36]=16.1,
p<0.0001). In contrast, WT and RMOR mice self-administered similar amounts of
MD at a dose of 0.5 mg/kg.
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Supplemental Figure 2. RMOR and WT mice do not differ in their sweet or bitter
taste perception or preference.
Consumption of and preference for sweet (saccharin) and bitter (quinine) liquids was
measured using the two bottle choice test.
A.

Saccharin consumption (g/kg)

B.

Preference for saccharin solution versus water

C.

Quinine consumption (mg/kg)

D.

Preference for quinine solution versus water
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Supplemental Figure 3. Intermittent morphine or cocaine administration induced
similar locomotor sensitization in WT and RMOR mice.
Mice were treated with either MS or cocaine on days 1, 3, and 5. Baseline locomotor
activity was measured for 30 min prior to drug injection. Drug-stimulated activity was
measured for 90 min following MS injection and 60 min following cocaine injection.
Sensitization of cocaine-induced locomotion was only apparent during the first 15 min.
A.

Locomotor activation induced by 20 mg/kg MS in WT mice on days 1 (dashed line)
and 5 (solid line)

B.

Locomotor activation induced by 8 mg/kg MS in RMOR mice on days 1 and 5

C.

MS-induced activation on day 5 as a function of activation on day 1. When equally
activating doses of MS are compared, there is no difference in sensitization in
RMOR and WT mice.

D.

Locomotor activation induced by 20 mg/kg cocaine in WT mice on days 1 and 5

E.

Locomotor activity induced by 20 mg/kg cocaine in RMOR mice on days 1 and 5
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Supplemental Figure 4. RMOR and WT mice show similar acquisition of fear
conditioning.
Mice were exposed to 4 pairings of an auditory cue (CS) with a footshock (0.4 mA, 1 s).
Two days later, their freezing in response to the CS alone was measured. Fear-induced
freezing was compared to baseline freezing during the period immediately before CS
presentation. Statistical analysis revealed a CS effect only (F[1,23]=92.9, p<0.0001).
A.

Baseline and CS-induced freezing.

B.

CS-induced freezing as a % of baseline
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Supplemental Figure 5. Sub-scores for individual addiction-like behaviors are poor
predictors of the propensity to relapse
A.

Lever pressing during VI period v. reinstatement

B.

Lever pressing during time-out v. reinstatement

C.

Suppression of morphine seeking by a shock-predictive CS v. reinstatement

D.

Preference for MS+saccharin versus saccharin alone v. reinstatement
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Supplemental Figure 6. RMOR mice exhibit increased analgesia and reduced
tolerance and dependence in response to morphine
A.

Acute MS-induced analgesia. Mice were injected with various doses of s.c. MS,
and antinociception was measured 30 min later using the hot plate response latency
test. RMOR mice were more sensitive to the analgesic effects of MS (Genotype
effect: F[1,82]=28.2, p<0.0001).

B.

Analgesic tolerance due to repeated MS administration. WT mice were treated
with 10 mg/kg MS twice daily for 5 days. Two separate groups of RMOR mice
were treated with either an equally effective dose to WT mice (3 mg/kg, solid red
line) or the same absolute dose as WT mice (10 mg/kg, dashed red line). WT mice
and RMOR mice treated with 3 mg/kg MS exhibited equivalent analgesia on day 1;
however, although both groups received the same treatment on day 5, WT mice
displayed significantly less analgesia than RMOR mice, indicating a higher degree
of tolerance development in WT mice (Group effect: F[1,64]=14.2, p<0.001 and
Group x Time interaction: F[2,62]=15.8, p<0.0001). This could not be explained by
the lower MS exposure in RMOR mice, as RMOR mice treated with 10 mg/kg did
not develop greater tolerance than RMOR mice treated with 3 mg/kg (Dose x Time
interaction: F[2,52]=0.64, p=0.53).

C.

