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Preface

In the mid-to-late 1970s, opioids receptors were identified solely on their pharma-

cological, physiological, and behavioral properties. They were labeled as the mu-,

kappa-, and delta-opioid receptors based on the compounds that likely activated the

receptor subtypes or their tissue localization. Delta-opioid receptors were first

identified in the mouse vas deferens and were also thought to be present in the

brain based on the binding and activity of the endogenous opioid peptides met- and

leu-enkephalin (Lord et al. 1977). Delta-opioid receptors were cloned later in 1992

from a cDNA library prepared from NG108-15 cells that expressed high levels of

delta-opioid receptors (Evans et al. 1992). These advances permitted and initiated

the study of the delta-opioid receptor system.

While all clinically used opioid analgesics activate the mu-opioid receptor

subtype, there are currently no approved medications that bind selectively to the

other opioid receptor subtypes. When delta-opioid receptors were first identified, it

was hoped that this receptor would hold the key for the development of a

non-addicting analgesic. However, activation of delta-opioid receptors failed to

produce pain relief in animal models of acute and moderate-to-severe pain.

Research on the delta-opioid receptor system has persisted over the decades in

order to further understand its role in biology and physiology.

With new momentum in the field of opioid receptor pharmacology, the delta-

opioid receptor has served as the basis for studying new avenues in receptor

signaling and trafficking and for discovering the novel therapeutic potential of

opioid systems. The chapters in this volume are authored by a small selection of

investigators who have made critical advances in our understanding of the function

and activity of the delta-opioid receptor system, including the receptor itself and its

endogenous and exogenous ligands. The research described in this volume

highlights advances in our understanding of delta-opioid receptor pharmacology,

its relevance to disease states, and possibilities for drug discovery and development.

There are many more researchers who could have contributed; alas, there are only

so many pages. The contributions to this volume will describe:

• New discoveries in the design and synthesis of delta-opioid receptor ligands,

including the generation of quinolinomorphinan structures that appear to lack

the convulsant properties observed with the traditional piperazinyl benzamide
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compounds. Also, the development of bifunctional opioid ligands and the

pharmacology of delta-opioid receptor heteromers.

• Identification of distinct expression patterns of delta-opioid receptors in different

neuronal subtypes, brain regions, and within cells, and how these patterns may

be related to receptor function and/or specific disease states.

• Signaling pathways downstream of delta-opioid receptors, including G protein-

dependent and -independent signaling pathways, which may contribute to the

actions of different delta-opioid receptor agonists.

• Finally, the role of delta-opioid receptors and the potential therapeutic effects of

delta-opioid receptor ligands in disease states, such as pain, Parkinson’s disease,

wound healing, neuro- and cardioprotective effects, depression, anxiety, and

addiction.

I would like to thank Dr. James Barrett, Editor in Chief of the Handbook of
Experimental Pharmacology, for contacting and encouraging me to organize this

volume and for his patience in its preparation. Also, I would like to thank Susanne

Dathe, Balamurugan Elumalai, and Anand Ventakachalam from Springer for

overseeing the production of this volume. Finally, I would like to thank all the

researchers who have studied various aspects of delta-opioid receptor pharmacol-

ogy and delta-opioid receptor ligands over the decades and in particular the

contributors to this volume.

Ann Arbor, MI, USA Emily M. Jutkiewicz
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Abstract

The pharmacology of the delta opioid receptor (DOR) has lagged, mainly due to

the lack of an agonist with high potency and selectivity in vivo. The DOR is now

receiving increasing attention, and there has been progress in the synthesis of

better novel ligands. The discovery of a selective receptor DOR antagonist,

naltrindole (NTI), stimulated the design and synthesis of (�)TAN-67, which

was designed based on the message-address concept and the accessory site
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theory. Intensive studies using (�)TAN-67 determined the DOR-mediated vari-

ous pharmacological effects, such as antinociceptive effects for painful diabetic

neuropathy and cardiovascular protective effects. We improved the agonist

activity of TAN-67 to afford SN-28, which was modified to KNT-127, a novel

compound that improved the blood–brain barrier permeability. In addition,

KNT-127 showed higher selectivity for the DOR and had potent agonist activity

following systemic administration. Interestingly, KNT-127 produced no convul-

sive effects, unlike prototype DOR agonists. The KNT-127 type derivatives with

a quinolinomorphinan structure are expected to be promising candidates for the

development of therapeutic DOR agonists.

Keywords

(�)TAN-67 • Analgesic • Antidepressant • Antitussive • Anxiolytic • TRK-850 •

δ Opioid receptor

1 Introduction

The opioid system was generally classified into three types mu, delta, and kappa by

pharmacological and molecular biological studies, and these three types are

activated by a family of endogenous peptides: endorphins, endomorphins,

enkephalins, and dynorphins, respectively. Presently, a mu opioid receptor

(MOR) agonist (morphine) is best known as a remarkably strong analgesic for

severe pain, such as cancer pain. However, its use is limited by severe adverse

effects, such as constipation, respiratory depression, vomiting, dependence, and

tolerance. To develop compounds without these adverse effects, intense efforts

have been concentrated on investigating compounds selective for the delta opioid

receptor (DOR) or kappa opioid receptor (KOR). Previously, it was determined that

KOR activation results in dysphoria and this strongly limited the development of

KOR agonists for clinical study. However, the only clinically useful KOR agonist,

nalfurafine hydrochloride (Remitch®), was launched in Japan as an antipruritic drug

for kidney dialysis patients in 2009 (Nagase and Fujii 2011). On the other hand, no

compounds selective for the DOR have been clinically approved, despite many

reports indicating that promising pharmacological effects are exerted via the DOR.

The pharmacology of the DOR has lagged behind that of MOR and KORs, mainly

due to the lack of an agonist with high potency and selectivity in vivo. The DOR is

now receiving increasing attention, and there is progress in the synthesis of better

novel ligands. In this review, we summarize the progress in the design and synthesis

of DOR ligands with indolo- and quinolinomorphinan skeletons and in their

pharmacological effects.

4 A. Saitoh and H. Nagase



2 Design and Synthesis of Indolo- and Quinolinomorphinan
Derivatives
as Highly Selective Non-peptidic DOR Ligands

2.1 Rational Drug Design of (�)TAN-67

The discovery of the selective DOR antagonist, naltrindole (NTI), by Portoghese

et al. (1988) was a breakthrough (Fig. 1a) in the investigation of non-peptidic

ligands that preferentially bind the DOR. This was the first non-peptidic ligand

with high affinity and selectivity for the DOR based on the indolomorphinan

skeleton; in addition, the selective DOR antagonist NTI is still being used to

investigate pharmacological activity of DOR agonists.

The intensive structure–activity relationship study of NTI to improve its blood

brain barrier (BBB) permeability led to the synthesis of the DOR antagonists,

TRK-850 and TRK-851, which were more potent in vivo (Fig. 2). The discovery

of these compounds suggested endogenous opioid receptor networks existed at the

cough reflex and they were modulated via DORs in the central nervous system; this

finding led to Toray’s clinical candidate for a therapeutic drug for chronic cough

(Sakami et al. 2008). Kamei et al. discovered that endogenous DOR-mediated

stimulation had an inhibitory role in the endogenous MOR- and KOR-mediated

suppressive regulatory mechanisms of the cough reflex, using both capsaicin- and

citric acid-induced cough models of rodents and/or guinea pigs (Kamei 1996). It is

expected that DOR antagonists would be robust antitussive drugs, without

MOR-mediated side effects (see the review by Nagase and Fujii (2011) for detailed

discussion).

Message-address concept plays a role in the design of opioid receptor-type-

selective ligands with a tyrosine structure that is essential for opioid activity from

the viewpoint of endogenous opioid chemistry. Message part contributes to the

intrinsic activity of opioid ligand. Address part participates in opioid receptor type

selectivity (MOR address part, small side chain; DOR address part, larger side

chain; and KOR address part, largest side chain). In this binding model, we

designed a novel type of DOR ligands with tyrosine partial structures. Based on

the binding model of NTI with the DOR, we proposed the three-centered binding

sites at the morphinan moiety are the message part, which includes an ionic

interaction (protonated 17-nitrogen), a π–π interaction (phenol ring), and a hydro-

gen bond (3-hydroxy group), while the additional pharmacophore for DOR selec-

tivity, a π–π interaction of the benzene ring at the indole moiety of NTI (Fig. 1b), is

the address part, which determines opioid receptor type selectivity. In addition to

the binding model for NTI, we utilized the accessory site theory to design novel

selective DOR agonists. Accessory site theory plays a role in explaining the

structural difference between agonist and antagonist. The accessory part for an

antagonist is a characteristic lipophilic moiety which disturbs the structural change

of receptor induced by an agonist after binding with receptor. Interestingly, removal

of the accessory part of an antagonist produces an agonist. We hypothesized that the

10-methylene bridge and 4,5-epoxy ring would prohibit the free rotation of the

phenol ring and prevent the conformational change necessary for developing the

Delta Opioid Receptor (DOR) Ligands and Pharmacology: Development of Indolo-. . . 5



Fig. 1 Chemical structure formula and possible binding model of each ligand with the DOR

TRK-850: R1 = Me, R2 =H, TRK-851:R1 = H, R2 = F  

N

O

OR1

N

OH R2

Fig. 2 The structures of TRK-850 and TRK-851

6 A. Saitoh and H. Nagase



agonist activity (Fig. 1b). On the basis of this hypothesis, we removed the

10-methylene bridge and 4,5-epoxy ring in NTI to afford compound 1 (Fig. 1c).

Contrary to our expectation, compound 1 showed no agonist activity. However,

after investigating the structure–activity relationship, we found that only compound

2 (Fig. 1d) with a 7-F substituent afforded weak agonist activity. We postulated that

the agonist activity of compound 2 might be derived from the hydrogen bond with

the hydrogen donor site in the DOR. However, the position of the fluorine atom in

compound 2 might be rather close to the outside, and the conformational change

with the hydrogen bond would be insufficient, which would lead to weak agonist

activity (Fig. 1d). In the next step, we designed and synthesized a quinoline

derivative with a decahydroisoquinoline skeleton to move the position of the lone

electron pair for hydrogen bonding more inside the DOR binding site (Fig. 1e).

The resulting quinoline derivative with the 17-cyclopropylmethyl substituent

showed full agonist activity. After studying the elaborated structure–activity

relationship, we obtained a highly selective and potent agonist for the DOR,

(�)TAN-67, [(4aS*,12aR*)-4a-(3-hydroxyphenyl)-2-methyl-1,2,3,4,4a,5,12,12a-

octahydropyrido[3,4-b]acridine]. The possible binding model of (�)TAN-67 with

the DOR is shown in Fig. 1e.

In the radio-ligand competition assays, (�)TAN-67 showed high affinity for the

DOR (Ki value¼ 1.12 nM) in the guinea pig cerebrum using 3[H]DPDPE. In

addition, it showed higher selectivity for the DOR with a 2,070-fold lower affinity

for the MOR using 3[H]DAMGO and a 1,600-fold lower affinity for the KOR using

[3H]ethylketocyclazocine (Nagase et al. 1998). Knapp et al. (1995) also reported

that (�)TAN-67 showed a higher binding affinity (Ki¼ 0.647 nM) at the human

DOR using [3H]NTI and higher DOR binding selectivity (>1,000-fold) relative to

the human MOR using [3H]CTOP (Knapp et al. 1995). (�)TAN-67 produced a

NTI-reversible inhibitory effect on the contraction of the mouse vas deferens with

an IC50 value of 6.61 nM, suggesting that (�)TAN-67 showed agonist activity via

the DOR (Nagase et al. 1998). (�)TAN-67 also showed a robust agonist activity

(EC50¼ 1.72 nM) for the inhibition of forskolin-stimulated cAMP accumulation at

the human DOR expressed by intact Chinese hamster ovary (CHO) cells, but low

potency (EC50¼ 1,520 nM) at the human MOR expressed by the intact B82 mouse

fibroblast cells (Knapp et al. 1995). These in vitro results from assays using human

DOR and MOR showed that (�)TAN-67 has a similar binding affinity, selectivity,

and potency as DPDPE, a representative prototype peptidic DOR ligand (Knapp

et al. 1995).

2.2 Investigation of the Pharmacological Effects by TAN-67

(�)TAN-67 was the first non-peptidic DOR agonist designed on the basis of the

accessory site hypothesis for NTI (Portoghese et al. 1990; Schwyzer 1977) and was

included in a patent in 1991. After reporting the activities of (�)TAN-67, the many

pharmacological effects induced via the DOR were investigated. Studies have

identified the pharmacological effects induced by (�)TAN-67 and its derivatives,

Delta Opioid Receptor (DOR) Ligands and Pharmacology: Development of Indolo-. . . 7



such as the antinociceptive effects (including treatment of painful diabetic neurop-

athy), cardiovascular protective effects, as well as effects on respiratory disorders

(including antitussive effects), immunoregulatory functions, antidiuretic activity

(including the treatment of urinary incontinence), psychiatric disorders (including

antidepressant and anxiolytic effects), neurodegenerative diseases, and cancers

[reviewed in Fujii et al. (2013)]. In this section, we review some promising

pharmacological effects of (�)TAN-67.

2.2.1 Antinociceptive Effects
In early studies, the antinociceptive effects of (�)TAN-67 were evaluated in

various mice pain models, such as the acetic acid abdominal constriction (writhing)

test, hot-plate test, and tail-flick test. Subcutaneous (s.c.) administration of

(�)TAN-67 at large doses of 30 and 100 mg/kg caused a significant decrease in

the number of constrictions of mice in the acetic acid writhing test. The ED50 value

was 31.4 mg/kg (95% confidence limits: 14.2–69.4 mg/kg) at 30 min after treatment

(Kamei et al. 1995; Nagase et al. 1998). However, in the tail-flick test,

s.c. administration of (�)TAN-67 produced no antinociceptive effects in mice

(Kamei et al. 1995). Suzuki et al. reported that although the co-administration of

(�)TAN-67 with morphine significantly shifted the morphine dose-response curve

to the left, neither s.c. (40 mg/kg) nor intracerebroventricular (i.c.v., 40 μg/mouse)

administration of (�)TAN-67 alone produced inhibitory effects on the withdrawal

latencies in the mouse hot-plate test. These results suggested that (�)TAN-67 had

a low antinociceptive effect in the acetic acid writhing test and no effect in the

tail-flick or hot-plate tests (Kamei et al. 1997; Kamei et al. 1995; Suzuki

et al. 1995; Tseng et al. 1997). Thus, the higher potency and selectivity for the

DOR of (�)TAN-67 that was observed in in vitro studies was not consistent with

the findings from in vivo studies, which (�)TAN-67 produced no or weak

antinociceptive effects.

To clarify the reason for this, we synthesized the optically active compounds (+)

and (�)TAN-67 (Nagase et al. 2001). Interestingly, when (�)TAN-67 was given

intrathecal (i.t., 8.9–89.4 nmol doses), there was dose- and time-dependent inhibi-

tion of the tail-flick response in mice 10 min after injection. The ED50 value was

17.1 nmol (95% confidence limits: 3.4–85.2 nmol). The increased tail-flick

latencies of (�)TAN-67 in mice were completely antagonized by i.t. pretreatment

with BNTX (a selective DOR antagonist), but not by CTOP (a selective MOR

antagonist) or nor-BNI (a selective KOR antagonist), suggesting that (�)TAN-67

produced an antinociceptive effect mediated by the activation of the DOR, but not

MOR or KOR (Tseng et al. 1997).

On the other hand, its enantiomer, (+)TAN-67, decreased the latencies of the

tail-flick response in mice, even when smaller doses (1.8–8.9 nmol) were given

i.t. When higher doses (17.9–89.4 nmol) were given i.t., (+)TAN-67 produced

nociceptive-like behaviors, such as scratching and biting in mice (Tseng

et al. 1997). This result suggested that the doses of (+)TAN-67 that produced a

decrease of the tail-flick latencies were much smaller than the doses of (�)TAN-67

that produced antinociception. In addition, the severe nociception induced by

8 A. Saitoh and H. Nagase



(+)TAN-67 was attenuated by i.t. pretreatment with baclofen (a selective GABAB

receptor agonist), in the same manner as nociception was induced by the N-methyl-

D-aspartate (NMDA) receptor antagonist MK801 (Yajima et al. 2000). And also,

(+)TAN-67-induced nociception has been shown to be suppressed by a NK1

receptor antagonist (Kamei et al. 1999). Taken together, these data suggested that

the weak antinociceptive response of (�)TAN-67 was caused by its nociceptive

effects, which physiologically antagonized the antinociceptive effects of (�)TAN-

67. Based on these results, we proposed that (�)TAN-67 could produce

DOR-selective antinociceptive effects.

2.2.2 Antinociceptive Effects for Painful Diabetic Neuropathy
Interestingly, we found that the systemic administration of (�)TAN-67 produced a

significant inhibitory effect on the acetic acid abdominal constriction and tail-flick

tests in diabetic mice, which are animal models for painful diabetic neuropathy

(Kamei et al. 1995). The antinociceptive effects of (�)TAN-67 were greater than

that in non-diabetic mice. These results supported the hypothesis by Kamei that

mice with diabetes are hyperresponsive to DOR-mediated antinociception (Kamei

et al. 1994). The i.c.v. administration of (�)TAN-67 (3–60 μg/mouse, i.c.v.)
significantly increased the latencies in the tail-flick test in diabetic mice, which

was different from the effects in non-diabetic mice (Kamei et al. 1997; Ohsawa

et al. 1998). Interestingly, the i.c.v. pretreatment with both EGTA and ryanodine,

which decreased the level of intracellular calcium, reduced (�)-TAN67-induced

antinociception in diabetic mice. In contrast, the i.c.v. pretreatment with

thapsigargin, a microsomal calcium-ATPase inhibitor, enhanced (�)-TAN67-

induced antinociception in diabetic mice. These results suggested that the enhanced

DOR agonist-induced antinociception in diabetic mice may be due to excessive

intracellular calcium overload caused by dysfunctional calcium stores (Ohsawa

et al. 1998). Actually, it was reported that the diabetic state affects intracellular

calcium levels in neurons and various tissues (see review Fernyhough and Calcutt

2010; Levy et al. 1994). These findings suggested that DOR agonists, including (�)

TAN-67 and its derivatives, should be considered as candidate therapeutic targets

for treatment of painful diabetic neuropathy.

2.2.3 Cardiovascular Protective Effects
The cardiovascular protective effects of DOR agonists have been well established

using (�)TAN-67, which showed potential to mimic the cardioprotective effect in

ischemic preconditioning (IPC) in many animal species, including rats (Schultz

et al. 1998), chicks (Huh et al. 2001), and dogs (Peart et al. 2003). Previously, in an

in vivo rat model, (�)TAN-67 (10 mg/kg) significantly reduced infarct size (IS),

expressed as a percent of the area at risk (IS/AAR), when the rats were intrave-

nously infused for 15 min before occlusion and reperfusion periods (Schultz

et al. 1998). In a dog model, Peart et al. (2003) also showed that (�)TAN-67,

which was administered by intracoronary infusion for 30 min before left anterior

descending coronary artery occlusion, produced significant reduction in IS/AAR,

similar to that of IPC. Fryer et al. (1999) demonstrated that (�)TAN-67 (30 mg/kg)
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could induce the cardioprotective effect of IPC in rats 24–48 h following intraperi-

toneal (i.p.) administration. The IPC elicits both an acute and delayed phase of

cardioprotection, where brief episodes of ischemia and reperfusion before a

prolonged ischemic event limit myocardial cellular damage. These effects

suggested that the DOR agonist (�)TAN-67 could induce both short-term and

delayed cardioprotection.

The mechanisms for the cardioprotective effects against myocardial infarction

induced by (�)TAN-67 are mediated by the activation of several molecular

systems, including protein kinase C, ATP-sensitive potassium channels (KATP),

tyrosine kinase, and extracellular signal-regulated kinase (Fryer et al. 2002). Taken

together, it was suggested that activation of the DOR can mimic the

cardioprotective effects of IPC in the heart; thus, DOR agonists, including (�)

TAN-67 and its derivatives, may have therapeutic potential.

2.2.4 Anti-Alcohol Effects
Excessive ethanol consumption and alcohol addiction are serious threats to society,

both socially as well as economically. The involvement of opioid receptors in

ethanol consumption, as well as its rewards and dependence, has long been

known (van Ree et al. 1999). Several studies indicated that the pharmacological

activation of the DOR facilitates or inhibits ethanol consumption in rodents (van

Rijn et al. 2010). Pharmacological blockades of the DOR by NTI have decreased

ethanol consumption in rodents (Krishnan-Sarin et al. 1995a, b; Lê et al. 1993).

Paradoxically, DOR knockout mice showed increased ethanol consumption

(Roberts et al. 2001). Thus, the role of the DOR in alcohol intake is unclear.

It was shown that (�)TAN-67 (25 mg/kg, s.c.) decreased ethanol consumption in

mice in a two-bottle choice self-administration test (van Rijn et al. 2010; van Rijn

and Whistler 2009). Interestingly, (�)TAN-67 (25 mg/kg, s.c.) more effectively

abolished the ethanol withdrawal-induced anxiety-like behaviors in mice that

consumed ethanol than the typical anxiolytic, diazepam (van Rijn et al. 2010).

These results suggested that (�)TAN-67 could decrease anxiety-like behaviors and

be more effective than diazepam at reducing ethanol consumption (van Rijn

et al. 2010). On the other hand, (�)TAN-67 increased the ethanol-induced place

preference when the mice were injected prior to testing the conditioned place

preference (CPP) to ethanol, while (�)TAN-67 produced no place preference by

itself (van Rijn et al. 2010; van Rijn and Whistler 2009). Similar results were

reported by Suzuki and colleague (Matsuzawa et al. 1999). Although (�)TAN-67

(20 mg/kg, s.c.) alone produced no effects on the CPP test in rats (Matsuzawa

et al. 1999; Suzuki et al. 1996), (�)TAN-67 (20 mg/kg, s.c.) produced a significant
ethanol-induced place preference when the rats were exposed to conditioned fear

stress by an electrical foot shock in the place conditioning (Matsuzawa et al. 1999).

These results may suggest that (�)TAN-67 produces the ethanol-induced place

preference in the CPP test by decreasing the effects of aversive events (e.g.,

anxiolytic-like effects) during place conditioning. Conversely, another selective

DOR agonist SNC80 reduced the rewarding effects of ethanol, which promote

increased consumption (van Rijn et al. 2012).

10 A. Saitoh and H. Nagase



Although further studies are necessary to elucidate the mechanisms of the dual

efficacy of DOR agonists for ethanol consumption, (�)TAN-67 and its derivatives

are expected to be interesting therapeutic targets for treatment-seeking alcoholics.

3 Synthesis of DOR Ligands That Improved the BBB
Permeability

3.1 Rational Drug Design of KNT-127

Although the discovery of (�)TAN-67 greatly impacted the investigation of phar-

macology via the DOR, the activity and permeability through the BBB was

insufficient. Next, we tried to improve the potency and the ability to penetrate

through the BBB. The key structural features of (�)TAN-67 are a freely rotatable

phenol ring and a quinoline nitrogen. As shown in Fig. 3, (�)TAN-67 has neither

the 4,5-epoxy ring nor the 10-methylene bridge. The phenol ring of (�)TAN-67 can

rotate to a suitable position for induced fit, and the quinoline nitrogen can form a

hydrogen bound with the DOR. We postulated that these binding interactions with

the receptor would be sufficient to induce a structural change of the receptor,

thereby inducing agonist activity. However, the resulting (�)TAN-67 afforded

limited agonist activity. So, we tried to confirm if both the postulated accessory

sites were necessary for full agonist activity. We found the 4,5-epoxy ring was not

necessary, and this led us to design the compound SN-28, which only has the

10-methylene bridge (Fig. 3) (Nagase et al. 2009). The conformational analysis of

(�)TAN-67 and SN-28 using the Conformational Analyzer with Molecular

Dynamics And Sampling (CAMDAS) showed that the range of conformations

available to SN-28 was almost the same as that of (�)TAN-67. This result

suggested that SN-28 would have the ability to produce conformational change

and therefore the presence of the 10-methylene bridge would not disturb the

structural change of the receptor necessary for the agonist effect.

As we expected, SN-28 showed about 15 times more potent agonist activity than

(�)TAN-67 and a sufficient selectivity for the DOR in vitro (Nagase et al. 2009).

However, SN-28 when administrated s.c. at a dosage over 30 mg/kg showed no

analgesic effects in the mouse acetic acid writhing test. On the other hand, the

i.t. administration of SN-28 showed a strong analgesic effect in this test. This

suggested that SN-28 would not penetrate through the BBB. To confirm this

Fig. 3 The structures of NTI, (�)TAN-67, SN-28, and KNT-127
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hypothesis, we tried to design a compound that was a less polar derivative than

SN-28 to produce an analgesic effect after systemic administration.

The basic nitrogen in SN-28 could form ammonium ion under physiological

conditions, and the resulting ionized compound may be less likely to penetrate

through the BBB. We postulated that the lone electron pair on the 17-nitrogen in

SN-28 requires protection from forming of an ammonium ion in order to penetrate

through the BBB. We already reported that the 14-hydroxyl in naltrexone could

form a hydrogen bond with the lone electron pair on the 17-nitrogen to produce a

less polar compound (Fig. 4). Based on the above discussion, we converted SN-28

to the novel DOR agonist, KNT-127 (Nagase et al. 2010). As we expected,

KNT-127 showed higher selectivity for the DOR than SN-28 and potent agonist

activity (ED50¼ 0.095 nM, ED50¼ 0.149 nM, respectively) when delivered by

i.t. injection in the mouse acetic acid writhing test (Nagase et al. 2010). Moreover,

KNT-127 showed pronounced antinociceptive effects 30 min after

s.c. administration in the mouse acetic acid writhing test; thus, it was about

30-fold more potent than (�)TAN-67 (Nagase et al. 2010; Saitoh et al. 2011; Saitoh

and Yamada 2012).

3.2 The Pharmacological Properties of KNT-127

Ours and many other studies have suggested that DOR agonists, including (�)

TAN-67 and SNC80, produce potent antidepressant and anxiolytic-like effects in

animal models (Saitoh and Yamada 2012). However, the DOR ligands with a

diarylmethylpiperazine structure, such as SNC80, produced convulsive effects in

rodents and monkeys (Comer et al. 1993; Jutkiewicz et al. 2004; Negus et al. 1994).

Therefore, its clinical development has been limited. Recently, we found that

KNT-127 produced no convulsive effect; thus, KNT-127 and its derivatives are

attracting attention as new potential treatments for depression and/or anxiety. In

Fig. 4 Intramolecular hydrogen bond between the 14-hydroxy group and 17-nitrogen in

KNT-127
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this section, we summarize the recent reported results of the pharmacological

properties of KNT-127.

3.2.1 Antidepressant-Like Effects
We previously reported that KNT-127 produced antidepressant-like effects in a

mouse forced swimming test, a screening model for antidepressants (Saitoh

et al. 2011). The s.c. administration of KNT-127 (0.1–1.0 mg/kg) decreased the

immobility time and increased the duration of swimming and climbing. These

effects of KNT-127 were significantly reversed to the control level by pretreatment

with NTI, suggesting that these effects were mediated by the DOR. Furthermore,

the magnitude of the KNT-127 (1 mg/kg)-induced antidepressant-like effect was

similar to that produced by the s.c. administration of imipramine (6 mg/kg), a

tricyclic antidepressant. Therefore, we proposed that KNT-127 produced robust

antidepressant-like effects that were mediated by DOR stimulation. In our previous

studies, SNC80 produced an increase in climbing, but not swimming, in a mouse

forced swimming test (Saitoh et al. 2011). These effects on the swimming and

climbing behaviors following administration of KNT-127 and SNC80 were consis-

tent with another study (Nozaki et al. 2014). As previously shown, enhanced

serotonergic neurotransmission predominantly increases swimming behavior,

while enhanced catecholaminergic neurotransmission increases climbing behavior

in the forced swimming test (Cryan et al. 2005). This suggests that the

antidepressant-like effects of KNT-127 and SNC80 may be mediated by these

different neurotransmitter systems. It was reported that KNT-127 evoked the

release of extracellular dopamine and glutamate levels in the rat striatum and the

medial prefrontal cortex in a microdialysis study (Tanahashi et al. 2012). Although

the detailed mechanisms for the antidepressant-like effects of KNT-127 have not

been fully characterized, these neurotransmission may be involved in the expres-

sion of swimming and climbing behaviors.

3.2.2 Anxiolytic-Like Effects
We investigated the anxiolytic-like effects of KNT-127 using three different rat

models of innate anxiety (Saitoh et al. 2013; Sugiyama et al. 2014). The

s.c. administration of KNT-127 (0.3–3.0 mg/kg) increased the time spent in the

open arm in the elevated plus-maze test in rats. These effects were significantly

reversed to the control level by pretreatment with NTI, suggesting that the

anxiolytic-like effects of KNT-127 were mediated by the DOR. The magnitude of

the KNT-127 (3 mg/kg)-induced anxiolytic-like effects was similar to that pro-

duced by the s.c. administration of diazepam (1 mg/kg), a benzodiazepine anxio-

lytic. On the other hand, the anxiolytic-like effects of diazepam were not affected

by pretreatment with NTI, indicating that these effects are not associated with the

DOR. These findings were supported by results obtained from other anxiety animal

models, such as from light/dark and open-field tests. Based on these results, we

proposed that KNT-127 produced robust anxiolytic-like effects in rat innate anxiety

models.
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Amnesia, ethanol interaction, and motor coordination deficits are known as the

classical side effects of benzodiazepine, and the GABAA-benzodiazepine receptor

pathway plays an important role in the pathophysiology of these side effects.

Diazepam (1 mg/kg, s.c.) decreased the spontaneous alteration performance in the

Y-maze test, suggesting that diazepam produced amnesia effects at the doses that

caused anxiolytic-like effects, while KNT-127 (3.0 mg/kg) caused no significant

performance changes in the Y-maze test (Saitoh et al. 2013). Diazepam (1 mg/kg, s.

c.) also increased the ethanol sleeping time in the ethanol-induced sleeping test and

foot-angle-to-walking direction in the footprint test. These results suggest that

diazepam produced ethanol-interaction effects and motor coordination deficits at

the doses that caused anxiolytic-like effects. Interestingly, in contrast to diazepam

(1.0 mg/kg), KNT-127 (3.0 mg/kg) caused no significant performance changes in

the ethanol-induced sleeping test and footprint test (Saitoh et al. 2013). Taken

together, we suggested that KNT-127 did not appear to affect the GABAA-benzo-

diazepine receptor pathway in the rat brain regions responsible for benzodiazepine

side effects.

Recently, the anxiolytic effects of DOR agonists were observed in Phase II

clinical studies using adult patients with anxious major depressive disorder

(clinicaltrials.gov ID NCT00759395/NCT01020799). The DOR agonists are

expected to be effective treatments for anxiety, without producing adverse effects

associated with benzodiazepines.

3.2.3 Proconvulsant Effect
Previous studies indicated that a prototype DOR agonist SNC80 induced

convulsions in about half of the rats treated with a dose of 32 mg/kg (Jutkiewicz

et al. 2004). Similarly, we observed that seven of ten mice exhibited a brief

convulsive event lasting 10–15 s with a catalepsy-like behavior within about

10 min of administering SNC80 (30 mg/kg). Immediately following the

convulsions, these mice displayed catalepsy-like behavior for about 40 s. Interest-

ingly, KNT-127 produced no convulsions or catalepsy, even at 30–100 times higher

doses (100 mg/kg) than those required for antidepressant-like or anxiolytic-like

effects in rodents. In addition, although SNC80 (10 mg/kg, s.c.) produced a

substantial effect on the spontaneous locomotor activity in mice, KNT-127

(10 mg/kg) produced no effects. Clinically useful DOR agonists need to have

minimal undesirable effects, while retaining the main medical properties. Hence,

we propose that KNT-127 and its derivatives should be considered as candidate

compounds for the clinical development of DOR-based novel antipsychotic drugs

that lack the convulsive effects associated with other DOR agonists, which limit

their therapeutic potential.

3.2.4 Potential as a Biased DOR Ligand
It has been well established that distinct agonists acting at the same G-protein-

coupled receptor can engage different signaling or regulatory responses. This

concept is known as biased agonism, which has important biological and therapeu-

tic implications. Ligand-biased responses are well described in cellular models;
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however, the physiological relevance of biased agonism at the behavioral level has

yet to be elucidated (Violin et al. 2014).

In a previous study, Kieffer and colleague reported that DORs display differen-

tial receptor internalization properties in vivo, as SNC80 induced internalization,

whereas KNT-127 did not (Nozaki et al. 2014). In contrast to SNC80, KNT-127 did

not induce DOR internalization when assessed using DOR knock-in mice

expressing functional fluorescent-tagged DOR (DOR-eGFP mice). While SNC80

(10 mg/kg, i.p.) induced receptor internalization in the striatum, hippocampus,

spinal cord, and dorsal root ganglia, KNT-127 (10 mg/kg, s.c.) did not alter receptor
distribution, as a strong fluorescent signal was detected at the cell surface in all

tissues, similar to the saline control. These results suggest that KNT-127 and

SNC80 induce differential signaling in the central nervous system and, therefore,

have distinct behavioral consequences. Actually, KNT-127 induced an

antidepressant-like effect in a biased manner, compared with SNC80. For example,

repeated treatment with KNT-127 induced no tolerance to KNT-127 and/or no cross

tolerance to SNC80-induced antidepressant-like effects in the forced swimming

test, suggesting that the differential effects of KNT-127 and SNC80 are due to a

ligand-biased agonism for the DOR-mediated tolerance effects only for SNC80

(Nozaki et al. 2014).

Interestingly, these activities are similar to that of other recently reported DOR

agonists, AR-M1000390, ADL5747, and ADL5859 (Nozaki et al. 2012; Pradhan

et al. 2009, 2010). Similar to KNT-127, these DOR agonists exhibited ligand-biased

pharmacological effects at the DOR. These DOR agonists did not induce tolerance

to an antidepressant-like effects or DOR internalization, like SNC80 does. In

addition, only SNC80 and its derivatives evoked convulsions and hyperlocomotion.

These findings suggested that DOR agonist-induced ligand-biased agonism possi-

bly regulates distinct or selective intracellular signaling, neurotransmission, or long

adaptation. A recent study reported that DOR agonists without convulsive effects

produced decreases in both β-arrestin-2 recruitment and DOR internalization in

CHO cells (Nakata et al. 2014). Furthermore, it was reported that DOR-mediated

seizures were reduced in β-arrestin-2 knockout mice (Violin 2014b). More recently,

Chiang et al. (2016) suggested that compared with DPDPE, SNC80 is a “super-

recruiter” of β-arrestin-2, whereas KNT-127 is a weak/moderate recruiter as

measured in CHO cells expressing DORs. These findings suggest that a G-protein-

biased ligand at the DOR may prevent DOR-mediated seizures and tolerance, while

beneficial effects, such as antidepressant properties, are preserved.

4 Conclusion

The discovery of the selective DOR antagonist, NTI, led to the synthesis of (�)

TAN-67, which was designed on the basis of the accessory site hypothesis and the

message-address concept. After succeeding in synthesizing (�)TAN-67, many

pharmacological effects induced via the DOR were identified and reported. The

selective DOR antagonists, TRK-850 and TRK-851, were designed and synthesized
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based on the structure of NTI. The discoveries of TRK-850 and TRK-851

demonstrated the existence of the regulatory system for the cough reflex via the

DOR in the central nervous system. To improve the agonistic activity of (�)TAN-

67 for the DOR following systemic administration, we reexamined the accessory

site of NTI, which led to the design and synthesis of SN-28. Furthermore, the low

permeability of SN-28 through the BBB was improved with KNT-127, which

produced high selectivity and potent agonistic activity for the DOR in vivo. Also,

KNT-127 produced no convulsive effects, which is different from prototype DOR

compounds, like SNC80 derivatives. The biased ligands targeting the DOR may be

able to reduce the on-target seizure liability that has hindered drug discovery effects

targeting selective DOR agonists. The KNT-127 type quinolinomorphinan

derivatives of DOR ligands are expected to be promising candidates for the

development of therapeutic DOR agonists that do not induce convulsions.
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Abstract
The opioid receptor system plays a major role in the regulation of mood, reward,
and pain. The opioid receptors therefore make attractive targets for the treatment
of many different conditions, including pain, depression, and addiction. How-
ever, stimulation or blockade of any one opioid receptor type often leads to
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on-target adverse effects that limit the clinical utility of a selective opioid agonist
or antagonist. Literature precedent suggests that the opioid receptors do not act in
isolation and that interactions among the opioid receptors and between the opioid
receptors and other proteins may produce clinically useful targets. Multifunc-
tional ligands have the potential to elicit desired outcomes with reduced adverse
effects by allowing for the activation of specific receptor conformations and/or
signaling pathways promoted as a result of receptor oligomerization or crosstalk.
In this chapter, we describe several classes of multifunctional ligands that interact
with at least one opioid receptor. These ligands have been designed for biochem-
ical exploration and the treatment of a wide variety of conditions, including
multiple kinds of pain, depression, anxiety, addiction, and gastrointestinal
disorders. The structures, pharmacological utility, and therapeutic drawbacks of
these classes of ligands are discussed.

Keywords
Anxiety · Bivalent · Depression · GPCR · Mixed efficacy · Mood ·
Multifunctional · Opioid · Pain · Reward

1 Introduction

Opioid agonists have long been used in the treatment of acute and chronic pain and
are still widely used in the clinic today. After the discovery and cloning of the three
classical opioid receptors – mu (MOR), delta (DOR), and kappa (KOR) – the search
for additional and increasingly selective opioid ligands began, driven in part by the
need for tools to characterize the opioid receptors. It was assumed that selective
opioid agonists would be the future of opioid analgesics, and it seemed intuitive that a
more specific ligand would have fewer off-target interactions and unintended effects.

Clinically relevant opioid therapeutics produce their analgesic effects through
stimulation of MOR. Unfortunately, adverse effects associated with opioid
analgesics such as constipation, respiratory depression, euphoria, tolerance to
opioid-mediated analgesia, and physical dependence are mediated by MOR as
well. Further, the development of tolerance to and dependence on opioid analgesics
may contribute to the prevalence of opioid abuse (Ross and Peselow 2009; Bailey
and Connor 2005; Johnston et al. 2009). The development of these undesirable side
effects is problematic in many ways; not only does it complicate dosing regimens
and decrease patient compliance, but it also limits the clinical utility of opioids and
has been linked to increased addiction liability. As the desired analgesic effects and
negative side effects are all mediated through MOR, the development of more
selective MOR agonists will not address the problems associated with acute and
chronic opioid analgesic use.

The stimulation of DOR or KOR has been shown to produce analgesic effects
in vivo; however, there are also adverse effects associated with stimulation of each of
these receptors. Stimulation of KOR produces aversive and dysphoric effects, while
stimulation of DOR produces convulsions under some conditions (Lutz and Kieffer
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2013). As a result, pure DOR and KOR ligands have not been pursued as therapeutic
tools. However, since it has been shown that opioid receptors do not act in isolation
in vitro or in vivo, the simultaneous modulation of multiple targets may generate a
more desirable drug profile (Morphy et al. 2004; Morphy and Rankovic 2009; Dietis
et al. 2009; Balboni et al. 2002, 2007). This strategy may allow for the activation of
specific receptor conformations and/or signaling pathways promoted as a result of
receptor oligomerization or crosstalk.

Multifunctional ligands that interact with multiple receptors simultaneously or
with unique receptor/signaling complexes possess considerable advantages over
the traditional approach of using a combination of selective drugs. Combination
therapies or drug cocktails contain multiple active components with differing phar-
macokinetic properties. Different drugs often need to be taken on different schedules
in order to be most effective (e.g., every 6 h vs. every 12 h) due to the unique
absorption and clearance rates of each chemical entity; further, the optimal absorp-
tion conditions for each drug may be different (e.g., on a full stomach, on an empty
stomach, with a full glass of water). The necessary complicated dosing regimens
associated with administration of multiple drugs can reduce patient compliance. In
addition to these complications, coadministration of multiple chemical entities often
alters metabolism and clearance rates due to off-target drug effects in the liver and
kidneys. This increases the risk of patient to patient variation in efficacy and adverse
drug reactions.

The multifunctional ligands reported in the literature thus far fall into two main
categories: (1) bivalent or bidentate ligands, in which two separate pharmacophores
are linked by a flexible spacer, and (2) multifunctional or mixed efficacy ligands,
which contain a single set of binding elements that interacts with multiple targets
(Fig. 1). Strategies for simultaneous modulation of multiple receptors have been

Fig. 1 Drug cocktail vs. bivalent ligand vs. multifunctional ligand (a) A drug cocktail containing
two selective drugs with distinct pharmacophores (b) A bivalent ligand in which two separate
pharmacophores are connected by a flexible linker to form a single molecule (c) A multifunctional
drug in which multiple separate pharmacophores are merged into a single ligand which displays
properties of each pharmacophore
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developed for the treatment of pain and other disorders, a selection of which are
discussed in the sections below.

2 Multifunctional Opioid/Opioid Ligands

Opioid receptors are involved in the regulation of pain, mood, and reward; as a
result, opioid ligands show great therapeutic potential for treating many different
sensory and mood disorders. As the different opioid receptors often exhibit opposing
effects, the simultaneous modulation of multiple receptors has been proposed as a
strategy to balance these therapeutic and adverse effects to elicit desired pharmaco-
logical profiles. Specific, nonselective ligands for a variety of opioid receptor
combinations have been developed for a variety of applications.

2.1 DOR/MOR

It has been reported in the literature that the coadministration of a DOR agonist with
a MOR agonist lessens the development of tolerance to and dependence on MOR
agonists without attenuating MOR-mediated analgesia (Li et al. 2012; Lowery et al.
2011; Rozenfeld et al. 2007). Coadministration of a DOR agonist with a MOR
agonist also reduces the incidence of other unwanted side effects such as stimulation
of forward locomotion, which is generally interpreted as an activation of dopamine
systems and has been used as an early indicator of abuse liability (Li et al. 2012). It
has also been reported that small doses of DOR agonists potentiate the affinity and
antinociceptive potency of MOR agonists as well as potentiating the efficacy of
MOR agonists (Lowery et al. 2011; Heyman et al. 1989a, b; Horan et al. 1992; Qi
et al. 1990). This suggests that the combination of a DOR agonist with a traditional
MOR agonist opioid analgesic may decrease the dose necessary to produce effective
analgesia, widening the therapeutic index between analgesia and adverse events and
adaptations. Further, coadministration of a MOR agonist with a DOR agonist may
reduce the abuse liability associated with MOR agonist opioid analgesics.

It is noteworthy that the coadministration of a DOR antagonist and a MOR
agonist also decreases the adverse effects typically associated with MOR
agonists (Dietis et al. 2009; Martin et al. 2000; Horan et al. 1993; Zielińska et al.
2016; Abbott and Romero 1996; Li et al. 2007). Similarly, it has been shown that the
coadministration of a DOR antagonist with an addictive MOR agonist, such as
heroin, can reduce self-administration of that MOR agonist (Martin et al. 2000).
These data suggest that the coadministration of a DOR antagonist with a traditional
MOR agonist analgesic may slow or prevent the emergence of adverse events and
minimize the abuse potential associated with chronic MOR agonist use, providing
a safer alternative to traditional opioid analgesics. At this time, it is unclear why
administration of either a DOR agonist or DOR antagonist would have similar
effects on MOR agonist effects.
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2.1.1 Bifunctional DOR Agonist/MOR Agonist Ligands
Bifunctional DOR agonist/MOR agonist ligands have been developed to harness the
beneficial aspects of DOR agonist/MOR agonist drug cocktails without the compli-
cated pharmacokinetic profiles associated with administering two distinct chemical
entities. These “selectively promiscuous” compounds combine two different
pharmacophores in the same molecule.