Physical dependence due to repeated MS administration. RMOR and WT mice
were injected with either 10 mg/kg MS, an equally anti-nociceptive dose of MD (4
m/kg), or saline twice daily for 5 days. 30 min after the final injection, mice were
injected with NX (2 mg/kg) to precipitate withdrawal. Physical withdrawal signs,
including jumps, wet dog shakes, and tremors, were scored for 20 minutes. MS
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induced significantly greater dependence in WT than in RMOR mice; whereas,
MD, a ligand that promotes MOR internalization in both genotypes, induced similar
degrees of dependence in WT and RMOR mice. Similarly, in WT mice, MS
induced significantly greater dependence than MD; whereas, MS induced a similar
degree of dependence to MD in RMOR mice. Dependence induced by chronic MD
treatment was not significantly different from that induced by saline in either
genotype.
A-C. Significance of post-hoc (Bonferroni) tests. **p<0.01, ***p<0.001 WT v.
RMOR. ##p<0.01, ###p<0.001 v earliest time point.
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Supplemental Figure 6. RMOR mice exhibit increased analgesia and reduced
tolerance and dependence in response to morphine
A.

Acute MS-induced analgesia. Mice were injected with various doses of s.c. MS,
and antinociception was measured 30 min later using the hot plate response latency
test. RMOR mice were more sensitive to the analgesic effects of MS (Genotype
effect: F[1,82]=28.2, p<0.0001).

B.

Analgesic tolerance due to repeated MS administration. WT mice were treated
with 10 mg/kg MS twice daily for 5 days. Two separate groups of RMOR mice
were treated with either an equally effective dose to WT mice (3 mg/kg, solid red
line) or the same absolute dose as WT mice (10 mg/kg, dashed red line). WT mice
and RMOR mice treated with 3 mg/kg MS exhibited equivalent analgesia on day 1;
however, although both groups received the same treatment on day 5, WT mice
displayed significantly less analgesia than RMOR mice, indicating a higher degree
of tolerance development in WT mice (Group effect: F[1,64]=14.2, p<0.001 and
Group x Time interaction: F[2,62]=15.8, p<0.0001). This could not be explained by
the lower MS exposure in RMOR mice, as RMOR mice treated with 10 mg/kg did
not develop greater tolerance than RMOR mice treated with 3 mg/kg (Dose x Time
interaction: F[2,52]=0.64, p=0.53).

C.

Physical dependence due to repeated MS administration. RMOR and WT mice
were injected with either 10 mg/kg MS, an equally anti-nociceptive dose of MD (4
m/kg), or saline twice daily for 5 days. 30 min after the final injection, mice were
injected with NX (2 mg/kg) to precipitate withdrawal. Physical withdrawal signs,
including jumps, wet dog shakes, and tremors, were scored for 20 minutes. MS
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induced significantly greater dependence in WT than in RMOR mice; whereas,
MD, a ligand that promotes MOR internalization in both genotypes, induced similar
degrees of dependence in WT and RMOR mice. Similarly, in WT mice, MS
induced significantly greater dependence than MD; whereas, MS induced a similar
degree of dependence to MD in RMOR mice. Dependence induced by chronic MD
treatment was not significantly different from that induced by saline in either
genotype.
A-C. Significance of post-hoc (Bonferroni) tests. **p<0.01, ***p<0.001 WT v.
RMOR. ##p<0.01, ###p<0.001 v earliest time point.
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Experimental Procedures
Animals
RMOR knock-in mice were generated as described previously (Kim et al., 2008).
For the CPP, CPA, locomotor sensitization, analgesia, and withdrawal assessment
experiments, mice were on a mixed C57Bl/6 x 129.SvEv background. For the morphine
(MS, for morphine sulfate) drinking, saccharin and quinine drinking, and fear
conditioning experiments, mice were backcrossed for 11 generations onto a C57Bl/6
background. Unless otherwise noted, all subjects were male and between 2 and 4 months
of age. All animal experiments were performed in accordance with the Ernest Gallo
Clinic & Research Center Institutional Animal Care and Use Committee guidelines.