The dimeric enkephalin peptide, biphalin, was one of the first reported potent
DOR agonist/MOR agonist bifunctional compounds (Fig. 2). Biphalin consists of
two tetrapeptides connected “tail-to-tail” by a hydrazide bridge. It produced dose-
dependent antinociception in the warm water tail withdrawal assay after both
peripheral administration and intracerebroventricular (icv) administration in mice.
While it is expected that icv administration of a MOR agonist will produce
antinociception, it is surprising that intraperitoneal (ip) administration of biphalin
produced antinociception because unmodified peptides often do not cross the blood–
brain barrier (BBB). As such, it is likely that the antinociceptive response produced
by biphalin is peripherally mediated (Horan et al. 1993). Parenteral administration of
biphalin significantly inhibits gastric transit (Zielińska et al. 2016). Further, when
biphalin is infused directly into the brain into the lateral ventricles (icv), mice
become physically dependent similar to that observed with morphine (icv), such
that naloxone precipitates withdrawal signs (Abbott and Romero 1996). Overall,
these findings suggest that biphalin is acting as a peripheral MOR agonist and that
not all of the adverse effects associated with MOR agonists were ameliorated by this
DOR agonist/MOR agonist profile (Horan et al. 1993).

More recently, a series of peptides based on endomorphin II (Tyr-Pro-Phe-Phe-
NH2), an endogenous MOR agonist, has been reported (Li et al. 2007); it was
found that replacing the Tyr1 of endomorphin II with 20,60-dimethyltyrosine (Dmt)
increased affinity for DOR and adding moderate bulk to the 2 and 6 position of the
Phe3 produced compounds with both DOR and MOR agonist activity. A series of
mixed DOR agonist/MOR agonist ligands were generated that were selective rela-
tive to KOR (Li et al. 2007). As this series is structurally similar to endogenous
endomorphins, it is possible that these ligands will produce limited tolerance and
dependence as compared to traditional opioid analgesics. To date, however, no
in vivo data have been reported.

One of the best characterized DOR agonist/MOR agonist peptides is MMP-2200
(Tyr-D-Thr-Gly-Phe-Leu-Ser-(O-β-D-lactose)-NH2), a glycosylated, bioavailable,

Fig. 2 Structure of biphalin ((Tyr-D-Ala-Gly-Phe-NH)2), a DOR agonist/MOR agonist dimeric
peptide linked by a hydrazide bridge (highlighted in red)
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centrally active derivative of the opioid peptide DTLES (Fig. 3). The in vivo actions
of MMP-2200 have been thoroughly investigated (Li et al. 2012; Lowery et al. 2011;
Polt et al. 2005). Antinociceptive tolerance was examined in the mouse warm water
tail withdrawal assay. Twice daily injections of an antinociceptive dose A90 of
MMP-2200 for 3 days produced approximately fivefold shift in ED50; the same
dosing regimen of morphine produced approximately 13-fold shift in ED50. Mice
treated twice daily with an A90 dose of MMP-2200 displayed significantly fewer
withdrawal signs after precipitated withdrawal than mice treated twice daily for
4 days with an A90 dose of morphine (Lowery et al. 2011). The reinforcing effects of
MMP-2200 have also been explored. Morphine produced robust self-administration
in monkeys, while MMP-2200 did not. However, morphine was active in the
warm water tail withdrawal assay in monkeys, while MMP-2200 did not produce
antinociception in the same assay. MMP-2200 only showed antinociceptive effects
in a capsaicin-induced model of allodynia in nonhuman primates (Do Carmo et al.
2008). These data suggest that the mixed efficacy DOR agonist/MOR agonist profile
may reduce the negative neurochemical adaptations and addiction liability problems
associated with pure MOR agonist analgesics.

There are currently very few reports of DOR/MOR dual agonist small molecules
that are selective relative to KOR. One recent report describes a series of pyrrolo-
and pyridomorphans that displayed full agonist activity at DOR and partial agonist
activity at MOR (Kumar et al. 2014a). These compounds have not yet been explored
in animal models.

While there are several DOR agonist/MOR agonist compounds that are
promising leads for developing safer opioid analgesics, DOR/MOR agonist crosstalk
has been pursued less vigorously than DOR antagonist/MOR agonist interactions.
This may be due to the severe unwanted effects associated with DOR stimulation
such as convulsions and seizures (Jutkiewicz 2006), which are significant drawbacks
for any therapeutic.

2.1.2 Bivalent DOR Antagonist/MOR Agonist Ligands
The design of bivalent DOR/MOR ligands is predicated on the idea of DOR/MOR
heterodimers. Literature reports suggest that using a flexible 21-atom linker between
a DOR antagonist pharmacophore and a MOR agonist pharmacophore produced
robust pain relief with limited development of adverse effects, while linkers of

Fig. 3 Structure of MMP-2200 (Tyr-D-Thr-Gly-Phe-Leu-Ser-(O-β-D-lactose)-NH2), a DOR
agonist/MOR agonist peptide modified with a C-terminal sugar moiety to improve membrane
penetration
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shorter or longer length showed decreased binding and/or more adverse effects
(Daniels et al. 2005a; Lenard et al. 2007; Aceto et al. 2012). The Portoghese lab
proposes that this 21-atom linker is the appropriate length to reach from the
orthosteric binding site of DOR into the orthosteric binding site of MOR in
DOR/MOR heterodimers. Additionally, they suggest that these bivalent ligands
stimulate DOR/MOR heterodimers, which may be unique signaling entities, to
produce antinociception without adverse effects.

MDAN-21 is one such ligand comprised of a naltrindole derivative (DOR
antagonist) linked to an oxymorphone derivative (MOR agonist) by a 21-atom linker
(Aceto et al. 2012) (Fig. 4). Tolerance to MDAN-21 and related bivalent compounds
was tested in the radiant tail flick assay; antinociceptive dose–response curves were
established before and after 3-day treatment with continuous icv infusion of 12 times
the ED50/h. Treatment with DOR antagonist/MOR agonist compounds produced
less tolerance and dependence as compared with either morphine or a monovalent
MOR agonist. Three-day chronic treatment with bivalent compounds with linker
length in the 19–21-atom range showed no shift in ED50 in the radiant tail flick assay,
while morphine and the monovalent MOR agonist showed approximately sixfold
shift in ED50. Mice receiving 3 days of continuous icv infusion of bivalent ligands
with linker lengths in the 19–21-atom range demonstrated eight- to tenfold fewer
naloxone-precipitated jumps as compared with mice treated with chronic morphine
or a monovalent MOR agonist (Daniels et al. 2005a). The rewarding properties of
bivalent MDAN-21 were also compared to monovalent MOR agonists with and
without a monovalent DOR antagonist present. Four-day training with a monovalent
MOR agonist produced significant conditioned place preference (CPP) in both the
presence and absence of a monovalent DOR antagonist. In contrast, the bivalent
DOR antagonist/MOR agonist ligand MDAN-21 (iv) did not produce significant
CPP (Lenard et al. 2007). The authors suggest that by linking a DOR antagonist
pharmacophore to a MOR agonist pharmacophore with a 19–21-atom linker
DOR/MOR heterodimers can be activated which results in unique signaling that
confers pain relief with limited development of tolerance and dependence and
limited reinforcing properties. However, MDAN-21 produced inconsistent
antinociceptive effects when administered peripherally suggesting that the failure
of MDAN-21 to produce CPP may be due to its variable effects following peripheral
administration (Aceto et al. 2012). These inconsistent results following peripheral
administration may indicate variable absorption or distribution of the drug due to

Fig. 4 Structure of MDAN-21, a bivalent DOR antagonist/MOR agonist ligand with an
oxymorphone derivative linked to a naltrindole derivative by a flexible 21-atom linker
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its large size or individual differences in metabolism, producing two distinct
pharmacophores with their own variable pharmacokinetics.

2.1.3 Bifunctional DOR Antagonist/MOR Agonist Ligands
Small molecule DOR antagonist/MOR agonist compounds have been derived from
known opioid alkaloids (Healy et al. 2013; Hiebel et al. 2007; Ananthan et al. 2012).
The DOR antagonist/MOR agonist/KOR antagonist alkaloid UMB425 displayed
antinociception in the mouse hot plate and tail flick assays (Fig. 5). One advantage of
this small molecule scaffold is that it is active after peripheral administration, a
desirable trait in a potential therapeutic. To assess the development of tolerance to
the antinociceptive effects, mice were treated with an ED90 dose of either morphine
or UMB425 twice daily for 5 days. Latencies in the hot plate and tail flick assays
were determined after each dose of drug. Mice treated repeatedly with morphine
developed tolerance to its antinociceptive effects on day 4 in both the hot plate and
tail flick assays. Mice treated repeatedly with UMB425 developed tolerance in the
hot plate assay on day 4 or day 5 and in the tail flick assay on day 5, though to a lesser
degree than morphine (Healy et al. 2013); these results are consistent with a mixed
efficacy DOR antagonist/MOR agonist. However, UMB425 displays selectivity for
MOR (approximately 3 nM) and similar affinity for DOR and KOR (approximately
200 nM), so it is somewhat misleading to describe UMB425 as DOR antagonist/
MOR agonist. What role, if any, the KOR antagonist activity of UMB425 plays in
the development of tolerance to and dependence on MOR agonists is unclear and
warrants further investigation.

There have also been reports of small molecule peptidomimetic or pseudo-peptide
DOR antagonist/MOR agonist compounds which are generally larger than alkaloid
opioid ligands but smaller than most opioid peptides (Balboni et al. 2002; Salvadori
et al. 1999; Mosberg et al. 2013; Dietis et al. 2012). Some of these ligands are based on
known DOR antagonist/MOR agonist peptides (Dietis et al. 2009; Balboni et al. 2002;
Healy et al. 2013; Hiebel et al. 2007; Ananthan et al. 2012; Mosberg et al. 2013). Most
contain at least one amide bond but are generally more “drug-like” in size and overall
physiochemical properties than peptides. Several DOR antagonist/MOR agonist
pseudo-peptide ligands containing the Dimethyltyrosine-Tetrahydroisoquinoline
carboxylic acid (Dmt-Tic) pharmacophore have been reported (Balboni et al. 2002;
Salvadori et al. 1999; Schiller 2010). The most notable of these, UFP-505 (Dmt-Tic-
Gly-NH-Bzl), is reported to be a DOR antagonist/MOR agonist compound in vitro and
ex vivo (Dietis et al. 2009, 2012) and has been shown to produce less tolerance in rats
as compared with morphine when given via intrathecal (it) injection (Dietis 2012)

Fig. 5 Structure of UMB425,
a small molecule DOR
antagonist/MOR agonist/
KOR antagonist
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(Fig. 6). However, there are no reports of any Dmt-Tic compounds which produce
antinociception after peripheral administration.

A series of more constrained peptidomimetics, based on a tetrahydroquinoline
scaffold and containing fewer amide bonds than the Dmt-Tic series, has also been
reported (Mosberg et al. 2013; Anand et al. 2016; Bender et al. 2015; Harland et al.
2015). This series of compounds also displayed DOR antagonist/MOR agonist
properties in vitro. Many of the compounds in this series displayed opioid-mediated
dose-dependent antinociception after peripheral administration in mice (Mosberg
et al. 2013; Anand et al. 2016; Bender et al. 2015; Harland et al. 2015), though there
are no reports on the development of tolerance or physical dependence.

While traditionally thought to be less “drug-like” than small molecules, peptide
ligands do possess some advantages over alkaloid and peptidomimetic opioid
compounds. The larger size of peptide ligands provides many contact points between
ligand and receptor. By making multiple points of contact, peptides can interact with
more elements in the binding pockets of receptors and form favorable or unfavorable
interactions, allowing for fine tuning of binding and efficacy profiles of multiple
targets. This is a key advantage in multifunctional opioid ligands as the structural
homology in the binding sites of MOR, DOR, and KOR is high; thus, it is difficult
to maintain high MOR and DOR affinity without significant KOR affinity and
to simultaneously produce MOR agonist activity without residual DOR or KOR
agonist activity.

The Schiller peptide DIPPψNH2 (Dmt-Tic-ψ[CH2NH]-Phe-Phe-NH2) is a well-
characterized DOR antagonist/MOR agonist peptide (Fig. 7); it was the first reported
DOR antagonist/MOR agonist compound with balanced affinity at DOR and MOR.
DIPPψNH2 produces robust antinociception in the rat tail flick assay after
icv administration. Rats treated continuously for 4 days with a small dose of
DIPPψNH2 (icv) developed less tolerance in the tail flick assay than rats treated
with morphine at comparable doses; however, treatment with larger doses of mor-
phine and DIPPψNH2 produced similar degrees of tolerance. Rats treated twice daily
with DIPPψNH2 showed fewer signs of withdrawal after treatment with antagonist
than rats treated with repeated morphine, suggesting that chronic treatment with
DIPPψNH2 produces less physical dependence (Schiller et al. 1999). Unfortunately,
the therapeutic potential of DIPPψNH2 is limited by its poor BBB penetration, as
expected for an unmodified peptide, and by the seizures produced after chronic
administration of large doses (Schiller 2010).

The problem of BBB penetration is addressed by the cyclic glycosylated
peptide, VRP26 (Dmt-c(SEtS)-[D-Cys-Aic-D-Pen]-Ser(O-β-D-glucose)-NH2)
(Mosberg et al. 2014) (Fig. 8). This ligand is reported to be a DOR antagonist/

Fig. 6 Structure of UFP-505
(Dmt-Tic-Gly-NH-Bzl), a
DOR antagonist/MOR agonist
pseudo-peptide
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MOR agonist in vitro and produced opioid-mediated antinociception in mice after
peripheral administration. Further, a single bolus dose of VRP26 produced no acute
tolerance in the mouse warm water tail withdrawal assay, making it a promising lead
for the development of mixed efficacy opioid analgesics (Mosberg et al. 2014).
Continuous infusion of VRP26 subcutaneously for 7 days did not shift the dose–
response curve in the mouse warm water tail withdrawal assay, while a similar
treatment with fentanyl produced a significant rightward shift in the dose–response
curve, suggesting that tolerance developed to fentanyl but not VRP26. Mice treated
for 7 days with a continuous infusion of fentanyl exhibited significantly more
withdrawal signs after injection with naloxone than mice treated chronically with
VRP26, suggesting that under these conditions physical dependence on VRP26 does
not develop. In the CPP assay, fentanyl produced robust, dose-dependent increases
in time spent on the drug-paired side of the apparatus as expected. While VRP26 did
produce slight increases in time spent on the drug-paired side of the apparatus, the
increases were not significant at any of the doses tested, which suggests that VRP26
is less rewarding than fentanyl (Anand et al. 2016). These data provide proof of
concept that mixed efficacy DOR antagonist/MOR agonist compounds provide a
better alternative to traditional opioid analgesics in rodent behavioral models.

2.1.4 DOR/MOR Conclusions
The mechanism(s) by which DOR ligands modulate MOR-mediated signaling
are not clear. It has been suggested that DOR and MOR form functionally distinct
heterodimers that signal differently than their monomeric or homomeric counter-
parts. In the case of DOR agonist/MOR agonist ligands, it has been proposed that
these DOR/MOR heterodimers can be simultaneously occupied by both a DOR
agonist and a MOR agonist and that these activated heterodimers couple to different
downstream effectors, thereby producing effects different from DOR or MOR
agonist stimulation alone (Gomes et al. 2000, 2011; Rios et al. 2001). Alternatively,
DOR/MOR heterodimers may be desensitized, recycled, or resensitized at different
rates or under different conditions than DOR or MOR alone. The desirable profile

Fig. 7 Structure of
DIPPψNH2 (Dmt-Tic-ψ
[CH2NH]-Phe-Phe-NH2), a
DOR antagonist/MOR agonist
peptide

Fig. 8 Structure of VRP26
(Dmt-c(SEtS)-[D-Cys-Aic-D-
Pen]-Ser(O-β-D-glucose)-
NH2), a DOR antagonist/
MOR agonist peptide
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produced by multifunctional DOR/MOR ligands could also be explained without
invoking heterodimers; DOR and MOR may be occupied by agonists in distinct cell
populations or brain regions, in which case the confluence of these signals
potentiates analgesic activity without stimulating the development of tolerance,
dependence, or drug seeking behavior. Alternatively, these multifunctional ligands
could simply stabilize conformations of the receptor which promote different signal-
ing pathways which do not produce the same adverse effects as traditional opioid
ligands.

Several theories have been proposed to explain how a DOR antagonist could
decrease the development of tolerance to MOR agonists, many of which also involve
DOR/MOR heterodimers. One theory proposes that upon DOR antagonist treatment,
DOR surface expression is increased, either through blockade of basal DOR signal-
ing such that cells traffic more DOR to the surface from intracellular stores to
maintain enkephalinergic tone or through molecular chaperoning, which stabilizes
the receptor and enhances trafficking to the surface of the cell from the endoplasmic
reticulum (Cahill et al. 2007; Dunham and Hall 2009). MOR is co-trafficked to the
plasma membrane in the form of a DOR/MOR heterodimer from the endoplasmic
reticulum or vesicular stores, thereby increasing the number of active MOR binding
sites available on the plasma membrane and preventing the development of tolerance
through retention/increase of cell surface binding (Cvejic and Devi 1997; George
et al. 2000). Another hypothesis proposes that DOR/MOR heterodimers form at the
plasma membrane and that antagonist-bound DOR will remain on the cell surface
and prevent internalization of agonist-bound MOR through receptor/receptor dimer-
ization; the proximity of DOR may prevent phosphorylation of MOR, thereby
maintaining surface expression of active MOR (Law et al. 2005). These theories
are supported by evidence which shows that DOR and MOR co-localize in the same
cell in the dorsal root ganglion (Wang et al. 2010; Peng et al. 2012; Liu et al. 1995),
a brain region associated with pain signaling. There also exists another set of
possibilities which do not involve the dimerization of DOR and MOR. It is possible
that the confluence of signals from both DOR and MOR attenuates the development
of tolerance and dependence. These signals may alter the trafficking pattern of the
receptors but do not necessarily do so through a direct physical interaction between
DOR and MOR.

The role of DOR itself, as opposed to DOR ligands, has also been explored in the
development of MOR-mediated tolerance and dependence. It has been shown that
the knockdown or knockout of DOR in mice slows the development of tolerance to a
MOR agonist (Kest et al. 1996; Zhu et al. 1999; Chefer and Shippenberg 2009); as
DOR has a high basal signaling rate, this suggests that prevention of DOR-mediated
signaling slows the development of MOR-mediated tolerance and dependence.
When these data are considered with the findings from research on DOR agonist/
MOR agonist and DOR antagonist/MOR agonist interactions, it becomes clear that
there is a clinically significant interaction between the two receptor types. Taking
advantage of this interaction by developing mixed efficacy DOR agonist/MOR
agonist or DOR antagonist/MOR agonist compounds may be the key to developing
a new generation of safer opioid analgesics.
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2.2 DOR/KOR

The interactions of DOR and KOR have been investigated for the treatment of
depression. Simultaneous administration of DOR agonist ADL5859 and KOR
antagonist LY2444296 in mice resulted in synergistic antidepressant-like effects in
a forced swim test, demonstrating promise for therapeutic use of a DOR agonist/
KOR antagonist (Huang et al. 2016). DOR activation can also alter the effects of a
KOR agonist. Initial studies showed that pretreatment with DOR agonist SNC80
blocked the KOR agonist-mediated antinociception of U50,488H in MOR knockout
mice (Taylor et al. 2015). It has been proposed that DOR activation may also have
the potential to reverse stress-induced addictive and depressive behaviors that result
from KOR activation. Despite the demonstrated promise of these pharmacological
profiles, to our knowledge, there have been no reported specific DOR/KOR bifunc-
tional ligands at this time.

Two series of bivalent DOR/KOR ligands have been developed and used to
study interactions between the two receptor types and to identify putative
DOR/KOR heterodimers in vitro and in vivo. The KDAN series links the DOR
antagonist naltrindole and KOR agonist ICI-199,441. KDAN-18, which joins these
pharmacophores with an 18-atom spacer, exhibited antinociceptive activity in the
mouse tail flick assay (Fig. 9). Based on the absence of an allosteric effect between
DOR and KOR receptors that bind this ligand, the authors suggest that this com-
pound does not interact with DOR/KOR heterodimers in which DOR and KOR are
allosterically coupled but rather interacts via a bridging mechanism with DOR and
KOR receptor homodimers (δ2 and κ1 subtypes) which are associated through a
passive interface (Daniels et al. 2005b). The KDN series, on the other hand, is
reported to demonstrate ligand selectivity for DOR/KOR heterodimers. KDN-21
links naltrindole and KOR antagonist 50-guanidinonaltrindole with a 21-atom spacer
(Fig. 10). This ligand displays no antinociceptive activity in the mouse tail flick
assay. Based on binding studies in HEK293 cells and pharmacological studies in
mice via it injection, the authors suggest that it bridges the two orthosteric binding
sites in DOR/KOR heterodimers (Xie et al. 2005; Bhushan et al. 2004).

The localization of DOR/KOR receptor complexes to specific tissues suggests
promise for the development of ligands selective for these entities for use as spinally

Fig. 9 Structure of KDAN-18, a bivalent DOR antagonist/KOR agonist ligand with naltrindole
linked to ICI-199,441 by an 18-atom spacer
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selective analgesics. 60-guanidinonaltrindole has been reported to selectively activate
DOR/KOR heterodimers but not DOR or KOR homomers and results in analgesia in
the mouse tail flick assay only when the compound is administered in the spinal cord
but not in the brain (Waldhoer et al. 2005) (Fig. 11).

2.3 MOR/KOR

The primary application being explored for MOR/KOR ligands is treatment of
addiction to cocaine and other drugs of abuse. It has been demonstrated that KOR
agonists have the potential to reduce cocaine self-administration in nonhuman
primates due to their reward-modulating properties (Mello and Negus 1998; Negus
et al. 1997). It has been suggested that the inhibitory effects of KOR agonists on
abuse-related behaviors are a result of inhibition of dopamine release from dopami-
nergic neurons (Di Chiara and Imperato 1988; Maisonneuve et al. 1994). However,
highly selective KOR agonists also produce severe undesirable effects such as
salivation, emesis, sedation, and intense hallucinations in nonhuman primates
(Mello and Negus 1998; Negus et al. 1997) and in humans (Cruz et al. 2017). It
has been suggested that euphoric effects associated with weak MOR agonism may
be able to balance dysphoria associated with KOR agonism, increasing the thera-
peutic potential of a KOR agonist. Thus, mixed MOR/KOR ligands offer potential
advantages over selective KOR agonists for the treatment of drug abuse.

Orvinols are known for high affinity binding to MOR and KOR with varying
efficacy and have been proposed as potential treatment for cocaine and other
psychostimulant abuse, though little in vivo work has been reported on this series
(Greedy et al. 2013). Nalbuphine, a mixed MOR/KOR agonist, has been shown to
produce a modest attenuation of cocaine’s abuse-related effects in humans

Fig. 10 Structure of KDN-21, a bivalent DOR antagonist/KOR antagonist ligand with naltrindole
linked to 50-guanidinonaltrindole by a 21-atom spacer

Fig. 11 Structure of 60-guanidinonaltrindole, a small molecule agonist of DOR/KOR heterodimers
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(Mello et al. 2005) (Fig. 12a). Exploration of 3-benzylaminomorphinan derivatives with
full KOR agonist and partial MOR agonist properties (Neumeyer et al. 2013) led to
development of MCL-101 (butorphan), a MOR agonist/KOR agonist (Neumeyer
et al. 2000), which decreased the rewarding effects of cocaine in intracranial self-
stimulation studies in rats (Provencher et al. 2013) and dose-dependently decreased
cocaine self-administration with minimal side effects in rhesus monkeys (Bowen
et al. 2003) (Fig. 12b). A novel quinoline derivative with MOR/KOR agonist
activity, S4, was shown to inhibit naloxone-precipitated withdrawal symptoms
(Deb et al. 2009) (Fig. 12c). Aminothiazolomorphinans have also been explored as
mixed MOR/KOR agonists (Zhang et al. 2011a), leading to the development of (�)-
3-Amino-thiazolo[5,4-b]-N-cyclopropylmethylmorphinan hydrochloride (ATPM), a
MOR agonist/antagonist and KOR agonist, which was shown to attenuate heroin
self-administration in rats (Wang et al. 2009) (Fig. 13). ATPM has also been shown
to produce KOR- andMOR-mediated, but not DOR-mediated, antinociception in the
mouse hot plate assay, to inhibit morphine-induced antinociception, and to dose-
dependently attenuate tolerance to the antinociceptive effects of morphine when
coadministered with morphine (Wang et al. 2009; Zhang et al. 2004). Other mixed
MOR/KOR ligands have also shown some potential to elicit antinociceptive effects
with limited adverse events. Endomorphin II based cyclic pentapeptides exhibiting
weak MOR/KOR agonism have been reported to result in antinociceptive effects
after both central and peripheral administration in mice (Perlikowska et al. 2016).

Finally, MOR/KOR ligands show promise as a treatment for gastrointestinal
disorders such as irritable bowel syndrome. Quaternization with benzyl bromide of
the pyridyl ring of NAP, a peripherally selective MOR ligand, resulted in BNAP, a
peripherally active MOR antagonist/KOR partial agonist which resulted in inhibition

Fig. 12 Structures of (a) nalbuphine, (b) MCL-101 (butorphan), and (c) S4, small molecule MOR
agonist/KOR agonist ligands

Fig. 13 Structure of ATPM, a small molecule MOR agonist/antagonist and KOR agonist
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of abdominal stretching and showed analgesic activity in the acetic acid induced
stretch assay in mice (Williams et al. 2016) (Fig. 14).

In addition, dimeric and bivalent MOR/KOR ligands have been developed to
study receptor oligomerization. These include cyclorphan-, butorphan-, ATPM-, and
other morphinan-based dimeric ligands with subnanomolar affinity for MOR and
KOR which function either as MOR partial agonist/KOR full agonist or as MOR
partial agonist/KOR partial agonist (Neumeyer et al. 2003; Decker et al. 2009;
Zhang et al. 2011b; Peng et al. 2006). The most notable of these chemical tools is
KMN-21, an antagonist of MOR/KOR heterodimers, which links MOR antagonist
β-naltrexamine and KOR antagonist 50-guanidononaltrindole with a 21-atom spacer
(Zhang et al. 2009) (Fig. 15).

3 Multifunctional Opioid/Nociceptin Receptor Ligands

The nociceptin receptor (NOP) has high sequence homology with the three classical
opioid receptors (MOR, DOR, and KOR) but has low affinity for standard opioid
ligands, such as naloxone, due to a unique configuration of its binding site residues
compared to the classical opioid receptors. As such, NOP is variably considered the
fourth opioid receptor or an opioid-like receptor. NOP receptors are highly expressed
in the spinal cord and many brain regions including those involved in pain, reward,
drug abuse, and motor control. Its endogenous ligand, nociceptin (also known as
orphinan FQ), blocks or mediates analgesic effects of opioids depending on the
exposure to endogenous opioids, and NOP agonists attenuate reward properties of
opioids and other drugs of abuse. However, there remain many discrepancies

Fig. 14 Structure of BNAP, a small molecule MOR antagonist/KOR partial agonist

Fig. 15 Structure of KMN-21, a small molecule antagonist of MOR/KOR heterodimers
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between studies in rodents and nonhuman primates (Toll et al. 2016; Kiguchi et al.
2016; Günther et al. 2017).

Co-immunoprecipitation studies suggest that heterodimerization may occur
between NOP and members of the classical opioid receptor family (Evans et al.
2010), and nonselective opioids have been explored for NOP activity (Butour et al.
1997). While etorphine shows only moderate NOP affinity, its derivative
TH-030418 shows high affinity and full agonism at NOP and all three canonical
opioid receptors (Fig. 16a). TH-030418 showed potent, naloxone-reversible
antinociception when administered subcutaneously in mice (Yu et al. 2011); how-
ever, chronic treatment resulted in dramatic tolerance development (Wen et al.
2011). Administration of buprenorphine, a mixed agonist/antagonist at classical
opioid receptors with partial agonist activity at NOP, in opioid receptor knockout
mice has shown that its MOR-mediated analgesia is attenuated by its NOP activation
(Lufty and Cowan 2004) (Fig. 16b). Structural analogues of buprenorphine have
been synthesized with the aims of increasing affinity for NOP in order to investigate
the role of NOP activation in the behavioral profile of this series (Cami-Kobeci et al.
2011) and developing potential agents for relapse prevention for multiple drugs of
abuse (Kumar et al. 2014b). Most notably, BU08028, a universally high affinity
opioid ligand which shows full agonism at MOR, DOR, and KOR and partial
agonism at NOP (Khroyan et al. 2011a), demonstrated long-lasting analgesia with
reduced side effects in nonhuman primates (Ding et al. 2016) (Fig. 16c). Intravenous
administration of MOR/DOR/KOR agonist/NOP antagonist peptides in mice
resulted in antinociception without respiratory depression (Guillemyn et al. 2016).
Cebranopadol (also known as GRT 6005) showed agonism at MOR, DOR, KOR,
and NOP and demonstrated antinociceptive and antihypersensitive effects in rats
after iv and oral administration with a favorable side effect profile (Linz et al. 2014)
and is currently in Phase III clinical trials for several indications including cancer
pain (Lambert et al. 2015) (Fig. 16d).

Fig. 16 Structures of
(a) TH-030418,
(b) buprenorphine,
(c) BU0828, and
(d) cebranopadol (GRT
6005), nonselective small
molecule opioid agonists
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3.1 DOR/NOP

DOR is also considered a therapeutic target in neuropsychiatric disorders including
Parkinson’s disease (Chu Sin Chung and Kieffer 2013; Pradhan et al. 2011). In rat
models, DOR agonists have demonstrated antiparkinsonian changes in motor effects
which are attributed to regulation of nigro-thalamic GABA neurons (Mabrouk et al.
2009). However, high doses of nonpeptidic DOR agonists have low clinical utility
due to undesired side effects such as convulsions, and chronic treatment may result
in tolerance to therapeutic effects (Mabrouk et al. 2014). Coadministration of DOR
agonist SNC80 and NOP antagonist J-113397 in mice and rats produced synergistic
antiparkinsonian effects. This observation suggests that NOP antagonism allows for
reduction of dosage of DOR agonists in the treatment of Parkinson’s disease with
retention of full therapeutic efficacy and limited undesired effects (Mabrouk et al.
2014). However, to our knowledge, no specific DOR/NOP ligands have been
reported at this time.

3.2 KOR/NOP

It has been suggested that a KOR antagonist/NOP agonist could be beneficial for
preventing relapse to a variety of abused drugs (Toll et al. 2013). Recently, aryl ring
analogues of buprenorphine with KOR antagonist/NOP partial agonist activity were
reported and are being evaluated in vivo for this and other potential applications
(Cueva et al. 2015). Nalfurafine (also known as TRK-820), a KOR agonist/NOP
antagonist with MOR partial agonist activity, demonstrated antinociception without
the development of dependence and adverse effects when administered subcutaneously
in mice (Seki et al. 1999; Mizoguchi et al. 2003) and is currently in development as
an antipruritic (Mustazza and Bastanzio 2011) (Fig. 17). Additionally, a series
of KOR/NOP chimeric peptides, structurally based on nociceptin and dynorphin A,
were prepared to delineate the functional domain of each endogenous ligand
(Lapalu et al. 1997; Reinscheid et al. 1998).

3.3 MOR/NOP

MOR and NOP co-localize in many brain regions, and co-immunoprecipitation and
immunofluorescence microscopy studies have shown that the two receptor types

Fig. 17 Structure of
nalfurafine (TRK-820), a
small molecule KOR agonist/
NOP antagonist
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may heterodimerize. NOP agonism has the potential to suppress opioid-induced
rewarding effects without decreasing antinociceptive effects (Zaveri et al. 2013;
Journigan et al. 2014). It has been suggested that a MOR/NOP agonist may have
therapeutic potential as an analgesic with a wider therapeutic window and lowered
addiction liability due to reduced reward and tolerance development compared to
classical opioid analgesics (Spagnolo et al. 2008). It has also been proposed that a
compound with sufficient NOP agonism could be used as a treatment for drug abuse
(Toll et al. 2013, 2016; Kiguchi et al. 2016). Naloxone benzoylhydrazone, a MOR
antagonist/KOR agonist, was shown to act as an antagonist at NOP (Fig. 18). This
ligand induced antinociception without affecting locomotor activity in wild-type
mice, but this effect was lost in NOP knockout mice, suggesting that NOP plays a
role key in the antinociceptive effects of naloxone benzoylhydrazone (Noda et al.
1998). KGNOP1 (H-Dmt-D-Arg-Aba-β-Ala-Arg-Tyr-Tyr-Arg-Ile-Lys-NH2), a
MOR agonist/NOP antagonist pseudo-peptide, was recently reported as a candidate
for dual treatment of nociceptive and neuropathic pain (Lagard et al. 2017).
SR16435, a high affinity, mixed MOR/NOP partial agonist, produced
antinociception with reduced development of tolerance as compared to morphine
in mice (Fig. 19a). However, SR16435 also induced CPP, suggesting that partial
NOP agonism is not enough to attenuate the rewarding properties associated with
MOR activation (Khroyan et al. 2007; Sukhtankar et al. 2013). As a result, additional
bifunctional MOR/NOP ligands with varying ratios of MOR/NOP agonist potency
were developed from this scaffold in search of a ligand with a nonaddicting analgesic
profile (Zaveri et al. 2013; Journigan et al. 2014). SR14150 (also known as AT-200),
a MOR/NOP partial agonist, showed MOR-mediated antinociceptive and
antiallodynic effects in mice (Khroyan et al. 2011b), did not induce CPP or attenuate
morphine-induced CPP (Toll et al. 2009), and is a promising candidate for treatment
of pain in sickle cell anemia (Vang et al. 2015) (Fig. 19b). These results suggest that
a MOR/NOP partial agonist may have potential as a nonaddictive analgesic while
NOP full agonism may be used to modulate opioid-induced reward (Toll et al. 2009).

Chimeric MOR/NOP ligands linking a dermorphin peptide (Tyr-D-Ala-Phe-Gly-
Tyr-Pro-Ser-NH2 or Tyr-D-Arg-Phe-β-Ala-NH2) and a NOP peptide (Ac-Arg-Tyr-
Tyr-Arg-Ile-Lys-NH2) were developed as tools to study putative MOR/NOP

Fig. 18 Structure of
naloxone benzoylhydrazone,
a small molecule MOR
antagonist/KOR agonist/NOP
antagonist

Fig. 19 Structures of (a)
SR16435 and (b) SR14150
(AT-200), small molecule
MOR/NOP partial agonists
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heterodimers (Kawano et al. 2006) and demonstrated potent antinociceptive activity
in the mouse tail flick assay following it administration but low activity following
icv administration (Kawano et al. 2007). The bivalent MOR/NOP agonist, DeNo,
is a combination of dermorphin and nociceptin which displays only weak
antinociceptive properties but may be useful as a tool for investigating simultaneous
activation of MOR and NOP (Bird et al. 2016).

4 Multifunctional Opioid/Non-opioid Ligands

Opioid receptors are known to interact with other GPCRs, and the existence of
various heterodimers remains controversial (Rios et al. 2001). Ligands have been
developed to explore the existence of constitutive heterodimers and to selectively
target these complexes. In addition, induction of non-endogenous opioid receptor
heteromers through the use of bivalent ligands has been proposed as a way to
promote unique pharmacology (Portoghese et al. 2017). Many bivalent ligands
have been developed to explore crosstalk between opioid receptors and other
systems, and these compounds are being explored for a variety of therapeutic uses.

4.1 Opioid/Cannabinoid

Cannabinoid receptors are found primarily in brain and neuronal tissue, and agonists
of these receptors have been linked to many behavioral effects including analgesia
and regulation of mood and appetite. Several endogenous agonists for the canna-
binoid receptors have been identified, including eicosanoids; however, the primary
endogenous agonists of the cannabinoid receptors are uncertain. There are two
known cannabinoid receptor types (CB1 and CB2), and some evidence suggests
the existence of additional types or subtypes (Howlett et al. 2002). Activation of
cannabinoid and opioid receptors results in similar behavioral effects including
antinociception and regulation of mood, and both types of receptor are expressed
in brain regions associated with antinociception. There is evidence which suggests
that the cannabinoid 1 receptor (CB1) heterodimerizes with each of the classical
opioid receptors (Bushlin et al. 2010; Rios et al. 2009). Rimonabant (also known as
SR141716), a CB1 antagonist, has been shown to bind to MOR and inhibit signaling
in mouse cortex and MOR-CHO membranes (Cinar and Szucs 2009) and to inhibit
DOR function at micromolar concentrations (Zádor et al. 2014). It has also been
shown that coadministration of opioid and cannabinoid receptor agonists may have a
synergistic antinociceptive effect (Grenald et al. 2017), and simultaneous activation
of both opioid and cannabinoid receptors results in highly effective analgesia in
neuropathic pain animal models (Kleczkowska et al. 2013). Preclinical coadmin-
istration studies suggest promise for the development of multifunctional opioid/
cannabinoid ligands as analgesics which can be dosed at lower concentrations than
opioids alone (Nielsen et al. 2017).

Bivalent opioid/CB1 ligands were also developed from high affinity DOR/MOR
peptide Tyr-D-Ala-Gly-Phe-NH2 and rimonabant as tools for investigating crosstalk
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and synergistic effects (Mollica et al. 2017). It has been proposed that a bivalent
MOR/CB1 ligand which activates one receptor and blocks activity at the other may
be useful as an analgesic since association between the two receptors leads to an
antagonistic response (Bushlin et al. 2010). However, bivalent ligands based on
MOR agonist α-oxymorphamine and rimonabant showed no reduced tolerance
development compared to coadministration of the monovalent ligands, suggesting
that MOR/CB1 is not an important target for reduction of opioid tolerance (Le Naour
et al. 2013). MOR antagonist/CB1 antagonist bivalent ligands were developed from
the opioid agonist fentanyl and rimonabant (Fernández-Fernández et al. 2014).
Coadministration studies have shown such ligands to have potential therapeutic
applications including reduction of pruritic response induced by rimonabant and
regulation of alcohol intake and feeding behavior (Rowland et al. 2002; Tallett et al.
2009; Wright and Rodgers 2013).

4.2 Opioid/Neurokinin-1

Neurokinin-1 receptors (NK1R) are widely expressed throughout the central nervous
system and often co-localize with the three classical opioid receptors (Pinto et al.
2008). The endogenous agonist for NK1R, Substance P (SP), is released in primary
afferents in response to pain and other noxious stimuli (Besson 1999). The resulting
stimulation of NK1R produces inflammation and signals of stress and pain (Xiao
et al. 2016). In other words, NK1R functions to oppose the opioid receptors;
stimulation of NK1R is nociceptive, while stimulation of the opioid receptors is
antinociceptive. Interestingly, stimulation of the opioid receptors can inhibit SP
release, and conversely, stimulation of NK1R modulates opioid receptor function
and the development of adverse effects associated with chronic opioid analgesic use
(Xiao et al. 2016).

Due to this intertwined relationship, a series of multifunctional opioid agonist/
NK1R antagonist peptides/peptidomimetics that combine opioid and NK1R
peptide sequences has been developed (Yamamoto et al. 2007; Nair et al. 2013,
2015). While many of these compounds produced antinociception in vivo, some-
times more potently than morphine, repeated administration produced tolerance to
the antinociceptive effects of these compounds. Other mixed opioid agonist/NK1R
antagonist peptides have also been developed (Betti et al. 2015; Dyniewicz et al.
2017). Surprisingly, some of these compounds do not produce cross-tolerance with
morphine (Betti et al. 2015) and therefore may provide a novel class of compounds
for treating pain.

4.3 MOR/CCR5

Opioid agonists have been shown to induce the expression of C-C chemokine
receptor type 5 (CCR5), which assists in the entry of the AIDS virus into immune
cells. Opioid receptors and CCR5 are closely situated on the cell membrane (Suzuki
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et al. 2002), and heterodimerization between MOR and CCR5 has been proposed
(Chen et al. 2004). A bivalent MOR agonist/CCR5 antagonist, MCC22, produced
potent antinociception in the mouse tail flick assay and is a candidate for use both in
treatment of chronic pain and in blocking penetration of HIV into the central nervous
system (Akgun et al. 2015) (Fig. 20). Bivalent MOR antagonist/CCR5 antagonist
ligands have been developed fromMOR antagonist naltrexone and CCR5 antagonist
maraviroc as probes to study putative MOR/CCR5 heterodimerization during pro-
gression of opioid-enhanced NeuroAIDS. Maraviroc alone does not effectively
inhibit HIV infection in primary human astrocytes in the presence of morphine
while a bivalent MOR/CCR5 antagonist ligand inhibits HIV invasion in both the
presence and absence of morphine (Yuan et al. 2012, 2013; Arnatt et al. 2016).

4.4 MOR/mGluR5

The metabotropic glutamate-5 receptor (mGluR5) is widely distributed in the central
nervous system, including in the dorsal horn and the glia of the spinal cord. This
receptor modulates synaptic transmission, neuronal excitability, and plasticity (Akgun
et al. 2013). Allosteric modulation of mGluR5 by antagonist MPEP has been shown to
enhance MOR-mediated antinociception and suppress the development of morphine
tolerance and dependence (Schröder et al. 2009). Heteromerization of MOR and
mGluR5 has also been proposed; to target these putative heteromers, bivalent ligand
MMG22, containing MOR agonist oxymorphone and mGluR5 antagonist m-
methoxy-MPEP pharmacophores, was developed (Fig. 21). This ligand showed
potent, long-lasting antinociception in a mouse model of bone cancer pain and is an

Fig. 20 Structure of MCC22, a bivalent MOR agonist/CCR5 antagonist ligand with a 22-atom
linker

Fig. 21 Structure of MMG22, a bivalent MOR agonist/mGluR5 antagonist ligand with
oxymorphone linked to an MPEP derivative by a 22-atom linker
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excellent candidate for the treatment of chronic, intractable pain via spinal administra-
tion (Akgun et al. 2013; Smeester et al. 2014).

5 Conclusions

Opioid receptors play a major role in the regulation of pain, mood, and reward;
however, selective ligands for MOR, DOR, and KOR all have on-target adverse
effects which complicate their use in treating pain, mood disorders, and addiction
(Lutz and Kieffer 2013). As a result, the development of multifunctional ligands
which display activity at multiple opioid receptors or activity at both opioid receptors
and other receptors has been the focus of a great deal of research. The move away
from selective ligands has been seen within and outside the opioid field, and many
researchers in the GPCR community are developing multifunctional ligands as both
tools and therapeutics.

Some of the ligands described in the sections above have been used as tools to
elucidate the mechanisms of crosstalk between receptors as well as the organization
of receptors into oligomers, which may provide a more nuanced view of the
physiological role of receptor/receptor interactions and signaling. The information
gathered from these studies is an important step in the rational design of novel
therapeutics that display multifunctional activity. In fact, many of the ligands
discussed in this chapter show improvement over selective opioid ligands with
regard to therapeutic efficacy or reduction in the development of adverse effects in
animal models and show promise as novel therapeutics for the treatment of pain,
addiction, and mood disorders.
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Abstract

Very few discoveries in the neurosciences have triggered clinical speculation

and experimentation regarding the etiology of psychiatric illness to the same

extent as that following identification of the opiate receptor(s) and subsequent

isolation of endogenous morphine-like peptides. There is overwhelming evi-

dence in animals and in human that opioids are involved in behaviorally relevant

issues such as the modulation of pain, the response to stress, motivation,

addiction, sexuality, food intake, etc., but our knowledge on the possible relation

between opioids and mental illness is still very limited.

These responses could be explored either by using highly selective delta

agonist or by emphasizing the effects of phasically secreted endogenous opioid

peptides, enkephalin. Both approaches were investigated in particular through

protection of enkephalin degradation by dual enkephalinase inhibitors DENKIs

such as RB101, PL37 or PL265.
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The apparent influence of endogenous opioids on the regulation of behavior has led

to considerable efforts to associate alterations in opioidergic systems with psychi-

atric symptoms. The hypothesized associations have been investigated basically by

three different methods. First, the effect of a selective opioid agonist or its antago-

nist on behavior is observed in normal volunteers as well as in psychiatric patients.

The substance is usually administered intravenously or orally. The second type of

study involves the determination of opioid concentrations in the CSF or serum of

psychotic patients. The third method was to investigate the behavioral effects of

increasing the level of endogenous opioids secreted by a stimuli in a particular brain

structure though their physiological protection of degradation by specific degrading

enzymes.