Chronic oral morphine self-administration
For this experiment, mice were singly housed on a reverse light cycle (lights off
from 10AM to 10PM). All mice were between 6-8 weeks of age at the start of training.
Operant training
Training took place in Med Associates operant chambers. All sessions were
conducted during the animals' dark cycle. Training was conducted in 5 stages: (1)
acquisition of lever pressing on a fixed ratio (FR) schedule of reinforcement (2) transition
to a variable interval (VI) schedule, (3) introduction of a time-out period, (4) acquisition
of discriminative stimulus (DS) rules, and (5) introduction of the inactive lever. 2
sessions were conducted at each stage, except Stage 1.
Stage 1: Mice were water deprived for ~18 hr prior to the first session. Only the active
lever was extended to facilitate learning. A single response on this lever triggered the
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delivery of 15 ul of 0.2% saccharin sodium (w/v) and the illumination of a cue light
located above the reward port for 2.5 s. While the cue light was on, additional lever
presses were recorded but had no scheduled consequences. After 20 reinforcers had been
earned, the FR requirement was increased by 1. This continued for 6 hours or until the
animal had earned 20 reinforcers at an FR level of 4. Most mice acquired lever pressing
during their first training session. If they did not, they were given free access to water for
at least 24 hr before a second round of water deprivation and training.
Stage 2: Mice were required to press the active lever once for the first reinforcer, twice
for the second, 3 times for the third, and 4 times for the fourth. Subsequent lever presses
were reinforced on a VI(25 s) schedule. Time intervals were randomly selected from a 12
element Fleshler-Hoffman series so that the probability of reinforcement remained
constant across time. Interval length varied from XX to XX. Sessions lasted for 15 min.
Stage 3: A 5 min time-out was introduced at the beginning of the session, during which
the active lever was extended, but responses had no scheduled consequences. The timeout was signaled by a flashing cue light located above the lever. The time-out was
followed by a 10 min VI period. During this period, the first lever press was always
reinforced, and subsequent presses were reinforced on a VI(25 s) schedule.
Stage 4: The first 15 min of the session were identical to Stage 3. At the end of the VI
period, the active lever was retracted, marking the start of a 20 min DS period. During
this period, a DS was presented on a VI(30 s) schedule. The DS consisted of illumination
of the cue light that had already been paired with saccharin. If the animal entered the
reward port during DS presentation, a reinforcer was delivered. The cue light remained
on for 10 s or until 2.5 s after port entry.
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Stage 5: This stage was identical to Stage 4 except that the inactive lever was extended
during the time-out and VI period. Inactive lever presses were recorded but were not
reinforced.
MS drinking schedule
Following the completion of operant training, mice began to self-administer
morphine both in their home cages and in the operant chambers. The MS solution was
sweetened with 0.2% saccharin, and the concentration of MS that mice drank in their
home cages was gradually increased from 0.3 mg/ml during the 1st week to 0.5 mg/ml
during the 2nd and 3rd weeks to 0.75 mg/ml for the remainder of the experiment. The
concentration that mice self-administered in the operant chambers was not increased
beyond 0.5 mg/ml. MS was introduced in the home cage at the beginning of the dark
cycle on day 1 of the 1st week. The 1st operant session was conducted at the beginning of
the dark cycle on the next day. On all subsequent weeks, operant sessions were conducted
on day 1. On days 2, 3, 4, and 5, mice had unlimited access to MS and water in their
home cages, and on days 6 and 7, they had access to water only. This basic weekly
schedule was repeated for 14 weeks. MS operant sessions were identical to saccharin
operant sessions except that the volume of MS delivered was set to 15 ul per 20g of body
weight. Mice were weighed once a week before the the operant session. Home cage
drinking bottles were weighed and the positions of MS and water bottles were rotated
daily at the end of the light cycle.
Locomotor activation
Locomotor activity was always measured 4 hr after the start of the dark cycle.
Mice were placed in the center of a clear acrylic chamber, and their activity was
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monitored for 30 min. Animals were habituated to the chambers during 3 sessions prior
to the start of MS drinking. MS-stimulated activity was measured on day 3 or 4 of weeks
1, 3, 5, 7, and 11 of drinking.
Conditioned suppression of MS seeking
Fear conditioning was conducted on day 7 of weeks 2 and 11, when animals were
in a drug-free state. During conditioning sessions, mice were exposed to 8 footshock +
auditory cue (CS) pairings on a VI(60 s) schedule. Shock intensity and duration were set
to 0.4 mA and 1 s, respectively. The CS lasted 10 s and consisted of either a continuous
tone (2900 Hz, 65 dB) or a series of tones or clicks. The shock was delivered during the
last 1 s of the CS. Animals were trained with a different CS on weeks 2 and 11.
Mice were exposed to the CS during the operant session preceding fear
conditioning in order to measure the baseline suppression caused by the CS alone. During
the DS portion of this session, 25% of DS presentations occurred during simultaneous
presentation of the CS. The CS was turned on 3 s before the DS. The % suppression was
calculated as 1 – (% of DS+CS presentations resulting in MS delivery / % of DS only
presentations resulting in MS delivery). Conditioned suppression of morphine seeking
was measured in the same way during the operant session following fear conditioning.
Data are presented as suppression during the test – baseline suppression.
Preference for morphine v. saccharin alone
On day 5 of weeks 1, 8, and 10, mice were provided with MS (0.3 mg/ml in 0.2%
saccharin) and saccharin alone (0.2%) instead of MS and water. This was repeated one
more time after reinstatement.
Extinction of lever pressing
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Extinction began on day 1 of week 15. Sessions consisted of two periods that
were identical to the time-out and VI periods of routine operant sessions, except that
neither active nor inactive lever presses had scheduled consequences. Animals underwent
3 extinction sessions per day for 4 days. By the end of this time, all animals had met the
extinction criteria of < 3 (the average baseline number of inactive lever presses) or 20%
of baseline active lever presses during the “VI period” for 3 consecutive sessions.
Cue-Induced Reinstatement
A single reinstatement session was conducted on day 1 of week 17. The
reinstatement session was identical to the time-out and VI periods of routine operant
sessions, except that a single, non-contingent MS reinforcer was delivered at the
beginning of the VI period and lever presses were reinforced with illumination of the
MS-associated cue light only.

Conditioned place preference (CPP)
The conditioning apparatus was obtained from Med Associates and consisted of two
chambers characterized by distinct visual (white or black walls), tactile (wire mesh or
steel rod floors), and olfactory (lemon or almond scent) cues. On day 1 of the
experiment, baseline preferences were assessed. The door separating the two chambers
was left open, and mice were allowed to explore freely for 30 min. Animals that spent
more than 70% of their time in one chamber were excluded from the study. On day 2,
mice were injected with saline and immediately confined to one chamber for 30 min. On
day 3, they were injected with saline or variable doses of MS (0, 0.1, 0.3, 3, 10, or 30
mg/kg, s.c.) or methadone (2 or 4 mg/kg, s.c.) and immediately confined to the other
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chamber for 30 min. Drug was paired with the originally preferred side 50% of the time.
Only one conditioning session was conducted per treatment. The test session was
identical to the baseline session and occurred on day 6. Data are presented as the % time
spent in the drug-paired side during the test session minus that during the baseline
session.

Conditioned place aversion (CPA)
The apparatus was identical to that used for CPP. Baseline preferences were assessed in
a 30 min session prior to chronic saline or morphine treatment. Mice were then injected
with saline or MS (10 mg/kg, s.c.) twice daily for five days in their home cages. 30 min
after the final injection, mice were injected with saline or varying doses of naloxone and
immediately confined to one chamber of the conditioning apparatus for 30 min.
Naloxone was paired with the originally preferred side 50% of the time. No other
conditioning sessions were conducted. The formation of place aversions was measured
one week after conditioning.