The biological effects of endogenous opioid peptides are mediated through three

classes of naloxone-sensitive opioid receptors: mu (μ), kappa (k), and delta (∂).
Each receptor is stimulated preferentially by specific endogenous peptides

(Met-enkephalin, Leu-enkephalin, and β-endorphin) for the μ- and ∂-receptors.
These endorphins are generated from maturation of long gene precursor called

preproenkephalin for Met- and Leu-Enks, pre-proopiomelanocortin for

β-endorphin, whereas dynorphin, the agonist of k-opioid receptor, is issued from

preprodynorphin.

Several lines of evidence have suggested a role for opioid receptor systems in

depression, including early studies investigating the potential antidepressant ther-

apy of endogenous opioid peptides in humans. For example, it was shown that basal

serum β-endorphin (an endogenous opioid peptide that binds to μ- and ∂-opioid
receptors) levels were significantly elevated in patients with depression after

antidepressant treatment (Darko et al. 1992; Djurovic et al. 1999). It was also

reported that plasma β-endorphin levels were found to be elevated in patients

after electroconvulsive shocks (ECS) for the treatment of depression, suggesting

that endogenous μ- and/or ∂-opioid receptors were involved, at least in part, in the

mechanisms of the ECS antidepressant activity (Emrich et al. 1979; Inturrisi

et al. 1982). Consistently β-endorphin was reported to produce rapidly an antide-

pressant action in depressed patients (Kline et al. 1977). Some clinical reports also

demonstrated the effectiveness of the μ-opioid receptor agonists oxycodone,

oxymorphone, and buprenorphine in patients with refractory major depression

(Bodkin et al. 1995; Stoll and Rueter 1999). Conversely, it was indicated that the

nonselective opioid receptor antagonist naltrexone induced self-reported mental

depression to volunteer subjects, in a placebo-controlled open study (Hollister

et al. 1981). Taken together, these findings suggest that the endogenous opioid
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systems have important roles in depression, but clinical demonstration using a well-

characterized exogenous opiate is still expected.

The ∂-opioid receptor was cloned in the 1990s (Evans et al. 1992; Kieffer

et al. 1992). It was reported that these ∂-opioid receptors were located in the

olfactory bulb, cerebral cortex, striatum, amygdala, hippocampus, brainstem nuclei,

and spinal cord in rodents (Erbs et al. 2015; Pradhan et al. 2011; Le Merrer

et al. 2009; Delay-Goyet et al. 1990). Madar et al. (1996) suggest that the distribu-

tion pattern of ∂-opioid receptors in the human brain using [11C]-methyl-

naltrindole was partially consistent with the location of the major regions involved

in the modulation of mood and emotion (Madar et al. 1996). Interestingly, Filliol

et al. (2000) found that ∂-opioid receptor knockout mice exhibited increases in the

immobility times in the forced swimming test. This finding also suggests that the

endogenous ∂-opioid receptor systems significantly contribute to the regulation of

mood and emotion confirming the early results obtained in rodent using well-

adapted behavioral tests and the first designed selective ∂-agonists (Table 1)

(review in Roques et al. 1993).

Moreover, there are two different strategies to modulate the responses elicited by

a neuropeptide. The classical approach is to use exogenous agonists that ubiqui-

tously stimulate the peptide receptor(s), a strategy that is thought to be associated

with serious drawbacks related to overstimulation of receptors (e.g., morphine). A

more physiological approach is to modulate the extracellular concentrations of

endogenous peptide effectors by inhibiting their metabolizing enzymes (Roques

et al. 2012).

The disadvantages of peptidase inhibitors compared with exogenous agonists or

antagonists could be their lower pharmacological potencies. However, this disad-

vantage is compensated for by their more physiological effects that correlate with

the phasic release of their peptide substrates in brain structures recruited by a

particular stimulus (e.g., pain, stress, or emotion) and the absence or small change

in either the secretion of the peptide or expression of its targets (e.g., metabolizing

enzymes and receptors).

Table 1 Affinity and selectivity for μ- and ∂-opioid binding sites of sterically constrained cyclic

and linear enkephalins

KI(∂) nM KI(μ) nM
Compounds [3H]DSTBULET [3H]DAGO μ/∂
Tyr-D-Thr-Gly-Phe-Leu-Thr, DTLET 1.61 25 16

Tyr-D-Pen-Gly-Phe-D-Pen, DPDPE 8.85 993 110

Tyr-D-Ser(OtBu)-Gly-Phe-Leu-Thr, DSTBULET 2.81 374 130

Tyr-D-Ser(OtBu)-Gly-Phe-Leu-Thr(OtBu), BUBU 1.69 480 280

Tyr-D-Cys(OtBu)-Gly-Phe-Leu-Thr(OtBu), BUBUC 2.90 2,980 1,020

Tyr-D-Met-Phe-His-Leu-Met-Asp-NH2, Deltorphin 2.40a 1,630a 679

Diallyl-Tyr-Aib-Aib-Phe-Leu, ICI 174,864 311 29,200 94

Naltrindole, NTI 1.30 74 57
aUsing different radioligands
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We have privileged this approach (review in Roques et al. 2012) for the main

endogenous opioid peptides enkephalins in designing potent inhibitors of the two

degrading peptidases involved in the interruption of the message conveyed by the

two peptides. These two enzymes, neutral endopeptidase (NEP or neprilysin) and

aminopeptidase N (APN), belong to the class of zinc metallopeptidases (Roques

et al. 2012).

1 Structure, Biological, and Pharmacological Properties
of Dual Inhibitors of Enkephalinase (DENKIs)

Taking into account the substantial similarities in the active sites of zinc

metallopeptidases (Fournie-Zaluski et al. 2009; Oefner et al. 2004; Marie-Claire

et al. 2000; Tiraboschi et al. 1999), the rational design of potent selective or dual

inhibitors of NEP and APN (Roques et al. 1993; Noble and Roques 2007; Roques

2000; Fournie-Zaluski and Roques 2002) has led to the selection of molecules that

contain a strong metal-coordinating group (e.g., a thiol, carboxyl, hydroxamate, or

phosphinic group) and are able to satisfy all possible energetically favorable

interactions with at least one of the S1–S20 subsites surrounding the catalytic site,

as evidenced by inhibitor co-crystallization (Fournie-Zaluski et al. 2009; Oefner

et al. 2004) (reviewed in references Noble and Roques 2007; Thanawala et al. 2008;

Roques 2000; Mina-Osorio 2008; Fournié-Zaluski and Roques 2002).

The first DENK inhibitors (Fig. 1) were designed in 1984 (Fournie-Zaluski

et al. 1984) using the hydroxamate group as a zinc-chelating moiety, assuming

that the strength of its coordination to the metal should counterbalance a “less-than-

perfect” fit of the inhibitor side chains to the active sites of the two

metallopeptidases (Roques et al. 1993) that are obviously not identical (Fournie-

Zaluski et al. 2009; Oefner et al. 2004). Accordingly, kelatorphan strongly inhibits

NEP (IC50¼ 1.8 nM) and less efficiently inhibits APN (IC50¼ 380 nM).

Kelatorphan was the first compound that completely inhibited enkephalin catab-

olism (Bourgoin et al. 1986). It had antinociceptive effects in numerous acute

nociceptive animal models (Fournie-Zaluski et al. 1984, 1985), and after intrathecal

administration, it induced longer-lasting analgesia in patients with cancer

(M.C. Fournié-Zaluski and J. Meynadier, unpublished observations) than the com-

bination of both bestatin and thiorphan (Meynadier et al. 1988). Kelatorphan was

also active in complete Freund’s adjuvant-induced arthritis in rats, a widely used

model of chronic pain (Kayser et al. 1989; Perrot et al. 1993), and it reduced

nociception by 60% in mononeuropathic rats (Kayser et al. 1989; Lee

et al. 1994). The entrance of kelatorphan into the brain is very limited, and

therefore, the analgesic effects observed in arthritic rats are assumed to be due to

a peripheral effect at the level of injured tissues (Maldonado et al. 1994).

Due to its very weak ability to enter the brain, kelatorphan is not active in

antidepressant tests. This is also the case with other class of DENKIs in which the

chelating group is a phosphinic moiety (Fig. 1). Thus, these compounds such as in
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PL264 which have nanomolar NEP and APN inhibitory potency were shown to be

active against neuropathic pain at the peripheral level (Poras et al. 2014).

Nevertheless, even after introduction of hydrophobic protecting group as in

PL265, these phosphinic DENKIs have a very weak tendency to cross the blood-

brain barrier and could not be used as putative antidepressants. In contrast, as easily

shown with RB101, the DENKIs releasing in the brain (Fournie-Zaluski et al. 1992)

the two highly selective APN and NEP inhibitors are able to diffuse easily in brain

structures as demonstrated by autoradiographic studies (Jardinaud et al. 2004) and

are the most interesting dual inhibitors for studying the role of ENKs in the control

of mood. Therefore, the orally active DENKI PL37 (Fig. 1) which is in clinical

trials (at this time phase II) to reduce neuropathic pain and which is about 10 times

more potent by i.v. route than RB101 (Benoist et al. 2002) warrants an investigation
in depressive disorders.

Several types of dual enkephalinase inhibitors (DENKIs) have been synthesized

(Fig. 1) depending on the structure of the zinc-chelating moiety. Two families are

able to recognize and inhibit directly NEP and APN with nanomolar affinity (i.e.,

kelatorphan or phosphinic inhibitors), while another family is able to form to two

highly selective and potent inhibitors of NEP and APN issued from the cleavage of

the disulfide bond (Roques et al. 2012).

Fig. 1 Schematic inhibition of the two zinc metallopeptidases: aminopeptidase N (APN) and

neprilysin (NEP) by the three different families of inhibitors
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In addition, potent and selective peptidic delta agonists (DSLET, Tyr-D-Ser-

Gly-Phe-Leu-Thr and DTLET) derived from enkephalins and endowed with good

oral bioavailability for some of them (BUBU and BUBUC) have been synthesized

(Table 1).

Chronic application of various mild stress has been shown to decrease the

responsiveness to reward in rats. This effect, which was suggested to mimic

anhedonia, one of the main symptoms observed in depressive patients, can be

measured by various tests. Thus, chronic mild stress (CMS) was shown to reduce

the consumption of a palatable sucrose solution and to decrease the acquisition of

preferences for a distinct environment paired with a variety of reinforcing

substances (Muscat and Willner 1992; Papp et al. 1993). These negative responses

could be prevented by chronic treatment with tricyclic or atypical antidepressants

(Smadja et al. 1995; Willner et al. 1987). The behavioral changes, induced by

exposure to chronic mild stress, were shown to be associated with a number of

changes in dopaminergic neurotransmission in the mesolimbic system, especially in

the nucleus accumbens (Stamford et al. 1991). The nucleus accumbens contains a

large number of enkephalinergic cell bodies giving rise to local collaterals and

axons projecting to the globus pallidus-ventral pallidum region (for review see

Groenewegen et al. 1991). Furthermore, there is evidence that this structure is

instrumental in mediating the reward effects of exogenous and endogenous opioids

(for reviews see Bozarth 1991; Dauge et al. 1992; Scheel-Kr€uger and Willner

1991). With the aim to study the possible contribution of the enkephalinergic

system in the anhedonia-like state induced by chronic mild stress, microdialysis

was used to measure the extracellular levels of [Met]enkephalin-like material in the

rostral part of the nucleus accumbens (N-Acc) of freely moving rats exposed or not

to chronically mild stress (Bertrand et al. 1997). In both groups, the basal levels of

[Met]enkephalin-like material (Met-LI) were found to be similar. Exposure of the

two groups to a newly introduced rat (a stressful situation) leads to increased

extracellular levels of [Met]enkephalin in the controls but not in chronic mild-

stressed rats. A likely explanation for the lack of effect of the fearful social

confrontation on the extracellular levels of Met-LI in CMS rats could be that the

stress procedure rendered the enkephalinergic system, located in the N-Acc, unable

to adapt to a threatening stimulus.

It has been shown that mice with a disruption of the preproenkephalin gene

displayed a reduction in locomotor activity and anxious and aggressive behavior

(Konig et al. 1996). Furthermore, numerous studies, using inhibitors of enkephalins

catabolism, have shown that endogenous enkephalins induce antidepressant-like

effects in animal models of “depression” such as the learned helplessness, the

conditioned suppression of motility test, and the Porsolt assay (Baamonde

et al. 1992; Tejedor-Real et al. 1995). Thus, RB101 has also shown anxiolytic

effects mainly through DOR stimulation (Nieto et al. 2005; Jardinaud et al. 2005;

McNally 2005) as they remain present in MOR KO mice (Noble and Roques 2007;

Nieto et al 2005). Consistent with these results, PENK KO mice exhibit anxiogenic

responses, increased aggressiveness (Konig et al. 1996; Ragnauth et al. 2001),

stronger anxiety, and depressive posttraumatic stress disorder (Kung et al. 2010).
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A role of endogenous enkephalins in the reward process is supported by the

efficiency of naloxone (injected i.p. or in the N-Acc.) to suppress the preferential

consumption of sucrose solution by rats and to block the reinforcing effect of a

sucrose solution in a place preference paradigm (Agmo et al. 1995). However, in

the CMS paradigm, chronic morphine administration was reported to reverse

anhedonia the first and second weeks of stress procedure, while chronic treatment

with the dual inhibitor of enkephalin-degrading enzymes, RB101, failed to repro-

duce this effect (Smadja et al. 1995). A plausible explanation could be that the CMS

procedure induces a subsensitivity of the opioid receptors rendering them unable to

respond to the weak increase in enkephalin levels produced by the inhibitor. This

assumption is compatible with a dysfunctioning of the dopaminergic system

observed in the CMS rats. In the N-Acc, D2 receptors are mainly located on

enkephalinergic neurons, and dopamine was reported to reduce their functioning

(Le Moine and Bloch 1995). Therefore, the persistent enhancement of dopamine

release in the mesolimbic system and the subsensitivity of D2 receptors (Papp

et al. 1993; Stamford et al. 1991), induced by the CMS, would decrease the

enkephalin-controlled reward.

However, this could also explain the lack of increased level of enkephalins in the

N-Acc in animal CMS faced with a threatening situation. It is interesting to observe

that the inability to respond to emotional stimuli is one of the syndromes observed

in depressive states.

Most studies on the etiology of depression have been devoted to the role of

catecholamines, whereas the possible involvement of peptides, especially opioids,

has been poorly investigated, partly because of the lack of appropriate tools. The

study with CMS of Bertrand et al. (1997) shows that the association of

microdialysis techniques and pharmacological experiments should allow this new

direction to be explored in particular by using the numerous recently synthesized

systematically active non-peptide selective delta agonists (Saitoh and Yamada

2012).

2 Mutual Role of Dopaminergic and Endogenous Opioid
Signaling in Behavioral Control

High densities of both opioid receptors and NEP are found in the nucleus

accumbens and the caudate nucleus (Waksman et al. 1986; Kieffer et al. 1992),

forebrain structures that are involved in emotional, cognitive, and motor functions

and receive a rich innervation from dopaminergic neurons located in the VTA and

substantia nigra. Various pharmacological and biochemical studies have also

shown that morphine and enkephalins are involved in the control of behavior

such as arousal, locomotion, self-administration, self-stimulation, learning, and

memory functions through modulation of the motor (nigrostriatal) and limbic

cortical (mesocorticolimbic) dopaminergic systems.

Chronic administration of antidepressant drugs increases Met-enkephalin-like

immune reactivity in the striatum and N-Acc of rat brain (De Felipe et al. 1985). A
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similar increase has also been observed after electroconvulsive shock or following

chronic administration of lithium (Staunton et al. 1982). Moreover, chronic halo-

peridol treatment increases the levels of both the D2 receptor and preproenkephalin

mRNA (Le Moine et al. 1991).

Several pharmacological studies have been carried out to clarify the role of

opioids on dopaminergic systems. Moreover, stimulation of ∂-opioid receptors in

the VTA by local injection of the selective agonists DSTBULET, DTLET, BUBU,

or an inhibitor of enkephalin catabolism (kelatorphan) induced hyperactivity in

familiar (home cage) or unfamiliar (open-field and four-hole box) environments.

These effects were suppressed by a ∂-selective antagonist. The μ-agonist DAMGO

also increased locomotion in the actimeter but decreased the activity in the open-

field and four-hole box tests, possibly reflecting an increase in emotion and fear

(Calenco-Choukroun et al. 1991a). The differences in the responses induced by

kelatorphan or ∂-agonists with those produced by DAMGO suggest that μ- and
∂-receptors are involved in different neuronal pathways in the VTA. This is

supported both by the association of only some enkephalinergic terminals with

tyrosine hydroxylase-containing neurons in the rat VTA (Sesack and Pickel 1992)

and by a study in which 6-hydroxydopamine-induced lesions of the rat

mesoaccumbens pathway were found to abolish the effects of kelatorphan or

BUBU in the VTA but not those elicited by the μ-agonist DAMGO (Calenco-

Choukroun et al. 1991b). Taken together these results show that the endogenous

enkephalins preferentially bind to ∂-receptors to induce hyperactivity. The

conditions under which they could activate μ-receptors remain an open question.

The complexity of the interactions between dopaminergic and opioidergic

systems in the N-Acc is illustrated by the results of 6-hydroxydopamine-induced

lesions of the dopaminergic neurons of the VTA and chronic neuroleptic treatment,

both of which potentiate the behavioral effects of exogenous opioids (Stinus

et al. 1985, 1986; Kalivas and Bronson 1985) or kelatorphan (Maldonado

et al. 1990b) infused into the nucleus accumbens. In agreement with the presence

of D2 receptors on the forebrain enkephalin neurons, D2-dopamine receptor

antagonists, such as sulpiride, or the mixed D1–D2 antagonist haloperidol, but

not the D1 antagonist SCH23390, have been found to facilitate the opioid-related

behavioral effects induced by kelatorphan (Maldonado et al. 1990).

Because both the enkephalinergic and dopaminergic systems in the N-Acc

appear to function in parallel to increase locomotor activity (Kalivas et al. 1983),

the supersensitivity of the opioid system after long-term dopaminergic blockade

could be interpreted as a homeostatic mechanism to maintain normal locomotor

activity. Moreover, the behavioral supersensitivity to endogenous opioids protected

by kelatorphan in the N-Acc appears to be maximal after 2–3 weeks. This delay

corresponds to the first appearance of the antipsychotic effects of neuroleptics,

suggesting that alterations in the opioidergic system, very likely through its

interrelations with the dopaminergic pathway, could be taking place in a neuronal

system critically involved in the control of mood (Roques et al. 1985; MacLennan

and Maier 1983; Kennedy et al. 2006). Kelatorphan also produces the same pattern
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of increase in brain stimulation or locomotor activity by i.c.v. administered amphet-

amine and ∂-opioid agonists (Heidbreder et al. 1988).

A link between opioidergic and dopaminergic systems has also been

demonstrated by the clear antidepressant-like effects observed in the forced swim-

ming and suppression of mobility test following i.v. administration of the systemi-

cally active mixed inhibitor RB101 in mice. These effects, which were shown to be

related to ∂-receptor and D1 receptor activation, produced an increase in dopamine

turnover in the striatum (Baamonde et al. 1992).

Injection of DTLET or kelatorphan into the rat striatum increased locomotor

activity (Roques et al. 1985; Dauge et al. 1988). This effect was reversed by the

dopamine antagonist thioproperazine and could be related to a specific D2-induced

increase in the spontaneous and K+ -induced release of newly synthesized striatal

dopamine (Petit et al. 1986; Daugé et al. 1989).

The tonic inhibition of the striatal opioid neurons by the nigrostriatal dopami-

nergic input suggests that under normal conditions, dopamine release is under the

control of ∂-receptors, tonically stimulated by endogenous enkephalins (Petit

et al. 1986). Because haloperidol was shown to increase the expression of the

striatal D2 receptors located on enkephalins neurons (Le Moine et al. 1991), the

tardive dyskinesia syndrome induced by long-term treatment with neuroleptics

might be, at least partially, due to excessive μ (akinesia) and ∂ (tremor) effects

induced by disinhibition of the enkephalinergic neurons normally negatively

controlled by the dopaminergic input. The molecular events that control the

relationships between these interactions, however, are still largely unknown, and

it could be interesting to study the effects of dual NEP/APN inhibitors.

The interrelationships between the opioidergic and dopaminergic systems in the

mesocorticolimbic and nigrostriatal pathways provide strong support for a crucial

role of endogenous opioids in the control of mood. Amphetamine enhances the

release of central dopamine, and chronic use of this drug results in psychotic

symptoms resembling schizophrenia. Several recent studies have shown a cross-

sensitization among amphetamine, stressful stimuli, and kelatorphan. This suggests

that a hypersecretion of endogenous opioid peptides in the mesocorticolimbic

pathway could induce an exaggerated behavioral response to stressful environmen-

tal stimuli, whose repetition could induce psychotic symptoms (MacLennan and

Maier 1983). Conversely, depression might result from a deficiency in enkephalin

release, minimizing their rewarding and euphorogenic effects. Likewise, drug

abuse could be caused by a deficiency in the internal opioid-controlled rewarding

system.

According to their mechanism of action, the DENKIs increasing the extra-

synaptic concentration of endogenous enkephalins by protecting them from degra-

dation increase the pharmacological responses generated by the amounts of

non-protected peptides release under the action of specific stimuli. This has been

put to use to design DENKIs leading very efficient analgesic properties to relieve

pain induced by very strong nociceptive stimuli, for example, by excess of

nociception and various types of neuropathic pain (review in Roques et al. 2012).
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However, another interest of this physiological manipulation of the opioidergic

system is the demonstration of its very efficient association with compounds acting

on the same diseases but through a different mechanism of action. These synergetic

analgesic responses against cancer pain as well as various neuropathic pain

were obtained by the association of various DENKIs such as PL37 and PL265

with clinically used antiepileptics such as gabapentinoids (Menendez et al. 2008;

Gonzalez-Rodriguez et al. 2009; Bonnard et al. 2015) or cannabinoids agonists

(Gonzalez-Rodriguez et al. 2015, in preparation).

Another interesting observation has been the very strong synergistic increase of

morphine analgesia induced by its association with the DENKIs RB101 (Mas-Nieto

et al. 2001) allowing to reduce by a factor 7 the efficient dose of morphine. All these

results drove us to investigate the interest of associating a classical dopaminergic

antidepressant such as amisulpride and the dual NEP/APN inhibitor RB101

(Cordonnier et al. 2005).

3 The Mutual Influence of Exogenous and Endogenous
Opioids on the Dopaminergic Functions
(Dauge et al. 1992; Di Chiara and Imperato 1988;
Wood et al. 1980)

The interaction between both systems was also demonstrated by administration of

more or less selective dopamine antagonists. Chronic administration of haloperidol

increased both the synthesis of endogenous enkephalins in the rat striatum and, to a

lesser extent, in the nucleus accumbens (Hong et al. 1978) and the preproenkephalin

mRNA expression in the rat striatum and pituitary (Jaber et al. 1994; Normand

et al. 1987, 1988). Whereas many studies investigated the interaction between the

two systems using exogenous opioid ligands, few studies have been devoted to the

regulation of the endogenous opioid system following chronic treatment with

neuroleptics. As previously discussed, the best way to achieve this aim is to protect

the endogenous opioids from enkephalinase-controlled inactivation. This process

occurs after synaptic release and in structures only recruited by specific stimuli.

Amisulpride, an antipsychotic, was selected because of its low propensity to induce

extrapyramidal side effects, avoiding motor disturbances that could induce bias in

behavioral tests in particular following chronic treatments.

This study has been focused on behaviors in which RB101 had already been

proved to be efficient in mice, i.e., analgesia in the hot-plate test (Noble et al. 1992)

and antidepressant-like effects in the forced swim test and locomotor activity

(Baamonde et al 1992).

A strong potentiation of RB101-induced hyperlocomotor effects was observed

after 3 weeks of treatment with amisulpride. This result reinforces previous studies

showing that chronic administration of neuroleptics sensitized the enkephalinergic

system, potentiating the locomotor activity induced by the dual inhibitor of enkeph-

alin catabolism, kelatorphan (Maldonado et al. 1990). However, whereas in this

previous study using sulpiride or haloperidol it was clearly demonstrated that
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3 weeks of treatment was necessary to achieve these potentiating effects on opioid

responses, we observed that 5 days of treatment with amisulpride were sufficient.

This suggests a more rapid onset of action of this latter compound compared with

other neuroleptics. This duration of treatment was retained for the remainder of the

study. It is interesting to notice that the effect of a 5-day treatment could still be

seen even after 3 days of withdrawal suggesting that this treatment has durable

effects.

Whereas no potentiation of the analgesic effects of RB101 by the amisulpride

5-day treatment was found in the hot-plate test, its hyperlocomotor and

antidepressant-like effects were potentiated as observed in locomotor activity

recording and forced swim test, respectively. Altogether these results suggest that

the effects of the association of amisulpride and RB101 could take place more

specifically in the nigrostriatal system and the limbic system.

SNC80 (2.5 mg/kg i.p.) alone induced hyperlocomotor and antidepressant-like

effects, which were potentiated by a treatment of 5 days with amisulpride. NTI

(5 mg/kg s.c.) totally blocked both the effects of SNC80 and SNC80 + amisulpride,

demonstrating the specific involvement of delta-opioid receptors in the observed

responses.

These results indicate that a chronic treatment with amisulpride potentiates the

action of RB101. This effect seems to be restricted to behavioral responses induced

by opioids acting on delta-opioid receptors. This could be due to an increase in the

density of the delta-opioid receptors or even a sensitization of these receptors. The

presence of a high concentration of delta-opioid receptors in brain areas involved in

motor and motivational control suggests the existence of selective interactions

between opioids and D2 receptors in certain brain regions because of the behavior-

ally selective effects of the amisulpride +RB101 combination. Thus, a high density

of delta-opioid receptors has been found within the limbic system which is known

to control emotional responses and reward behavior (Mansour et al. 1988), and

amisulpride has also a preferential action on the limbic system (Moller 2003).

Another hypothesis could be an enhancement in the synthesis of preproenkephalins

and an increase in the release of enkephalins, in agreement with previous studies

showing an increase of preproenkephalins in mice lacking the dopaminergic D2

receptor (Baik et al. 1995; Maldonado et al. 1997), or after a chronic blockade of

dopaminergic neurotransmission with antagonists.

Whatever the explanation, the results suggest an interesting new therapeutic

approach in CNS disorders, for example, in the treatment of depression, owing to

the implication of the delta receptor in mood regulation.

An extension of the facilitation by chronic treatment with the D2 dopamine

antagonist amisulpride (Cordonnier et al. 2005) was used to investigate whether a

blockade of the dopaminergic system could lead to a more physiological “opioid

substitution” compared with exogenous opioid agonists such as methadone and

buprenorphine which are currently used as substitutes in pharmacotherapy of opioid

addiction. With these pharmacotherapies, the level of relapse unfortunately remains

very high.
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The goal was therefore to act on both dopaminergic and opioid systems and,

particularly, to investigate whether a blockade of the dopaminergic system could

potentiate the endogenous opioid system, leading to a more physiological “opiate

substitution” compared with exogenous opioid agonists.

Expression of morphine-induced locomotor sensitization was abolished after

combined treatment with amisulpride (20 mg kg�1, i.p.) and RB101 (80 mg kg�1,

i.p.), whereas these drugs were not effective when used alone. These results

were compared with the effects of amisulpride combined with buprenorphine

(0.1 mg kg�1, i.p.) or methadone (2.5 mg kg�1, i.p.) upon morphine-induced

behavioral sensitization. Whereas the combination of amisulpride and

buprenorphine partially blocked the expression of morphine sensitization,

amisulpride +methadone was not effective in this paradigm.

The combination of amisulpride +RB101 appears to be very efficient in

blocking the expression of morphine-induced behavioral sensitization. This could

reflect a reinstatement of a balance between the function of the dopamine and

opioid systems and could represent a new approach in maintenance treatments for

opiate addiction.

It is important to notice that the synergetic approach in improving the antide-

pressant actions of dopaminergic agents by endogenous enkephalins occurs by a

concomitant increase in the levels of endogenous enkephalins protected by a

DENKI and recruiting selectively delta receptors in structures where the state and

syndromes of depression release the opioid peptides.

Finally, recent studies using delta-opioid receptors expressed in GABAergic

forebrain neurons (DIx-DOR) (Chu Sin Chung et al. 2015) yielded curiously

opposite behavioral responses since both low anxiety was found for Dlx-DOR

mice which contrast with the well-known increase in anxiety produced in mice

by native DOR knockout (Chu Sin Chung et al. 2015) and DOR antagonist. The

dual anxiolytic and anxiogenic roles for DORs open novel perspectives in the area

of DOR function and anxiety disorders and warrant investigation of their physio-

logical function by using endogenous enkephalins protected by DENKIs.

In conclusion the development of (1) dual orally active ENK inhibitors with

strong analgesic properties and immediate antidepressant effects (Noble and

Roques 2007) and (2) delta agonists devoid of side effects may lead to significant

improvements in the treatment of depression and mood disorders.
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Abstract

Delta opioid receptors (δORs) regulate a number of physiological functions, and

agonists for this receptor are being pursued for the treatment of mood disorders,

chronic pain, and migraine. A major challenge to the development of these com-

pounds is that, like many G-protein coupled receptors (GPCRs), agonists at the

δORcan induce very different signaling and receptor trafficking events. This concept,

known as ligand-directed signaling, functional selectivity, or biased agonism, can

result in different agonists producing highly distinct behavioral consequences. In this

chapter, we highlight the in vitro and in vivo evidence for ligand-directed signaling

and trafficking at the δOR. A number of biological implications of agonist-directed

signaling at the δOR have been demonstrated. Importantly, ligand-specific effects

can impact both acute behavioral effects of delta agonists, as well as the long-term

adaptations induced by chronic drug treatment. A better understanding of the spe-

cific signaling cascades that regulate these differential behavioral effects would
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help to guide rational drug design, ultimately resulting in δOR agonists with fewer

adverse effects.

Keywords

Pain • Receptor trafficking • Tolerance

1 Introduction

Delta opioid receptors (δORs) are G-protein coupled receptors (GPCRs) that primar-

ily couple to the inhibitory Gαi/o family of G-proteins. Classically, it was thought that

GPCRs could exist in two different states, an “on” and an “off” state. According to

this model, all agonists increased the active conformation of the receptor (on state),

which resulted in an increase in all signaling cascades associated with this active form

(for review, see Kenakin 2004). Today, it is widely recognized that GPCRs can ac-

tually exist in multiple conformations, and ligands can stabilize different active states

(Lagerstrom and Schioth 2008; Costa-Neto et al. 2016). Each receptor conformation

produces distinct receptor–effector complexes, which triggers differing signaling path-

ways and receptor trafficking events (Kenakin 2012; Reiter et al. 2012). This concept

is referred to as ligand- or agonist-directed signaling, functional selectivity, or biased

agonism (5, 6).

Divergent functional responses from ligand-bound GPCRs can be modulated at a

number of different levels. Traditionally, it was thought that responses derived from

the activation of GPCRs were primarily due to G-protein-dependent signaling, which

was initiated at the cell membrane. Despite the importance of this pathway in GPCR-

mediated effects, it is currently known that these receptors can also signal through G-

protein-independent cascades, initiated at the cell membrane and other subcellular

compartments (Costa-Neto et al. 2016). The best characterized signaling proteins in

this category are arrestins, which are involved in GPCR internalization and desensi-

tization (Pierce et al. 2002; Reiter et al. 2012). Arrestins also act as scaffolds to other

signaling proteins that are activated after ligand binding initiating a new wave of in-

tracellular signaling events (Sorkin and von Zastrow 2009; Rajagopal et al. 2010).

Thus, functional selectivity may be observed by ligands promoting G-protein-depen-

dent or -independent signaling or both. Further, different signaling cascades within

each of these categories may or may not be initiated by a given ligand, therefore con-

ferring an added degree of complexity to GPCR signaling. The promise of biased

agonism lies in the possibility of developing ligands that preferentially initiate sig-

naling cascades which correlate with a desired biological effect, while avoiding sig-

naling events that evoke less desirable or adverse events.

In recent years, the δOR has attracted increasing attention for its therapeutic po-

tential. Although δOR agonists are poor analgesics for the treatment of acute pain

(Gallantine and Meert 2005), they are highly effective in animal models of pain

associated with chronic inflammation, neuropathy, cancer, and diabetes (for review,

see Pradhan et al. 2011; Vicente-Sanchez et al. 2016). In addition, genetic deletion

of the δOR in mice revealed its role in emotional processing (Filliol et al. 2000), and

74 A. Vicente-Sanchez and A.A. Pradhan



pharmacological studies confirmed the anxiolytic and antidepressant effects of δ
agonists (Broom et al. 2002a; Saitoh et al. 2004, 2005; Perrine et al. 2006). Further,

δORs have also recently been established as novel targets for the treatment of mi-

graine (Pradhan et al. 2014; Charles and Pradhan 2016; Rice et al. 2016). Delta ago-

nists are thus being developed for the treatment of chronic pain, migraine, and anxiety,

and depression. Moreover, it has been shown that delta agonists bear neuroprotective

and motor control properties, and they are currently under investigation for the treat-

ment of hypoxic/ischemic stress (Husain et al. 2012; He et al. 2013; Maslov et al.

2013), and Parkinson disease (Hudzik et al. 2000). Importantly, unlike mu opioid re-

ceptor agonists, δ agonists are not self-administered and do not appear to possess sub-

stantial rewarding properties on their own (Negus et al. 1994, 1998; Brandt et al. 2001;

Do Carmo et al. 2009). However, some δOR agonists can produce convulsions (Comer

et al. 1993; Negus et al. 1994; Jutkiewicz et al. 2006) which has limited the deve-

lopment of these compounds. This adverse effect is an example of ligand-directed

signaling as only some agonists produce δOR-dependent convulsions, while others

do not (Pradhan et al. 2012; Chu Sin Chung et al. 2014). A better understanding of the

receptor conformation states and signaling cascades that elicit this adverse effect would

open new avenues for the therapeutic potential of delta agonist.

2 In Vitro Evidence for Ligand-Directed Signaling at
the Delta Opioid Receptor

Cell-free assays have been used to show that different δOR agonists can produce

distinct conformational changes upon binding to the δOR. Plasmon-waveguide re-

sonance (PWR) spectroscopy assays have established that ligands of different effi-

cacies impose distinct structural constraints on purified human δOR incorporated

into lipid bilayers. In these studies, the peptide ligands DPDPE and deltorphin II

produced different PWR spectral changes compared to non-peptide ligands such as

TAN67 and SNC80 (Salamon et al. 2000, 2002; Alves et al. 2004). This type of

spectroscopy has also been used to show that the different conformational states

induced by agonists can stabilize distinct δOR-Gαi/o subunits interactions (Alves

et al. 2003, 2004; Hruby et al. 2010).

Activation of δORs can initiate both G-protein-dependent and -independent sig-
naling pathways. In terms of G-protein coupling, results obtained in cellular sys-

tems are consistent with the notion that agonists can produce selective engagement

between the δOR and different Gα subunits. In HEK293 cells expressing human

δOR-Gαi or Gαo fusion proteins, DADLE preferentially activated Gαi (Moon et al.

2001). Further, in SK-N-BE cells which endogenously express δOR, etorphine evoked
coupling with Gαi2, Gαi1/3, and one PTX-insensitive Gα subunit; while the peptides

DPDPE and deltorphin I preferentially stimulated coupling with Gαo2 and Gαi2
(Allouche et al. 1999). These results indicate that ligand-induced receptor confor-

mations differentially evoked interaction of the receptor with individual G-proteins

which could subsequently effect downstream signaling cascades.
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Several studies using bioluminescence resonance energy transfer (BRET) indicate

that δORs are in preengaged complexes with different signaling molecules, which

can be distinctly modulated by ligands. For example, a large panel of opioid ligands

were shown to have differing abilities to activate G-proteins and recruit arrestins at

the δOR (Molinari et al. 2010). Notably, most ligands showed low efficacy for arrestin

3 (β-arrestin 2) despite considerable efficacy at recruiting G-proteins. In addition,

those ligands that induced strong G-protein coupling, but showed weak or null ef-

ficacy for arrestin 3-δOR interactions, also acted as competitive antagonists for arrest-

in 3 binding. Thus, these ligands were agonists at one end point (G-protein coupling),

and partial agonists at another (arrestin recruitment) (Molinari et al. 2010). Ligand-

specific conformational rearrangements that occur at the level of Gα and Gβγ sub-

units have also been observed. DPDPE, SNC80, and morphine binding to the δOR
were all found to decrease the distance between position 60 of the Gαi1 protein and

the N terminus of Gγ; while the ligand TICP drew these same regions apart (Audet

et al. 2008). These conformational differences likely account for the finding that the

former three ligands inhibit cAMP activity and promote ERK phosphorylation, while

TICP is an inverse agonist at adenylate cyclase, and still an agonist in the ERK

pathway (Audet et al. 2005, 2008). Moreover, the recent crystal structure of the δOR
revealed that the sodium allosteric site in the receptor coordinated residues to form an

efficacy switch regulating biased signaling. Mutations of this sodium site, which dis-

rupted ion binding, increased agonist-induced arrestin recruitment, and converted an-

tagonists/weak partial agonists into potent arrestin-biased ligands (Fenalti et al. 2014).

Moreover, real-time analysis of second messenger levels with BRET-based bio-

sensors also shows that ligand-specific conformational changes at the receptor level

are transduced to downstream effectors. Studies examining the effect of different δ
ligands on cAMP production showed that the ligand efficacy of δOR agonists to ac-

tivate G-protein signaling and their ability to induce δOR internalization modulated

the early stages of the cyclase inhibition. However, internalization was not predictive

of the pattern of the cyclase response after sustained stimulation of the δOR (Tudashki

et al. 2014). Additionally, studies in HEK293 cells with the label-free dynamic mass

redistribution technology have revealed that a large number of opioid ligands exhibit

pathway-biased agonism at the δOR (Morse et al. 2013). Further, constitutive associ-

ation between δOR, Gβ1γ2, and the G-protein-gated inwardly rectifying K+ channel,

Kir3.1–3.2 was detected using BRET (Richard-Lalonde et al. 2013). In response to dif-

ferent agonists, Gβγ subunits adopted distinct conformations which, in turn, modulated

Kir3.1–3.2 channel activity in an agonist-specificmanner (Richard-Lalonde et al. 2013).

As for many GPCRs, agonist-induced activation of the δOR often leads to re-

ceptor internalization and trafficking. δOR internalization has been observed follow-

ing binding of endogenous opioids (leu- and met-enkephalin), peptides (DPDPE,

deltorphin I and II), and small molecules (SNC80 and BW373U86) (Pradhan et al.

2009; Bradbury et al. 2009). Compared to the mu opioid receptor which is rapidly

recycled back to the cell surface, the δOR is predominantly targeted for degradation

through the Endosomal Sorting Complex Required for Transport (ESCRT) mach-

inery (Henry et al. 2011). However, depending on the ligand and the conditions und-

er which it is tested, δ agonists have been shown to evoke a number of different
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trafficking events. For example, in the neuroblastoma cell line SK-N-BE, SNC80,

DPDPE, and deltorphin I were shown to induce δOR internalization and sorting to

lysosomes; while leu- and met-enkephalin, and etorphine induced receptor recycling

following internalization (Marie et al. 2003; Lecoq et al. 2004). In another experi-

mental model, DPDPE was found to promote δOR internalization and recycling in

cortical neuronal cultures and HEK293 cells, while SNC80 induced receptor inter-

nalization and degradation (Audet et al. 2012). Differences in ligand-induced traf-

ficking events could be due to agonists producing: distinct receptor conformation

states, differences in receptor phosphorylation, and/or recruitment of divergent sig-

naling/trafficking molecules. It is important to keep in mind that findings from

different cellular models may be due to differences in signaling and trafficking

machinery which can vary across cell types. Nevertheless, these in vitro studies

indicate that different δ agonists can produce distinct receptor conformations, cou-

pling, signaling, and trafficking events consistent with ligand-directed signaling at

this receptor.

3 In Vivo Evidence for Ligand-Directed Signaling at
the Delta Opioid Receptor

The concept of ligand-directed signaling has profound behavioral implications, both

in terms of understanding the complexity of GPCR pharmacology and for facilitating

drug development (Bosier and Hermans 2007; Galandrin et al. 2007; Pradhan et al.

2012; Charfi et al. 2015; Costa-Neto et al. 2016). However, the evidence for this phe-

nomenon is primarily based on in vitro experiments using recombinant cell systems.

A major challenge in GPCR research, today, is to demonstrate the physiological re-

levance of agonist-biased signaling and regulation.

Early experiments using antisense techniques revealed in vivo differences in δ
agonist-induced G-protein coupling. For example, knockdown of brain Gαo subunits
significantly reduced the potency of DPDPE but not deltorphin II-induced antinoci-

ception, while the opposite was true following Gαq knockdown (Sanchez-Blazquez

and Garzon 1998).

Deeper insight into the behavioral consequences of ligand-specific effects was

made possible with the development of a knock-in mouse model expressing fluo-

rescent δORs (DOR-eGFP) (Scherrer et al. 2006). In these animals, the endogenous

δOR is replaced by a fluorescent-tagged δOR which allows direct visualization of

the receptor in tissue. Studies with primary cultures from the central and peripheral

nervous system of these animals showed that SNC80 induced rapid and robust DOR-

eGFP internalization (Scherrer et al. 2006; Pradhan et al. 2009; Poole et al. 2011),

whereas the δOR agonist, ARM390, did not produce detectable receptor sequestra-

tion (Pradhan et al. 2009). This difference in trafficking occurred despite these two

ligands sharing similar binding and G-protein activation profiles at the δOR. In vivo

studies showed that this difference in internalization had important biological con-

sequences (Pradhan et al. 2009, 2010, 2016). In acute tolerance studies, mice were

treated twice with equipotent doses of the high-internalizing agonist SNC80; and the
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low-internalizing agonist, ARM390. Initial injections of each drug produced similar

anti-hyperalgesic effects in a Complete Freund’s Adjuvant (CFA)-model of inflamma-

tory pain. However, repeated injection of SNC80 produced a complete acute behavioral

tolerance, which was correlated with uncoupling of the receptor from G-proteins and

profound receptor internalization. In contrast, ARM390 continued to be effective fol-

lowing the second injection, which corresponded with intact receptor coupling and

expression on the cell surface. Notably, the difference in internalization dynamics

between SNC80 and ARM390 could be due to phosphorylation at the critical serine

363 site of δOR, which was only observed after treatment with SNC80 (Pradhan et al.

2009). This study was the first to demonstrate that internalization of δORdirectly con-

trolled behavioral effects of receptor activation.

Importantly, chronic treatment with SNC80 or ARM390 also produced agonist-

selective adaptations (Pradhan et al. 2010) (Fig. 1). In this study, animals were treated

daily for 5 days with SNC80 or ARM390. Chronic treatment with either agonist pro-

duced a complete tolerance to its anti-hyperalgesic effects in the CFA model of

inflammatory pain. However, the mechanism of tolerance was different between the

two agonists. Chronic SNC80 induced a generalized tolerance to all δOR-mediated

behaviors, including pain-relief, locomotor stimulation, and anxiolysis. Under these

circumstances, significant downregulation of δORswere detected throughout the peri-
pheral and central nervous system, indicating widespread degradation of the receptor.

In contrast, chronic ARM390 resulted only in analgesic tolerance; and δOR agonists

continued to be effective at inducing centrally mediated behaviors (locomotion and

anxiolysis). Interestingly, the number, coupling, and cell surface localization of the

δORwas maintained. Tolerance to the pain-relieving effects of ARM390 appeared to

be due to uncoupling of the δOR from second messenger signaling cascades (voltage

dependent Ca2+ channels) within the dorsal root ganglia (Pradhan et al. 2010). To-

gether, these results show that the distinct internalization properties of SNC80 and

ARM390 have important behavioral implications following both acute and chronic

treatment, and that non-internalizing agonists may be better for the development of

centrally mediated pathologies.

More recent evidence using arrestin knockout mice indicates that high- and low-

internalizing δOR agonists may also differentially recruit arrestin isoforms (Table 1).

Arrestins are major mediators of receptor trafficking and intracellular signaling cascades

and are a significant source of ligand bias (Reiter et al. 2012). The high-internalizing δ
agonist, SNC80, appears to preferentially recruit arrestin 2 vs. arrestin 3, resulting in

δOR desensitization and acute tolerance. Thus, knockout of arrestin 2 results in in-

creased potency and decreased acute tolerance to high-internalizing δ agonists (Mittal

et al. 2013; Pradhan et al. 2016). In contrast, low-internalizing δ agonists, such as

ARM390 and JNJ20788560, preferentially recruit arrestin 3, which facilitates the rate

of receptor resensitization thus encouraging subsequent receptor reactivity. In this case,

knockout of arrestin 3 resulted in increased tolerance to low-internalizing δ agonists,

which corresponded with reduced rates of δOR resensitization. Further, BRET analysis

revealed that the δOR was in preengaged complexes with arrestin 3 at the cell mem-

brane, and low-internalizing agonists preferentially encouraged increased interaction

between these molecules at the cell surface. Therefore, in the absence of arrestin 3,
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low-internalizing agonist-bound receptor could now undergo a longer term desensiti-

zation, resulting in less receptor resensitization (Cahill et al. 2016; Pradhan et al. 2016).

These results show how different ligands, which have similar behavioral effects (pain-

relieving, anxiolytic, antimigraine), can regulate the δOR in vivo in completely dif-

ferent ways.

The ability of SNC80 and ARM390 to produce differential interactions between

the δOR and arrestins has also been shown to have other downstream signaling con-

sequences (Rowan et al. 2014). In rat trigeminal ganglia neurons, activation of the

δOR by SNC80 increased the recruitment of arrestin 3 to the receptor, and away from

the transient receptor potential vanilloid receptor type 1 (TRPV1). The association of

Fig. 1 Ligand-directed trafficking at the delta opioid receptor (δOR) has important behavioral im-

plications. High-internalizing agonists, such as SNC80, produce robust internalization of DOR-eGFP

following systemic injection, as shown in representative images from the brain (hippocampus) and

periphery (dorsal root ganglia, DRG) of DOR-eGFP knock-in mice. Acutely, internalization of δOR
correlateswith receptor uncoupling and acute tolerance to the pain-relieving effects of SNC80. Chron-

ic treatment with a high-internalizing agonist also produces δOR downregulation, resulting in tol-

erance to all delta agonist-mediated behaviors. In contrast, low-internalizing agonists like ARM390

do not produce detectable DOR-eGFP receptor trafficking, which correlates with δOR–G-protein
coupling, and no acute tolerance. Chronic treatment with a low-internalizing agonist only results in

a pain-specific tolerance, induced by uncoupling of δOR from voltage dependent Ca2+ channels

(VDCCs) at the level of the DRGs. δOR-mediated behaviors regulated at the level of the brain, such

as anxiolysis and locomotor stimulation, remain intact following chronic treatment with low-

internalizing agonist (Pradhan et al. 2009, 2010)
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TRPV1with arrestin 3 is required to maintain the desensitized receptor (Por et al. 2012).

Therefore, the impartment of this interaction induced by SNC80 led to the sensitization

of TRPV1. In vivo, chronic peripherally restricted (in the hindpaw) administration of

SNC80 in rats resulted in an opioid-induced hyperalgesic state, and enhanced sensitivity

to the TRPV1 agonist capsaicin. In contrast, the association of TRPV1 and arrestin

3 was not attenuated by ARM390, and behavioral symptoms of opioid-induced

hyperalgesia were not observed following chronic local treatment with this agonist

(Rowan et al. 2014). The lack of interaction between ARM390 and arrestin 3 observed

in this study is in contrast to the knockout mouse studies described above (Pradhan et al.

2016), and this difference could be due to differences in species, anatomical location,

and/or route of drug administration (systemic vs. local). Nevertheless, this study again

highlights the differences between δ agonists to regulate behavioral outcomes.

Ligand-specific effects for δOR agonists have also been observed in other be-

havioral paradigms. Recent publications have shown that ethanol withdrawal re-

sults in anxiety that is differentially alleviated by the δ agonists SNC80 and TAN67
(van Rijn et al. 2010; van Rijn et al. 2012). Both SNC80 and TAN67 significantly

reduced alcohol withdrawal-induced anxiety in mice. However, SNC80 also increased

overall ethanol consumption, an effect that was arrestin 3 dependent (Chiang et al.

2015), while TAN67 decreased ethanol consumption (van Rijn et al. 2010). Moreover,

these two drugs had opposite effects in the induction of ethanol place preference;

where SNC80 prevented the expression of ethanol place preference, TAN67 increased

this preference (van Rijn et al. 2012). In view of these results, TAN67 has been pos-

tulated to augment the rewarding effects of lower doses of ethanol thus diminishing its

consumption, while SNC80 might enhance the rewarding effects of alcohol resulting in

increased alcohol consumption (Alongkronrusmee et al. 2016). This phenomenon in-

dicates that agonist-specific activation of different signaling pathways results in a distinct

modulation of ethanol-induced behaviors, and suggests that agonists like TAN67 would

be more effective for the treatment of alcohol abuse disorders (Alongkronrusmee et al.

2016). Taken together, the in vivo data strongly indicate that differences in δ agonist-
induced signaling and trafficking can have profound effects on behavioral responses.

Table 1 Agonists differentially regulate interactions between δ opioid receptor and arrestins

High-internalizing (SNC80)

Low-internalizing (ARM390 and

JNJ20788560)

Arrestin 2

Knockout

# receptor desensitization (Mittal et al.

2013)

" efficacy and potency (Mittal et al.

2013; Pradhan et al. 2016)

# acute behavioral tolerance (Pradhan

et al. 2016)

No effect on efficacy/potency or

acute behavioral tolerance (Pradhan

et al. 2016)

Arrestin 3

Knockout

No effect on receptor desensitization or

acute behavioral tolerance (Pradhan

et al. 2016)

# receptor resensitization (Pradhan

et al. 2016)

" acute behavioral tolerance

(Pradhan et al. 2016)

Arrestin 2 ¼ β-arrestin 1; Arrestin 3 ¼ β-arrestin 2
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4 Conclusions and Future Directions

Like many GPCRs, ligands for the δOR can produce highly distinct effects. This

agonist-directed trafficking and signaling can have important behavioral conse-

quences that need to be considered for the therapeutic development of δ agonists.

For instance, behavioral studies looking at long-term tolerance would suggest that

non-internalizing δ agonists may be better for the treatment of anxiety and depres-

sion, since central δOR function remains intact following chronic treatment. In

addition, agonists that do not recruit arrestin 3 may be more desirable for alcohol

use disorders. Furthermore, a major caveat to the development of δ agonists is that

some, but not all, agonists also produce convulsions, an effect that is dependent on

the activation of the δOR (Broom et al. 2002b; Chung et al. 2015). A better un-

derstanding of this ligand-specific effect would increase the likelihood of develop-

ing a successful δOR pharmacotherapy, and some preliminary studies have started

to elucidate the mechanism of this agonist-selective effect. In conditional knockout

mice lacking δORs in forebrain GABAergic neurons, the convulsant activity of

SNC80 was abolished (Chung et al. 2015). These findings shed some light on the

neuroanatomical site and neurotransmitter system involved in δOR-induced con-

vulsions. Further, the finding that drugs such as SNC80 specifically recruit Kir3.1–3.2

channels also points to a potential mechanism of pro-convulsant δ agonists (Nagi

et al. 2015). Future studies expanding upon this work will provide important insight

on how different δ agonists produce profoundly different behavioral responses,

potentially leading to in vitro screening tools to screen novel drug candidates.
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Abstract

The functional diversity of primary afferent neurons of the dorsal root ganglia

(DRG) generates a variety of qualitatively and quantitatively distinct somatosensory

experiences, from shooting pain to pleasant touch. In recent years, the identification

of dozens of genetic markers specifically expressed by subpopulations of DRG

neurons has dramatically improved our understanding of this diversity and provided
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the tools to manipulate their activity and uncover their molecular identity and

function. Opioid receptors have long been known to be expressed by discrete

populations of DRG neurons, in which they regulate cell excitability and neuro-

transmitter release. We review recent insights into the identity of the DRG neurons

that express the delta opioid receptor (DOR) and the ion channel mechanisms that

DOR engages in these cells to regulate sensory input. We highlight recent findings

derived from DORGFP reporter mice and from in situ hybridization and RNA

sequencing studies in wild-type mice that revealed DOR presence in cutaneous

mechanosensory afferents eliciting touch and implicated in tactile allodynia. Mech-

anistically, we describe how DOR modulates opening of voltage-gated calcium

channels (VGCCs) to control glutamatergic neurotransmission between somatosen-

sory neurons and postsynaptic neurons in the spinal cord dorsal horn. We addition-

ally discuss other potential signaling mechanisms, including those involving

potassium channels, which DOR may engage to fine tune somatosensation. We

conclude by discussing how this knowledge may explain the analgesic properties of

DOR agonists against mechanical pain and uncovers an unanticipated specialized

function for DOR in cutaneous mechanosensation.

Keywords

Delta opioid receptor • Excitability • Ion channels • Mechanosensation •

Neuroanatomy • Neurotransmitter release • Pain • Primary afferent dorsal root

ganglion neurons • Touch

1 Introduction: Diversity of Primary Afferent
Somatosensory Neurons

Primary afferent somatosensory neurons detect and transmit information eliciting

perception of temperature, touch, itch, pain, and positioning of body parts. Primary

afferent somatosensory neurons are pseudounipolar neurons; their peripheral axons

innervate organs in the periphery (e.g., skin, viscera, muscles, bones), and their

central axons project onto neurons of the spinal cord dorsal horn and, in rare cases,

brainstem dorsal column nuclei. Their somata are collected in the dorsal root

ganglia (DRG, cervical to sacral segmental levels) and trigeminal ganglia (TG,

head). Primary afferent somatosensory neurons shape the perception of our external

and internal environments and are essential for our survival. The diversity of

somatosensory stimuli translates into the outstanding functional and molecular

diversity of primary afferent neurons. While primary afferent sensory neurons were

categorized based on the size of their cell bodies (small, medium, large), myelination

(unmyelinated, thinly, thickly myelinated), conduction velocity (slow C, fast Aδ,
and Aβ fibers), activation threshold (low [touch] and high [pain]), and sensitivity

(mechanical, thermal, chemical), genetic engineering techniques in mice have

revealed in recent years dozens of classes, with specific molecular identities and

contributions to somatosensation (Abraira and Ginty 2013; Delmas et al. 2011;
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Basbaum et al. 2009; Lumpkin and Bautista 2005; Lewin and Moshourab 2004; Le

Pichon and Chesler 2014).

These studies have transformed our understanding of somatosensation by

identifying genetic markers to label and manipulate discrete neural populations.

For example, small to medium DRG neurons were considered to encode pain and

medium to large neurons to encode touch or proprioception. We now know that

small unmyelinated neurons include mechanosensory neurons that express TH,

VGLUT3, and TAFA4 and are essential to touch (Delfini et al. 2013; Li et al.

2011; Seal et al. 2009), and pruritoreceptors that express MrgA3 and are essential to

itch (Liu et al. 2009), but not to pain. Similarly, it is clear today that large

myelinated neurons are not limited to mechanosensory neurons encoding touch,

but include multiple classes of nociceptors (Woodbury et al. 2008; Luo et al. 2007;

Ghitani et al. 2017; Arcourt et al. 2017). This has important practical implications

for experimental design and data interpretation. First, labeling or recording

DRG/TG neurons does not mean that pain is studied; the results are just as likely

to be relevant to itch, touch, or proprioception. Second, studying unidentified

neurons means pooling data from neurons that are almost certainly functionally

heterogeneous, even if their cell bodies have similar sizes. This is also exemplified

by the TRP channels TRPV1 and TRPM8, which are markers expressed by two

populations of small-diameter neurons that specifically respond to noxious heat and

capsaicin versus cool and menthol, respectively (Basbaum et al. 2009; Peier et al.

2002).

Opioid receptors, including DOR, have long been known to be expressed in

DRG and TG across species (Fields et al. 1980; Buzas and Cox 1997; Zhu et al.

1998). Since our understanding of the functional organization of primary afferent

somatosensory neurons is far more advanced for mouse DRG neurons, we describe

in this chapter newly acquired knowledge regarding the identity of DOR-expressing

DRG neurons in rodents and DOR function in these cells.

2 DOR Distribution in Dorsal Root Ganglia

It is accepted within the field that several classes of DRG neurons express DOR;

however, the precise identity of these neurons is disputed (see 2.3.). Because the

expression pattern of a gene within DRG neuron subtypes defines its contribution to

somatosensation, resolving the identity of DOR-expressing neurons is of critical

importance to defining the therapeutic potential of peripheral DOR analgesics (see

Conclusion). We first focus on novel knowledge gained from the use of recently

identified genetic markers for subpopulations of cutaneous mechanosensitive

neurons in DORGFP mice. We next discuss these results in the context of the

pre-existing literature on DOR distribution in DRG.
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2.1 DOR-Expressing DRG Neurons Are Predominantly A LTMRs

The characteristic feature of DOR distribution in DRG, compared to that of the mu

opioid receptor (MOR), is DOR enrichment in neurons with large-diameter cell

bodies and myelinated axons (Fig. 1). DRG neurons with myelinated axons express

neurofilament 200 (NF200) and are born earlier than unmyelinated nociceptors

during embryonic development (Abraira and Ginty 2013; Liu and Ma 2011;

Lallemend and Ernfors 2012). In situ hybridization studies in rodents established

Fig. 1 DOR is predominantly expressed by large-diameter DRG neurons, not by TRPV1+ and

MOR+ small-diameter C nociceptors. (a) Single mRNA molecule labeling in DRG sections from

wild-type mice reveals that DOR (Oprd1 gene) and TRPV1 are expressed by different populations
of DRG neurons. Arrowheads indicate DOR+ neurons. (b) The great majority of TRPV1+

peptidergic C nociceptors co-express MOR (Oprm1 gene). MOR is also found in other DRG

neuron types, including large-diameter neurons in which it occasionally co-occurs with DOR

(arrowhead). The arrow shows a rare example of a C nociceptor co-expressing MOR, TRPV1, and

DOR. (c) Consistent with histological data, electrophysiological recordings show that the DOR

agonist deltorphin II (Delt), in contrast to the MOR agonist DAMGO, predominantly inhibits

calcium currents in large-diameter DRG neurons from wild-type mice (modified from Bardoni

et al. 2014). Images in a and b were provided by Dong Wang, Scherrer laboratory
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the presence and dense labeling ofOprd1mRNA in DRG early during development

in large and NF200-immunoreactive DRG neurons (Zhu et al. 1998; Mennicken

et al. 2003; Bardoni et al. 2014).

More recently, the development of tools including DORGFP knockin mice

(Scherrer et al. 2006) and RNA sequencing (Usoskin et al. 2015; Wang et al. 2009;

Kolodziejczyk et al. 2015) has enabled the identification and categorization of

DOR-expressing (DOR+) large-diameter NF200+ DRG neurons. Co-immunolabeling

studies using DORGFP reporter mice revealed that the majority of DORGFP+ NF200+

neurons express the neurotrophin receptors Ret and/or TrkC (~60%, (Bardoni et al.

2014)), which identify several classes of low-threshold mechanosensitive A fibers

(A low-threshold mechanoreceptors, A LTMRs).

Among these, DORGFP is predominantly expressed by Ret+ TrkC+ A LTMRs

that innervate hair. These neurons project to the skin where their DORGFP+ axons

arborize densely and form circumferential endings around numerous hair follicles

(Fig. 2a, c). A recent study uncovered the anatomical and physiological properties

of this class of A LTMRs also known as Aβ Field receptors (Bai et al. 2015),

showing that they are activated by light stroking of the skin and skin indentation

(including in the noxious range). Note also that Aβ Field receptor afferents are

among the largest cells in mammals. Their central axons not only synapse in the

spinal cord dorsal horn but also extend collaterals that ascend the dorsal columns

and terminate in the gracile and cuneate nuclei in the brainstem (Bai et al. 2015). At

the lumbar level, their peripheral axon can innervate the distal aspects of the limbs.

Injection of the B fragment of cholera toxin (CTB), a retrograde tracer, in the

brainstem dorsal column nuclei of DORGFP mice results in the backlabeling of

numerous DORGFP+ DRG neurons, confirming DOR expression in this class of

DRG neuron (Bardoni et al. 2014).

Other classes of A LTMRs that frequently express DORGFP (Bardoni et al.

2014) are Merkel cell afferents (Lumpkin and Bautista 2005) and Meissner corpus-

cle afferents (Pare et al. 2001). Merkel cell afferents are Aβ LTMRs that express

TrkC (Bai et al. 2015), respond to skin indentation, and adapt slowly to mechanical

stimulation (SA class of A LTMRs), while Meissner corpuscle afferents are rapidly

adapting (RA) Ret+ Aβ LTMRs (Luo et al. 2009) and are low frequency vibration

detectors (Fig. 3).

Importantly, DOR is not restricted to A LTMRs, but is also expressed by high-

threshold mechanosensitive A fibers (i.e., A HTMRs, myelinated nociceptors),

most of which can be identified by co-expression of NF200 and the nociceptor

markers CGRP or TrkA (the receptor for NGF). Thus, approximately 36% of

DORGFP+ NF200+ DRG neurons co-express TrkA and CGRP. Interestingly, this

population of DRG neurons frequently co-expresses DOR and MOR (Bardoni et al.

2014; Joseph and Levine 2010), as MOR is expressed by virtually all C and A

peptidergic nociceptors. NF200+ TrkA/CGRP+ neurons include cutaneous Aδ
mechanonociceptors forming epidermal free nerve endings (Lawson et al. 2008),

but also myelinated nociceptors innervating other tissues such as muscle afferents

(Jankowski et al. 2013; Alvarez et al. 1992). Thus far the molecular identity of

DOR+ myelinated DRG neurons suggests that proprioceptors, which innervate
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muscle spindles and tendons and encode positioning of body parts in space, do not

express DOR (Bardoni et al. 2014) as they lack co-expression of parvalbumin and

Runx3 (de Nooij et al. 2013).

This characterization of DOR+ DRG neurons in DORGFP reporter mice was

recently confirmed in wild-type mice by an unbiased large-scale single-cell RNA

sequencing study (Usoskin et al. 2015) and functional assays in spinal cord slices or

acutely dissociated DRG neurons (Bardoni et al. 2014). Note that the single-cell

RNA sequencing dataset from Usoskin et al. (2015) is publicly available at http://

Fig. 2 DOR is expressed by several classes of cutaneous mechanosensitive neurons. (a) DORGFP
mice reveal DOR expression at the peripheral terminals of A low-threshold mechanoreceptors

(LTMRs) forming circumferential endings around hair follicles (arrowheads in left panel). DOR is

also expressed by DRG neurons innervating the glabrous skin, particularly by C nonpeptidergic

nociceptors that co-express MrgprD and end as free nerve endings in the stratum granulosum

(arrows in right panel) and by A LTMRs forming Meissner corpuscles (arrowheads in right
panel). Modified from Bardoni et al. (2014). (b) Schematic summarizing the peripheral and central

projection patterns of DOR+ cutaneous DRG neurons. CM C mechanonociceptors, SA slowly

adapting, RA rapidly adapting
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linnarssonlab.org/drg/. This webpage from the Linnarsson laboratory website

contains a search engine that displays a scatter plot of expression in DRG neuron

subpopulations for any gene of interest. Thus, searches for Oprd1, Oprm1, and
Trpv1 genes show that Oprm1 and Trpv1 transcripts are enriched in neurofilament-

negative DRG neurons that express peptides such as CGRP and substance P (i.e.,

unmyelinated peptidergic nociceptors), while Oprd1 transcripts are found in

neurofilament-positive mechanosensory DRG neurons, consistent with neuroana-

tomical and electrophysiological studies in DORGFP and wild-type mice.

Fig. 3 Functional and genetic diversity of A LTMRs and nociceptors expressing DOR. Multiple

classes of molecularly heterogeneous DRG neurons express DOR. These different populations

include myelinated nociceptors that express TrkA, as well as A LTMRs expressing other

neurotrophin receptors such as Ret and TrkC. Ret is also expressed by the C nociceptors that

express DOR, which correspond to a subpopulation of IB4-binding MrgprD+ mechanosensitive

afferents
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2.2 DOR-Expressing Unmyelinated Nociceptors Are MrgprD+
Nonpeptidergic Cutaneous Mechanonociceptors

Although at the thoracic level virtually all DORGFP+ DRG neurons are large and

NF200+ (unpublished observation), in lumbar DRGs a significant proportion of

DORGFP+ neurons are unmyelinated C fibers (~40% small-diameter cell bodies,

NF200-negative) (Bardoni et al. 2014; Scherrer et al. 2009). These DORGFP+ C

fibers do not express TH and thus are not C LTMRs (Bardoni et al. 2014), but C

nociceptors. In situ hybridization studies in rats and wild-type mice established

that the great majority of DOR+ C nociceptors do not express neuropeptides

(substance P, CGRP) or TRPV1 and thus mostly belong to the nonpeptidergic

class of C nociceptors (Mennicken et al. 2003; Bardoni et al. 2014; Minami et al.

1995). This expression pattern contrasts with that of MOR, which is highly

expressed by TRPV1+ peptidergic C nociceptors (Scherrer et al. 2009; Minami

et al. 1995) (Fig. 1b). In agreement with this segregated expression of DOR and

MOR in C nociceptors, a transcriptomic analysis in rats indicated that ablation of

TRPV1+ nociceptors profoundly reduced MOR expression in DRG but had little

impact on DOR expression (Goswami et al. 2014).

DORGFP+ NF200-negative small-diameter neurons express Ret and bind

the lectin IB4, a feature of nonpeptidergic C nociceptors in mouse. Thus, Ret is

essential for the normal expression of DOR in the DRG (Franck et al. 2011) and

DOR agonists inhibit GDNF-induced hyperalgesia (Joseph and Levine 2010).

Furthermore, ablation studies in DORGFP mice revealed that DOR is expressed

by the MAS-related GPR family member D (MrgprD) + subset of Ret + IB4+

nonpeptidergic C nociceptors. Administration of diphtheria toxin to DORGFP mice

crossed with mutant mice that express the diphtheria receptor only in MrdprD+

neurons resulted in an almost complete loss of DOR+ small-diameter DRG neurons

(Bardoni et al. 2014). MrdprD+ DRG neurons are cutaneous C nociceptors that

respond to punctate mechanical stimuli and are critical to acute mechanical pain

(Zylka et al. 2005; Dussor et al. 2008; Cavanaugh et al. 2009; Rau et al. 2009).

Consistent with a function in cutaneous mechanonociception, DORGFP+ MrgprD+

nociceptors densely innervate the glabrous skin, forming epidermal free nerve

endings that reach the stratum granulosum (Fig. 2b), in contrast to peptidergic

nociceptors that terminate less superficially. Studies of visceral innervation thus far

indicate that in contrast to TRPV1+ MOR+ peptidergic C nociceptors, which

densely innervate viscera (Cavanaugh et al. 2011; De Schepper et al. 2008; Jones

et al. 2005), DORGFP+ afferent terminals are very rare in visceral tissue (Scherrer

et al. 2009).

2.3 Controversy Regarding DOR Distribution in DRG Neurons:
Historical Considerations

The controversy regarding the expression pattern of DOR in DRG stems from

three major sources. First, there is disagreement regarding which methods most
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accurately identify DOR-expressing neurons (antibodies, in situ hybridization,

radioligand binding, RNA sequencing, DORGFP reporter mouse). Second, there

are significant differences in the functional organization of DRG neurons in mice

and rats. Third, there is disagreement regarding the interpretation of functional

studies that used intrathecal opioid ligands or knockout mice to probe DOR

function in pain at the DRG/spinal level. We focus our discussion below on the

first point.

Following cloning of the Oprd1 gene in 1992 (Kieffer et al. 1992; Evans et al.

1992) and the determination of the DOR amino acid sequence, anti-DOR antibodies

could be generated. Immunohistochemistry became the method of choice to inves-

tigate DOR distribution in tissues. In 1993, Dado, Elde, and colleagues reported the

production of a rabbit antiserum generated by injection of a synthetic peptide

consisting of the amino acids 3–17 of the DOR sequence (i.e., amino-terminal,

extracellular). During the following decade, the immunoreactivity generated by this

antibody (Ab3–17-ir) was used extensively to analyze DOR distribution in DRG and

its subcellular localization in primary afferent neurons (Dado et al. 1993; Zhang

et al. 1998; Riedl et al. 2009; Overland et al. 2009; Bao et al. 2003; Guan et al.

2005). Early studies reported that Ab3–17-ir was mostly associated with small-

diameter DRG neurons co-expressing substance P and CGRP (Dado et al. 1993;

Zhang et al. 1998). These reports strongly influenced research directions in the

following decade and led to the idea that DOR would be predominantly expressed

by peptidergic C nociceptors. Ab3–17 was also used in studies that proposed that

DOR agonists can promote the insertion of DOR into the DRG neuron plasma

membrane, via a direct substance P-DOR interaction in large dense-core vesicles

[(Bao et al. 2003; Guan et al. 2005), reviewed by (Gendron et al. 2015)]. At the

time, Oprd1 knockout mice were not available (Filliol et al. 2000; Zhu et al. 1999),

and the pre-adsorption test was instead used to test Ab3–17-ir specificity. Prein-

cubation of the Ab3–17 with the 3–17 synthetic peptide eliminated Ab3–17-ir,

confirming the high affinity of the synthetic peptide for the antibody. It is clear,

however, that the pre-adsorption test does not demonstrate that the immunoreactiv-

ity pattern generated by Ab3–17 in tissues results from recognition of DOR

(Holmseth et al. 2012).

An important misconception is that the controversy originates from observations

made using the DORGFP reporter mouse. This view is factually incorrect: it was

apparent that Ab3–17-ir pattern in DRG and spinal cord did not match DOR

distribution defined with other techniques, well before the generation of DORGFP

mice in 2006. In 1995, Minami et al. using double in situ hybridization studies

established that mRNAs encoding DOR and substance P were localized in distinct

DRG neurons (Minami et al. 1995), consistent with Mennicken et al. later observa-

tion that Oprd1 mRNA was preferentially found in NF200+ and large-diameter

DRG neurons (Mennicken et al. 2003). Ab3–17-ir pattern in the CNS also did not

match the known distribution of Oprd1 mRNA or the binding pattern of DOR

radioligands (Arvidsson et al. 1995; Mansour et al. 1987; Kitchen et al. 1997). In

the spinal cord, Ab3–17-ir was restricted to the terminals of peptidergic DRG

neurons in the superficial dorsal horn, while Oprd1 mRNA (Mennicken et al.
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2003; Cahill et al. 2001) and DOR radioligand binding (Mennicken et al. 2003) are

present throughout the dorsal and ventral horns, consistent with electrophysiologi-

cal recordings documenting the existence of DOR-expressing spinal neurons

(Eckert and Light 2002). Note also that numerous other anti-DOR antibodies

were produced and generated different i.r. patterns compared to Ab3–17-ir. Some

of these antibodies may have recognized DOR based on the observation that their

i.r. pattern resembled DOR radioligand binding pattern (e.g., see Cahill et al. 2001).

In the absence of specificity control in knockout mice for each serum and lot used,

antibody specificity remains difficult to estimate.

The generation of DORGFP mice drew attention to and revived the pre-existing

controversy, because the DORGFP expression pattern does not match the Ab3–17-ir

pattern, but is consistent with Oprd1 mRNA distribution or DOR radioligand

binding pattern in wild-type mice throughout the nervous system (Bardoni et al.

2014; Scherrer et al. 2006; Scherrer et al. 2009). DOR KO mice allowed examina-

tion of these inconsistencies in the 2000s and showed that binding of radioligand

was lost in knockout mice (Bardoni et al. 2014; Scherrer et al. 2009; Goody et al.

2002), validating the specificity of this approach. By contrast, Ab3–17-ir was intact

in DOR knockout mice (Scherrer et al. 2009), indicating that this antibody

recognizes a molecule other than DOR. Other studies reported decreased Ab3–17-

ir in DOR knockout mice (Overland et al. 2009; Wang et al. 2010), a puzzling result

given the absence of Oprd1 mRNA and DOR binding sites in the great majority of

Ab3–17-immunoreactive neurons and regions in the nervous system in wild-

type mice.

As mentioned initially, species differences have also contributed to the contro-

versy regrading DOR expression pattern (and co-expression with MOR) in DRG.

TRPV1+ CGRP+ DRG neurons and IB4-binding nonpeptidergic nociceptors are

almost completely nonoverlapping populations in mice, but substantially overlap in

rats (Price and Flores 2007). Regarding functional assays, intrathecal injections of

DOR ligands may also activate receptors expressed by spinal neurons, or present on

brainstem descending axons, preventing definitive conclusions about DOR in DRG

neurons. Virtually all DOR agonists can to some extent bind and activate MOR,

particularly at high doses and given broader MOR expression in DRG neurons.

Often, naltrindole is used to provide evidence of DOR involvement; however,

naltrindole can also block MOR-mediated responses. For example, naltrindole

co-injection can block the increase in latency for tail withdrawal caused by intra-

thecal DAMGO (unpublished observation). Data on DOR expression and function

in cultured DRG neurons can also be difficult to interpret. DRG somatosensory

neurons are tuned to respond to their extracellular environment and injuries.

Axotomy (i.e., occurring during dissection) and the composition of the culture

medium (e.g., serum, growth factors, neurotrophins such as NGF) profoundly

alter gene expression (e.g., ion channels and GPCRs defining excitability and

responsiveness) and transform DRG neuron molecular identity. To our knowledge,

no study has rigorously characterized how the culturing process and the factors

present in the medium impact each class of DRG neuron, including opioid receptor

expression and signaling, compared to the in vivo physiologic condition. While
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cultured DRG neurons can be very useful to study molecular mechanisms such as

gating of ion channels (i.e., TRPV1 gating by capsaicin) or ligand binding to

GPCRs, whether they properly model physiological receptor expression and func-

tion in DRG neurons in vivo is uncertain. To address this aim, it may be preferable

to use acutely dissociated DRG neurons within hours of dissection. It is clear that all

methods used to study DOR distribution have limitations, including DORGFP

mice. While the knockin approach is likely to faithfully report Oprd1 promoter

activity and identify DOR-expressing cells, the insertion/addition of the GFP

sequence/tag may modify certain aspects of mRNA processing and protein func-

tion. The use of multiple approaches will likely be necessary to address this

controversy. Specifically, the emergence of novel techniques for quantifying gene

expression with unprecedented sensitivity in wild-type mouse or rat DRG, by RNA

sequencing and combinatorial detection of single mRNA molecules for multiple

genes (Fig. 1a, b), will be particularly useful, given that protein function in a cell

implies mRNA presence in its cell body.

3 Molecular and Physiological Consequences of DOR
Activation in DRG Neurons

Very few studies have investigated DOR signaling in DRG neurons in vivo or in

acutely dissociated DRG neurons that endogenously express DOR, such as

A LTMRs. We review these studies here, along with those using cultured DRG

neurons and DRG neurons transfected to express DOR. We focus on ion channel

mechanisms relevant for DOR control of DRG neuron excitability and neurotrans-

mitter release (Fig. 4). We recommend other excellent review articles and book

chapters describing general mechanisms of DOR signaling via G protein and

adenylate cyclase or β�arrestin pathways that have been described in other cell

types and might also occur in somatosensory neurons (Gendron et al. 2015; Dang

and Christie 2012; Pradhan et al. 2011; Lamberts and Traynor 2013; Zaki et al.

1996; Cahill et al. 2016; Gendron et al. 2016; Charfi et al. 2015; Fujita et al. 2014;

Pradhan et al. 2012; Georgoussi 2015; Al-Hasani and Bruchas 2011; Gaveriaux-

Ruff and Kieffer 2011; Zollner and Stein 2007).

3.1 Inhibition of Voltage-Gated Calcium Channels

Voltage-gated calcium channels (VGCCs) are activated by depolarization of the

plasma membrane, resulting in calcium flow into the cell (i.e., inward current).

While this increase in intracellular calcium can contribute to action potential

(AP) generation (Fatt and Katz 1953), its main purpose in mammals is to couple

electrical excitation to calcium-dependent intracellular mechanisms, including

synaptic vesicle fusion for neurotransmitter release. VGCCs are composed of a

main α subunit that forms the pore of the channel. This protein is comprised of four

repeated domains that each contain six transmembrane segments (TM) and several
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intracellular loops (IL) with residues for protein interactions and posttranslational

modifications (Tanabe et al. 1987). The α subunit requires an additional intracellu-

lar β subunit and an extracellular α2δ subunit to form a functional VGCC (except

for T-type VGCCs, which lack the β subunit). β and α2δ subunits modulate

membrane expression, opening probability, and voltage dependence of the α sub-

unit (Arikkath and Campbell 2003). Ten genes code for the α subunit and form three

families of VGCCs (types) with distinct distributions and functions: L-type VGCCs

(Cav1.1, Cav1.2, Cav1.3, Cav1.4); P/Q, N, and R-type VGCCs (Cav2.1, Cav2.2,

and Cav2.3); and T-type VGCCs (Cav3.1, Cav3.2, Cav3.3) (Catterall 2011; Simms

and Zamponi 2014; Zamponi 2016).

L-type, T-type, and most importantly, P/Q and N-type, VGCCs have been

functionally described in DRG neurons of various species (Evans et al. 1996;

Heinke et al. 2004; Murakami et al. 2001; Nowycky et al. 1985). Cav2.1 (P/Q)

and Cav2.2 (N-type) appear to be particularly important for synaptic transmission

between primary afferent somatosensory neurons and spinal cord neurons (Simms

and Zamponi 2014). Cav2.1 is highly expressed in large-diameter DRG neurons,

while Cav2.2 is preferentially found in small-diameter DRG neurons (Bell et al.

2004; Murali et al. 2015; Saegusa et al. 2001; Yusaf et al. 2001). Both Cav2.1 and

Cav2.2 are localized in axon presynaptic terminals. Action potentials cause the

opening of the channel and calcium influx at close proximity of the SNAP-SNARE

complex. This local increase in calcium concentration triggers the fusion of synap-

tic vesicles with the plasma membrane for neurotransmitter release (Sudhof 2004).

Approximately 45% and 15% of the total DRG VGCC current is thought to be

conducted through Cav2.2 and Cav2.1, respectively (Wilson et al. 2000). The

Cav2.2 α subunit possesses a crucial sequence for opioid receptor-mediated inhibi-

tion, in the intracellular loop (IL1) between the TM I and II. Following opioid

receptor activation, dissociation, and binding of the βγ subunits of Gi/o proteins

(Gβγ) to this site causes a shift in the voltage dependence of calcium channel

activation to more positive membrane potentials and slows down the activation

kinetics of the Cav2.2 current, resulting in reduced neurotransmitter release

(Herlitze et al. 1997; Ikeda 1996). For opioid receptor-mediated inhibition to

occur, opioid receptors and VGCCs need to be close to each other. Additionally,

opioid receptor-mediated modulation of VGCCs is voltage dependent: depolariza-

tion (e.g., during a train of action potentials) causes Gβγ to dissociate from the

channel and drastically reduces inhibition. Because IL1 is also important for

interactions between Cav2.2 α and β subunits, Gβγ binding may displace Cav2.2

β due to steric hindrance, which also contributes to Gβγ inhibition of VGCCs

(Buraei and Yang 2010). Note that other GPCRs, coupled to Gq or Gs proteins,

can positively regulate VGCCs, including through the recruitment of kinases that

phosphorylate the channel and counteract opioids’ inhibition of calcium influx

(Zamponi et al. 1997). Cav2.2 is important not only for glutamate release but also

for the release of calcitonin gene-related peptide (CGRP) and substance P, two

major pro-nociceptive neuropeptides (Evans et al. 1996; Brittain et al. 2011;

Westenbroek et al. 1998).
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While a wealth of studies has demonstrated MOR-meditated inhibition of

VGCCs in DRG neurons (Schroeder et al. 1991; Moises et al. 1994; Wu et al.

2004; Schroeder and McCleskey 1993; Raingo et al. 2007; Jiang et al. 2013; Pan

et al. 2008) particularly in small-diameter nociceptors, DOR coupling to VGCCs

remains controversial. Thus, several studies reported that DOR agonists only

minimally impact calcium current amplitude and kinetics in DRG neurons from

naı̈ve rodents (i.e., uninjured) (Walwyn et al. 2005; Pradhan et al. 2013; Brackley

et al. 2016; Acosta and Lopez 1999; Wu et al. 2008). Another interpretation of these

data, however, is that most of the cells patched in these studies did not belong to

the class of DRG neurons that normally express DOR. Indeed, blind recording

approaches (i.e., unidentified cells) are unlikely to randomly select DOR-expressing

neurons in the cultures used. First, DOR is expressed by fewer neurons in DRG,

compared to MOR, for example. Second, the methods used to culture DRG neurons

generally select for small-diameter neurons, in particular peptidergic, when NGF, the

TrkA agonist that promotes the survival and growth of this class of DRG neurons, is

present in the culture medium. Because they are more sensitive to enzymatic and

mechanical dissociation, and because factors necessary for their survival (GDNF,

neurotrophin 3, neurotrophin 4) are rarely included in the medium, large-diameter

neurons are most often rare in these cultures and not recorded. Consistent with this

interpretation, Bardoni et al. reported, in acutely dissociated DRG neurons fromwild-

type mice, that the DOR agonist deltorphin II inhibits VGCCs both in a subset of

large-diameter and small-diameter IB4-binding DRG neurons, but very rarely in

IB4-negative (presumably peptidergic) small-diameter neurons. Furthermore, DOR

agonists reduce the amplitude of EPSCs evoked in dorsal horn neurons by stimulation

of primary afferents, in particular A fiber-mediated EPSCs in laminae III-V (Bardoni

et al. 2014; Glaum et al. 1994; Fan et al. 1993; Rogers and Henderson 1990). Because

the reduction in amplitude was accompanied by an increase in paired-pulse ratio, this

result establishes that DOR inhibits neurotransmitter release from A fibers, presum-

ably through inhibition of VGCCs at their terminals (Bardoni et al. 2014). Similarly,

release of the endogenous DOR agonist enkephalin in the spinal cord reduces A fiber

input, and suppression of enkephalin release induces mechanical pain (François et al.

2017), suggesting that endogenous DOR signaling also inhibits VGCCs presynapti-

cally to gate mechanical pain. DORGFP fusion receptor, either endogenously

expressed by acutely dissociated DRG neurons (Bardoni et al. 2014) or heteroge-

neously expressed in cultured neurons (Pettinger et al. 2013), also inhibited VGCCs

following application of DOR agonist. Finally, studies that demonstrated that DOR

agonists reduce CGRP release (Overland et al. 2009; Patwardhan et al. 2006) also

support the idea that DOR inhibits VGCCs, regardless of the origin of this effect (i.e.,

small- versus large-diameter CGRP+ DRG neurons). Data reporting a decrease in

substance P release by DOR agonists (Kouchek et al. 2013; Normandin et al. 2013;

Zachariou and Goldstein 1996) are more difficult to interpret given that substance P,

contrary to CGRP, is also expressed by spinal cord neurons (Gutierrez-Mecinas et al.

2014). DOR function can be upregulated in a variety of regions and conditions

(see Gendron et al. 2015 for review). Of particular interest are the studies that

showed increased DOR function and coupling to VGCCs in DRG neurons. Thus,
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inflammation and bradykinin can augment the efficacy of DOR agonists to inhibit

VGCCs (Walwyn et al. 2005; Pradhan et al. 2013; Brackley et al. 2016; Mittal et al.

2013) or the proportion of DRG neurons in which this inhibitory effect is seen

(Pettinger et al. 2013). The mechanisms underlying this gain in function are actively

investigated, and recent studies suggest that receptor export and signaling molecules

controlling receptor desensitization and trafficking such as GRK2 and β�arrestin 1 are

involved (Brackley et al. 2016; Pettinger et al. 2013; Mittal et al. 2013; Gendron et al.

2006).

3.2 Activation of Inward-Rectifier Potassium Channels

Potassium channels represent a family of more than 80 genes that can be divided in

six major classes: voltage-gated with six TM (Kv), inwardly rectifier with two TM

(Kir), tandem pore domain with 4 TM (K2P), and calcium-activated BK, Sk, and IK

channels (Yu and Catterall 2004). Among them, Kir potassium channels are

particularly important for opioid modulation of cell excitability. Kirs are composed

of four main α subunits that form the pore of the channel. Each α subunit comprises

2 TMs, and intracellular N- and C-terminals. Opening of Kir channels leads to

potassium flowing out of the cell (i.e., outward current), which hyperpolarizes the

membrane, reducing excitability and synaptic transmission (Hille 1992). In DRG

neurons, two main families of Kir have been described: ATP-sensitive (KATP) and

G protein-coupled inwardly rectifying K+ (GIRK) channels.

KATP channels are gated by ATP (Kir6.x family) and are composed of four

Kir6.1 and/or Kir6.2 subunits, supplemented by four SUR 1 and/or two (sulfonyl-

urea receptor) subunits. The SUR subunits are 17 TM proteins, containing two

nucleotide-binding sites that act as ATP sensors. At cellular physiological concen-

tration, ATP binding to these sites results in inhibition of Kir6.x channel opening

(Aguilar-Bryan et al. 1998). Gβγ proteins can also interact with these sites. Follow-
ing activation of G proteins, Gβγ binds to SUR and decreases the inhibition by ATP,

resulting in facilitation of Kir6.x channels opening (Wada et al. 2000). Immunohis-

tochemical studies suggest that Kir6.2, SUR1, and SUR2 are expressed in DRG

neurons in rats (Kawano et al. 2009a; Zoga et al. 2010). Consistent with this,

functional evidence suggests that KATP currents can inhibit substance P release

from rat DRG neurons (Ohkubo and Shibata 1995; Sarantopoulos et al. 2003).

Furthermore, KATP activation has been shown to reduce mechanical and thermal

nociception in naı̈ve mice, and following inflammatory and neuropathic pain

induced by bradykinin and axotomy, respectively (Zoga et al. 2010; Du et al.

2011; Kawano et al. 2009b; Pacheco and Duarte 2005). Several studies demon-

strated that peripheral morphine antinociception involves KATP activation, linking

opioid receptors to these channels (Afify et al. 2013; Cunha et al. 2010; Rodrigues

and Duarte 2000). In a similar way, it appears that antinociception caused by DOR

agonists can derive from KATP activation (Gutierrez et al. 2012; Pena-dos-Santos

et al. 2009; Saloman et al. 2011). Whether these observations result from direct

binding of Gβγ dissociated from DOR following its activation remains unclear. To
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note, most of these studies were performed in rats, it is unclear that opioid receptor

signaling involving KATP channels is conserved in DRG from other species,

particularly mice and humans.

GIRK channels are directly regulated by Gi/o proteins (Kir3.x family) (Ocana

et al. 2004). GIRK channels are comprised of four α subunits, each with two 2 TMs

and intracellular C- and N-terminals, which interact with Gβγ. In the absence of G

protein interaction, the C- and N-terminus maintain the channel in a closed confor-

mation. Following G protein activation, binding of Gβγ to the intracellular domains

switches the channel to an open conformation (Mark and Herlitze 2000). Four genes

encode different α subunits: Kir3.1 to Kir3.4 (also named GIRK1 to GIRK 4). To

form a functional pore, α subunits are assembled into homo- or hetero-tetramers.

The combination of these four subunits influences the properties of the channel.

GIRK1 needs to be associated with another class of GIRK α subunit to form a

functional potassium current (i.e., obligatory heteromer) (Jelacic et al. 2000;

Kennedy et al. 1996; Lesage et al. 1995). GIRK channels are widely distributed

in the CNS and represent major effectors of opioid receptors in neurons, including

for DOR. In DRG neurons, on the other hand, the expression of GIRK channels

remains debated. An RT-PCR and electrophysiological analysis suggested that

GIRK 1 through 4 are expressed in rat DRG (Gao et al. 2007). Furthermore, a

recent study not only confirmed that GIRK channels are present in DRG but also

showed that GIRK2 critically contributes to peripheral morphine analgesia in rats

and humans (Nockemann et al. 2013). In this article, the authors also provide

evidence that GIRK channels are not expressed in mouse DRG. If GIRK channels

are present in DOR-expressing DRG neurons, they likely are modulated by DOR.