Subcutaneous morphine self-administration
Mice were first water deprived and then trained to lever press for water
reinforcement. A single response on the active lever (FR1) resulted in the delivery of
15ul of water and the illumination of a cue light located above the reward port for 15 s
(light CS). While the cue light was turned on, additional lever presses were recorded but
had no scheduled consequences.
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Following the acquisition of lever pressing, mice were implanted with s.c.
catheters in the midscapular region of their backs. The catheters consisted of a 22G
Plastics One guide cannula connected to a 3 cm length of silastic tubing (inner diameter
0.3mm, outer diameter 0.64mm) and secured by dental cement to a piece of nylon or
polyester mesh. The mesh served to anchor the catheter to the skin and s.c. tissue.
Surgeries were performed under systemic (i.p. ketamine/xylazine) and local (s.c.
lidocaine) anesthesia, and mice were permitted to recover for at least 4 days before the
resumption of operant training. Catheters were flushed with 20ul of heparinized saline
before each session.
Following recovery, mice were trained to lever press for a s.c. MS infusion. Drug
infusions were paired with not only a light CS but also the delivery of 15ul of vanillaflavored water. This taste CS was found to greatly facilitate learning, likely because an
ingested cue was more salient in the context of the slow onset of s.c. MS’s physiological
effects (e.g. peak analgesia occurs 60 min post-infusion). For two 4 hr taste conditioning
sessions, mice were water deprived to encourage consumption of the taste CS. During
conditioning sessions, WT mice self-administered 0.5 mg/kg/infusion and RMOR mice
0.25 mg/kg/infusion. These sessions were conducted at least 2 days apart, and the number
of reinforcers was capped at 30 in order to reduce the development of tolerance. For all
subsequent sessions, mice had free access to water in their home cages and in the operant
chambers. Mice were permitted to self-administer various doses of MS (1, 0.5, 0.25, and
0.125 mg/kg/infusion) and methadone (0.5 mg/kg/infusion). Each dose was tested for
three 4 hr sessions. MS doses were tested in descending order in order to prevent early
extinction and to detect increases rather than decreases in operant responding.
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Quinine and saccharin drinking
Individually housed mice were given access to two bottles: one containing
variable concentrations of quinine (0.01, 0.03, or 0.1 mM) or saccharin (0.02% or 0.2%
saccharin sodium w/v) in water and the other containing water alone. Starting with the
lowest concentration, 24 hour intake of each solution and water was measured for 3
consecutive days.

Locomotor sensitization
RMOR and WT mice were injected with the same dose of cocaine (20 mg/kg) or
with different doses of MS that stimulated approximately equal amounts of activity in
opioid naïve mice (RMOR 8 mg/kg, WT 20 mg/kg) every other day for 5 days.
Locomotor activity was measured on days 1 and 5. On test days, animals were placed in
the locomotor chambers for a 30 minute habituation period prior to drug injection.
Cocaine-induced activity was monitored for 15 minutes, and morphine-induced activity
was monitored for 90 minutes.

Fear Conditioning
Mice were exposed to 4 pairings of a 30 s tone (2.9 kHz, 80 dB) and a 1 s
footshock (0.4 mA), which coincided with the last 1 s of the tone. The inter-trial interval
varied from 60-120 s. Freezing behavior induced by the tone alone (8
presentations/session) was measured 2 days and 9 days after conditioning. Mice were
placed in the same chambers where they had been shocked, but the floor texture was
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modified to create a distinct context. Animals were considered to be freezing if no
movement was detected for 1 sec. Freezing was compared for the 30 sec immediately
preceding (baseline activity) and following (fear-induced suppression of activity) tone
onset.

Analgesia and tolerance induction
Antinociceptive responses were measured with the hot-plate assay. Mice were placed on
a hot-plate maintained at 56 C. An observer who was blind to genotypic conditions
recorded latency to lick the fore- or hindpaws or flick the hindpaws. A cutoff time of 20 s
was used to prevent tissue damage. In acute antinociception tests, mice were injected
with morphine (1–10mg/kg). Drugs were dissolved in physiological saline and injected in
a volume of 10 ml/kg. In chronic tolerance development tests, mice were injected twice
daily (10 a.m. and 4 p.m.) with MS (3 or 10 mg/kg) for 5 days. Data are reported as %
maximal possible effect, calculated as 100% x (drug response latency – basal response
latency) / (20 s cutoff – basal response latency).

Withdrawal assessment
Mice were chronically treated with MS (10 mg/kg) or methadone (4 mg/kg) twice daily
for 5 days. 30 min after the final drug injection, mice were injected with naloxone (2
mg/kg) and observed for 20 min by an observer who was blind to experimental
conditions. Standard withdrawal behaviors were used to score each mouse and included
wet-dog shakes, jumps, paw tremors, and paw licks.
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Statistical analysis
For self-administration and fear conditioning experiments, the statistical
significance of the effects of group and time were tested using two-way analysis of
variance (ANOVA) with repeated measures, followed by Bonferroni’s post-test. Unless
otherwise noted, remaining comparisons were made using two-tailed, unpaired t-tests (for
2 groups) or one-way ANOVA (for more than 2 groups).
A compulsivity score was calculated for each WT mouse. For every addiction-like
behavior, each animal was given a sub-score equal to how much its behavior changed
between the earliest and latest time points measured before reinstatement (i.e. the
difference in the number of lever presses between weeks 2 and 14) minus the average
amount of change for all WT mice and then divided by the standard deviation for all WT
mice. All four sub-scores were added to obtain the animal’s overall compulsivity score.
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We have provided evidence that the reduced “addictiveness” of morphine in RMOR mice
may derive, at least in part, from the prevention of changes in morphine reward that occur during
states of dependence and withdrawal. One possible mechanism for the reduced susceptibility of
RMOR mice to changes in the reinforcing value of morphine is the prevention of a cAMPdependent increase in neurotransmitter release from MOR-expressing cells. Acute stimulation of
MOR signaling in these cells leads to both an inhibition of the cAMP/PKA pathway and an
inhibition of neurotransmitter release, via a cAMP-independent mechanism (Vaughan et al.,
1997). Normally, this signaling is regulated at the level of the receptor by MOR desensitization
and endocytosis (von Zastrow, 2010). However, in response to chronically elevated opioid tone
(as in chronic pain) or a failure of receptor-level regulation (as in short-term morphine treatment)
or both (as in chronic morphine self-administration), the net effect of MOR signal transduction is
effectively limited by the upregulation of opposing signaling pathways. Thus, in diametric
opposition to its direct actions, chronic morphine indirectly induces overactivity of the
cAMP/PKA pathway and a consequent cAMP-dependent increase in neurotransmitter release
(Bonci and Williams, 1997; Hack et al., 2003; Nestler, 1996). This has multiple consequences
for synaptic function and behavior.
First, in the presence of high MOR occupancy by morphine, overactivity of the
cAMP/PKA pathway is more or less balanced by MOR signal transduction, resulting in a
homeostatic maintenance of neurotransmitter release that may manifest as tolerance (Chieng and
Christie, 1996; Ma and Pan, 2006). Second, as receptor occupany by morphine falls either due to
drug clearance or displacement by an antagonist, unopposed overactivity of the cAMP/PKA
pathway is revealed, leading to an overshoot in neurotransmitter release that may manifest as a
frank withdrawal syndrome (Bagley et al., 2005; Bie et al., 2005; Bonci and Williams, 1997).
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Third, during this state of withdrawal, neurotransmitter release is more dependent on the
cAMP/PKA pathway and hence more sensitive to inhibition by morphine than during the opioidnaive state (Chieng and Williams, 1998; Ingram et al., 1998; Zhang and Pan, 2010). Moreover,
the amount of neurotransmitter release is greater than during the opioid-naive state, making the
absolute magnitude of morphine's inhibitory effect greater as well. These two factors lead to an
increase in morphine's apparent potency and efficacy and may manifest as sensitization to
morphine's effects.
These changes occur in MOR-expressing cells in many different circuits controlling
many different behaviors. The circuit which has received the most attention with regards to
reward and addiction is the dopaminergic projection from the ventral tegmental area (VTA) to
the nucleus accumbens, which is activated by all drugs of abuse (Koob and Volkow, 2010). This
projection receives inhibitory input from MOR-expressing GABA neurons and is thus
disinhibited by morphine and other MOR agonists.
Chronic morphine induces a cAMP-dependent increase in GABA release onto VTA
dopamine neurons that is correlated with the intensity of morphine tolerance and dependence and
that may contribute to a dysphoric, hypodopaminergic state during withdrawal and abstinence
(Bonci and Williams, 1997; Diana et al., 1995; Madhavan et al., 2009). We have previously
shown that this increase in inhibitory tone is prevented in RMOR mice (Madhavan et al., 2009).
While this one particular change at the one particular synapse is in no way the only switch that