Very few studies have explored this possibility. Regarding DOR modulation of

GIRK, DOR agonists can activate GIRK 1 and 2 in rat trigeminal ganglia (Chung

et al. 2014).

3.3 Indirect Modulation of Ion Channels

DOR may also indirectly control ion channel opening and neuron excitability,

through Gi/o, Gs or Gq modulation of phosphorylation of ion channels by PKA,

PKC, or phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2), and diacylglycerol

(DAG) abundance.

Opioid receptors regulate the activity of adenylate cyclase (AC) (Nestler 2004;

Gilman 1987). AC produces cAMP, a second messenger that activates downstream

effectors, particularly protein kinase A (PKA). PKA phosphorylates proteins and

modifies their properties, including ion channels and receptors that regulate neuro-

nal excitability. Early studies in cell lines established that opioid receptors, includ-

ing DOR, inhibit AC via Gαi/o (Prather et al. 1994; Roerig et al. 1992; Wong et al.

1992; Wong et al. 1991). This effect, however, seems dependent on the neuronal

context. Thus, while activation of DOR or MOR results in AC inhibition in neurons

in numerous brain regions (Buzas et al. 1994; Chneiweiss et al. 1988; Eybalin et al.

1987; Izenwasser et al. 1993; Law et al. 1981), an increase in AC was reported in
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the olfactory bulb, spinal cord explant, and DRG (Makman et al. 1988; Olianas and

Onali 1995; Shen and Crain 1989). In DRG, these studies revealed that activation of

opioid receptors, including DOR, can lead to a dual modulation, i.e., inhibitory via

Gi/o or excitatory via Gs, of AC, depending on the dose of agonists used (Fan et al.

1993; Crain and Shen 1990; Tang et al. 1995). More recently, AC activation by

morphine has been proposed to contribute to morphine tolerance and withdrawal,

via a Gs-mediated increase of TRPV1 activity and CGRP release (Spahn et al.

2013; Tumati et al. 2011; Tumati et al. 2010; Yue et al. 2008). Recent research on

the topic is lacking, and no study has specifically examined DOR coupling to AC in

DRG neurons that endogenously express this opioid receptor. DOR activation in

DRG neurons can potentially modulate all targets downstream of cAMP and PKA,

including receptors or ion channels such as hyperpolarization-activated cyclic

nucleotide-gated (HCN) and two pore domain (K2P or K+ leak) channels (see

below). Note that in addition to the classical Gβγ inhibition, VGCC activity can be

modulated by PKA phosphorylation, especially for L-Type channels (Altier and

Zamponi 2008; Sculptoreanu et al. 1993). L-Type calcium channels are expressed

in small- and large-diameter DRG neurons (Scroggs and Fox 1992) and may be

indirectly regulated by DOR.

HCN channels carry a Na+ K+ inward current and are activated by membrane

hyperpolarization (�60 to �90 mV). Opening of HCN channels elicits membrane

depolarization toward the threshold for action potential generation. In neurons,

HCN channels are notably responsible for rhythmicity in pacemaker cells and

contribute to rebound activity and resting potential (Biel et al. 2009). Importantly,

HCN channel opening is facilitated by binding of cAMP (i.e., in a PKA-

independent manner) and is indirectly modulated by GPCRs controlling AC activ-

ity. In DRG, HCN 1 and 3 are thought to be expressed by Aβ and Aδ fibers, whereas
HCN2 is predominantly expressed by C nociceptors and reportedly contributes to

inflammatory and neuropathic pain (Emery et al. 2011; Momin et al. 2008; Weng

et al. 2012). It follows that if DOR is coupled to AC and alters cAMP concentration

in DRG neurons, DOR agonist antinociceptive activity may involve modulation of

HCN channel activity. Among K2P channels, TREK-1, TREK-2, TRAAK, and

TRESK channels are of particular interest. These channels determine neuron

resting potential and, in DRG neurons, sensitivity to mechanical and thermal

stimuli (Alloui et al. 2006; Brohawn et al. 2014; Honore 2007; Noel et al. 2009).

All types of DRG neurons are thought to express some isoform of TREK and/or

TRESK (Alloui et al. 2006; Kang and Kim 2006). TREK channels are inhibited by

PKA and PKC phosphorylation, hydrolysis of PtdIns(4, 5)P2, DAG (Honore 2007),

potentially linking TREK function to DOR signaling in DRG neurons. Consistent

with this idea, a recent study described a direct link between MOR activation and

TREK-1 activation (Devilliers et al. 2013).
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4 Conclusion: Implications for DOR Function
in Somatosensation and Pain Control

The characterization of DOR+ DRG neurons has so far revealed that many of

these cells have the molecular identity and anatomical properties of cutaneous

mechanosensory neurons known to initiate the perception of touch and mechanical

pain. The mechanosensitivity of DOR+ DRG neurons was directly demonstrated by

electrophysiological recording using an ex vivo somatosensory system preparation

in which the skin, cutaneous nerve, DRGs, and spinal cord are dissected in

continuity (Koerber and Woodbury 2002). DORGFP+ DRG neurons did not

respond to noxious heat applied to the skin, but were very sensitive and fired

vigorously in response to stimulation with a mechanical probe (Bardoni et al.

2014). These studies also revealed the existence of several types of DOR+ myelin-

ated mechanosensory afferents, with distinct conduction velocities (covering Aδ
and Aβ range) and thresholds (firing in response to innocuous and/or noxious

mechanical stimulation).

The signaling and ion channel mechanisms engaged by DOR in DRG neurons

generally result in a reduction in cell excitability and/or neurotransmitter release. In

other words, DOR activation in DRG is expected to reduce the perception of the

somatosensory modalities encoded by the DRG neurons in which the receptor is

predominantly expressed: touch and mechanical pain. A large number of studies

have thus reported that DOR agonists reduce cutaneous mechanical sensitivity, both

acutely (Scherrer et al. 2009; Normandin et al. 2013; Pacheco and Duarte 2005;

Pacheco Dda et al. 2012; Fuchs et al. 1999; Cao et al. 2001) and in the context of

hypersensitivity (i.e., allodynia) induced by nerve or tissue injuries (i.e., chronic

inflammatory or neuropathic pain) (Scherrer et al. 2009; Joseph and Levine 2010;

Pradhan et al. 2013; Kouchek et al. 2013; Saloman et al. 2011; Cao et al. 2001;

Sluka et al. 2002; Desmeules et al. 1993; Gaveriaux-Ruff et al. 2011; Stewart and

Hammond 1994; Kabli and Cahill 2007; Obara et al. 2009; Nozaki et al. 2012;

Gaveriaux-Ruff et al. 2008; Stein et al. 1989; Zhou et al. 1998; Hervera et al. 2010;

Otis et al. 2011; Pradhan et al. 2009; Le Bourdonnec et al. 2009). The antino-

ciceptive properties of DOR agonists in rodent pain models led researchers to

propose that DOR agonists were particularly useful against chronic pain compared

to acute pain (Gaveriaux-Ruff and Kieffer 2011; Pradhan et al. 2013; Stewart and

Hammond 1994; Kabli and Cahill 2007; Cahill et al. 2007; Vanderah 2010; Hurley

and Hammond 2000). The emergence of this concept results, in part, from the fact

that cutaneous mechanical sensitivity has long been evaluated almost exclusively in

animals with neuropathic or inflammatory hypersensitivity, but very rarely acutely

in healthy uninjured animals. By contrast, in most studies before the mid-2000s

((re)emergence of the concept of pain modalities and peripheral nociceptive

labelled lines (Ma 2010; Craig 2003; Pereira and Alves 2011; Emery et al.

2016)), acute sensitivity in healthy animals was measured using heat as a noxious

stimulus. It is clear today that evaluating cutaneous mechanical sensitivity in the

setting of injury probes the function of A LTMRs that normally encode touch and

not only nociceptors. Following injury, loss of inhibition in dorsal horn circuits
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enables polysynaptic neurotransmission between A LTMRs and nociceptive

neurons, resulting in innocuous mechanical stimulation being perceived as painful

(i.e., mechanical allodynia) (Basbaum et al. 2009; Sandkuhler 2009). It is very

likely that the anti-allodynic properties of DOR agonists result from the beneficial

reduction in neurotransmitter release from A LTMRs. DOR activation in A LTMRs

detecting movements across the skin, and in A LTMRs/A HTMRs/ MrgprD+ C

nociceptors responding to skin indentation, could alleviate dynamic and static

allodynia, respectively. Note that DOR expression in A LTMRs suggests that

DOR may also modulate mechanosensation in the absence of injury; however,

evaluating touch perception in rodents remains challenging. To our knowledge no

studies have yet evaluated the impact of DOR activation or knockout on touch

modalities encoded by the different A LTMRs expressing DOR (e.g., movement

across the skin, vibrations, texture coding).

Much work is still needed to determine if DOR is expressed by other types of

afferents, innervating other tissues (e.g., muscle or bone), or coding other somato-

sensory modalities (e.g. itch), and how tissue and nerve injury impact DOR

expression and signaling in DRG during inflammatory and neuropathic chronic

pain. Similarly, analyzing DOR distribution in trigeminal ganglia and DOR signal-

ing at the peripheral terminals might uncover new therapeutic indications for

DOR agonists. Finally, DOR is expressed by a variety of neurons in brain regions

processing somatosensory information, such as the amygdala and prefrontal/cingu-

late cortices. Future studies will resolve DOR function in these regions and estab-

lish its contribution to shaping pain experience, including attribution of negative

emotional valence (e.g., pain unpleasantness), execution of motivated behaviors

(e.g., avoidance), and cognitive and psychological maladaptations (e.g., pain

catastrophizing, mood disorders).
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Abstract
Opioid receptors are the sites of action for morphine and most other clinically
used opioid drugs. Abundant evidence now demonstrates that different opioid
receptor types can physically associate to form heteromers. Owing to their
constituent monomers’ involvement in analgesia, mu/delta opioid receptor
(M/DOR) heteromers have been a particular focus of attention. Understandings
of the physiological relevance and indisputable proof of M/DOR formation
in vivo are still evolving. This aspect of the field has been slow to progress in
large part by the limitations of most available experimental models; recently
however, promising progress is being made. As a result, the long-repeated
promise of opioid receptor heteromers as selective therapeutic targets is now
being realized.
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1 Introduction

There is increasing convincing evidence that G-protein coupled receptors can form
functional complexes as dimers or heteromers and that such complexes extend to the
family of opioid receptors. Existent opioid receptor heteromers were first described
by Jordan and Devi (1999) where functional and physical interaction was
demonstrated between kappa (KOR) and delta (DOR) opioid receptors. Although,
the concept of an opioid receptor complex was proposed earlier following the
observation of noncompetitive binding interactions between mu opioid receptor
(MOR) and DOR ligands (Rothman et al. 1992). Subsequently, many studies have
provided further evidence for the existence of opioid receptor heteromers using
various experimental approaches including co-immunoprecipitation, immunocyto-
chemistry with novel heteromer antibodies, bioluminescence and Foerster resonance
energy transfer, and electrophysiology. The proximity and interaction assay research
supporting the existence of opioid heteromers has previously been thoroughly
reviewed elsewhere (Costantino et al. 2012; Stockton and Devi 2012). However,
there has been much debate of the physiological significance of such complexes and,
initially, whether they truly existed in vivo. A preponderance of early evidence
for their existence relied upon the use of heterologous expression systems in
immortalized cell lines. These tools provide unparalleled experimental control.
They permit the generation of precise conditions with maximum favorability for
the detection of opioid receptor heteromers and a wealth of approaches to intricately
dissect their functionality. A great deal of information about the mu–delta opioid
receptor (M/DOR) heteromer has been gained using these models. Until recently, the
deficit lay in the uncertain physiological relevance of those precisely engineered
conditions. That is, opioid receptors are typically expressed in limited quantities in
neuronal tissue with each opioid receptor type under tight and differential transla-
tional and trafficking control, notwithstanding the lack of clear subcellular
co-localization. Meanwhile, these models often expressed these receptors in very
large quantities (e.g., using CMV promoters) in HEK293 or CHO cells lacking the
same control mechanisms. While these contrived models were very useful in
providing information about the potential for MOR–DOR interactions and how
M/DOR as a distinct receptor species behaved, the degree to which these interactions
and behaviors occur in normal, physiological systems was a matter of some debate.
This review will focus on recent in vivo and ex vivo research demonstrating the
cellular localization, function, and unique signalling of MOR and DOR (M/DOR)
heteromers. Three criteria have been recently proposed for demonstrating
heteromers in native tissue: (1) physical proximity via direct interaction or allosteric
interaction, (2) unique pharmacology of the heteromer from the individual receptor
type, and (3) disruption of the heteromer leads to loss of the heteromer-specific
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properties (Gomes et al. 2016). To date, only a few heteromer complexes fit all three
of these criteria, including the M/DOR heteromer (Gomes et al. 2016).

2 Historical Physiological Interactions

Indications for MOR–DOR interactions first arose from seemingly paradoxical
findings of two related, but distinct research avenues: (1) DOR analgesia as a
therapeutic target, and (2) the mechanisms of tolerance to MOR-mediated analgesia.

Delta Opioid Receptor Analgesia There has been interest in developing DOR
agonists as novel therapeutics for treating pain (in particular, selective small mole-
cule drugs). The DOR system is upregulated in various models of chronic pain
and selective ligands show encouraging analgesic profiles in reducing pain
hypersensitivities associated with tissue and nerve injury (Cahill et al. 2007). The
attractiveness of this target emanated from studies showing that activation of DOR
had: (1) minimal or no rewarding properties that may trigger addiction liability,
(2) no life-threatening effects of respiratory depression, and (3) did not alter noci-
ceptive responses in the absence of injury or pathology (Gendron et al. 2016; Spahn
and Stein 2017).

Mu Opioid Receptor Analgesic Tolerance Perplexingly, many studies also support
the development of DOR antagonists as novel analgesic therapeutics based on
research demonstrating that this same receptor limits MOR function, possibly
through the formation of MOR–DOR complexes.

A concerted effort has been made to understand the mechanisms of opioid
analgesic tolerance because that tolerance limits effectiveness of pain treatment.
This analgesic tolerance also jeopardizes compliance, because tolerance to other
pharmacological effects such as constipation does not develop at the same rate.
Opioid tolerant states have also been reported in certain chronic pain states, even
though subjects may be “opioid-naïve.” For example, neuropathic pain, defined as
pain caused by damage or dysfunction of the nervous system, is a challenge to treat
as it is often refractory to many pharmacotherapies, including opioid analgesics
(Gilron et al. 2006).

Understandably, most studies have focused on understanding functional changes
in the MOR as the majority of opioid analgesics target this receptor type. The
first inclination that DOR restricted MOR activity was with pharmacological
in vivo studies. Morphine analgesic tolerance was attenuated by co-administration
of naltrindole, a DOR antagonist (Abdelhamid et al. 1991; Fundytus et al. 1995), and
similar effects were evident by reducing expression of DORs by antisense knock-
down (Kest et al. 1996), or constitutive DOR knockout mice (Chefer and
Shippenberg 2009; Zhu et al. 1999) or disruption of cyclin-dependent kinase
5, which is required for phosphorylation of Thr-161 and trafficking of DOR to
plasma membranes (Xie et al. 2009).
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This research was surprising given the previous reports showing analgesic syn-
ergy between DOR and MOR agonists in both naïve and morphine tolerant mice
(Porreca et al. 1987). Interestingly, even ultralow dose DOR antagonists suppressed
morphine-induced analgesic tolerance (Abul-Husn et al. 2007). This suggested that
the effect might not be driven solely by the absence/presence or blockade/activation
of DOR, but perhaps an interaction between the two receptors. In this case, DOR
ligands would act allosterically; this would explain the matching effects of DOR
agonism and DOR antagonism.

Evidence that opioid receptors, like other GPCRs, could form heteromeric
complexes was subsequently demonstrated by multiple research groups. The exis-
tence of MOR and DOR (M/DOR) heteromers in native tissue was first identified by
Devi and colleagues using novel antibodies for the heteromer created by immuniza-
tion subtraction methods (Gupta et al. 2010). Importantly, this study demonstrated
that M/DOR heteromers abundance was augmented in animals following chronic
morphine treatment. The existence of M/DOR heteromers was confirmed using an
innovative approach to insert a TAT domain peptide into the membrane in the
correct orientation where it could interrupt the formation of the M/DOR complex.
TAT fusion-interfering peptide corresponding to the second intracellular loop of the
DOR (Tat-DOR-2L) reduced cell surface expression of DOR and disrupted the
formation of M/DOR heteromers (Xie et al. 2009) as well as reduced the develop-
ment of morphine tolerance in a model of inflammatory pain (Chen et al. 2012).
Further, systemic administration of MORTM1-TAT, which corresponds to the first
transmembrane domain of the MOR, but not MORTM3-TAT, disrupted the formation
of the M/DOR heteromer, and consequently increased morphine antinociception and
attenuated the development of morphine analgesic tolerance (He et al. 2011).

One caveat to consider for experiments evaluating morphine tolerance is the
influence of memory with repeated testing. This is an experimental confound
which manifests as a gradual reduction in pain threshold with repeated testing. It is
perhaps not surprising that rodents may learn that they will be removed from an
environment associated with a noxious stimulus with repeated testing. The use of
appropriate saline-injected controls may not capture changes in baseline nociceptive
threshold due to a floor effect in that most tests have calibrated instrumentation to
produce short latencies because they are predicting analgesic effects following
morphine administration. Together, this change in pain thresholds and this method-
ological limitation may overstate analgesic tolerance. There are reports in the litera-
ture of this behavioral sensitization/tolerance. Behavioral tolerance was reported
after exposing rats to a nonfunctional hot plate that involved habituation to the novel
distractive stimuli (Bardo and Hughes 1979). Another study examined the differen-
tial effects of weekly compared to daily exposure of a rat to the hotplate test. In this
study, a sensitization phenomenon was evident, where nociceptive thresholds
decreased with weekly testing (Espejo and Mir 1994). More relevant was the finding
that morphine can facilitate memory, which was proposed to contribute to associa-
tive learning in antinociceptive tolerance to morphine. Thus, repeated administration
of morphine in the same or different environments or when animals were moved to a
different context showed that morphine antinociceptive tolerance was significantly
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reversed by the change in context (Nakama-Kitamura and Doe 2003). These findings
indicate that morphine develops associative and nonassociative antinociceptive
tolerance, indicating that antinociceptive tolerance to morphine has contextual
specificity. This is relevant to the conclusion that DOR contributes to morphine
tolerance because DOR is necessary for hippocampal learning. DOR knockout mice
or administration of the DOR antagonist naltrindole impaired hippocampal-
dependent novel object recognition learning, demonstrating that DOR activity
modulates learning and memory performance (Le Merrer et al. 2013). DOR antago-
nism (pharmacological or functional) may inhibit morphine-induced effects on
memory.

3 Physical Evidence

Many immunohistochemical studies identified MOR and DOR co-localization.
These studies have come under intense criticism due to purported lack of DOR
antibody specificity, where immunolabeling remained present in constitutive knock-
out mice (Gendron et al. 2016). The generation of an MOR-mcherry knockin mouse
(Erbs et al. 2015; Gardon et al. 2014) allowed for breeding with the DOR-eGFP
(Scherrer et al. 2006) to create a double knockin mouse. This mouse was used for
extensive mapping of MOR and DOR throughout the peripheral and central nervous
systems (Erbs et al. 2015), where receptors could be visualized with subcellular
resolution. MOR and DOR were often co-expressed with high density in many brain
regions and also identified to be co-localized within large dorsal root ganglia neurons
(Erbs et al. 2015), in contrast to previous findings using immunohistochemical
techniques in DOR-eGFP mice (Scherrer et al. 2009). Conversely, this same
mouse [DOR-eGFP] was used to show MOR and DOR co-localization within
enteric neurons of the myenteric plexus (Poole et al. 2011), which may account for
the ability of DOR to inhibit gastrointestinal secretion and motility. Other electro-
physiological (Egan and North 1981) and pharmacologic (Fox-Threlkeld et al. 1994)
studies support DOR/MOR co-expression by enteric neurons.

Although the existence of GPCR heteromers was proposed almost two decades
ago, there remains some scepticism of the existence of such receptor complexes
in vivo, due to the general lack of tools available for detection of such complexes.
There have been major advances in this tool kit that provide validation of M/DOR
existence and the capacity of producing physiological effects. The crystal structures
of MOR and DOR support the possibility of direct interaction between the two
receptor types. Using an unbiased coarse-grained molecular dynamics simulation of
freely diffusing opioid receptors in an explicit lipid–water environment, Provasi and
colleagues identified the formation of M/DOR heteromers during the simulation.
Importantly, once formed, the complex did not dissociate (Provasi et al. 2015).
Further, in this latter study the minimum distance between each crystal structure
within the heteromer was identified as 10 Å. This finding complements research
showing that functional activity of bivalent ligands with linked mu agonist and delta
antagonist pharmacophores have the greatest activity with a linkage spacer length of
22 Å (Lenard et al. 2007; Daniels et al. 2005; Yekkirala et al. 2013).
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Further evidence that M/DOR exist in vivo used co-immunoprecipitation
techniques similar to previous studies with various heterologous cell systems. For
example, co-immunoprecipitation of spinal cord tissue revealed the existence of
constitutively expressed M/DOR heteromers (Xie et al. 2009; Gomes et al. 2004; He
et al. 2011). Because of the questionable specificity of DOR antibodies required for
such studies, a novel approach of subtraction immunization was taken to produce an
M/DOR specific antibody (Gomes et al. 2014). Using this antibody, in vivo expres-
sion of M/DOR was visualized in various brain structures (Gupta et al. 2010). The
subcellular co-localization together with co-immunoprecipitation studies strengthens
the existence of M/DOR heteromers, especially in subcortical networks involved in
eating, sexual behavior, and response to aversive stimuli (Erbs et al. 2015).

It is not clear if M/DOR are synthesized within intracellular compartments and are
trafficked to the membrane as a functional unit or formed at the plasma membrane. It
is generally well accepted that the majority of DORs leaving the endoplasmic
reticulum do not mature or traffic to the plasma membrane. This results in low
expression of functional DORs on the cell surface. Rather, DORs are primarily
degraded in lysosomal pathways. The formation of M/DOR may be one mechanism
to enhance DOR maturation and trafficking. A Golgi chaperone, receptor transport
protein 4 (RTP4), was shown to regulate the expression and cell surface trafficking
of M/DOR heteromers (Décaillot et al. 2008). Chaperoning resulted in an increase in
the cellular signalling of these receptors. A recent elegant review is available on
molecular and pharmacological chaperones for GPCRs (Williams and Devi 2010).
Cell surface trafficking of DOR is also evident in models of chronic inflammatory
pain (Cahill et al. 2003; Morinville et al. 2004a; Gendron et al. 2007) or after
prolonged morphine treatment (Cahill et al. 2001; Hack et al. 2005; Lucido et al.
2005; Morinville et al. 2004b). Prolonged morphine treatment also increases the
abundance of M/DOR in various brain regions as detected by heteromeric antibodies
(Gupta et al. 2010). Subsequently, it was proposed that morphine acts as a pharmaco-
chaperone bringing the M/DOR heteromer to the cell surface (Costantino et al.
2012). In contrast, other studies provide evidence that M/DOR heteromers form at
the cell surface (Law et al. 2005). This alternative is supported by studies showing
that DOR and MOR can interact via transmembrane domains in coarse-grained
molecular dynamics simulations (Provasi et al. 2015). Since data support both
formation of heteromers within the receptor maturation process and their formation
at the cell surface, it would not be unreasonable to suggest that both processes may
occur depending on the physiological processes that engage formation of the
heteromer.

4 Functional Evidence: Pharmacological Subtypes – Bias
Ligand Signalling or Heteromers?

Pharmacological studies have proposed DOR-1 and DOR-2 subtypes. [D-Pen2,D-
Pen5]enkephalin (DPDPE, DOR-1 agonist) and [D-Ala2,Glu4]deltorphin
(Deltorphin II, DOR-2 agonist) both elicit antinociception in various pain models
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but repeated intracerebroventricular administration of either ligand was shown not to
produce cross-tolerance to the other agonist (Mattia et al. 1991). Moreover, opposite
effects on ethanol consumption were produced using delta subtype (DOR-1 and
DOR-2) selective ligands (van Rijn and Whistler 2009).

The existence of DOR subtypes does not easily comport with molecular studies
where only one transcript for DOR has been identified and splice variants for the
DOR have not been described. However, there are many mechanisms that one could
envisage to create alternative behaviors of different DOR ligands. One explanation
for pharmacological subtypes is the existence and functional activity of heteromers
(van Rijn andWhistler 2009), where the M/DOR heteromer was proposed to account
for the DOR-1 subtype (van Rijn and Whistler 2009). Other studies suggest that
DOR-2 subtype accounts for heteromers, where antagonism of DOR-2, but not
DOR-1, reduced the development of morphine tolerance following chronic mor-
phine treatment in a model of inflammatory pain (Beaudry et al. 2015). Using
electrophysiological techniques on a slice preparation of the ventral tegmental
area, DPDPE and Deltorphin II were shown to elicit opposing depolarization or
hyperpolarization effects in the same neuron, which was not predicted by MOR
agonist-induced effects, topographical localization, or whether it was positive for
tyrosine hydroxylase or not (Margolis et al. 2017). While these data may argue
against M/DOR heteromers explaining the DOR subtype phenomenon in this mid-
brain structure, this latter study identified that: (1) MOR agonist-induced effects
could be augmented by a DOR antagonist and vice versa, (2) DOR agonist effects
could be augmented with MOR selective antagonist CTAP, and finally (3) most
VTA neurons expressed both DOR and MOR (Margolis et al. 2017). Together, these
data support previous findings that DOR antagonists increase the potency and
intrinsic efficacy of MOR agonists in cells co-expressing both receptors (Gomes
et al. 2000, 2004). MOR ligands are capable of allosterically enhancing DOR
radioligand binding and vice versa, which suggests strong positive cooperativity
between the two receptor units. These data support the concept that DOR ligands
(including antagonists) will allosterically enhance MOR ligand binding leading to
the potentiation of MOR-mediated effects including antinociception.

In cultured cells, M/DOR heteromers have unique signalling properties compared
to either MOR or DOR alone: signalling switched from a G-protein dependent
(monomeric) to an independent (heteromeric) pathway (Rozenfeld and Devi
2007). MOR or DOR monomeric receptor activation couples to G-protein signalling
cascades, and there has been a concerted effort to develop ligands that only couple
through this G-protein signalling rather than β-arrestin, as the latter is proposed to
account for unwanted pharmacological effects such as respiratory depression (Siuda
et al. 2017). In contrast, the M/DOR heteromer led to a constitutive recruitment of
β-arrestin-2 to the receptor complex resulting in changes in the spatiotemporal
regulation of ERK1/2 signalling. However, treatment with an MOR or DOR ligand
switched signalling to a non-β-arrestin-2-mediated signalling. Thus, the heteromer
and the bias lines of drug development are trying to achieve the same fate – less
β-arrestin signalling.
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The identification that M/DOR heteromers primarily signal via β-arrestins led to
the development of MOR agonists with DOR antagonist properties that were devoid
of β-arrestin-2 recruitment activity. These compounds promised to have a unique
pharmacology that would produce less respiratory depression, less GI dysfunction,
and lower propensity to induce tolerance and dependence compared to morphine.
Such compounds were synthesized based on endomorphin structure (Cai et al. 2014)
or drug library screening for β-arrestin recruitment (Gomes et al. 2013). CYM51010
was identified through the latter method. The involvement of M/DOR heteromers in
CYM51010-induced antinociception following spinal administration was confirmed
by co-administration of a heteromeric antibody that acts as a functional antagonist at
the receptor complex (Gomes et al. 2013). Importantly, this chemical elicited
antinociception but reduced tolerance and physical dependence compared to mor-
phine. Others took the approach to identify M/DOR selective ligands with the
hypothesis that the heteromer would produce analgesia but be devoid of many side
effects (Pinello et al. 2010). For example, 60-guanidinonaltrindole was reported to
produce analgesia following spinal administration (but not into the brain) via the
unique property of selectively activating only M/DOR heteromers but not either
MOR or DOR alone (Waldhoer et al. 2005). Chemists also synthesized bivalent
ligands with MOR agonist and DOR antagonist pharmacophores, which with spe-
cific spacers (21 atoms) allowed for potent analgesic activity but devoid of tolerance
and dependence (Daniels et al. 2005). Small molecule chemicals with similar
pharmacology of MOR agonist and DOR antagonist properties were also reported
to produce analgesia with less analgesic tolerance and dependence (Ananthan et al.
2012). The possibility of those drugs with MOR agonist and DOR antagonist
properties have less side effect profile led to the development of eluxadoline (Breslin
et al. 2012), which is now FDA approved for treatment of diarrhea associated with
irritable bowel syndrome (Levio and Cash 2017). Eluxadoline-induced reductions in
gastrointestinal transit were reduced in constitutive DOR knockout mice (Fujita et al.
2014). Using M/DOR heteromer antibodies as functional antagonists, Fujita and
colleagues showed that eluxadoline-mediated signalling could be partially blocked
(Fujita et al. 2014). Together, these data suggest that eluxadoline effects on gut
motility are mediated, in part, by M/DOR heteromers. Figure 1 depicts a cartoon
comparing DOR and MORmonomeric and M/DOR heteromeric formation, traffick-
ing, signalling, and pharmacological effects.

5 Conclusions

In this review, we provide concordant and compelling evidence of the existence and
functionality of M/DOR heteromers in endogenous tissues. Through the refinement
and execution of physiologically relevant experimental tools, there is now an
advancement of M/DOR heteromer understanding beyond the confines of earlier,
more contrived model systems while also reinforcing and complementing those
preceding findings. Attention has now shifted from the mere existence of heteromers
towards a more determined effort to understand the processes by which they are
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formed and regulated as well as their behavior as receptors. Thus, although func-
tional interactions between MOR and DORs may arise, such as competition for
downstream effector systems, the research highlighted above confirms that physical
interaction exists in the formation of heteromeric complexes.

Understanding M/DOR heteromers as distinct opioid receptor species naturally
raises the prospect of these heteromers as therapeutic targets. The relevant literature
certainly make this assertion, and justifiably so. Clinical opioid pharmacology has

Fig. 1 Proposed model of mu/delta opioid receptor (M/DOR) heteromeric formation and signaling
to plasma membranes. 1. DORs in the endoplasmic reticulum are often misfolded and targeted to
degradation pathways. A high portion of MOR mature through the endoplasmic reticulum and
Golgi network which allows for high cell surface expression. 2. M/DOR heteromers are formed in
the endoplasmic reticulum and stabilized by RTP4 chaperone to allow for translocation to plasma
membranes. Once at the plasma membrane, MOR signal predominantly through G-protein Gi/o
coupling, which in turn generates PKC phosphorylation and early activation of mitogen activated
protein kinase ERK activation. In contrast, M/DOR heteromers predominantly activate β-arrestin
pathways although have been shown to activate Gz proteins in cell culture models. The heteromer
also activates mitogen activated protein kinase ERK activation but the temporal and spatial
activation is different than MOR alone, where activation of ERK is minutes later. Following agonist
stimulation, MOR produces many pharmacological effects including analgesia, and prolonged
treatment produces cellular adaptations or allostasis that contributes to the development of consti-
pation, physical dependence, and analgesic tolerance, whereas activation of the heteromer also
produces robust analgesia but appears to induce fewer negative effects caused by allostatic
adaptations

Evidence and Function Relevance of Native DOR–MOR Heteromers 123



always been limited by a reliance, albeit necessary, on MOR agonism. Under basal
conditions, MOR is the most obvious target of opioid analgesic drug development.
While actions on DOR can produce analgesia, many are associated with seizures
(Chung et al. 2015). A reliance on MOR agonism carries with it adverse effects.
Indeed, the side effects of primary concern for opioid analgesics in clinical use –

sedation, respiratory depression, nausea, constipation, itch, bradycardia, and addic-
tion – are all mediated by action at MOR. The availability of M/DOR heteromers as
distinct targets may offer alternatives for opioid analgesia, but considerable work
remains to be done in advancing our understanding of heteromers to the point of
realizing translational potentials.
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Abstract

The OPRD1 gene encodes the delta-opioid receptor, which has multiple functions

including regulating reward pathways. The gene contains more than 2,000 verified

genetic variants but only 2 currently have evidence for specific functions: rs1042114

disrupts maturation of the receptor and rs569356 affects OPRD1 expression. These
polymorphisms and others in the gene have been found to be associated with human

diseases. The most reproducible data are associations between opioid addiction and

three variants in intron 1 (rs2236861, rs2236857, and rs3766951), which have been

described in a number of independent populations. Several publications also point

toward an association between anorexia and a haplotype block containing rs569356

and rs533123. Unfortunately the mechanisms underlying these two effects are

currently unknown. In contrast, rs1042114 has been linked to Alzheimer’s disease

through an increasingly well-defined mechanism by which the variant allele reduces
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production of the beta-amyloid plaques associated with the disease. Additional

studies ofOPRD1 variants are necessary to replicate current findings and to delineate
the functional roles of relevant polymorphisms.

Keywords

Addiction • Alzheimer’s disease • Anorexia • Delta opioid receptor • OPRD1

1 The Delta-Opioid Receptor Gene

The delta-opioid receptor (DOR) is encoded by the delta-opioid receptor gene

(OPRD1). The human OPRD1 gene consists of three known exons located on

chromosome 1 between 28812142 and 28863696 bp (UCSC Genome Browser,

Build GRCh38/hg38, http://genome.ucsc.edu). OPRD1 is ~51 kb in length and the

bulk of the gene is made up of the first intron, which is more than 45 kb in length.

The majority of human genes encode two or more splice variants, whereby the trans-

cribed messenger RNA is alternatively processed to encode different proteins. How-

ever, there is little information on alternative splicing in OPRD1. One or two potential
splice variants have been identified in transcript datasets but there is currently no

evidence that these transcripts are translated in vivo (UCSC Genome Browser, Build

GRCh38/hg38, http://genome.ucsc.edu). Given the substantial amount of translated

splice variants known to be produced by another opioid receptor gene, OPRM1, it is
possible that alternative splicing in OPRD1 still occurs but perhaps features significant
temporal and spatial regulation.

2 Genetic Diversity in OPRD1

The 1000 Genomes Project has identified 2,240 polymorphisms within OPRD1
and the flanking 5 kb regions (http://www.1000genomes.org). The vast majority

of these variants occur within the large first intron (Fig. 1). Although almost

100 coding (exonic) variants have been identified, only 5 have a minor allele

frequency greater than 1%. Three of these coding variants primarily occur in

specific ethnic groups and are virtually unstudied: rs77585854 (South American and

Hispanic populations), rs111622802 (African populations), and rs118175398 (Asian

populations). These SNPs may be worth investigating in more targeted studies focusing

on those specific populations. The remaining two common coding variants, rs1042114

and rs2234918, are present across a range of ethnicities.

A number of studies originally focused on rs1042114, which causes a phenyl-

alanine amino acid to be replaced by a cysteine residue at position 27 in the

N-terminus of the DOR protein sequence. This variant could hypothetically alter

ligand binding but no differences were observed in the affinities of the wild-type

and variant receptors for many known agonists and antagonists (Leskela et al. 2009).

However, the rs1042114 polymorphism has still been shown to affect DOR function
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by affecting the amount of receptors present on the cell surface (Leskela et al. 2009,

2012). The Cys-27 protein accumulates in intracellular compartments due to impaired

maturation of the protein to the cell surface and an increased rate of internalization

compared to Phe-27 receptors (Leskela et al. 2009). Heterodimers can also be formed

between the Phe-27 and Cys-27 forms of the protein, resulting in a dominant-negative

effect in which transport of the mature Phe-27 receptor to the surface is also impaired

(Leskela et al. 2012). The only other OPRD1 polymorphism with functional evidence

is rs569356, which is located in the promoter region ~2 kb upstream of the transcrip-

tion start site. Luciferase assays in HEK293 cells found an association between the

genotype at the rs569356 and transcription levels (Zhang et al. 2010). Constructs

carrying the G allele had increased transcription compared to those with the A allele

(Zhang et al. 2010). It is important to note that rs569356 is in linkage disequilibrium

(LD) with rs1042114 in populations of both European and African descent (r2 ¼ 1.0),

meaning that the polymorphisms are inherited together and the allele at one locus can

be used to predict the allele at the other. Although the in vitro findings described above

studied each SNP in isolation, the LD between the variants means that in association

studies of certain ethnic groups it is impossible to determine which of the SNPs is

causative.

3 Drug Abuse and Addiction

Opioid receptors are the targets of a large number of drugs, including heroin and

many analgesics, and are therefore intimately involved in opioid addiction. Activa-

tion of the mu-opioid receptor or DOR by exogenous opioids results in downstream

signaling through reward pathways. Although the opioid receptors are not directly

bound by other drugs of abuse, the receptors are still involved in mediating the

physiological response to these drugs via other mechanisms. For example, endoge-

nous and exogenous opioids have similar effects at opioid receptors and the

Fig. 1 Diagram of the OPRD1 gene including the locations of polymorphisms significantly or

nominally associated with human disease. Gray boxes indicate exons and boxes with diagonal
lines indicate untranslated regions. Indications of associated disease are as follows: bold¼ anorexia

nervosa; asterisk ¼ obesity; underlined ¼ addiction; italics ¼ Alzheimer’s disease or related

phenotypes. SNP and exon locations taken from December 2013 (GRCh38/hg38) build of the

human genome in UCSC Genome Browser (http://genome.ucsc.edu)
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endogenous molecules can also activate reward pathways. Nicotine treatment

causes changes in the production of endogenous opioids indirectly following

signaling through nicotinic acetylcholine receptors, creating a role for opioid

receptors in nicotine addiction (Hadjiconstantinou and Neff 2011). This link is

further supported by changes in opioid receptor activity during nicotine withdrawal

and treatment with the mu-opioid receptor antagonist naloxone causes some with-

drawal symptoms in smokers (Hadjiconstantinou and Neff 2011). Alcohol has also

been shown to have varied effects on the opioid system. Many studies support the

release of opioid ligands following alcohol consumption, although these findings may

vary by brain region, the amount of alcohol, and the species being studied (Herz

1997). Opioid antagonists are also able to reduce alcohol intake in rodent models and

this effect has been observed with the DOR-specific antagonist naltrindole (Herz

1997). Increases in the endogenous DOR ligand enkephalin have the opposite effect

on alcohol consumption, providing additional evidence for the role of the receptor in

alcoholism-like behaviors (Herz 1997). It is possible that many of these effects are

specific to certain brain regions. Activity at some types of opioid receptors is altered

in cocaine addicts and this change occurs in distinct areas of the brain (Yoo et al.

2012).

Addictions are complex phenotypes that are affected by many environmental

factors like socioeconomic status and peer groups. Like most human phenotypes,

however, there is also a genetic component to substance-use disorders. For exam-

ple, alcoholism is known to run in families and twin studies have consistently found

genetics to account for ~60% of susceptibility to the disease (Edenberg 2011).

Similar studies have found cocaine and opioid addiction to be 30–50% hereditary

(Kendler et al. 2003; Merikangas et al. 1998). The genetic component of addiction

is likely the result of polymorphisms that alter the expression or function of proteins

involved in the disorder. Given the known links between the opioid receptors and

addiction to an array of substances, it is possible that SNPs in those genes will be

associated with susceptibility to addictive behavior.

The earliest case-control studies ofOPRD1 polymorphisms focused primarily on

heroin addiction. Despite heroin and abused opioid analgesics primarily targeting

the mu-opioid receptor, many of these drugs also have some affinity for DOR

and evidence supports a role for DOR in signaling following opioid use (Janecka

et al. 2004). Mayer et al. (1997) initially analyzed rs2234918 in a small number of

German heroin addicts and found the minor allele of the synonymous SNP to be

significantly more common in cases compared to controls (Table 1). However, a

follow-up study in another German cohort failed to replicate this finding and the

effect was not observed in Chinese heroin addicts either (Franke et al. 1999; Xu et al.

2002). The latter study could have conceivably been the result of ethnic differences

between European and Asian populations but the lack of significance in the larger

German replication sample suggests that the initial finding may have been a false

positive.

Subsequent experiments began to expand their focus beyond opioid addiction and

to increase the number of analyzed polymorphisms. An analysis of 18 OPRD SNPs

in European-American families selected for alcoholism identified no significant
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associations between genotypes and either alcohol or opioid dependence, although

the final number of people meeting DSM criteria for opioid dependence was only

83 (Xuei et al. 2007). The analysis in the opioid addict subpopulation was likely

lacking in statistical power given the small sample size andwould not have been able

to detect associations with small or moderate effect sizes. A lack of association

between alcoholism andOPRD1 polymorphisms was also observed in small sample

of Taiwanese patients and a larger study examining 11 variants in the gene in

European-American drug addicts (Loh el et al. 2004; Zhang et al. 2008). However,

the latter analysis did find rs1042114, the non-synonymous SNP in exon 1, to be

associated with opioid addiction (Zhang et al. 2008). This study also failed to find

any associations with cocaine addiction or overall drug dependence in the European-

American population, findings that have since been supported by other published

data (Crist et al. 2013a; Maher et al. 2011; Zhang et al. 2008). Although no asso-

ciation has been observed between OPRD1 variants and cocaine addiction in

European-Americans, rs678849 genotype is associated with cocaine addiction in

African-Americans (Crist et al. 2013a). As with many of the significant results

described above, however, the validity of this effect is still pending replication.

These data suggest that the effects of specific SNPs vary across different ethnic

groups and that case-control studies must be careful to control for ethnicity in their

analyses. The ethnic differences may be the result of environment that varies across

cultures, ethnicity-specific genetic variation, or a combination of both factors. Although

this chapter is focused specifically on OPRD1 polymorphisms and human disease, it is

important to remember that the variation in OPRD1 occurs in the context of a large

number of SNPs and copy number variations scattered throughout the genome. This

other variation may alter the effects of the OPRD1 polymorphisms being studied. For

example, an analysis of 31 variants across the 3 opioid receptor genes found many

interactions between SNPs in OPRD1 and those in the other opioid receptor genes,

OPRM1 and OPRK1 (Li and Zhang 2013). Subsets of these interactions were signifi-

cantly associated with alcohol, cocaine, and opioid addiction (Li and Zhang 2013).

Themost replicated results addressingOPRD1 polymorphisms in addiction pheno-

types deal with three SNPs in intron 1: rs2236861, rs2236857, and rs3766951. Levran

et al. performed a case-control study of 412 heroin-addicted Caucasians and 184

controls, genotyping 1,350 variants across a range of addiction-related genes (Levran

et al. 2008). The three OPRD1 SNPs showed nominally significant associations with

heroin addiction, although none of these associations were significant after multiple

testing, likely due to the relatively small number of samples (Levran et al. 2008). The

combined effect of rs510769 inOPRM1 and rs2236861 was also nominally significant

(Levran et al. 2008). A later study of polymorphisms in opioid receptor genes analyzed

1,459 heroin addicts and 1,495 controls from an Australian cohort and was able to

confirm some of the findings described by Levran et al. (Nelson et al. 2012). Both

rs2236857 and rs3766951 were significantly associated with case-control status, as

were two additional variants in highLDwith rs2236857 (Nelson et al. 2012). Although

rs2236861was not statistically significant after correction formultiple testing, the SNP

was still nominally significant (Nelson et al. 2012). In addition, another analysis of

rs2236861 in a study of Austrian heroin users undergoing treatment found a significant
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association with addiction status (Beer et al. 2013). These three studies, when taken

together, indicate that two or three variants within intron 1 of OPRD1 are affecting

susceptibility to opioid addiction in people of European descent.

4 Pharmacogenetics of Addiction Treatment

Genetic differences can identify individuals with increased susceptibility to partic-

ular addictions. SNPs that are associated with this kind of susceptibility may also be

involved in the efficacy of addiction treatments, especially in cases in which these

treatments interact with targets similar to those bound by the drug of abuse. Two

examples of such medications are methadone and buprenorphine, opioid addiction

pharmacotherapeutics that target the same primary receptor as illicit opioids. Two

pharmacogenetic analyses focused on OPRD1 were performed on the START clini-

cal trial, which compared methadone and Suboxone (buprenorphine/naloxone) in a

multi-site trial across the United States. The first study analyzed six polymorphisms

and identified one intronic SNP, rs678849, that predicted the efficacy of both medi-

cations in African-Americans as measured by opioid-positive urine drug screens (Crist

et al. 2013b). Methadone patients carrying the T allele were more likely to test positive

than C/C individuals, while the opposite effect was observed in the Suboxone arm of

the trial (Crist et al. 2013b). If confirmed, this finding would indicate that rs678849

could be genotyped prospectively in African-American opioid addicts and used to

personalize treatments most likely to work for specific patients. It is important to note

that the effect of rs678849 was not observed in patients of European descent, further

supporting data from addiction case-control studies that indicate significant genetic

differences between ethnic groups.

A second study of the START cohort looked for sex-specific pharmacogenetic

effects of the same six variants in European-Americans, who made up the majority

of the patient population in the trial. Another polymorphism in intron 1, rs581111,

predicted outcome in the female Suboxone patients but not males (Clarke et al.

2014). Women carrying the G allele had a significantly higher percentage of opioid-

positive urine tests than those with the T/T genotype (Clarke et al. 2014). As with the

initial analysis in African-Americans, replications in independent patient populations

and additional prospective pharmacogenetic trials are imperative before the findings

can be translated into FDA-approved prognostic indicators.

5 Eating Disorders and Obesity

The breadth of addiction-related findings in the OPRD1 field is unsurprising given

the intimate involvement of the opioid system with the reward pathways that under-

lie most drugs of abuse. However, the opioid receptors are involved in many other

aspects of neurobiology and behavior. Eating disorders and obesity might have

connections with the opioid system given the rewarding effects of food consump-

tion. Supporting this hypothesis, rodent studies have demonstrated increased opioid
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receptor binding following consumption of fatty foods and liquids and some opioid

antagonists have been shown to prevent binge eating in rats (Mathes et al. 2009).

A linkage study of anorexia nervosa (AN) patients and unaffected family members

identified a significant locus on chromosome 1p33-36, a region which includes the

OPRD1 gene (Grice et al. 2002; Kaye et al. 2000). Subsequent research inAN cases and

controls found associations between three of the five tested SNPs in OPRD1 and AN

status (Bergen et al. 2003). Allelic and genotypic association analyses were nominally

significant for rs204081, while only the allelic association tests were nominally signifi-

cant for rs536706 and rs760589 (Bergen et al. 2003). Several haplotypes containing

those variants were also nominally associated with AN status.

Brown et al. attempted to confirm the association between OPRD1 and AN by

genotyping six SNPs. An upstream SNP, rs569356, had highly significant allelic

(p ¼ 0.0008) and genotypic (p ¼ 0.0011) associations with the disorder (Brown

et al. 2007). The variant was also significant when the cases were limited to either

restricting anorexia nervosa or binge-purging anorexia nervosa, suggesting that

OPRD1 may be relevant across disease subtypes (Brown et al. 2007). rs569356 is

~2 kb upstream of the first exon of OPRD1 and has been shown to affect transcrip-

tion in vitro. However, the SNP is in perfect linkage disequilibrium (r2¼ 1.0) with a

number of other variants in populations of European descent. Included in this haplo-

type block is the non-synonymous coding SNP rs1042114, which has also been shown

to affect DOR function (1000 Genomes Project, http://www.1000genomes.org).

Two genome-wide association studies (GWAS) have compared AN cases to healthy

controls. Neither GWAS found any associations that reached a genome-wide level of

significance (p¼ 5� 10�8), although this may be due primarily to the relatively small

number of samples (Boraska et al. 2014; Wang et al. 2011). Recent meta-analyses of

schizophrenia by the Psychiatric Genetics Consortium have suggested that psychiatric

disease is likely the result of many loci with modest odds ratios. These studies have

further indicated that tens of thousands of samples are required to find more than a

handful of significant loci (Ripke 2014). The two AN GWAS analyzed only 1,033 and

5,551 cases and the studies are therefore likely to be statistically underpowered to

detect associations (Boraska et al. 2014; Wang et al. 2011).

Although no SNPs reached genome-wide significance, Wang et al. reported that

rs533123 in OPRD1 was nominally associated with AN status (p ¼ 0.0015,

OR ¼ 1.2) (Wang et al. 2011). This SNP is in high LD (r2 ¼ 0.95) with rs569356

and the direction of the effect was the same as previously reported (Brown et al.

2007). A meta-analysis of these rs533123 data and the previous rs569356 data from

Brown et al. was also significant (p ¼ 1.76 � 10�5), again adding support for an

association between this OPRD1 haplotype block and AN (Wang et al. 2011).

An additional GWAS analyzed the TwinsUK cohort dataset for associations

with six phenotypes related to eating disorders: (1) drive for thinness, (2) body

dissatisfaction, (3) bulimia, (4) weight fluctuation, (5) breakfast-skipping behavior,

and (6) childhood obsessive-compulsive personality disorder (Boraska et al. 2012).

As with the other AN GWAS, no SNPs were significant at a genome-wide level

likely due to statistical power issues. However, rs1042114 had a nominally signifi-

cant association (p¼ 0.0048) with body dissatisfaction rating (Boraska et al. 2012).
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This effect fits well with the previous connections to AN since sufferers of the

disorder report high rates of body dissatisfaction (Sala et al. 2012). More targeted

studies of select OPRD1 polymorphisms in independent AN populations are neces-

sary to attempt replication of these findings.

On the opposite end of the spectrum from anorexia, obesity is now a significant

problem in many countries throughout the world with the spread of the Western diet

and sedentary lifestyles. A 2013 study of the Norwegian HUNT cohort attempted

to identify associations between BMI and genotype at polymorphisms previously

linked to obesity and/or eating disorders (Kvaloy et al. 2013). The list of analyzed

SNPs included rs569356, and a significant interaction between sex and rs569356

genotype was identified in the study (Kvaloy et al. 2013). Males carrying the minor

allele were more likely to have higher body mass indices in both adolescence and

adulthood but this effect was not present in females in the cohort (Kvaloy et al.

2013). In contrast, the previous AN studies found the minor allele of rs569356 to be

associated with increased risk of anorexia. It is important to note, however, that

most cases of anorexia occur in women and more than 95% of the samples analyzed

in the anorexia studies described above were provided by female patients. These

data therefore suggest that this SNP has highly divergent effects in men and women

that warrant additional studies. Confirmation of this finding would also indicate that

OPRD1 has differential regulation between the sexes and that sex-specific effects

may be relevant to phenotypes beyond those related to weight.

6 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia worldwide and the

disease has a significant hereditary component (Ballard et al. 2011). Unfortunately

only 11 significant loci were identified in the most recent GWAS meta-analysis,

even though genetics have been estimated to account for 70% of susceptibility to the

disease (Ballard et al. 2011; Lambert et al. 2013). The study included more than

17,000 cases and 37,000 controls, suggesting that AD is a highly polygenic disease

with many genetic variants contributing small effects (Lambert et al. 2013). More

targeted studies of genes known to be involved in the pathogenesis of the disease

may therefore be more effective until studies with significantly larger samples sizes

can be performed.

Mouse model experiments have indicated a strong connection between DOR

and AD. During the development of AD, problems arise with the cleavage of the

amyloid precursor protein (APP) and subsequent clearance of the beta-amyloid

product. These issues result in the formation of neurotoxic amyloid plaques in the

brains of AD patients. DOR has been shown to be essential for proper internaliza-

tion and localization of the enzymes responsible for cleaving APP (Teng et al.

2010). In a mouse model of AD caused by dual expression of mutant APP and

mutant presenilin-1, knockdown of DOR results in reduced plaque formation and

treatment with the DOR antagonist naltrindole prevents the learning and memory

issues normally observed in this model system (Teng et al. 2010). In contrast,
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imaging data indicates that decreased levels of DOR are already present in some

regions of AD postmortem brains, perhaps suggesting some kind of negative feed-

back mechanism or spatial regulation (Mathieu-Kia et al. 2001).

The effects of several OPRD1 polymorphisms on fMRI data were analyzed in

healthy elderly European-Americans and Australians between 20 and 30 years of

age (Roussotte et al. 2014). One of the SNPs previously linked to drug-dependence

phenotypes, rs678849, was found to be associated with brain volume differences

in both the American and Australian cohorts (Roussotte et al. 2014). The authors

also found the SNP to be associated with the tau/beta-amyloid ratio in the healthy

elderly population (Roussotte et al. 2014). Tau and beta-amyloid are biomarkers

that have previously been linked to AD and the ratio of the two is thought to be

associated with the risk of developing the disease (Maddalena et al. 2003). Healthy

individuals with the C/C genotype at rs678849 had increased tau/beta-amyloid ratios

compared to individuals with the C/T or T/T genotypes (p ¼ 0.027), suggesting that

they may have increased susceptibility to AD (Roussotte et al. 2014). As with the

addiction findings for rs678849, there is currently no understanding of the specific

mechanism by which the SNP is related to these phenotypes. However, the location of

rs678849 in the first intron ofOPRD1would suggest that a change in gene expression is
a potential functional consequence of carrying the minor allele. Such a change might

alter the risk of developing AD through the mechanism outlined by Teng et al. (2010).

A more specific role in AD has been suggested for the non-synonymous variant

rs1042114. As mentioned above, the presence of the minor allele of rs1042114

changes a phenylalanine to a cysteine. The cysteine-containing protein has impaired

trafficking to the cell surface and constitutive internalization once there, resulting in

reduced numbers of mature receptors and decreased amyloid beta (Leskela et al.

2009; Sarajarvi et al. 2011). The variant protein can also impair trafficking of the

phenylalanine-containing receptor through dominant negative effects (Leskela et al.

2012). Given the findings of Teng et al. (2010), the rs1042114 effect is likely a loss

of function: reduced receptor density at the cell surface might mimic OPRD1 knock-
down and the subsequent reductions in amyloid plaque accumulation. Sarajarvi et al.

however, have demonstrated that rs1042114 heterozygotes are overrepresented in

Alzheimer’s patients and that heterozygous patients have increased activity of the

secretase enzymes responsible for producing beta-amyloid (Sarajarvi et al. 2011,

2015). Since the effect of a loss-of-function allele would likely be most notable in

individuals homozygous for the minor allele, these data suggest that all or part of

the observed phenotype may be a gain-of-function effect (Leskela et al. 2009, 2012;

Sarajarvi et al. 2011). Further research is necessary to settle this issue and determine if

naltrindole or related compounds are potentially relevant treatments for patients

depending on their rs1042114 genotype. Given the clearly defined function of DOR

in the pathogenesis of AD, other SNPs found to be associated withOPRD1 expression
or function may also warrant further study.
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7 Conclusion

Associations have certainly been observed between OPRD1 polymorphisms and

several human diseases. However, two key issues that plague many genetic studies

have kept these findings from being translated into the clinical world: replication

and mechanism. In a minority of cases, such as those linking certain OPRD1 poly-

morphisms and opioid addiction, a genetic association study has been supported by

subsequent studies in other cohorts. This is the exception rather than the rule. In

many cases replication never occurs for logistical reasons. For example, an inde-

pendent population of appropriate size to reproduce the findings may not exist and it

may not be financially feasible to collect a new set of samples. Problems can also

occur even if the replication study is performed: many genetic associations do not

replicate in other sample sets. These failures may represent false positives in the

initial analyses but may also reflect confounding variables or statistical power

issues. For example, significant associations may not replicate in different ethnic

groups if the SNP of interest is not in linkage disequilibrium with the causative

variant. Differences between cohorts in subject age or sex may also affect analyses.

Comorbidities, such as significant levels of polydrug abuse in addict populations,

can present additional problems. Statistical power problems are especially pre-

valent when researching relatively uncommon diseases or minority populations,

which limits the number of available subjects and decreases the chances of collecting

samples from a sufficiently large number of patients. Small follow-up studies may fail

to replicate previous findings solely because the studies are underpowered to detect

associations with the expected effect sizes. This problem is particularly noticeable in

GWAS since those studies analyze hundreds of thousands of variants and require

significant correction for multiple testing.

The lack of mechanistic data is another problem that prevents the translational

relevance of many of theseOPRD1 findings. Few of the genetic variants found to be

significantly associated with human disease have clearly defined functions. Only

rs1042114 and rs569356 have functional effects that are not only hypothesized, but

have also been demonstrated. In in vitro systems, rs1042114 genotype affects DOR

maturation, while rs569356 genotype is associated with OPRD1 expression. How-

ever, there is currently no in vivo data confirming that either SNP affects DOR

function in humans, particularly in the brain. Furthermore, the specific role of DOR

in human diseases other than Alzheimer’s disease has not been well established.

While it is logical to hypothesize that DOR is relevant in drug addiction or eating

disorders, given the links those diseases have with reward pathways, there is limited

understanding of the receptor’s actual involvement. Nor has there been any signifi-

cant differentiation between the functions of DOR and the mu-opioid receptor, even

in opioid addiction in which the drugs of abuse target the mu-opioid receptor. The

role of DOR in specific diseases and the functions of the SNPs involved will have

to be determined before therapeutics can be intelligently designed around these

OPRD1 genotypes.
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Canada

Centre de recherche du CHUS, Sherbrooke, QC, Canada

L. Gendron (*)
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Institut de pharmacologie de Sherbrooke, Université de Sherbrooke, Sherbrooke, QC, Canada
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Abstract

Nowadays, the delta opioid receptor (DOPr) represents a promising target for the

treatment of chronic pain and emotional disorders. Despite the fact that they

produce limited antinociceptive effects in healthy animals and in most acute pain

models, DOPr agonists have shown efficacy in various chronic pain models. In

this chapter, we review the progresses that have been made over the last decades

in understanding the role played by DOPr in the control of pain. More specifi-

cally, the distribution of DOPr within the central nervous system and along pain

pathways is presented. We also summarize the literature supporting a role for

DOPr in acute, tonic, and chronic pain models, as well as the mechanisms

regulating its activity under specific conditions. Finally, novel compounds that

have make their way to clinical trials are discussed.

Keywords

Analgesia • Antinociception • Delta opioid receptor • Pain • Pain pathways

1 The Opioid System

While opium has been used for centuries, the endogenous opioid system was only

discovered in the mid-1970s. Two pentapeptides named methionine- and leucine-

enkephalin were first identified and characterized by Hughes and colleagues in

1975 (Hughes et al. 1975). Rapidly thereafter, endorphin (Li and Chung 1976;

Loh et al. 1976) and dynorphin (Goldstein et al. 1979) were also discovered. More

recently, an opioid-like peptide named nociceptin/orphanin was also identified

(Meunier et al. 1995; Reinscheid et al. 1995). The endogenous opioid/opioid-like

ligands are derived from four distinct precursors, namely proenkephalin, pro-

opiomelanocortin (POMC), prodynorphin, and pronociceptin/orphanin. The synthesis

of the opioid peptides therefore depends on the activity of endo- or carboxypeptidases

(for more details on the discovery of the opioid peptides, see Akil et al. 1998; Darland

et al. 1998; Snyder and Pasternak 2003).

Opioid peptides bind to three major receptor subtypes, namely mu (MOPr), delta

(DOPr), and kappa (KOPr) opioid receptors. These receptors are, respectively,

encoded by the oprm1, oprd1, and oprk1 genes. The opioid-like peptide

nociceptin/orphanin rather binds to the opioid-like receptor called Orphanin

FQ/nociceptin receptor (NOPr). All four receptors belong to the superfamily of G

protein-coupled receptors (GPCRs) and exhibit a high sequence homology in their

protein structure and genomic organization (Kieffer and Gaveriaux-Ruff 2002;

Stevens 2009).

Opioids (and opioid receptors) are particularly well known for their important

effects in controlling pain. However, opioids are also involved in reward, addiction,

neuroprotection, and many other physiological processes such as respiration, gas-

trointestinal motility, as well as in the endocrine and the immune systems (for

reviews, see Kieffer and Gaveriaux-Ruff 2002; Kieffer and Evans 2009; Pradhan
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et al. 2011; Sauriyal et al. 2011; Chu Sin Chung and Kieffer 2013; Lutz and Kieffer

2013; Gendron et al. 2015). Indeed, MOPr agonists are widely prescribed for the

management of pain, although their pronounced unwanted effects (constipation,

respiratory depression, sedation, tolerance) often limit their usage (McQuay 1999;

Al-Hasani and Bruchas 2011). By contrast, DOPr agonists also produce pain relief

but they were shown to have fewer unwanted effects than MOPr agonists (Dondio

et al. 2001; Petrillo et al. 2003; Gallantine and Meert 2005) and do not induce

tolerance in various animal models (Dondio et al. 2001; Mika et al. 2001; Beaudry

et al. 2009). DOPr agonists therefore appear as a good and promising alternative for

the treatment of chronic pain (Pradhan et al. 2011). It is worth noting that DOPr

agonists also have anxiolytic, anti-depressive, analgesic, and cardio- and

neuroprotective effects (Pradhan et al. 2011; Headrick et al. 2015).

In this chapter, we will discuss the role and the functions of DOPr in pain

control. In particular, we will describe the distribution of DOPr along the pain

pathways and summarize the literature supporting a role for DOPr in the treatment

of pain. An overview of novel compounds and their effects in clinical trials will also

be provided.

2 The Delta Opioid Receptor: A One-of-a-Kind

2.1 Cloning of DOPr

In 1992, two distinct groups successfully identified an opioid binding site from

NG108-15 cells (Evans et al. 1992; Kieffer et al. 1992). Using similar approaches,

both groups concomitantly cloned the mouse DOPr by creating a random cDNA

library from the RNA of these cells. The cloning of MOPr and KOPr followed soon

afterward (Chen et al. 1993; Meng et al. 1993; Minami et al. 1993; Wang et al.

1993).

Oprd1, the gene encoding DOPr, was identified and its chromosomal localiza-

tion determined. In humans, oprd1 is located in the distal part of the short arm of

chromosome 1. Interestingly, although they share a similar genomic structure and a

high sequence homology (Zaki et al. 1996; Chaturvedi et al. 2000), genes encoding

MOPr and KOPr are found on different chromosomes, namely in the long arm of

chromosomes 6 and 8, respectively (Befort et al. 1994; Wang et al. 1994; Yasuda

et al. 1994). The detailed structure of oprd1 and its translational and epigenetic

regulation have been recently reviewed elsewhere (Wei and Loh 2011; Gendron

et al. 2016).

2.2 DOPr Structure and Signaling

As a member of the GPCR superfamily, DOPr contains seven hydrophobic trans-

membrane domains connected by intra- and extracellular loops. DOPr also

possesses N- and C-terminal tails, respectively, at its extra- and intracellular ends.
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The crystal structures of all three opioid receptors have been recently resolved

(Granier et al. 2012; Manglik et al. 2012; Wu et al. 2012). The structures revealed a

well-conserved amino acid backbone among the three receptors in the lower part of

the binding pocket, a region important for the recognition of the morphinan group.

This portion of the binding pocket interacts with the “message segment” of the

ligand which is responsible for its efficacy. The upper part of the binding pocket is,

however, divergent among the three receptors and its interaction with the distinct

“address” segment of the ligand is responsible for receptor selectivity (Granier et al.

2012). DOPr was also found to contain a sodium allosteric binding site regulating

biased signaling and constitutive activity (Fenalti et al. 2014).

As MOPr and KOPr, DOPr interacts with numerous proteins and signaling

partners (Gendron et al. 2016). When activated, conformational changes within

the receptor and its transmembrane domains are leading to the activation of

multiple signaling pathways. In particular, the G protein subunits Gαi/o and Gβγ
dissociate from each other and act on various intracellular effectors. The activation

of the G protein modifies the activity of calcium (P/Q-, N- and L-type) and

potassium channels (G protein gated inwardly rectifying potassium, Kir3) and

inhibits adenylyl cyclase activity (reducing the level of intracellular cAMP).

These events produce a decrease in neuronal excitability and modifications of

gene expression (Kieffer and Evans 2009; Al-Hasani and Bruchas 2011; Gendron

et al. 2016). Following agonist stimulation, DOPr also undergoes rapid phosphory-

lation by G protein-regulated kinases (GRKs). Phosphorylation of DOPr on its

C-terminal tail by GRKs is followed by the recruitment of β-arrestins and internali-
zation of the receptor via clathrin-coated vesicles (endocytosis). After internali-

zation, GPCRs are either recycled back to the plasma membrane or undergo

degradation (Bie and Pan 2007). While MOPr is mainly recycled back to the plasma

membrane, DOPr was shown to be primarily degraded through the lysosomal

pathway (Tsao and von Zastrow 2000; Finn and Whistler 2001; Whistler et al.

2002). Several motifs within the receptor are involved in controlling this process. In

particular, specific interactions with distinct sorting proteins are routing DOPr either

to the degradation or to the recycling pathways. As an example, the Na+/H+

exchanger regulatory factor (NHERF), also called ERM-binding phosphoprotein

50 (EBP50), and the N-ethylmaleimide sensitive factor (NSF) were found to be

important for the recycling of DOPr (Heydorn et al. 2004; Bie et al. 2010). By

contrast, GPCR associated sorting protein (GASP) and sorting nexin-1 (SNX-1)

were shown to sort the receptor to the degradation pathway. The C-terminal tail of

DOPr seems to have a high affinity for GASP and SNX-1 (Whistler et al. 2002;

Heydorn et al. 2004; Simonin et al. 2004). Indeed, swapping the C-terminal tail of

DOPr with that of MOPr was shown to shift the fate of the receptor from the

degradation toward the recycling pathway (Whistler et al. 2002). Similarly, GASP

inactivation was shown to reduce the amount of DOPr in lysosomal compartments

and to inhibit its downregulation following agonist stimulation (Whistler et al. 2002).
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2.3 DOPr Expression and Distribution

The expression of DOPrs in the mammalian central nervous system has been widely

investigated. Precisely, the distribution of DOPr mRNA and binding sites was

studied by in situ hybridization, autoradiography, and/or immunohistochemistry

(Mansour et al. 1987, 1993, 1994; Sharif and Hughes 1989; George et al. 1994;

Cahill et al. 2001a; Pradhan and Clarke 2005; Peng et al. 2012). In mice, the

expression of the opioid receptors begins at early developmental stages in the

CNS and in peripheral tissues (Zhu et al. 1998). MOPr and KOPr mRNA were,

respectively, detected in basal ganglia and midbrain as early as at embryonic stage

E11.5. By contrast, the expression of DOPr mRNA only begins at E13.5 in the pons

and the hypothalamus. Compared to MOPr and KOPr, DOPr remains restricted

within a few brain regions including the caudate–putamen, the olfactory tubercle,

and the parabrachial nucleus until late in the development. In dorsal root ganglia

(DRGs), DOPr mRNA was detected as early as the embryonic stage E12.5 while it

only appears at E15.5 in the ventral part of the spinal cord. Surprisingly, the

expression of DOPr mRNA in the mouse dorsal horn of the spinal cord only appears

at E17.5 (Zhu et al. 1998).

Although opioid binding sites have been observed by autoradiography in the

developing embryo (Kent et al. 1981), specific binding for DOPr has not been

observed in rodents before the second week after birth (McDowell and Kitchen

1986; Negri et al. 1997). However, DPDPE-induced GTPγS binding was reported

in the caudate–putamen at E12.5 and at E17.5 in the pons and the hypothalamus,

suggesting the existence of functional DOPrs at these stages, at least in mice

(Nitsche and Pintar 2003).

In the adults, the three opioid receptors are not evenly distributed throughout the

CNS, suggesting that they have distinct physiological roles (for reviews see

Mansour et al. 1995; Le Merrer et al. 2009). Whereas MOPrs are widely distributed

in the brain with an enrichment in the thalamus, striatum, interpeduncular complex,

habenula, cortex, superior and inferior colliculi, DOPrs are mainly expressed in

distinct areas of the forebrain, predominantly in the olfactory tubercle, cerebral

cortex, amygdala, nucleus accumbens, and striatum (Fig. 1a, b). KOPrs are mainly

found in the cortex, olfactory tubercle, striatum, nucleus accumbens, hypothalamus,

amygdala, and periaqueductal gray (PAG) (Mansour et al. 1987; Sharif and Hughes

1989; Slowe et al. 1999). Interestingly, in the areas where the three receptors were

found, their cellular distribution often differs. This is exemplified in the striatum,

where DOPr and KOPr are diffusely distributed while MOPrs are expressed in

patch-like clusters (Mansour et al. 1987).

Of a particular interest for this chapter, DOPrs are known to be largely expressed

along the pain pathways in all animal species studied to date, including humans.

DOPrs are indeed present in primary afferents (i.e., DRGs), in the spinal cord, as

well as in important structures along the ascending and descending pain pathways

(Fig. 1). Among these structures, it is worth noting that DOPr is expressed in the

PAG, the rostro-ventral medulla (RVM), the cerebral cortex, and the amygdala

(Mansour et al. 1994, 1995; Cahill et al. 2001a; Mennicken et al. 2003; Poulin et al.
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2006; Peng et al. 2012). Interestingly, the distribution of DOPr in the spinal cord –

and possibly in other structures as well – significantly differs among species. In the

rodent spinal cord (mice and rats), DOPr is diffusely distributed in the gray matter

(Sharif and Hughes 1989; Arvidsson et al. 1995; Mennicken et al. 2003) (Fig. 2). In

monkeys, although DOPr binding sites are also found in all lamina of the spinal

cord, a higher density of binding could be observed in the superficial lamina. Most

interestingly, DOPr binding sites are restricted to the superficial lamina as well as in

the Clark’s column in the human spinal cord (Mennicken et al. 2003) (Fig. 2). The

fact that the DOPr transcript is virtually absent in the human spinal cord (Fig. 2)

suggests that DOPr binding sites are exclusively present on presynaptic primary

afferent axon terminals. These observations strongly advise for a specialization of

DOPr toward the pain pathways in higher species. For instance, the intrathecal

injection of DOPr agonists in various acute and chronic pain models has been

shown to produce antinociception, supporting a role for DOPr in pain.

The exact distribution of DOPr in primary afferents remains a matter of contro-

versy and most certainly differs among species. While DOPr was commonly shown

to be expressed in all three types of DRG neurons (Dado et al. 1993; Mansour et al.

1994; Ji et al. 1995; Minami et al. 1995; Zhang et al. 1998; Wang and Wessendorf

2001; Mennicken et al. 2003; Gendron et al. 2006), in DOPr-GFP knock-in mice
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Fig. 1 DOPr distribution and functions in the central nervous system. (a) Schematic representa-

tion of DOPr binding sites and presumed functions in the central nervous system (CNS). DOPrs are

highly expressed in the rostral part of the brain (black squares), especially in the olfactory bulb,

cortex, striatum, and amygdala suggesting a role in pain processing and awareness, in emotional

disorders (depression and anxiety), in addiction and impulsivity. Moderate (grey squares) to weak
(open squares) expression of DOPr is also observed throughout the caudal part of the brain,

including the spinal cord and the DRGs. (b, c) Representative photomicrographs showing a similar

pattern of expression between DOPr binding sites labeled with [3H]-Deltorphin II and DOPr

immunofluorescence from DOPr-GFP knock-in mice (modified with permission from Pradhan

et al. 2011; Bardoni et al. 2014)

152 K. Abdallah and L. Gendron



DOPr was rather found to be primarily expressed in large myelinated non-

peptidergic neurons and around hair follicles supporting a role in the perception

of mechanical stimuli and light touch (Bardoni et al. 2014). These observations

support the fact that MOPr and DOPr were, respectively, shown to specifically

inhibit thermal and mechanical pain (Scherrer et al. 2009). This is, however, in

sharp contrast with the work of others. Firstly, DOPr has often been found in

substance P-containing neurons by a number of independent groups, and with

different experimental approaches (Guan et al. 2005; Zhang et al. 2006, 2010;

Riedl et al. 2009; Wang et al. 2010; Zhao et al. 2011). In particular, a role for an

interaction between DOPr and preprotachykinin A (the precursor for substance P)

in the targeting of DOPr to the cell surface through the regulated secretory pathway

has been described (Guan et al. 2005). DOPr was indeed found to be present in large

dense core vesicles (LDCV) containing substance P (Guan et al. 2005; Zhao et al.

2011). The presence of DOPr in substance P-containing neurons was also confirmed

by single-cell RT-PCR (Wang et al. 2010). Also contrasting with the work cited

above is the fact that the activation of DOPr by various agonists and in different

animal models of pain was not only found to inhibit noxious mechanical stimuli but

also heat-induced pain (Tables 1 and 2).

For a GPCR, DOPr was found to have an uncommon subcellular location.

Indeed, under normal conditions DOPr was found to be retained in the cytoplasm,

in association with intracellular compartments (Pasquini et al. 1992; Arvidsson

et al. 1995; Cheng et al. 1995, 1997; Zhang et al. 1998; Cahill et al. 2001a;

Commons et al. 2001; Wang and Pickel 2001) (Fig. 3a). Interestingly, it was

observed that the density of cell surface DOPr can be increased under certain

conditions such as in chronic pain models, or following prolonged morphine

Fig. 2 Phylogenetic changes in DOPr expression in spinal cord and DRGs. Representative

photomicrographs illustrating (A) DOPr mRNA expression (in situ hybridization) and (B) [125I]-
Deltorphin labeled DOPr binding sites in spinal cord and DRGs of mice, rats, monkeys, and

humans (modified with permission from Mennicken et al. 2003)
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Table 1 Acute pain modulation by DOPr agonists

Type Test Agonist

Effective doses

(route of

administration)

Animal

species References

Thermal

pain

Tail flick Deltorphin II 2.5–5 μg (i.t.) Mouse Dubois and

Gendron

(2010)

Tail flick (warm

water)

SNC80 104 nmol (i.c.v.)

69 nmol (i.t.)

57 mg/kg (i.p.)

Mouse Bilsky et al.

(1995)

Tail flick (light

beam)

SB-235863 100–300 mg/kg

(p.o.)

no effect

Rat Petrillo et al.

(2003)

Deltorphin II 30–45–60 nmol

(i.c.v.)

Rat Fraser et al.

(2000a)

SNC80 200–300–400 nmol

(i.c.v.)

Rat Fraser et al.

(2000a)

Tail flick SNC80 80 mg/kg (s.c.)

no effect

Rat Gallantine and

Meert (2005)

DPDPE 20 μg no effect

Intra-RVM

Intra-PAG

Rat Rossi et al.

(1994)

Deltorphin II 20 μg
Intra-RVM

Intra-PAG

Rat Rossi et al.

(1994)

Hot plate Deltorphin II 10 μg (i.t.) Rat Cahill et al.

(2001b)

SNC80 100 nmol (i.c.v.) Mouse Bilsky et al.

(1995)

SB-235863 No effect (p.o.) Rat Petrillo et al.

(2003)

Hargreaves test SNC80 No effect at 200 μg
(i.t.)

Rat Kouchek et al.

(2013)

Deltorphin II No effect at 50 μg
(i.pl.)

Rat Kabli and

Cahill (2007)

Mechanical

pain

Von Frey test SNC80 No effect

(10 mg/kg, i.p.)

Mouse Pradhan et al.

(2013)

Paw pressure Deltorphin II EC80 60 nmol

(i.c.v.)

Rat Fraser et al.

(2000b)

SNC80 EC80 400 nmol

(i.c.v.)

Rat Fraser et al.

(2000b)

Chemical

pain

Capsaicin Deltorphin II 10 μg (i.t.) Rat Beaudry et al.

(2011)

Capsaicin (tail

thermal

hypersensitivity)

SNC80 1–10 mg/kg (s.c.) Monkey Brandt et al.

(2001)

Capsaicin

(mechanical)

DPDPE 10–100–300 μg
(i.m.)

Rat Saloman et al.

(2011)

Prostaglandin

E2

SNC80 3.2 mg/kg (s.c.) Monkey Brandt et al.

(2001)

(continued)
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treatment (Cahill et al. 2001a, 2003; Commons 2003; Morinville et al. 2003, 2004;

Lucido et al. 2005; Gendron et al. 2006) (Fig. 3b, c). Since it is not the purpose of

this chapter, the distinct mechanisms involved in the regulation of DOPr trafficking

will not be discussed here. This topic has, however, recently been extensively

reviewed elsewhere (Gendron et al. 2016). Simply, it should be kept in mind that

the subcellular localization of DOPr and the possibility to increase its density at the

cell surface could explain why DOPr agonists are more potent under certain

conditions than in control/naı̈ve animals.

Table 1 (continued)

Type Test Agonist

Effective doses

(route of

administration)

Animal

species References

Formalin Deltorphin II 10 μg (i.t.) Rat Beaudry et al.

(2011)

Deltorphin II 5 μg (i.t.) Mouse Morinville

et al. (2003)

Deltorphin II ED50 7.7 μg/phase
I and 32.4 μg/phase
II (i.t.)

Rat Cahill et al.

(2001b)

Deltorphin II 20 nmol (i.t.)

100 nmol (ipl)

Rat Bilsky et al.

(1996b)

Deltorphin II 1–10 μg (i.t.) Rat Pradhan et al.

(2006)

SNC80 200 μg (i.t.) Rat Kouchek et al.

(2013)

Deltorphin II 50 μg (ipl) Rat Kabli and

Cahill (2007)

SNC80 11–44–111 nmol

(ipl)

Rat Obara et al.

(2009)

DSLET 14–42–70 nmol

(ipl)

Rat Obara et al.

(2009)

KNT-127 3 mg/kg (s.c.) Mouse Saitoh et al.

(2011)

SNC80 3 μmol/kg (i.v.) Mouse Barn et al.

(2001)

Acetic acid KNT-127 3 mg/kg (s.c.) Mouse Saitoh et al.

(2011)

SNC80 10 mg/kg (s.c.) Rat Gallantine and

Meert (2005)
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Table 2 Chronic pain modulation by DOPr agonists

Type Test Agonist

Effective doses

(route of

administration)

Animal

species References

Inflammatory

CFA

Thermal pain

Hargreaves

Plantar test

Deltorphin II 1–3–10 μg (i.t.) Rat Cahill et al.

(2003),

Gendron et al.

(2007a), and

Beaudry et al.

(2009, 2015b)

Deltorphin II 1–2.5 μg (i.t.) Mouse Gendron et al.

(2007b),

Beaudry et al.

(2009, 2015b),

and Dubois and

Gendron (2010)

DPDPE

Deltorphin II

50 nM (i.t.) Mouse Qiu et al. (2000)

Deltorphin II 3–10–30–60 nmol

(i.c.v.)

Rat Fraser et al.

(2000a)

SNC80 100–300 nmol

(i.c.v.)

Rat Fraser et al.

(2000a)

SB-235863 30–70 mg/kg

(s.c.)

Rat Beaudry et al.

(2009)

SNC80 40 mg/kg (s.c.) Rat Gallantine and

Meert (2005)

SNC80 10 mg/kg (s.c.) Mouse Gaveriaux-Ruff

et al. (2008)

DPDPE 77.4–154.8 nmol

(ipl)

Mouse Hervera et al.

(2009)

Tail flick SNC80 3.2 mg/kg (s.c.) Monkey Brandt et al.

(2001)

Mechanical pain

Von Frey

filament

Deltorphin II 10–30 μg (i.t.) Rat Otis et al.

(2011)

SNC80 10 mg/kg (i.p.) Mouse Pradhan et al.

(2013)

SNC80 10 mg/kg (s.c.) Mouse Gaveriaux-Ruff

et al. (2008)

Paw pressure

test (Randall–

Stiletto)

DPDPE 10–100 μg (ipl) Rat Zhou et al.

(1998)

Carrageenan Thermal pain

Hargreaves

Plantar test

SB-235863 10 mg/kg (p.o.) Rat Petrillo et al.

(2003)

Deltorphin II 10 μg (i.t.) Rat Stewart and

Hammond

(1994)

(continued)
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Table 2 (continued)

Type Test Agonist

Effective doses

(route of

administration)

Animal

species References

DPDPE 30 μg (i.t.) Rat Stewart and

Hammond

(1994)

Mechanical pain

Von Frey

filament

SNC80 200 μg (i.t.) Rat Kouchek et al.

(2013)

Cancer pain Mechanical pain

Von Frey

filament

Deltorphin II 3–10–30 μg (i.t.) Rat Otis et al.

(2011)

DVal Ala-E 1.3 mg/kg (i.p.) Mouse Brainin-Mattos

et al. (2006)

SNC80 10 nmol (ipl) Mouse Ye et al. (2012)

Thermal pain

Unilateral

hotplate test

DPDPE 30 μg
(peritumoral)

Mouse Baamonde et al.

(2005)

Diabetic

neuropathy

Tail flick TAN-67 ED50 ~6 μg
(i.c.v.)

Mouse Kamei et al.

(1997b)

Formalin TAN67 30 mg/kg (s.c.) Mouse Kamei et al.

(1997a)

Neuropathic

pain

Thermal pain

Hargreaves

Plantar test

DSLET 111 nmol (ipl) Rat Obara et al.

(2009)

SNC80 111 nmol (ipl) Rat Obara et al.

(2009)

SB-235863 10 mg/kg (p.o.) Rat Petrillo et al.

(2003)

Noxious

thermal stimuli

(paw)

Deltorphin II 10 μg (i.t.) Rat Holdridge and

Cahill (2007)

Tail flick (cold

allodynia)

Deltorphin II 15–25 μg (i.t.) Rat Mika et al.

(2001)

Tail flick (heat

and cold

stimuli)

Deltorphin II 1.5–15–25 μg
(i.t.)

Rat Mika et al.

(2001)

Tail flick (cold

allodynia)

DPDPE 25 μg (i.t.) Rat Mika et al.

(2001)

Tail flick (heat

and cold

stimuli)

DPDPE 5–25 μg (i.t.) Rat Mika et al.

(2001)

Acetone

application

DPDPE 20 μg intra-PAG Rat Sohn et al.

(2000)

Mechanical pain

Von Frey

filament

Deltorphin II 10–15–30 μg (i.t.) Rat Holdridge and

Cahill (2007)

(continued)
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3 DOPr and Pain Modulation

The analgesic efficacy of DOPr agonists was widely investigated using pharmaco-

logical and genetic approaches. Before describing the effects of DOPr agonists in

acute and chronic pain models, it is worth noting that mice deficient for DOPr

(DOPr knockout mice) did not show any significant change in pain perception

following acute noxious stimuli (thermal, mechanical, or chemical stimuli) (Zhu

et al. 1999; Filliol et al. 2000). However, sensitivity to thermal and mechanical

stimuli is increased in inflammatory and neuropathic pain models in DOPr knock-

out mice (Nadal et al. 2006; Gaveriaux-Ruff et al. 2008). These observations

therefore suggest that a constitutive tone of endogenous opioid release acting on

DOPr would prevent exacerbation of chronic pain. This hypothesis is supported by

the fact that the selective ablation of DOPr in NaV1.8 sensory neurons increases

chronic pain (Gaveriaux-Ruff et al. 2011).

3.1 DOPr-Mediated Analgesia in Acute Pain Models

Agonists acting at DOPr are known to produce antinociception (Gaveriaux-Ruff

and Kieffer 2011). Although first evidence for DOPr-mediated antinociception was

provided in the early 1980s (Brantl et al. 1982), the lack of highly selective DOPr

ligands prevented a clear demonstration of the physiological effects of this receptor.

A pioneer study used [2-D-penicillamine, 5-D-penicillamine]enkephalin (DPDPE),

a highly selective DOPr agonist (Mosberg et al. 1983), and confirmed that DOPr

could mediate antinociception in the hot plate test (Porreca et al. 1984). Although

their antinociceptive effects have been commonly reported thereafter, it is generally

accepted that DOPr agonists, no matter the route of administration, only have weak

Table 2 (continued)

Type Test Agonist

Effective doses

(route of

administration)

Animal

species References

Deltorphin II 50 μg (ipl) Rat Kabli and Cahill

(2007)

SNC80 22–66–111 nmol

(ipl)

Rat Obara et al.

(2009)

DSLET 22–56–111 nmol

(ipl)

Rat Obara et al.

(2009)

DPDPE 20 μg intra-PAG Rat Sohn et al.

(2000)

BUBU 1.5–6 mg/kg (i.v.) Rat Desmeules et al.

(1993)

ipl intraplantar, s.c. subcutaneous, i.t. intrathecal, i.m. intramuscular, i.c.v. intracerebroventricular,
i.p. intraperitoneal, p.o. perorally, i.v. intravenous
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Fig. 3 Enhancement of DOPr expression at the plasma membrane of neurons under inflammatory

or chronic morphine conditions. (a) Intracellular localization of DOPr in the neostriatum labeled

with [125I]-Azido-DTLET (a DOPr selective agonist, left panel) or by a DOPr antibody directed

against the 3–17 segment (left panel) in untreated animals. (b, c) Electron microscopy of

immunolabeled DOPr in the superficial laminae of lumbar spinal cord dorsal horn in animals

treated with morphine (b, right panel) or in the CFA pain model (c, right panel) showing an

increase in immunogold particles associated with the plasma membrane (adapted with permission

from Pasquini et al. 1992; Cahill et al. 2001b, 2003, Lucido et al. 2005)
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or no antinociceptive effects when healthy animals are tested with routinely used

acute pain tests (e.g., tail flick and hot plate tests). Indeed, DOPr agonists seem to

have only modest antinociceptive effects in acute pain models when compared to

MOPr agonists. As an example, the i.c.v. administration of [D-Ala2, N-methyl-

Phe4, Gly5-ol]enkephalin (DAMGO; a selective MOPr agonist) produced a more

profound analgesia than DPDPE in the hot plate test (Porreca et al. 1984). Similarly,

DAMGO was also shown to reduce mechanical nociception by 80% at a dose of

0.2 nmol (i.c.v.) in the paw pressure test while doses of 60 and 400 nmol of the

DOPr agonists Deltorphin II and SNC80, respectively, were needed to produce

similar effects (Fraser et al. 2000b). Table 1 summarizes the DOPr-mediated

antinociceptive effects in acute pain tests.

3.1.1 Regulation of DOPr by MOPr in Healthy Animals
As described above, the antinociceptive effects of centrally administered DOPr

agonists are generally weak. However, it was demonstrated that morphine or other

MOPr agonists can potentiate the analgesic effects of spinally administered DOPr

agonists (Cahill et al. 2001b; Morinville et al. 2003; Gendron et al. 2007a). The

cellular mechanisms involved in the potentiation of DOPr functions are unclear.

However, it was noted that the administration of morphine induces a translocation

of DOPr to the plasma membrane in DRG (Gendron et al. 2006), spinal cord (Cahill

et al. 2001b; Morinville et al. 2003; Gendron et al. 2007a), and central gray neurons

(Lucido et al. 2005; see also Fig. 3b). As of to date, the exact mechanisms involved

in this process have not been totally unveiled. We do know, however, that it

involves MOPr as these effects are completely abolished in MOPr knockout

animals (Morinville et al. 2003). In the PAG, morphine also increases the DOPr-

mediated presynaptic inhibition of GABAergic synaptic currents (Hack et al. 2005).

Both MOPr and β-arrestin 2 have been shown to be important for the upregulation

of DOPr functions in the PAG (Hack et al. 2005). A more recent study also suggests

that morphine induces a cdk5-mediated phosphorylation of the threonine 161 resi-

due located in the second intracellular loop of DOPr (Xie et al. 2009). Phosphory-

lation of this residue by cdk5 would indeed increase the membrane expression of

DOPr and, ultimately, enhance the antinociceptive effects of DOPr agonists in

morphine-treated animals (Beaudry et al. 2015b). The phosphorylation of DOPr

by cdk5 was further hypothesized to disrupt the formation of the MOPr-DOPr

heterodimer (Xie et al. 2009). This is consistent with the observations made by

others who show that chronic morphine treatment potentiates MOPr and DOPr

heterodimerization throughout the CNS including areas involved in pain processing

and in the DRGs (Gupta et al. 2010). It was further demonstrated that a mixture of

the MOPr agonist methadone and the DOPr antagonist naltriben can stabilize DOPr

at the cell surface in a heterodimer form preventing its endocytosis and therefore

avoiding degradation (Milan-Lobo and Whistler 2011; Milan-Lobo et al. 2013).
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3.2 DOPr-Mediated Analgesia in Acute Inflammatory Pain
Models

By contrast to their minor effects in acute pain tests, DOPr agonists were found to

be more efficient at alleviating acute inflammatory pain. Formalin- and capsaicin-

induced pain behaviors are indeed efficiently inhibited following DOPr activation

(Bilsky et al. 1996b; Cahill et al. 2001b; Morinville et al. 2003; Pradhan et al. 2006;

Beaudry et al. 2011). As an example, the intrathecal administration of Deltorphin II

was shown to significantly reduce the typical biphasic nociceptive response induced

by formalin as well as the spontaneous pain-like behaviors – licking, biting, and

flinching – induced by capsaicin. These effects were completely antagonized by the

DOPr selective antagonist naltrindole, therefore supporting a role for DOPr (Bilsky

et al. 1996b; Cahill et al. 2001b; Morinville et al. 2003; Pradhan et al. 2006;

Beaudry et al. 2011). At the spinal level, DOPr-mediated analgesia was shown to

involve an inhibition of substance P release (Beaudry et al. 2011; Kouchek et al.