contributes to addiction, this analysis illustrates how MOR trafficking could exert protective
effects at multiple points along the spectrum from highly controlled to highly compulsive drug
taking, i.e. most likely at different points in low and high drinking RMOR mice.
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An alternative explanation for the addiction-resistant phenotype of RMOR mice is that
they may simply be so sensitive to the positive and/or negative reinforcing effects of morphine
that they never consume sufficient amounts to become dependent and/or addicted. It has been
documented in human subjects that individuals who are less sensitive to the intoxicating effects
of alcohol are more likely to go on to develop alcoholism (Schuckit, 1994). This does not appear
to extend to opioid addiction and may be more a product of the unique cultural context in which
alcohol drinking habits are acquired than of the neurobiology of addiction (Bieber et al., 2008);
however, it is plausible that the enhancement of morphine reward in RMOR mice is protective,
particularly in low drinking animals.
The increased potency of morphine to elicit reward and analgesia in RMOR mice is most
likely due to the prevention of morphine-induced persistent MOR desensitization and not due to
an increase in the actual pharmacological potency of morphine at the receptor. In fact, the
potency and efficacy with which morphine activates G protein signaling (measured by the
stimulation of guanine nucleotide exchange) are equivalent in brainstem membranes from
RMOR and WT mice (Kim et al., 2008). However, within 30 minutes of morphine
administration, the apparent potency of morphine decreases in WT mice, reflecting rapid
receptor desensitization. This change is prevented in RMOR mice due to the resensitization of
desensitized MORs by endocytosis and recycling.
Thus, the reduced susceptibility of RMOR mice to developing morphine addiction may
stem from at least two possibilities: (1) the prevention of dependence-related changes in
morphine reinforcement, secondary to the prevention of persistent MOR activation, and (2) a
heightened sensitivity to morphine’s physiological effects, secondary to the prevention of
persistent MOR desensitization. To rule out the latter possibility, it is necessary to isolate the
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increased morphine sensitivity of RMOR mice. This is precisely the phenotype of beta-arrestin 2
(bArr2) KO mice (Bohn et al., 2000; Bohn et al., 2003; Bohn et al., 1999). Eliminating bArr2
reduces both receptor desensitization and endocytosis, resulting in a reduction of persistent MOR
desensitization but no chance or an enhancement of persistent MOR signaling. Thus, like RMOR
mice, bArr2 KO mice experience enhanced morphine analgesia and reward; however, unlike
RMOR mice, they develop similar or increased dependence compared to WT animals.
We would predict that bArr2 KOs would consume quantities of morphine similar to
RMOR mice but show compulsive changes in their drug seeking behavior similar to WT mice.
We would also predict that knocking bArr2 out in RMOR mice would reverse their resistance to
developing morphine addiction, while leaving their heightened reward sensitivity intact.
However, it would not be surprising if this reversal were incomplete, as morphine would still
stimulate more robust phosphorylation of and beta-arrestin 1 recruitment to the RMOR than the
WT receptor. To test these hypotheses, we have obtained bArr2 KO mice and generated
combined RMOR knock-in + bArr2 KO mice. The verification of our predictions in these mice
would provide important confirmation that the entire cycle of agonist-induced MOR trafficking,
encompassing receptor desensitization, endocytosis, and recycling, is needed for the optimal
regulation of agonist-induced signaling.
Dissecting the cellular and neurophysiological basis for the increased resistance of
RMOR mice to developing morphine addiction will certainly be an important area for future
investigation; however, in many ways, the most interesting animals in our study were the high
drinking WT-LL mice – mice who were likely heavily dependent on morphine but who
nonetheless showed neither compulsive changes in behavior nor high levels of reinstatement.
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Current practices for the pharmacological management of opioid addiction are aimed at
the prevention and alleviation of opioid withdrawal symptoms using methadone or
buprenorphine substitution and maintenance. There is a tremendous need for additional
treatments that address aspects of compulsive opioid use beyond dependence. By comparing
high drinking WT-LL mice to WT-HH mice, it will be possible to distinguish the changes in
brain function which maintain compulsive drug use from those which are merely related to
opioid dependence. Such studies may inform the development not only of improved pain
medications with reduced abuse liability to prevent addiction but also of new therapies to treat
already established substance abuse.
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