2013). Substance P is produced in peptidergic C fibers and released upon activation

of these neurons by peripheral noxious stimuli (Cao et al. 1998). As revealed by an

inhibition of c-fos expression, the intrathecal administration of Deltorphin II or

SNC80 reduces the activation of spinal neurons (Beaudry et al. 2011; Kouchek

et al. 2013). Activation of DOPr in the spinal cord also prevents substance P release

and blocks NK1 internalization in the superficial lamina of the lumbar dorsal horn

induced by intraplantar formalin and capsaicin (Beaudry et al. 2011; Kouchek et al.

2013).

The systemic administration of DOPr agonists also produces antinociception in

response to chemical stimuli (Barn et al. 2001; Brandt et al. 2001; Saitoh et al.

2011; Saloman et al. 2011). In primates, thermal hypersensitivity induced by

capsaicin and prostaglandin E2 was completely reversed following subcutaneous

administration of SNC80 (Brandt et al. 2001). KNT127 and SNC80 were also found

to inhibit the biphasic nociceptive response induced by formalin as well as the

acetic acid induced abdominal constrictions in mice (Barn et al. 2001; Saitoh et al.

2011).

Beside their central mechanism of actions, DOPr agonists also produce analgesia

via receptors expressed in the periphery (Stein et al. 2001). The intraplantar

administration of Deltorphin II, SNC80, and DSLET was shown to effectively

suppress formalin-induced pain behaviors in rodents (Bilsky et al. 1996b; Kabli

and Cahill 2007; Obara et al. 2009). This antinociceptive effect was completely

reversed by intraplantar treatment with the DOPr antagonist naltrindole or by a

pretreatment with DOPr antisense oligodeoxynucleotides (Bilsky et al. 1996a, b).

Again, DOPr agonists had no significant effect on thermal or mechanical nocicep-

tive thresholds under normal conditions (Bilsky et al. 1996b; Kabli and Cahill 2007;

Obara et al. 2009).

3.2.1 Regulation of DOPr in Acute Inflammatory Pain
A recent study by Doyle Brackley and collaborators has provided mechanistic

insights for the lack of efficacy of peripheral DOPr agonists in naı̈ve animals.
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They indeed observed that peripheral DOPr expressed on sensory nerves is consti-

tutively desensitized by a GRK2-dependent mechanism. They found that under

basal conditions GRK2 is constitutively associated with DOPr, therefore preventing

its coupling to G proteins or other signaling partners. The knockdown of GRK2 was

found to be sufficient to increase peripheral DOPr-mediated analgesia. Interest-

ingly, in inflamed tissues PKC activation leads to RKIP phosphorylation which in

turn sequesters GRK2. In this model, the sequestering of GRK2 “awakens” DOPr in

sensory neurons and increases the analgesic effects of peripheral DOPr agonists

(Brackley et al. 2016).

3.3 DOPr-Mediated Analgesia in Chronic Pain Models

The antinociceptive effects of various DOPr agonists in animal models of chronic

pain are summarized in Table 2. In general, the efficacy and the potency of DOPr

agonists at producing antinociception in chronic pain models are more important,

when compared to acute pain models. Overall, the observations made in preclinical

models of chronic pain suggest that DOPr agonists efficiently inhibit inflammatory,

neuropathic, diabetic, as well as cancer pain. Interestingly, recent observations also

support a role for DOPr in the treatment of migraine.

3.3.1 DOPr in Inflammatory Pain Models
Complete Freund’s adjuvant (CFA) and carrageenan are commonly used to induce

inflammation or as rodent models of arthritis (Klareskog 1989; Hansra et al. 2000).

In these inflammatory pain models, spinal DOPr activation was shown to alleviate

hyperalgesia (Hylden et al. 1991; Stewart and Hammond 1994; Qiu et al. 2000). In

the CFA model of inflammation, Deltorphin II is effective at reducing both thermal

hyperalgesia and mechanical allodynia in a dose-dependent manner (Cahill et al.

2003; Gendron et al. 2007a, b; Beaudry et al. 2009, 2015a; Dubois and Gendron

2010; Otis et al. 2011). The effects of Deltorphin II are DOPr-mediated since

they are completely antagonized by DOPr selective antagonists. Interestingly,

Deltorphin II has no analgesic effect on the uninflamed paw, supporting a lack of

effects in healthy tissues (Cahill et al. 2003; Gendron et al. 2007a; Beaudry et al.

2009; Dubois and Gendron 2010; Otis et al. 2011). Indeed, in these chronic pain

models, DOPr agonists commonly display a leftward shift of their dose-response

effects when compared to dose-response curves in healthy animals.

The enhancement of DOPr analgesic potency in inflammatory pain models is

thought to be the result of an increase in DOPr expression at the plasma membrane

of spinal neurons. As stated above, the subcellular distribution of DOPr in the

lumbar dorsal horn, as assessed by electron microscopy, revealed a predominant

localization of the receptor within the intracellular compartments of neurons

(Fig. 3b, c). However, following some inflammatory/pain state, an increase in

DOPr distribution at the plasma membrane was seen in the ipsilateral lumbar spinal

cord and the DRG neurons (Cahill et al. 2003; Gendron et al. 2006) (see also

Fig. 3c). Studies based on fluorescent ligand internalization (used as a tool to
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evaluate the density of membrane receptors) further revealed an increased level of

internalization in the lumbar spinal cord and in small and medium DRG neurons in

inflamed animals, thus supporting an upregulation of DOPr at the neuronal plasma-

lemma (Gendron et al. 2006, 2007a). Again, the mechanisms involved in this

process are still unclear. As for the morphine-induced regulation of DOPr,

CFA-induced inflammation requires MOPr to increase the membrane density of

DOPr and the antinociceptive effects of DOPr agonists (Cahill et al. 2003; Gendron

et al. 2007b). Similarly, the inhibition of cdk5-induced phosphorylation of DOPr

prevents the enhancement of DOPr-mediated analgesia (Beaudry et al. 2015b).

However, if an interaction between DOPr and preprotachykinin A appears to be

essential for the membrane expression of DOPr in non-treated mice, the

upregulation of DOPr function in the CFA model was shown to be independent

of substance P (Dubois and Gendron 2010).

Centrally administered (i.c.v.) DOPr agonists also produce analgesia in the CFA

model of inflammatory pain. SNC-80 and Deltorphin II were shown to increase the

time to paw withdrawal in response to a thermal stimulus (Hargreaves test) (Fraser

et al. 2000a). The potency of centrally administered DOPr agonists was also found

to be improved in animals with persistent inflammation when compared to healthy

animals. Indeed, the effective i.c.v. dose of SNC80 and Deltorphin II required to

produce antihyperalgesic effect in the rat CFA model of inflammation is three times

lower than that needed to induce analgesia to thermal stimulus in acute pain models

(Fraser et al. 2000a). Other groups have also demonstrated an involvement of DOPr

in the descending pain pathways. In fact, DOPr activation in supraspinal sites such

as the RVM and PAG was found to produce analgesia in various animal models of

chronic pain (for review, see Bie and Pan 2007). As an example, microinjection of

Deltorphin II into the RVM was shown to dose-dependently reverse thermal

hyperalgesia in CFA-treated rats (Hurley and Hammond 2000).

Activation of peripheral DOPr produces antinociception under pathological pain

conditions. DPDPE, when administered in the periphery, produces antinociception

in CFA and neuropathic pain models (Zhou et al. 1998; Hervera et al. 2009;

Obara et al. 2009). Following inflammation, opioid receptors were shown to be

upregulated in primary afferents in which they are highly transported toward the

free nerve endings in the periphery. As a consequence, the potency of peripheral

opioid agonists in mediating analgesia is enhanced. The low pH in the inflamed

tissues is also thought to facilitating ligand/receptor coupling (for reviews, see Stein

et al. 2001; Stein and Lang 2009). The local administration of the DOPr agonist

SNC80 was also shown to dose-dependently reduce the mechanical hyperalgesia

induced by the subcutaneous injection of prostaglandin E2 in the hindpaw (Pacheco

and Duarte 2005). DOPr-induced analgesia in the periphery is thought to be

mediated by the nitric oxide/cGMP pathway. Indeed, in the CFA model of inflam-

mation the nitric oxide donor NOC-18 potentiates the antihyperalgesic effect of

DPDPE (Hervera et al. 2009). Nitric oxide synthase or guanylate cyclase inhibitors

also prevent the SNC80-mediated analgesia in the prostaglandin E2 pain model

(Pacheco and Duarte 2005). Interestingly, the intraplantar administration of

glibenclamide and tolbutamide, two ATP-sensitive K+ channel blockers, was
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shown to reduce the analgesia produced by the local administration of SNC80,

suggesting that the antinociceptive effect of this compound is specifically mediated

by ATP-sensitive K+ channels (Pacheco and Duarte 2005).

3.3.2 DOPr in Neuropathic Pain Models
As reported in Table 2, DOPr agonists are also efficient at alleviating neuropathic

pain in various preclinical models. The intrathecal administration of DPDPE or

Deltorphin II was shown to significantly relieve allodynia and hyperalgesia in the

sciatic nerve ligation model (Mika et al. 2001; Holdridge and Cahill 2007). DPDPE

injected into the ventral PAG also effectively reduces mechanical and thermal

allodynia in a neuropathic pain model where both the tibial and sural nerves are

completely cut (Sohn et al. 2000). In other nerve injury models, peripherally

administered DOPr agonists also produce anti-allodynic effects (Kabli and Cahill

2007; Obara et al. 2009). In the peripheral nerve injury model, the increased

analgesic effects of DOPr agonists may be the consequence of a higher level of

DOPr expression or as a relocalization of DOPr at the cell surface (Kabli and Cahill

2007; Obara et al. 2009).

3.3.3 DOPr in Diabetic Neuropathy
Diabetic neuropathy represents another disease in which DOPr agonists may be

used to reduce pain. For instance, the non-peptide TAN-67 was found to produce a

dose-dependent antinociception in the mouse tail flick assay when administered

i.c.v. (Kamei et al. 1997b). In diabetic mice, an increase in the endogenous tone of

the spinal DOPr system was demonstrated. Indeed, in these mice, the inflammatory

phase of the formalin test is greatly reduced, an effect reversed by naltrindole

(Kamei et al. 1997a).

3.3.4 DOPr in Bone Cancer Pain
Although it has a unique set of characteristics, bone cancer-induced pain includes

an important neuropathic component (Honore et al. 2000). It is therefore not

surprising to see that DOPr agonists are effective in bone cancer models. In a rat

model of metastatic bone cancer-induced pain (Dore-Savard et al. 2010), the

intrathecal administration of Deltorphin II was shown to dose-dependently reverse

mechanical allodynia, an effect completely blocked by a pretreatment with the

DOPr antagonist naltrindole (Otis et al. 2011). The intraperitoneal administration of

[dVal(L)2,Ala(L)5]E, another selective DOPr agonist, also produces analgesia in a

mouse model of bone cancer-induced pain (Brainin-Mattos et al. 2006). The

analgesic effect of DOPr was also demonstrated in mice bearing a tibial osteosar-

coma (Baamonde et al. 2005). In this model the peritumoral injection of DPDPE

induced a naltrindole-sensitive increase in the paw thermal withdrawal latencies

(Baamonde et al. 2005). Similarly, DOPr activation alleviates mechanical hyper-

sensitivity in an orthotopic mouse oral cancer model (Ye et al. 2012). In humans

coping with cancer pain, intrathecally administered DADLE, a DOPr-preferred

agonist, has also been shown to produce analgesia, even in patients who had
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developed tolerance to morphine (Onofrio and Yaksh 1983; Moulin et al. 1985;

Krames et al. 1986).

3.3.5 DOPr Agonists in Trigeminal and Migraine Pain Models
DOPr appears to play a crucial role in the modulation of trigeminal pain. In rodents

and humans, DOPr mRNA can be found in small-, medium-, and large-sized

trigeminal ganglia neurons (Mennicken et al. 2003). In the trigeminal nucleus

caudalis (Sp5C), a structure involved in modulating and processing somatosensory

and nociceptive inputs originating from the orofacial region, DOPr binding sites

have a more widespread distribution in rodents than humans. In humans, DOPr

binding sites are confined to the superficial laminae of the Sp5C (Mennicken et al.

2003; Ichikawa et al. 2005). Supporting a role for DOPr in trigeminal pain, the

activation of peripheral DOPrs was found to attenuate the capsaicin-induced

mechanical hypersensitivity in the masseter muscle via the activation of GIRK

channels in rats (Saloman et al. 2011; Chung et al. 2014). The activation of DOPr

with low doses of DPDPE was also found to reduce substance P release from Sp5C

slices, a hallmark of opioid-mediated analgesia (Suarez-Roca and Maixner 1992).

Yet, the systemic administration of Deltorphin II produces a pronounced inhibition

of C fiber-evoked responses in wide dynamic range neurons of the Sp5C (Wang

et al. 1996). Under inflammatory conditions, DOPr-mediated trigeminal analgesia

is also enhanced. As measured by a reduction in CGRP release and adenylate

cyclase activity, a pretreatment with bradykinin increases the potency of DPDPE

to inhibit the activity of trigeminal nociceptors (Patwardhan et al. 2005). In

trigeminal nociceptors, this effect is concomitant to an increase of cell surface

DOPr (Patwardhan et al. 2005).

In patients unresponsive to classical treatments, opioids acting on MOPrs are

often prescribed to treat severe cases of migraine headaches1 (for review see Becker

2015). In some cases, however, extensive treatments with opioids can lead to an

exacerbation of the frequency and the intensity of migraine episodes in addition to

interfere with other migraine therapies (Bigal and Lipton 2008; Bigal et al. 2008;

Ansari and Kouti 2016). Recent reports revealed a promising therapeutic potential

for DOPr in alleviating migraine headaches (Charles and Pradhan 2016). In an

animal model of migraine induced by nitroglycerine (NTG), DOPr activation

efficiently reduces thermal hyperalgesia and mechanical allodynia, two symptoms

often observed in humans coping with migraine (Pradhan et al. 2014). In this model,

the antinociceptive effect of SNC80 is similar to that obtained with sumatriptan, a

classical serotonergic receptor (5-HT1B and 5-HT1D) agonist used to treat migraine

headaches. SNC80 was also found to be efficient in reducing the aversive state

1Migraine is the most common and disabling neurological disorder that occurs as recurrent,

pulsatile, episodic headaches with or without aura. It is thought to be the result of trigeminal

nerve activation leading to distension in cerebral and meningeal blood vessels. The cortical

spreading depression (CSD) is defined as a slowly propagated wave of depolarization originating

from the occipital to the frontal part of the brain which is followed by a suppression of brain

activity (Goadsby et al. 2009; Olesen et al. 2009).
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evoked by NTG in the conditioned place preference test, further supporting a

role for DOPr in alleviating migraine headaches (Pradhan et al. 2014). These

observations are supported by the fact that cortical spreading depression events

(CSD; a phenomenon thought to be responsible for the occurrence of migraine with

aura, Charles and Baca 2013) evoked by KCl were reduced by the systemic

administration of SNC80 (Pradhan et al. 2014).

4 Novel Compounds and Clinical Trials

DOPr is commonly considered as a potential target for the development of novel

therapies for the management of chronic pain and emotional disorders (Pradhan

et al. 2011). One of the major challenges in the development of novel DOPr

agonists for the clinic is the propensity of such ligands to induce nonlethal

convulsions at analgesic doses (Comer et al. 1993; Dykstra et al. 1993; Pakarinen

et al. 1995; Broom et al. 2002a, b; Chung et al. 2015). Still, a few drugs targeting

DOPr have been moved to clinical trials. ADL5747 and ADL5859 are two orally

bioavailable compounds (Le Bourdonnec et al. 2008, 2009) that were tested in

small cohorts of patients. These compounds, which are devoid of pro-convulsive

actions in preclinical models, have indeed been tested for acute (NCT00993863)

and chronic (NCT00979953) pain management in Phase 2 clinical trials. Unfortu-

nately, none of the compounds were more effective than the placebo in patients

suffering from osteoarthritic pain.

More recently, it was proposed that DOPr-induced seizures are mediated by the

activation of the β-arrestin 2 pathway. Exploiting the concept of biased ligands,

Trevena, Inc. has developed a novel orally available DOPr-selective compound

with a robust bias toward the G protein signaling pathway. This is to say that the

compound has virtually no ability to recruit β-arrestin 2 but still activates G proteins

with high efficiency. The preclinical evaluation of TRV250 is promising for the

treatment of migraine headaches. TRV250 was found to preserve the analgesic

properties of common DOPr agonists without producing seizures (http://www.

trevenainc.com/TRV250.php).

Although this was not thoroughly covered in this chapter, one should note that

DOPr can form dimers or interact with other GPCRs (reviewed in Gendron et al.

2016). Because of their unique pharmacology, GPCR dimers represent a novel class

of targets for the development of new drugs and/or therapies (Fujita et al. 2014,

2015). One such target is the MOPr-DOPr heteromer (Fujita et al. 2015). A library

screening for this target led to the identification of CYM51010, a selective MOPr-

DOPr agonist (Gomes et al. 2013). In the tail flick test, CYM51010 was found to

produce antinociception without inducing tolerance (Gomes et al. 2013). This target

is thought to induce analgesia without causing the common unwanted effects

associated with opioids (Fujita et al. 2015). Bivalent ligands designed to have a

high affinity for MOPr and DOPr or KOPr and DOPr were found to exhibit good

analgesic properties. Compounds targeting MOPr and DOPr such as L2, L4

(Harvey et al. 2012), MDAN (Daniels et al. 2005b), or RV-JIM-C3 (Podolsky
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et al. 2013) as well as compounds targeting KOPr and DOPr such as KDAN-18

(Daniels et al. 2005a) and KDN-21 (Bhushan et al. 2004) were found to produce

robust analgesia with no apparent signs of tolerance, physical dependence, or

sedation (Daniels et al. 2005b; Ansonoff et al. 2010; Podolsky et al. 2013). Two

such bivalent ligands targeting MOPr and DOPr are currently in clinical trials.

Compound 51 and MuDelta (both acting as MOPr agonist and DOPr antagonist)

completed clinical trials in patients suffering from irritable bowel syndrome

(Breslin et al. 2012; Wade et al. 2012). The MuDelta was approved recently by

the US authorities to be commercialized under the name of Eluxadoline (Garnock-

Jones 2015). This compound proved to be efficient in relieving abdominal pain

symptoms and diarrhea (Garnock-Jones 2015; Lembo et al. 2016).

5 Conclusion

DOPr represents a promising therapeutic target for the treatment of chronic pain

and emotional disorders. Although DOPr agonists produce only weak analgesic

effects in healthy animals and in acute pain models, numerous groups have previ-

ously described an increase in their analgesic potency in chronic pain models (e.g.,

inflammatory, neuropathic, and bone cancer-induced pain models). Interestingly,

the increased analgesic effects of DOPr agonists are paralleled by a translocation of

DOPr from the intracellular compartments to the plasma membrane of spinal cord

and DRG neurons.
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Abstract

Depression is a pervasive and debilitating mental disorder that is inadequately

treated by current pharmacotherapies in a majority of patients. Although opioids

have long been known to regulate mood states, the use of opioids to treat

depression is rarely discussed. This chapter explores the preclinical and clinical

evidence supporting the antidepressant-like effects of opioid ligands, and in

particular, delta opioid receptor (DOR) agonists. DOR agonists have been

shown to produce antidepressant-like effects in a number of animal models.

Some DOR agonists also produce convulsions which has limited their clinical

utility. However, DOR agonists that generate antidepressant-like effects without

convulsions have recently been developed and these drugs are beginning to be

evaluated in humans. Work investigating potential mechanisms of action for the

antidepressant-like effects of DOR agonists is also explored. Understanding

mechanisms that give rise to DOR-mediated behaviors is critical for the devel-

opment of DOR drugs with improved safety and clinical utility, and future work

should be devoted to elucidating these pathways.

The original version of this chapter was revised. A correction to this chapter is available at
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1 Introduction

Major depressive disorder (MDD) is a psychiatric disease in which those affected

experience a depressed mood (i.e., feelings of sadness, emptiness, or hopelessness)

and/or a loss of interest or pleasure in everyday activities. The recently released

fifth edition of the Diagnostic and Statistical Manual of Mental Disorders defines a

person as having a major depressive episode when they exhibit one of the former

symptoms and at least four of the following within a 2-week period: (1) significant

changes in weight or (2) sleeping pattern, (3) agitation, (4) fatigue, (5) feelings of

worthlessness or excessive guilt, (6) diminished concentration, and/or (7) recurring

thoughts of death or suicide (American Psychiatric Association 2013). In addition,

MDD often presents with comorbidities such as chronic pain and anxiety disorders.

Major depression is a pervasive disease, affecting around 350 million (1 in 20)

people worldwide (WHO 2012). It is the top cause of disability in terms of total

years lost to disability and is the leading cause of disease burden in women

regardless of income (WHO 2008). Furthermore, evidence points to a mother

with depression being a risk factor for poor growth and development in children,

suggesting this disease can have lasting effects in subsequent generations (Rahman

et al. 2008). However, the gravest concern with a depressed patient is an increased

risk of suicide. MDD is responsible for approximately half of all suicides in the

United States with 15% of people with depression eventually committing suicide

(Loosen and Shelton 2008).

Although there are currently several methods for treating major depression, each

has proved problematic. The selective serotonin reuptake inhibitors (SSRIs) are the

first line therapy and most commonly used drug class for the treatment of major

depression. SSRIs act by blocking the reuptake of serotonin into presynaptic nerve

terminals thereby increasing neurotransmitter signaling. Unfortunately, it can take

up to 6 weeks for an SSRI to reach a full effect, and 70% of patients do not achieve

remission with an SSRI alone (Trivedi et al. 2006a). Augmenting SSRI treatment

with a second antidepressant can be helpful although only one-third of patients who

do not respond to SSRI monotherapy achieve remission with combination therapy

(Trivedi et al. 2006b). Furthermore, SSRI treatment can lead to adverse events and

complications including tinnitus, insomnia, akathisia, and sexual dysfunction.

The tricyclic antidepressants (TCAs) are an alternative treatment for major

depression and were the primary therapy prior to the development of SSRIs.

TCAs act through a variety of mechanisms; however, the majority block serotonin

and/or norepinephrine reuptake. Like SSRIs, TCAs can also take several weeks to

reach their full effect and effectively treat a small percentage of patients. In the
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Sequenced Treatment Alternatives to Relieve Depression (STAR*D) clinical trial,

about 20% of patients not adequately treated with SSRI mono or combination

therapy achieved remission with a TCA (Fava et al. 2006). TCAs can also have

effects on the cardiovascular system including changes in heart rate or rhythm and

orthostatic hypotension. Furthermore, the therapeutic index of TCAs is small and

overdoses can be lethal making administration of these drugs to suicidal patients

concerning. Other traditional medications used for the treatment of depression

include serotonin receptor agonists, serotonin and norepinephrine reuptake inhib-

itors (SNRIs), and monoamine oxidase inhibitors (MAOIs).

An alternative to pharmacotherapy, and arguably the most effective treatment

for major depression currently available, is electroconvulsive therapy (ECT). ECT

works by using an electric current to induce a generalized seizure in the central

nervous system of the patient. The mechanism by which this seizure alleviates

depressive symptoms is currently unknown, although there is evidence that it involves

modulation of the opioid system (Emrich et al. 1979; Inturrisi et al. 1982). The primary

side effects associated with ECT are confusion and memory loss. Although rare, this

memory loss is potentially permanent. Other problems surrounding ECT include

insufficient patient understanding and public disapproval of its use (Eisendrath and

Lichtmacher 2014). Given the inadequacy of available treatments, there is a demon-

strable need for alternative therapies for major depression.

Although the majority of antidepressant therapies function via augmentation of

aminergic neurotransmission, the monoamine deficiency hypothesis of depression

is likely overly simplistic as several alternative targets including GABA, glutamate,

adenosine, stress hormones, and opioids have been proposed to be involved in

mediating depressive symptoms. Changes in opioid signaling have already been

observed with currently used treatments for depression, such as electroconvulsive

therapy (ECT), and the atypical antidepressant tianeptine, which was recently

shown to be an agonist at both the mu opioid receptors (MOR) and delta opioid

receptors (DOR), albeit at large concentrations (Gassaway et al. 2014). Despite

these findings, the use of opioids for the treatment of depression is rarely discussed.

Opioid receptors are a family of G protein coupled receptors that signal through

inhibitory Gi/o proteins. The three classical subtypes of opioid receptors (mu, delta,

and kappa) are activated by several endogenous opioid peptides. β-endorphin
is derived from prepro-opiomelanocortin (POMC) and activates MOR and DOR

with relatively equal potency. Leu- and met-enkephalin are cleaved from pre-

proenkephalin and bind and activate DOR with approximately tenfold selectivity

over MOR. Dynorphin A and B are derived from preprodynorphin and potently

activate kappa opioid receptors (KOR) with minor activity at MOR.

2 Opioids in Depression

It is well established that opioids alter mood states. MOR agonists such as morphine

are euphorigenic and analgesic. Conversely, chronic use of and subsequent with-

drawal from MOR agonists produce depressive-like symptoms. Agonists at the
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kappa opioid receptor have been shown to induce feelings of dysphoria, while KOR

antagonists appear to have antidepressant-like effects (Lutz and Kieffer 2013).

Furthermore, endogenous opioids are thought to be involved in neuronal circuits

mediating reward, pleasure, and dopaminergic signaling (Jutkiewicz and Roques

2012). Endogenous opioids and opioid receptors are also highly expressed in brain

regions implicated in mood disorders, specifically the prefrontal cortex, ventral

striatum, and amygdala (Le Merrer et al. 2009; Lutz and Kieffer 2013). Based on

these findings, it is thought that endogenous opioids play a role in regulating mood

states and that dysregulation of the opioid system may be responsible for the

anhedonia observed in depressed patients.

There are conflicting reports regarding the levels of endogenous β-endorphin
levels in depressed patients. In fact, different studies have found β-endorphin levels
in depressed patients to be higher (Goodwin et al. 1993), lower (Djurović et al.

1999), and no different (Naber et al. 1981) than healthy controls. Those studies

sampled β-endorphin from the plasma, serum, and CSF, respectively, which could

account for some of these discrepancies. Elevated β-endorphin levels may correlate

with other mood disorders including primary affective disorders (Genazzani et al.

1984), the manic phase of manic-depressive disorder (Lindstr€om et al. 1978), as

well as severe anxiety, phobias, and obsessive-compulsive behaviors in depressed

patients (Darko et al. 1992). Despite the inconsistent findings regarding endogenous

β-endorphin levels in depressed patients, treatment with known antidepressants has

been shown to increase endogenous opioid levels. Administration of the selective

serotonin reuptake inhibitor (SSRI) fluvoxamine or the 5-HT1A partial agonist

gepirone (Anderson et al. 1990) increased β-endorphin levels in depressed patients

and normal volunteers, respectively, suggesting an interaction between the opioid

and serotonergic systems. Furthermore, the tricyclic antidepressant doxepin

improved pain and depression scores in patients diagnosed with a chronic pain

condition and clinical depression in a randomized double-blinded study (Hameroff

et al. 1982). These patients also had increased nonspecific enkephalin-like activity,

but not β-endorphin plasma levels, in response to doxepin. Taken together, these

data suggest that excessive as well as insufficient levels of β-endorphin can lead to

disease states and therefore tight control of β-endorphin levels, or other endogenous
opioids, may be necessary for proper mood regulation.

Opioid ligands have also been administered to depressed patients to investigate

their antidepressant-like effects. The mixed opioid ligand cyclazocine improved

depressive symptoms in clinical trials with severely depressed, chronically ill

mental patients and patients who did not respond to treatment with the tricyclic

antidepressant imipramine (Fink and Shapiro 1969). Kline et al. (1977) and Gerner

et al. (1980) both found that intravenous infusions of β-endorphin rapidly (2–4 h)

improved symptoms in depressed patients. Intravenous infusions of the met-

enkephalin analogue FK 33–824 acutely improved depressive symptoms on the

first day of treatment but not on the second (Jungkunz et al. 1983), but it is unclear

which opioid receptor is responsible for these effects. However, other studies found

small, but non-significant, increases in depression scores in patients after acute

infusions of the MOR selective agonists morphine or methadone (Extein et al.
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1981), suggesting that the MOR alone cannot account for the antidepressant-like

effects of these opioids. The mixed opioid ligand buprenorphine was found to

significantly improve depression scores in patients with major depressive disorder

(Emrich et al. 1981; Bodkin et al. 1995; Nyhuis et al. 2008) and in patients over

50 years old with treatment resistant depression (Karp et al. 2014). Consistent with

the effects in humans, the opioid ligand buprenorphine decreased immobility scores

in the mouse forced swim test. While the antinociceptive effects of buprenorphine

are mediated by the MOR (Hayes et al. 1986; Kamei et al. 1995), the anti-

depressant-like effects of buprenorphine were absent in KOR knockout mice, but

not in MOR and DOR knockout mice, suggesting that these actions are due to its

antagonist activity at kappa receptors (Falcon et al. 2016).

There is also evidence that changes at the receptor level of the opioid system

play a role in depression. In a study utilizing positron emission tomography (PET),

the binding potential of the MOR selective radiotracer [11C]-carfentanil was

significantly increased – indicating a decrease in endogenous opioid neurotrans-

mission – in healthy patients during a sustained sadness state in which participants

were asked to recall an autobiographical event that would induce a negative

emotional state (Zubieta et al. 2003). A follow-up study found that the binding

potential of [11C]-carfentanil was decreased in depressed patients during a sus-

tained sadness challenge and that MOR receptor availability in depressed patients

was significantly decreased relative to healthy controls during a neutral emotional

state (Kennedy et al. 2006). Single nucleotide polymorphisms of the MOR were

also associated with increased efficacy of the SSRI citalopram in patients with

major depressive disorder (Garriock et al. 2010). Expression of OPRK1, the gene

encoding the kappa opioid receptor, was found to be increased in the dorsolateral

prefrontal cortex of depressed patients (Deo et al. 2013). Changes in DOR expres-

sion and OPRD1 and their effects on depression have not been explored.

Alterations in response to ECT have been observed in several systems, including

serotonin, norepinephrine, and dopamine. Furthermore, no changes in one individ-

ual system can fully explain the therapeutic benefits. Repeated ECT treatments also

produce compensatory anticonvulsant effects such as increased seizure threshold,

decreased seizure duration, and enhanced inhibitory neurotransmission (Sackeim

1999; Baghai 2008). It has been proposed that these effects may bring about the

antidepressant-like effects of ECT. The magnitude of change in seizure threshold

and seizure duration likely impact therapeutic outcome and endogenous opioids

have been proposed to play a role in the changing of seizure threshold. Individual

and repeated ECT treatments resulted in elevated plasma immunoreactive

β-endorphin in depressed patients (Emrich et al. 1979; Inturrisi et al. 1982). Electro-

convulsive shock (ECS) has been shown to elevate proenkephalin-derived peptide

and DOR levels (Tortella et al. 1989). In addition, these changes were blocked by

the DOR selective antagonist ICI-174,864, suggesting a DOR-mediated effect.

Based on these findings, the opioid system could be a useful target for the develop-

ment of novel therapeutics for depression.
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3 Antidepressant-Like Effects of the DOR

In 1976, Plotnikoff et al. showed that met-enkephalin potentiated DOPA-induced

increases in motor activity. Because the tricyclic antidepressants were also effective

in this assay, it was used as an early screening technique for antidepressant drugs

(Everett 1966). The antidepressant-like effects of opioids were further supported

when enkephalins and endorphins were shown to decrease immobility in the forced

swim test and learned helplessness paradigm, again demonstrating effects similar to

clinically used antidepressants (Kastin et al. 1978; Tejedor-Real et al. 1995). Later,

numerous experiments showed that preventing the breakdown of endogenous opioid

peptides using enkephalinase inhibitors produced antidepressant-like effects.

Tejedor-Real et al. (1993) demonstrated that RB38A, a mixed enkephalinase inhib-

itor, and RB38B, a selective endopeptidase EC 3.4.24.11 inhibitor, reduced escape

failures in the learned helplessness paradigm, and that these effects were blocked by

the nonselective opioid receptor antagonist naloxone, suggesting an opioid receptor-

mediated effect. In the mouse forced swim test, the enkephalinase inhibitor BL-2401

produced naloxone-reversible antidepressant-like effects, again indicating an opioid

receptor-mediated effect (Kita et al. 1997).

However, these experiments did not necessarily demonstrate a role for the DOR

in mediating these behaviors. The antidepressant-like effects of RB101, a mixed

enkephalinase inhibitor, and the DOR selective peptide agonist BUBU (Tyr-D.Ser-

(O-tert-butyl)-Gly-Phe-Leu-Thr(O-Tet-butyl-OH)), in the learned helplessness par-
adigm were attenuated by the DOR selective antagonist naltrindole, suggested

that the antidepressant-like effects of these drugs were DOR-mediated in mice

(Baamonde et al. 1992) and rats (Tejedor-Real et al. 1998). RB101 was later

shown to consistently produce DOR-mediated antidepressant-like effects in the

rat forced swim test (Jutkiewicz et al. 2006a). Recently, opiorphin, an endoge-

nously expressed inhibitor of human neutral endopeptidase and aminopeptidase-N,

was found to induce antidepressant-like effects in the rat forced swim test (Javelot

et al. 2010). These effects were blocked by naltrindole as well as the mu opioid

selective antagonist β-funaltrexamine (β-FNA), indicating a role for both delta and

MORs (Javelot et al. 2010; Yang et al. 2011). Although these studies demonstrate

that stimulation of the DOR produces antidepressant-like effects in animal models,

the effect of opioid tone on mood states had not been examined. Filliol et al. (2000)

demonstrated a role for endogenous tone at DORs in depression and depressive-like

symptoms by showing that DOR knockout mice (OPRD1-deficient) exhibited

anxiogenic and prodepressive behaviors.

The development of nonpeptidic DOR selective agonists greatly aided the

investigation of DOR-mediated antidepressant-like effects by allowing for the

study of centrally mediated behaviors using peripherally administered compounds

that directly stimulate the receptor. The nonpeptidic DOR selective agonists (+)

BW373U86 ((�)-4-((α-R*)-α-(2S*,5R*)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-

hydroxybenzyl)-N,N-diethylbenzamide), SNC80 ((+)-4-[(alpha R)-alpha-((2S,5R)-

4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethylbenzamide), and

TAN-67 ((�)-2-methyl-4aα-(3-hydroxyphenyl)-1,2,3,4,4a,5,12,12aα-octahydor-
quinolino[2,3,3g]isoquinoline dihydrobromide) all demonstrated antidepressant-like
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effects in the rat forced swim test (Broom et al. 2002a; Nagase et al. 2002). The

effects of (+)BW373U86 and SNC80 were shown to be naltrindole-reversible

indicating a DOR-mediated effect (Broom et al. 2002a). Additionally, SNC80 has

been found to elicit other potential antidepressant-like effects, including improving

the emotionality score of olfactory bulbectomized rats (Saitoh et al. 2008) and

reversing pain depressed responding of intracranial self-stimulation in rats (Negus

et al. 2012). Furthermore, SNC80 is not self-administered by monkeys (Negus et al.

1998), does not facilitate intracranial self-stimulation (Do Carmo et al. 2009), and

does not promote dopamine efflux in the nucleus accumbens (Longoni et al. 1998),

suggesting a low abuse potential. Unlike typical antidepressants, which require

multiple administrations to generate an effect in many animal models of depression,

these DOR agonists were effective after a single, acute dose, suggesting a faster onset

of action. Although tolerance develops to some of the effects of delta agonists after a

single dose, delta agonists continue to produce antidepressant-like effects after

repeated administration (Jutkiewicz et al. 2005a; Saitoh et al. 2008; Nozaki et al.

2014).

Due to the efficacy of electroconvulsive therapy (ECT) in treating depression in

humans, it was hypothesized that DOR agonist-induced convulsions were required

for their antidepressant-like effects, similar to that produced by other convulsive

agents such as metrazol or insulin-induced seizure. DOR agonist-induced convul-

sions consist of brief, nonlethal, generalized seizure activity, are naltrindole-

sensitive, and absent in DOR knockout mice (Comer et al. 1993; Broom et al.

2002b; Jutkiewicz et al. 2006b). Broom et al. (2002b) showed that pretreatment

with the short acting benzodiazepine midazolam blocked (+)BW373U86-induced

convulsions without affecting (+)BW373U86-induced antidepressant-like effects.

By slowing the rate at which SNC80 was administered, Jutkiewicz et al. (2005b)

eliminated the convulsive effects of SNC80 while maintaining its antidepressant-

like effects. Additionally, they were able to elicit convulsions without observable

antidepressant-like effects in the forced swim test in rats at a dose of 1 mg/kg

SNC80 via rapid (20 s) intravenous infusions. Moreover, tolerance to the convul-

sive effects of delta opioid agonists develops after a single administration, whereas

the antidepressant-like effects remain after chronic administration. Taken together,

these data suggest that delta opioid agonist-induced convulsions do not drive or

induce their antidepressant-like effects.

In recent years, nonpeptidic DOR agonists that do not produce convulsions

have been developed. Promisingly, several of these drugs have demonstrable

antidepressant-like effects in animal models. (�)-NIH 11082 ((�)-(1R,5R,9R)-

5,9-dimethyl-20-hydroxy-2-(6-hydroxyhexyl)-6,7-benzomorphan hydrochloride)

decreased immobility in the mouse tail suspension test, although this effect was

not as robust as that observed with the tricyclic antidepressant desipramine (Naidu

et al. 2007). In addition, (�)-NIH 11082 produced antidepressant-like effects

without stimulating locomotor activity or eliciting convulsions. The reduction in

immobility was reversed by naltrindole in a dose-dependent manner, but not by

receptor subtype selective doses of naltrexone (mu) or nor-BNI (kappa), suggesting

that the antidepressant-like effects of (�)-NIH 11082 are DOR-mediated. (�)-NIH
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11082 did not substitute for morphine or exacerbate withdrawal symptoms in

morphine-dependent monkeys, further indicating lack of activity at the MOR

(Aceto et al. 2007). Surprisingly, Traynor et al. (2005) found that (�)-NIH 11082

bound the DOR with low affinity and had little to no efficacy in a [35S]GTPγS
assay. These findings suggest that (�)-NIH 11082 may exert its antidepressant-like

effects via an allosteric or indirect means, though the exact mechanism has yet to be

determined.

UFP-512 (H-Dmt-Tic-NH-CH(CH2-COOH)-Bid) is a systemically active pepti-

domimetic and is effective in multiple animal models of depression. In the mouse

forced swim test, UFP-512 produced significant decreases in immobility time when

administered intraperitoneally or intracerebroventricularly (Vergura et al. 2008).

Tolerance to these effects is likely to be minimal as this reduction in immobility

was maintained in mice after 7 days of UFP-512 treatment i.p. (Aguila et al. 2007).

In an open field test, UFP-512 did not significantly alter the locomotor activity in

mice at doses capable of reducing immobility in the forced swim test, suggesting

that the antidepressant-like effects of UFP-512 are not due to any stimulant

properties of the compound (Vergura et al. 2008). In the rat forced swim test,

i.p. administration of UFP-512 significantly reduced immobility without signifi-

cantly altering climbing and swimming behaviors (Vergura et al. 2008; Kabli et al.

2014). Kabli et al. also demonstrated that injection of UFP-512 bilaterally into the

rat nucleus accumbens was sufficient to reduce immobility in the forced swim test

and reduces the latency to drink milk in a novelty-induced hypophagia assay.

Interestingly, these effects could be blocked with either the delta opioid antagonist

naltrindole or the mu opioid antagonist CTOP, suggesting that both delta andMORs

are required for the antidepressant-like effects of UFP-512 or that the doses used for

intra-accumbens injections were nonselective. There are no reports of UFP-512

eliciting convulsions.

ADL5859 (N,N-diethyl-4-(5-hydroxyspiro[chromene-2,40-piperidine]-4-yl)
benzamide) significantly reduced immobility and increased swimming when

administered at 3 mg/kg orally in a rat forced swim test (Le Bourdonnec et al.

2008). These antidepressant-like effects were not accompanied by any convulsions,

hyperlocomotion, or stereotypy in rats or mice at doses up to 1 g/kg. In addition, no

EEG disturbances were observed in rats at doses up to 30 mg/kg i.v. When given

concurrently, ADL5859 and the kappa opioid antagonist LY2444296 produced a

synergistic antidepressant-like effect in the mouse forced swim test (Huang et al.

2016). ADL5859 passed phase I clinical trials and was evaluated in human clinical

trials for the treatment of rheumatoid arthritis and neuropathic pain but was not

found effective (Spahn and Stein 2016). To this point, studies evaluating ADL5859

as a treatment for depression in humans have not been conducted.

AZD2327 (4-{(R)-(3-Aminophenyl)[4-(4-fluorobenzyl)-piperazin-1-yl]

methyl}-N,N-diethylbenzamide) has been shown to be effective in a number of

models of anxiety and depression. During the avoidance phase of a learned help-

lessness test, a rodent model of depression, AZD2327 significantly reduced the

number of escape failures by rats previously exposed to inescapable shock (Hudzik

et al. 2011). Pairs of rats treated with AZD2327 spent significantly more time
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engaging in social interaction compared to vehicle treated pairs. In a model of acute

anxiety, AZD2327 blocked the increase in norepinephrine release in the medial

prefrontal cortex typically observed after delivery of a footshock. No tolerance to

this effect developed even after 21 days of AZD2327 administration. In a modified

Geller-Seifter conflict test in rats, AZD2327 increased response rates during the

suppressed component of the test without altering responses in the unsuppressed

component. Pretreatment with the delta opioid antagonist naltrindole blocked the

AZD2327-induced reversal of suppressed response rate, suggesting that the anxio-

lytic effects of AZD2327 are mediated by the DOR (Hudzik et al. 2011).

AZD2327 also possesses stimulant activity as it dose-dependently increased

locomotor activity in rats in an open field test. However, the dose necessary to

stimulate locomotor activity was threefold to tenfold higher than that required to

generate antidepressant-like and anxiolytic effects, so it is unlikely that the results

in those experiments were confounded by the stimulant properties of AZD2327.

Like SNC80 and (+)BW373U86, AZD2327 readily produces convulsions in mice,

dogs, and primates (Hudzik et al. 2014). Preclinical and phase I studies suggest that

maintaining plasma levels of AZD2327 below 15 ng/mL minimizes the incidence

of these convulsive events (Richards et al. 2016). Interestingly, there was no

evidence of convulsions in rats treated with AZD2327 alone; however, it did

lower the threshold for pentylenetetrazole-induced clonic seizures in rats (Hudzik

et al. 2011). In a small pilot study of patients with anxious major depressive

disorder, 7 of 12 patients responded to AZD2327 while only 3 of 9 responded to

placebo (Richards et al. 2016). This study was terminated early by the company

purportedly due to business strategy reasons, and was therefore underpowered and

did not find a significant drug effect. Nevertheless, AZD2327 showed some thera-

peutic promise and was well tolerated with no seizures or changes in epileptiform

activity.

KNT-127 (1,2,3,4,4a,5,12,12a-octahydro-2-methyl-4aβ,1β-([1,2]benzenomethano)-

2,6-diazanaphthacene-12aβ,17-diol) is structurally similar to TAN67 (see Table 1) and

has been extensively investigated in animal models of depression and anxiety. In the

mouse forced swim test, KNT-127 significantly decreased immobility and increased

swimming behavior without affecting overall locomotor activity or eliciting convul-

sions (Saitoh et al. 2011). These antidepressant-like effects of KNT-127 were reversed

by the DOR selective antagonist naltrindole as well as the putative delta 2 opioid

receptor antagonist naltriben. Daily injections of 5 mg/kg KNT-127 did not affect the

ability of acute administration of 3 mg/kg KNT-127 to reduce immobility in the mouse

forced swim test suggesting that chronic administration of KNT-127 does not induce

tolerance to its antidepressant-like effects (Nozaki et al. 2014). Furthermore, daily

administration of KNT-127 significantly decreased hyperemotionality scores in

olfactory-bulbectomized rats throughout the 14-day test period (Gotoh et al. 2016).

KNT-127 has also been shown to have strong anxiolytic properties. In an

elevated plus maze test, KNT-127 dose-dependently increased the amount of time

rats spent in the open arms of the maze. Rats treated with KNT-127 also spent

significantly more time in the light in a light/dark test and more time in the center

space in an open field test (Saitoh et al. 2013). In each of these models, the effects of
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Table 1 Chemical structures of representative delta opioid receptor agonists
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KNT-127 were blocked by both naltrindole and the putative delta 2 opioid receptor

antagonist naltriben indicating that the anxiolytic effects of KNT-127 are mediated

by DORs (Saitoh et al. 2013; Sugiyama et al. 2014).

Microdialysis analysis after i.p. administration of KNT-127 in male Sprague-

Dawley rats revealed increases in dopamine and L-glutamate release within the

striatum, nucleus accumbens, and medial prefrontal cortex, all of which are brain

regions where the DOR is highly expressed (Tanahashi et al. 2012). Decreases in

GABA release were also observed in the nucleus accumbens and medial prefrontal

cortex. Interestingly, these KNT-127-induced changes in neurotransmission were

blocked by the putative delta 1 opioid receptor antagonist 7-benzylidenenaltrexone

(BNTX) but not by the putative delta 2 opioid receptor antagonist naltriben.

Therefore it is unclear as to whether these changes in neurotransmitter release are

responsible for the mood enhancing effects of KNT-127 because naltriben was

capable of blocking the antidepressant-like and anxiolytic effects of KNT-127 in

behaving rodents whereas BNTX was not.

Overall, DOR agonists produce antidepressant-like effects in a number of animal

models. These effects are DOR-mediated and are not dependent on convulsive or

stimulant activity. However, the mechanism responsible for the antidepressant-like

effects of DOR agonists is under investigation.

4 Possible Mechanisms of Action

Although monoamines, namely dopamine, norepinephrine, and serotonin, play a

well-established role in regulating emotion and cognition (Robbins and Arnsten

2009), the etiology of depression likely goes beyond deficiencies in the levels of

these neurotransmitters in the brain. There are two primary problems with the

monoamine deficiency hypothesis of depression. First, although clinically used

antidepressants typically take weeks to achieve a therapeutic effect, they block

reuptake and/or metabolism of monoamines within hours or days of first use.

Second, loss of serotonin or norepinephrine does not readily cause depression in

healthy controls suggesting that monoamine deficiency is not sufficient to produce

depression. Therefore, alternatives to the monoamine hypothesis of depression have

been put forward.

One such hypothesis proposes that depression is caused by dysfunction of

glutamatergic neurotransmission. Excess glutamate leads to neurotoxicity and this

loss of neurons is thought to promote a depressive phenotype. Many clinical studies

have shown elevated levels of glutamate in depressed patients that are reduced after

antidepressant treatment (for review see Sanacora et al. 2012). In addition, low

doses of the noncompetitive NMDA receptor antagonist ketamine have been shown

to elicit rapid antidepressant-like effects in human patients (Monteggia and Zarate

2015) and animal models (Browne and Lucki 2013). These effects last for up to

2 weeks after a single dose of ketamine suggesting a synaptic plasticity-mediated

mechanism.
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The interactions between the delta opioid and glutamatergic systems are not well

characterized and differ across brain regions. The peptidic delta agonist DPDPE

enhanced the glutamate content of intrastriatal dialysate (Billet et al. 2004), but also

inhibited glutamate release in the rat anterior cingulate cortex (Tanaka and North

1994) and the amygdala of morphine treated rats (Bie et al. 2009). SNC80 has been

found to increase glutamate release in rat striatum (Bosse et al. 2014). UFP-512

decreased glutamate release in the rat substantia nigra (Mabrouk et al. 2009).

KNT-127 increased glutamate release within the striatum, nucleus accumbens,

and medial prefrontal cortex of male Sprague-Dawley rats (Tanahashi et al.

2012). Further research is needed to characterize the role of glutamate in eliciting

DOR-mediated antidepressant-like effects.

Another putative mechanism for the actions of antidepressant drugs is through

upregulation of brain derived neurotrophic factor (BDNF). BDNF is a member of

the neurotrophin family of growth factors and promotes the growth, survival, and

differentiation of neurons. Many studies have shown that stress decreases BDNF

expression and promotes cell death in brain regions that regulate mood (Duman

2003; Lee and Kim 2010). Serum levels of BDNF in depressed patients are

significantly lower compared to healthy controls (Bocchio-Chiavetto et al. 2010).

In postmortem studies, BDNF expression was decreased in the hippocampus and

prefrontal cortex of depressed patients and suicide victims (Dwivedi et al. 2003;

Karege et al. 2005). Furthermore, antidepressant treatment has been shown to

increase BDNF expression in preclinical and clinical studies (Duman 2003; Lee

and Kim 2010).

There are few reports examining the effects of DOR agonists on BDNF. DPDPE

increased BDNF mRNA expression in the rat frontal cortex (Torregrossa et al.

2006) while (+)BW373U86 increased BDNF mRNA expression in the hippocam-

pus, amygdala, and frontal cortex (Torregrossa et al. 2004). For both drugs, these

changes were naltrindole-sensitive and occurred at doses that also produced

antidepressant-like effects in the forced swim test. Interestingly, upregulation of

BDNF in response to delta opioid agonists was observed before increases could be

observed with traditional antidepressants, suggesting a faster onset of action.

Elevated levels of BDNF mRNA in the frontal cortex persisted after 8 days of

daily (+)BW373U86 injections but returned to basal levels after 21 days of treat-

ment indicating tolerance to this effect (Torregrossa et al. 2005). AZD2327 signifi-

cantly increased BDNF expression in the rat hippocampus but not in the frontal

cortex and plasma BDNF levels remained unchanged (Richards et al. 2016).

AZD2327 also failed to alter plasma BDNF levels in human patients, albeit in a

small, underpowered cohort (Richards et al. 2016). Taken together, these data

suggest that BDNF expression may correlate with the antidepressant actions of

delta opioid agonists, although future studies should examine whether BDNF plays

a causal role in mediating these effects.

Little is known about the intracellular signaling molecules and pathways

involved in DOR-mediated antidepressant-like effects. Regulator of G protein

signaling 4 (RGS4), a negative modulator of G protein signaling that accelerates

Gα-mediated GTP hydrolysis, was implicated in the regulation of DOR-mediated
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antidepressant-like effects when loss of RGS4 potentiated the decreases in immo-

bility produced by a single dose of SNC80 in the mouse forced swim test (Stratinaki

et al. 2013). Recently, loss of RGS4 was found to functionally increase the

therapeutic index of SNC80 by improving the potency of SNC80 to induce

antidepressant-like effects in the mouse forced swim test without altering SNC80-

induced convulsions (Dripps et al. 2017). These data suggest that DOR-mediated

antidepressant-like effects in the forced swim test are generated via a G protein-

dependent signaling mechanism. It is possible that RGS proteins other than RGS4

modulate DOR-induced convulsive effects. Alternatively, this specific DOR-

mediated behavior may be generated by a G protein-independent, arrestin-mediated

signaling mechanism (Violin 2014). Previous studies have demonstrated that DOR

activation leads to signaling through G protein-dependent and -independent

pathways (Bradbury et al. 2009; Charfi et al. 2014, 2015). However, there are few

reports connecting these distinct signaling mechanisms to specific behavioral

outputs (Chiang et al. 2016; Pradhan et al. 2016).

In summary, depression is a serious and intractable psychiatric disease that is

not adequately treated with current therapies. DOR agonists have been shown to

produce antidepressant-like effects in a variety of animal models for depression.

The convulsive activity of several DOR agonists has heretofore limited their

clinical utility; however, the development of DOR agonists that do not produce

convulsions should allow for more thorough testing in humans. Although some

DOR agonists alter glutamatergic neurotransmission and others upregulate BDNF

expression, consistent with modern hypotheses on the etiology of depression, the

mechanism by which DOR-mediated antidepressant-like effects are generated is

not known and should be investigated further. At the intracellular level,

DOR-mediated behaviors are likely generated via distinct intracellular signaling

pathways. Determining the signal transduction mechanisms that give rise to

DOR-mediated behaviors is critical for the development of DOR drugs with

improved safety and clinical utility and future work should be devoted to

elucidating these pathways.
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Abstract

Delta opioid receptors (DORs) are heavily involved in alcohol-mediated pro-

cesses in the brain. In this chapter we provide an overview of studies

investigating how alcohol directly impacts DOR pharmacology and of early

studies indicating DOR modulation of alcohol behavior. We will offer a brief

summary of the different animal species used in alcohol studies investigating

DORs followed by a broader overview of the types of alcohol behaviors

modulated by DORs. We will highlight a small set of studies investigating the

relationship between alcohol and DORs in analgesia. We will then provide an

anatomical overview linking DOR expression in specific brain regions to differ-

ent alcohol behaviors. In this section, we will provide two models that try to

explain how endogenous opioids acting at DORs may influence alcohol

behaviors. Next, we will provide an overview of studies investigating certain

new aspects of DOR pharmacology, including the formation of heteromers and

biased signaling. Finally, we provide a short overview of the genetics of the

DORs in relation to alcohol use disorders (AUDs) and a short statement on the

potential of using DOR-based therapeutics for treatment of AUDs.

Keywords

Alcohol use disorder • Delta opioid receptor • Pharmacology • Behavioral

models • Genetics • Medication development • Enkephalin

1 Direct Impact of Alcohol on Delta Opioid Receptor
Pharmacology

Acute and chronic alcohol exposure can impact DOR pharmacology on several

different levels: (1) by changes to endogenous opioid levels, (2) changes in DOR

expression level, or (3) modifying affinity or potency of endogenous and exogenous

ligands for DORs in particular brain regions. Acute alcohol exposure has been

shown to reduce the affinity of DOR by various mechanisms. Hiller and Hoffman

have demonstrated that alcohol and other aliphatic alcohols selectively inhibit the

binding of enkephalins, the DOR preferring endogenous opioids, to DOR binding

sites as observed by a reduction in the affinity or by an increase in the ligand’s

dissociation rate (Hiller et al. 1984; Hoffman et al. 1984). This reversible inhibition

may result from the cell membrane perturbation by alcohols since the potency of

inhibitory effect and the degree of membrane disorganization are correlated with

the alcohol chain length (Hiller et al. 1984). Acute alcohol treatment also decreases
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the binding of the DOR agonist [3H]DPDPE, agonist-stimulated [35S]GTPγS bind-

ing, and rate of receptor internalization in brain tissue or in N18TG2 cells

expressing mouse DOR (Khatami et al. 1987; Gomes et al. 2000; Tabakoff and

Hoffman 1983). However, the effects of acute alcohol on DOR pharmacology may

be more pronounced when directly administered to the tissue as brains from rats

with prior exposure to a single dose of alcohol did not exhibit changes in DOR

affinity (Jorgensen and Hole 1986).

While the effects of acute alcohol exposure may be detectable only in vitro,

chronic alcohol exposure has been reported to modify DOR affinity and expression

both in cell lines and in animal tissue. Chronic alcohol exposure in neuronal cell

lines endogenously expressing DORs has been reported to increase DOR levels

(Charness et al. 1983, 1986, 1993) in part due to increasing DOR mRNA levels

(Charness et al. 1993; Jenab and Inturrisi 1994). Ex vivo, functional studies on brain

tissue from chronic alcohol-exposed rats found decreased DOR agonist-stimulated

[35S]GTPγS binding in the alcohol-exposed rats compared to controls, possibly as a

consequence of receptor internalization and phosphorylation (Saland et al. 2004). A

small number of studies have reported minor changes in DOR affinity, expression,

and/or functionality with chronic alcohol exposure (Lucchi et al. 1984, 1985;

Sim-Selley et al. 2002). On the other hand, several studies found that chronic

alcohol exposure increased DOR expression levels, either without affecting affinity

(Rossi et al. 1988) or while slightly decreasing affinity (Hynes et al. 1983). In vivo

experiments have also found evidence for increased expression of DORs after

chronic alcohol exposure (van Rijn et al. 2012a; Bie et al. 2009). Some of the

differential DOR expression in response to chronic alcohol exposure may be

ascribed to different species, strains, or age of animals, specific brain regions

studied, and alcohol intake paradigms (e.g., duration, dose/concentration used).

Previous studies have shown that young rats express higher levels of DORs than

older rats (Rossi et al. 1988; Nielsen et al. 2012a). The influence of stress, for

example, stress induced by alcohol withdrawal (Becker 2012), may be another

factor that can impact DOR expression in some of the animal models. It has been

shown that stressful events can increase DOR expression (Margolis et al. 2011;

Commons 2003; Nielsen et al. 2012b), whereas stress prior to alcohol consumption

may prevent an increase in DOR affinity for DPDPE (Przewlocka and Lason 1990).

2 Initial Behavioral Evidence for a Role of Delta Opioid
Receptors in Alcohol Use

Initial behavioral evidence for an interventional role of opioid receptors in alcohol

use came from studies using the nonselective opioid receptor antagonists naloxone

(Froehlich et al. 1991) and naltrexone (Le et al. 1993). In order to identify which of

the opioid receptor subtypes is involved in alcohol consumption, various groups

have tested antagonists selective for different subtypes of opioid receptor. Beta-

funaltrexamine, an irreversible mu-opioid receptor (MOR) antagonist, did not

decrease alcohol consumption at a dose previously shown to antagonize various

effects of morphine (Le et al. 1993). On the other hand, selective DOR antagonists,
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ICI 174,864 and naltrindole, did reduce voluntary alcohol consumption

(Le et al. 1993). ICI 174,864 is a peptide and thus susceptible to endogenous

proteases (Cotton et al. 1984), whereas naltrindole is a nonpeptide small molecule,

which has a longer period of effectiveness in vivo (Portoghese et al. 1988, 1990).

Naltrindole also has greater potency, selectivity, and binding affinity for DOR than

ICI 174,864 (Portoghese et al. 1990) and is therefore more commonly used as a tool

to study DOR pharmacology. However, naltrindole has been reported to decrease

saccharin intake as well as alcohol consumption, suggesting that intake of sweet

solutions may also release endogenous opioids (Krishnan-Sarin et al. 1995a). Stud-

ies using the enkephalinase inhibitor thiorphan provided another line of support for

a role of DORs in alcohol intake. Thiorphan, by enhancing endogenous activation

of DORS through their ability to increase enkephalin tone, can elevate alcohol

intake in rats (Froehlich et al. 1991). To better understand the mechanism of action

behind the opioid modulation of alcohol intake, Widdowson and Holman looked at

alcohol’s effect on dopamine release in the brain. Basal dopamine release from

striatal slices is dose-dependently increased in the presence of DOR agonist. Bath

application of alcohol onto the striatal slices raised the dopamine level in a dose-

dependent manner. This effect is reversible by the use of the DOR antagonist ICI

174,864, linking this response to DORs (Widdowson and Holman 1992).

Additional data supporting a role for DORs in alcohol consumption came from

studies performed by de Waele et al. (1996, 1997) using a portacaval anastomosis

(PCA) model in rats. In this model, a cirrhosis-like state was induced using portal-

systemic shunts causing portal-systemic encephalopathy (de Waele et al. 1996).

PCA rats exhibited enhanced voluntary alcohol consumption compared to sham

controls, and PCA rats also had a reported increased density of DORs in the nucleus

accumbens (de Waele et al. 1996). These increases in alcohol consumption due to

PCA are also reversible by the use of naloxone (de Waele et al. 1997).

3 Use of Preclinical Animal Models to Study the Role
of Delta Opioid Receptors in Alcohol Use Disorders

Delta opioid receptors form a novel target to treat AUDs. In order to develop novel

DOR therapeutics, DOR-selective ligands need to be tested in preclinical animal

models. To properly interpret results of DOR modulation of alcohol behaviors in

animal models, it is important to understand pharmacological differences and

similarities between the animal species used. The species most commonly used in

preclinical studies are mice, rats, and primates. Reports have identified modulation

of alcohol behaviors in all three species by DOR-selective drugs. Additionally,

certain strains of mice and rats are known to prefer alcohol more than other

substrains (Belknap et al. 1993; Yoneyama et al. 2008; Simms et al. 2008). Several

research groups have selectively bred mice and rats to either prefer or not prefer

alcohol including high- and low-alcohol-preferring (HAP, LAP) mice (Grahame

et al. 1999), Finnish Alko alcohol and non-alcohol (AA, ANA) rats (Eriksson

1968), high- and low-alcohol-drinking (HAD, LAD) rats (Li et al. 1993), and

202 D. Alongkronrusmee et al.



Sardinian alcohol-preferring and alcohol-non-preferring (sP, sNP) rats (Fadda

et al. 1989). Opioid and enkephalin expressions can differ within these species

(Nylander et al. 1994). Alcohol-preferring C57BL/6 mice show higher DOR

expression in brain regions mediating drug reward compared to low-alcohol-pre-

ferring DBA/2 mice (deWaele and Gianoulakis 1997). The more alcohol-preferring

C57BL/6J mice expressed met-enkephalin at lower levels than the less alcohol-

preferring C57BL/N mice (Blum et al. 1982). This may in part be due to increased

enkephalinase activity in C57BL/6 mice (George et al. 1991). It is important to note

that several studies using selectively bred alcohol-preferring AA rats did not find

DOR antagonists (naltrindole, Me2-Dmt-Tic-OH, and ICI 174,864) to decrease

alcohol intake (Hyytia 1993; Honkanen et al. 1996; Ingman et al. 2003). Only two

studies were identified that have investigated DORmodulation of alcohol behaviors

in primates. A study in rhesus monkeys (Williams and Woods 1998) did not find

that naltrindole modulated alcohol intake. In squirrel monkeys MOR agonists were

found to be more effective than DOR agonists in attenuating the discriminative

stimulus of alcohol, although the DOR agonist SNC80 was able to increase the

discriminative stimulus effects of low-to-intermediate doses of alcohol (Platt and

Bano 2011).

4 Delta Opioid Receptor Modulation of Alcohol Behaviors

There are many facets to what constitutes as well as what causes AUDs. In order to

understand the therapeutic potential of a drug target in the treatment of AUDs, it is

important to model these different aspects of alcohol use. The therapeutic potential

of DORs has been studied in a diverse set of alcohol paradigms, which we will try to

summarize here.

4.1 Volitional Alcohol Intake

Alcohol use in rodents is frequently studied using a two-bottle choice paradigm, in

which mice or rats are given a choice between water and alcohol with a certain

percentage, usually in the range of 1–20%, for a specified period of time per day.

Frequently these studies are performed under a reversed light cycle to enable the

animals to drink the alcohol during their active cycle (drink in the dark, DiD

paradigm). It has been shown that DOR antagonists like ICI 174,864, naltrindole

and naltriben, and SoRI-9409 can reduce voluntary alcohol intake in these models

(Krishnan-Sarin et al. 1995a, b; Franck et al. 1998; Nielsen et al. 2008; Henderson-

Redmond and Czachowski 2014). In a similar mouse model, the DOR agonist

TAN-67 has also been reported to decrease alcohol intake (van Rijn and Whistler

2009), whereas the DOR agonist SNC80 increased alcohol consumption (van Rijn

et al. 2010). Some studies however report not finding that naltrindole significantly

decreases volitional alcohol intake in rodents (van Rijn and Whistler 2009;

Stromberg et al. 1998). This may be due to differences in endogenous opioid tone
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based on the age, genetic background, and alcohol history of the animals tested. For

example, naltrindole was found to decrease alcohol intake when, during alcohol

exposure, no water is available (Kim et al. 2000).

4.2 Taste Aversion

The bitter taste of alcohol can serve as a deterrent for alcohol use. Behavioral

models exist that measure palatability of alcohol using a taste-reactivity test in

which animals are monitored for their physical response when they come in contact

with alcohol. Relatively high dose of naltrindole can cause alcohol taste aversion

and reduce alcohol intake in rats (Higley and Kiefer 2006; Froehlich et al. 1998).

However, it remains to be seen whether naltrindole-induced taste aversion would be

a viable strategy to promote alcohol cessation considering the high dose necessary

to accomplish this effect.

4.3 Alcohol Uptake and Metabolism

Delta opioid receptor agonists were not shown to interfere with alcohol uptake from

the stomach or modify alcohol metabolism (van Rijn and Whistler 2009; Chiang

et al. 2016).

4.4 Loss of Righting Reflex

High doses of alcohol will cause sedation. In rats microinjections of the DOR

antagonist ICI 174,864 in the periaqueductal gray (PAG), nucleus accumbens

(NAcc), and septum decreased alcohol-induced loss of righting reflex, suggesting

a role for endogenous opioids in alcohol-induced sedation (Widdowson 1987).

4.5 Behavioral Sensitization

Repeated use of drugs of abuse and alcohol can cause behavioral sensitization, i.e.,

a stronger behavioral response compared with that observed during the first expo-

sure. Repeated alcohol exposure can lead to sensitized alcohol-induced locomotion.

Several studies have shown that this type of behavioral sensitization can be blocked

by a MOR but not a DOR antagonist (Arias et al. 2010; Pastor and Aragon 2006;

Pastor et al. 2005).

4.6 Motivated Responding for Alcohol

In animals trained to lever press for alcohol, naltrindole did not reduce responding

on the alcohol-paired lever in mice (Middaugh et al. 2000), rats (Spanagel 1996), or
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monkeys (Williams andWoods 1998). However, in infant rats or alcohol-preferring

rats, the DOR antagonists (naltrindole or naltriben) can decrease alcohol responding

(Henderson-Redmond and Czachowski 2014; Hyytia and Kiianmaa 2001; June

et al. 1999; Miranda-Morales et al. 2012). These results again highlight how

experimental factors can affect the ability to observe DOR modulation of alcohol

behaviors.

4.7 Conditioned Place Preference

Alcohol, at nonsedating doses, can cause release of dopamine from dopaminergic

ventral tegmental area (VTA) neurons. This dopamine is thought to valuate alcohol as

a pleasurable and rewarding substance worth seeking (Mirenowicz and Schultz 1996;

Brodie et al. 1999; Bromberg-Martin et al. 2010). A commonly used paradigm to

study the rewarding properties of drugs is the conditioned place preference (CPP) test

(Tzschentke 1998). In rats the expression of alcohol-induced CPP could also be

blocked by naltrindole (Gibula-Bruzda et al. 2015). In C57BL/6 mice the expression

of alcohol CPP can be blocked by the DOR agonist SNC80 but can be slightly

enhanced by another DOR agonist TAN-67 (van Rijn et al. 2012b). This corresponds

with earlier findings showing that SNC80 increases but TAN-67 decreases alcohol

consumption (van Rijn andWhistler 2009; van Rijn et al. 2010). Van Rijn et al. (2010)

proposed that, by reducing the rewarding effects of alcohol, mice treated with SNC80

will need to drink more alcohol to obtain the same rewarding effects they would

normally obtain when drinking alcohol. Not only can DOR agonists modulate alcohol

CPP, alcohol exposure can also impact CPP of DOR agonists. Mitchell et al. found

that rats exposed to alcohol, but not alcohol-naı̈ve rats, displayed conditioned place

preference to the DOR2 agonist deltorphin II (2014). It has been shown that stress

(induced by foot shock) increases the rewarding properties of alcohol, which can be

blocked by naltrindole, suggesting the involvement of endogenous enkephalins. In this

paradigm TAN-67 enhanced stress-induced alcohol place preference (Matsuzawa

et al. 1998, 1999), consistent with the finding that TAN-67 enhances alcohol CPP

(van Rijn et al. 2012b).

4.8 Reinstatement of Alcohol-Seeking Behavior

Like other types of drug addiction, alcoholism is characterized as a chronic relapsing

condition. One method of studying alcohol relapse is to train mice to self-administer

alcohol followed by a period of abstinence and then use either drugs, stress, or

contextual cues to reinstate alcohol-seeking behavior. In this paradigm the DOR

antagonists naltrindole and SoRI-9409were able to inhibit drug seeking in rats (Nielsen

et al. 2012b; Ciccocioppo et al. 2002; Marinelli et al. 2009). Reinstatement can also be

measured in a CPP paradigm. A study by Gibula-Bruzda et al. found that the enkepha-

lin derivative cUENK6 (cyclo[Nε,Nbeta-carbonyl-D-Lys2,Dap5] enkephalinamide)

could reinstate alcohol CPP in a naltrindole reversible manner (2015).

Delta Opioid Pharmacology in Relation to Alcohol Behaviors 205



4.9 Alcohol Withdrawal-Induced Seizures

One of the well-known consequences of alcohol withdrawal is the occurrence of

potentially life-threatening seizures (Becker et al. 1997; McKeon et al. 2008). Even

though both DOR agonists (van Rijn and Whistler 2009; van Rijn et al. 2010,

2012b, 2013) and DOR antagonists (Nielsen et al. 2008, 2012b; Krishnan-Sarin

et al. 1995a, b; June et al. 1999) are considered possible options for reducing

alcohol use, a potential limiting side effect of some DOR agonists is that they can

produce seizures in naı̈ve animals (Broom et al. 2002a, b; Dykstra et al. 1993;

Jutkiewicz et al. 2006; Negus et al. 1998; Yajima et al. 2000). However, this is not

the case for all DOR agonists (Naidu et al. 2007; Saitoh et al. 2011). It is thus more

encouraging than surprising that certain DOR agonists are able to reduce alcohol

withdrawal-induced audiogenic seizures (Kotlinska and Langwinski 1986). Given

that enkephalin levels are decreased during alcohol withdrawal (Borg et al. 1982),

the use of DOR agonists to prevent alcohol withdrawal-induced seizures can be

considered a form of replacement therapy.

5 Impact of Alcohol Use and Withdrawal on Delta Opioid
Receptor-Mediated Analgesia

Certain doses of alcohol produce analgesia (Woodrow and Eltherington 1988),

potentially through the release of endogenous opioids. Indeed alcohol-induced

thermal analgesia can be blocked by opioid receptor subtype-selective antagonists

(Campbell et al. 2007). Additionally, alcohol exposure can modulate opioid-

induced antinociception. For example, chronic but not acute alcohol consumption

decreases thermal analgesic potency of MOR (morphine) and DOR (DSLET)

agonists without changes in opioid receptor expression or affinity in both brain

and spinal cord (Shah et al. 1997).

Recent studies have revealed that, under naı̈ve conditions, DORs are selectively

expressed in nonpeptidergic pain circuits that regulate mechanical sensitivity,

whereas MORs are localized in peptidergic pain circuits that process thermal

nociception (Scherrer et al. 2009). Van Rijn and coworkers have illustrated that

chronic alcohol may increase DOR cell surface expression in the spinal cord

neurons modulating thermal pain (van Rijn et al. 2012a). The newly translocated

DORs could potentially modulate MOR analgesia by forming a DOR-MOR

heteromeric complex (van Rijn et al. 2012a; Milan-Lobo et al. 2013; He

et al. 2011) or potentially by competing for downstream mediators or by synergistic

cross talk (Overland et al. 2009; Rowan et al. 2014). Given that alcohol dependence

and alcohol withdrawal can induce a state of hyperalgesia (Egli et al. 2012; Dina

et al. 2008; Gatch 2009; Jochum et al. 2010) and upregulate DOR cell surface

expressions, DORs may serve as a promising target to treat hyperalgesia caused by

alcoholic neuropathy or alcohol withdrawal. Yet, surprisingly few studies have

investigated the role of opioid receptors in the mechanism by which alcohol

dependence modulates analgesia. Further investigations are thus needed to
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understand how DORs and other opioid receptor subtypes impact the dynamic

process of alcohol modulation of pain states.

6 Neuroanatomical Analysis of Delta Opioid Receptor-
Induced Modulation of Alcohol Behaviors

The dopaminergic neurons in the VTA play a central role in the mechanism of

action of drugs of abuse and alcohol (Pierce and Kumaresan 2006; Koob and

Volkow 2010). VTA dopaminergic neurons project to the NAcc, striatum, prefron-

tal cortex, hypothalamus, amygdala, and hippocampus (Fields et al. 2007). Studies

using autoradiography and in situ hybridization or using a transgenic DOR receptor

linked to a green fluorescent protein (DOR-eGFP) have provided evidence that

DORs are expressed in these important brain areas (de Waele and Gianoulakis

1997; Dilts and Kalivas 1990; Goodman et al. 1980; Codd et al. 2010; Kitchen

et al. 1995; Mansour et al. 1987; Blackburn et al. 1988; Shivers et al. 1986; Harlan

et al. 1987; Le Moine et al. 1994; Mansour et al. 1994; Erbs et al. 2015). Different

studies have investigated the role of DORs on alcohol behaviors in each of these

brain regions. Here we summarize the unique functions of DORs in these brain

regions in relation to alcohol behaviors (Fig. 1).

Fig. 1 Impact of local modulation of DORs on alcohol behaviors. In the ventral tegmental area

(VTA), the DOR agonist DPDPE decreases and the DOR antagonist TIPPψ increases alcohol

intake (Margolis et al. 2008), although naltrindole reportedly had no effect (Hyytia and Kiianmaa

2001). The DOR agonist SNC80 increases and the DOR antagonist naltrindole decreases alcohol

intake in the dorsal striatum (Nielsen et al. 2012a). In the nucleus accumbens (NAcc), the DOR

agonist DALA increases alcohol intake (Barson et al. 2009) and naltrindole decreases alcohol

intake (Hyytia and Kiianmaa 2001) and alcohol-induced dopamine release (Acquas et al. 1993),

whereas the DOR antagonist ICI 174,864 attenuates alcohol-induced loss of righting reflex

(Widdowson 1987). Naltrindole decreases alcohol intake (Hyytia and Kiianmaa 2001) and alcohol

place preference (Bie et al. 2009) in the amygdala. The DOR agonist DALA increases alcohol

intake (Barson et al. 2010) in the paraventricular nucleus (PVN) but decreases alcohol intake

(Chen et al. 2013) in the perifornical lateral hypothalamus (PF/LH). Naltrindole injection in the

ventral pallidum (VP) does not modulate alcohol intake (Kemppainen et al. 2012)
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6.1 Ventral Tegmental Area

Opioid receptors located on presynaptic GABA terminals in the VTA are well

known for their ability to disinhibit dopaminergic neurons upon activation (Fields

et al. 2007; Fields and Margolis 2015). It is known that rats will lever press to

receive intra-VTA infusions of not only morphine and other MOR agonists but also

DOR agonists (Devine and Wise 1994). This indicates that DORs, like MORs, play

a role in drug reinforcement of opioid self-administration. Interesting evidence of

DOR function modulating dopamine release from VTA neurons came from a study

investigating the use of acupuncture in alcohol withdrawal. Alcohol withdrawal

increases the excitability of the VTA GABA neurons (Zhao 2008), which can be

reduced by acupuncture in rats in a naltrindole reversible manner (Yang

et al. 2010), suggesting that acupuncture releases DOR-selective endogenous

opioids in the VTA. Studies by the Fields group have provided important insight

into the role of DORs in alcohol consumption. Margolis et al. found that low-

alcohol-drinking rats exhibited stronger DOR inhibition of GABAA signaling in

VTA slices. In these low-alcohol-drinking rats, intra-VTA injection of a DOR

agonist decreased alcohol intake, whereas injection of the DOR antagonist TIPP-

ψ significantly increased alcohol intake in low but not in high-alcohol-drinking rats

(Margolis et al. 2008). This result could explain how microinjection of naltrindole

in the VTA of alcohol-preferring rats and high-alcohol-drinking Wistar rats did not

affect alcohol intake (Hyytia and Kiianmaa 2001). It appears that rats that are more

anxious, more stressed, and/or more intoxicated by alcohol express higher levels of

DORs in the VTA (Margolis et al. 2011; Mitchell et al. 2012). It remains uncertain

how translatable the findings of an association between DOR expression and stress

levels in alcohol-consuming rodents are to humans as results from PET study using

the DOR radiotracer in alcohol-dependent patients found no correlation between

[11C] methyl-naltrindole-binding potential and cortisol or adrenocorticotropin (Wand

et al. 2013).

6.2 Nucleus Accumbens

The nucleus accumbens plays a critical role in processes of drug reinforcement and

stress (Marinelli et al. 2005). Mesolimbic dopamine projections connecting the

VTA with the NAcc also play a facilitatory role in alcohol self-administration. The

DOR agonist deltorphin II directly infused into the NAcc has been shown to mimic

the effect of alcohol-induced dopamine release (Acquas et al. 1993). This effect can

be inhibited by using naltrindole, suggesting that endogenous opioids are involved

and that DORs are locally expressed on the terminals of dopaminergic neurons, as

previously suggested by Borg and Taylor (Borg and Taylor 1997). Microinjection

of naltrindole into the NAcc also decreases alcohol responding in alcohol-

preferring Wistar rats (Hyytia and Kiianmaa 2001). Several studies have reported

that DOR and enkephalin expressions are lower in the NAcc of alcohol-preferring

animals compared to alcohol-non-preferring subjects (Soini et al. 1998; Fadda
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et al. 1999; Strother et al. 2001). However, alcohol exposure can increase

pro-enkephalin (Mendez and Morales-Mulia 2006) and enkephalin mRNA levels

in the NAcc of the alcohol-preferring but not of the alcohol-non-preferring animals

(Nylander et al. 1994; Marinelli et al. 2005; Mendez et al. 2010; Li et al. 1998).

Despite release of endogenous opioids upon alcohol use, Turchan found no changes

in DOR expression in the NAcc and striatum after access to 1–6% alcohol over a

1-month period (Turchan et al. 1999). It seems that genotype has a substantial

influence on whether or not alcohol exposure increases endogenous opioid levels in

the NAcc and whether those endogenous opioids will impact DOR expression

levels or can be effectively blocked by a DOR antagonist to modulate alcohol

responding.

6.3 Striatum

Already early on, DORs in the striatum were identified to modulate dopamine

release (Dourmap et al. 1990; Petit et al. 1986). These striatal DORS are involved

in the dynamic interplay between alcohol and the delta opioidergic system. For

example, acute alcohol can increase met-enkephalin levels in the striatum

(Seizinger et al. 1983; Schulz et al. 1980). Prolonged alcohol exposure on the

other hand decreases met-enkephalin levels in the striatum of rats (Seizinger

et al. 1983; Schulz et al. 1980), but will return to baseline after withdrawal (Schulz

et al. 1980). However, in mice, relatively short access to 7% alcohol did not have a

large effect on DOR expression or activity in the striatum (Shen et al. 1997). Still, in

rats, endogenous opioids acting on DORs in the striatum are suggested to increase

alcohol intake. For example, microinfusions of naltrindole into the dorsal striatum

inhibit alcohol intake in Long-Evans rats, whereas microinjection of the DOR

agonist SNC80 increases alcohol intake (Nielsen et al. 2012a). While striatopallidal

neurons are known to contain enkephalins, naltrindole injection into the ventral

pallidum did not affect alcohol intake in AA rats (Kemppainen et al. 2012).

6.4 Hypothalamus

The paraventricular nucleus (PVN) of the hypothalamus plays a coordinating role with

regard to neuroendocrine responses. The PVN neurons are involved in stress manage-

ment and appetitive behavior and are innervated by enkephalinergic fibers (Beaulieu

et al. 1996). It has been shown that dietary fat releases endogenous opioids in the PVN

(Chang et al. 2007a). Alcohol similarly increases enkephalin levels in the PVN (Chang

et al. 2007b). In an apparent positive feedback loop, direct microinjection of the DOR

agonist DALA in the PVN increases alcohol intake (Barson et al. 2010). The actions of

this feedback loop were also apparent by findings showing that ingestion of a fatty

meal can increase alcohol intake (Carrillo et al. 2004). Interestingly, microinjection of

DALA in the perifornical lateral hypothalamus decreases alcohol intake. This may be

caused by local inhibition of orexin function in the perifornical lateral hypothalamus

that indirectly controls opioid action in other brain areas (Chen et al. 2013).
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6.5 Amygdala

The amygdala is important for processing fearful as well as rewarding stimuli (Koob

and Volkow 2010; Janak and Tye 2015). Studies have revealed that in the absence of

DORs, alcohol increasesGABAA inhibitory postsynaptic currents (IPSCs) in the central

amygdala. This effect could also be mimicked using a DOR antagonist (Kang-Park

et al. 2007). These results suggest that in wild-type mice, alcohol causes release of

endogenous enkephalins in the central amygdala that block GABA release by acting on

inhibitory coupled DORs. On the other hand, the DOR agonist DPDPE could decrease

GABA IPSCs (Kang-Park et al. 2007). Interestingly, functional DORs in the central

amygdala are only detectable in alcohol-exposed, but not naı̈ve, rats (Bie et al. 2009).

This may be an underlying reason whymicroinjection of naltrindole in the amygdala of

alcohol-preferring Wistar rats can decrease alcohol responding (Hyytia and Kiianmaa

2001). Microinjection of naltrindole into the central amygdala could also decrease

alcohol-conditioned place preference in rats (Bie et al. 2009), highlighting the important

role of DORs in reward processing in the amygdala of alcohol-dependent subjects.

7 Role of Enkephalins and Endogenous Opioids on Delta
Opioid Receptor Modulation of Alcohol Use

Endogenous opioids are thought to play an important role in the development of

AUDs. Two hypotheses exist describe the association between endogenous opioids

and alcohol use. The “opioid compensation hypothesis of alcoholism” presumes

that subsequent alcohol intake can compensate a lack of endorphinergic activity

during alcohol withdrawal (Ulm et al. 1995). The second hypothesis which we will

call the “opioid reward hypothesis of alcoholism” proposes that alcohol-increased

release of endogenous opioids in response to alcohol can enhance dopamine release

in the NAcc by disinhibiting dopaminergic neurons (Cowen and Lawrence 1999).

7.1 The “Opioid Compensation Hypothesis of Alcoholism”

This hypothesis is supported by evidence showing that intracerebroventricular

injection of met-enkephalin into rat brains decreases alcohol consumption

(Ho and Rossi 1982). Additionally, increased enkephalinase activity is associated

with increased alcohol consumption (George et al. 1991). Chronic alcohol con-

sumption seems to decrease levels of met-enkephalin in the striatum of Sprague-

Dawley rats (Lucchi et al. 1984; Nylander et al. 1994; Cowen and Lawrence 1999).

Lower levels of met-enkephalin in the nucleus accumbens (NAcc) and lower levels

of leu-enkephalin in the VTA have been observed in alcohol-preferring AA rats and

C57BL/6J mice relative to alcohol-avoiding ANA rats and C57BL/6N mice

(Nylander et al. 1994; Blum et al. 1982). Alcohol has been shown to elevate levels

of met-enkephalin in these rats, which may, in turn, regulate its reinforcement

(Nylander et al. 1994). The mRNA expression of preproenkephalin in the striatum
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and NAcc of alcohol-preferring FH rats has also been demonstrated to be lower than

that of alcohol-non-preferring WKY rats (Cowen et al. 1998).

7.2 The “Opioid Reward Hypothesis of Alcoholism”

This hypothesis is supported by the fact that medications used to manage alcohol

dependence such as the nonselective opioid antagonist Revia® (naltrexone) block

the effects of endogenous opioids released by alcohol intake (Benjamin et al. 1993;

Gonzales and Weiss 1998; Zalewska-Kaszubska et al. 2006; Zalewska-Kaszubska

et al. 2008). The selective DOR antagonists naltrindole and naltriben, which block

endogenous opioids binding to DORs, have been reported to decrease alcohol

consumption (Krishnan-Sarin et al. 1995a, b; van Rijn and Whistler 2009). Concor-

dantly, elevated endogenous enkephalin tone using the enkephalinase inhibitor

thiorphan (Froehlich et al. 1991), microinjection of enkephalin analogues into

mesolimbic and hypothalamic regions (Barson et al. 2009, 2010), or microinjection

of SNC80 in rat striatum (Nielsen et al. 2012a) increases alcohol consumption. It

has been suggested that alcohol-induced endogenous opioid peptide release may

counteract the aversive effects of alcohol and ultimately lead to high alcohol

drinking (Froehlich et al. 1991).

7.3 Potential Reasons for the Bidirectional Effect of Enkephalins
on Alcohol Behaviors

It appears that the role of the endogenous opioid system in alcohol reward is still not

unequivocally understood. Interpretation of studies investigating the role of the

endogenous opioid system in alcohol behaviors may be complicated by anxiety

(Mitchell et al. 2012; Roberts et al. 2001) or stress (Pohorecky et al. 1999)

mechanisms, dissimilar distribution patterns of enkephalins in the brain (Lugo

et al. 2006), or a joint action of enkephalins and beta-endorphin (Tseng

et al. 2013). The DORs have been implicated in modulating anxiety-like behavior;

for example, DOR KO mice are reported to have enhanced anxiety-like behavior

relative to wild-type mice (Filliol et al. 2000), and DOR agonists can reduce

anxiety-like behavior (van Rijn et al. 2010; Saitoh et al. 2013). The anxiety-like

response in DOR KO mice can be reversed by the self-administered alcohol

(Roberts et al. 2001). The increased anxiety-like state of the DOR KO mice could

be a major reason why DOR KO mice show increased alcohol intake and alcohol

self-administration (van Rijn andWhistler 2009; Roberts et al. 2001), a result which

would not have been predicted based on the observed decrease in alcohol intake by

several DOR antagonists. In addition to anxiety, stress may also modulate DOR

responses by potentiating the effect of DOR agonists (Pohorecky et al. 1999).

Despite no changes in alcohol consumption or alcohol place preference between

preproenkephalin knockout and wild-type mice (Koenig and Olive 2002), stress-

induced alcohol intake was decreased in preproenkephalin knockout mice,
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suggesting the importance of stress in the interpretation of these results (Racz

et al. 2008). Thus it may be difficult to dissociate the individual contribution of

opioids, anxiety, stress, and dopamine from each other for their effect on the

reinforcing effects of alcohol (Cowen and Lawrence 1999; Herz 1997). Further-

more, alcohol exposure does not unidirectionally alter enkephalin levels throughout

the brain. Lugo et al. found that alcohol exposure increased met-enkephalin levels

in the VTA, but decreased them in the central nucleus of the amygdala (2006).

Moreover, even though the single enkephalin or endorphin knockout mice did not

show altered alcohol CPP, mice lacking both enkephalins and beta-endorphin

exhibited a decrease in alcohol-induced CPP when compared to wild-type controls,

suggesting that alcohol may at least exert its rewarding action through a joint action

of enkephalins and beta-endorphin (Tseng et al. 2013). These results are supported

by data showing that only a high dose of naloxone that blocks both DORs and

MORs attenuates alcohol CPP (Tseng et al. 2013).

8 Impact of Heteromerization and Biased Signaling
of the Delta Opioid Receptor on Alcohol Use

Before the DOR was cloned, suggestions of the existence of two DOR subtypes had

appeared based on differential behavioral responses of a set of DOR agonists and

DOR antagonists. Responses that were induced by DPDPE and blocked by

7-benzylidenenaltrexone were labeled DOR1, whereas effects stemming from

deltorphin II activation that could be blocked by naltriben were labeled DOR2.

However, the pharmacology of these DOR subtypes has been difficult to reproduce

in vitro and remains unclear (van Rijn et al. 2013). Still that hasn’t prevented

researchers from investigating how these DOR subtype-selective compounds mod-

ulate alcohol behaviors. Initial studies showed that the DOR2-selective antagonist

naltriben could reduce alcohol intake in rats (Krishnan-Sarin et al. 1995b) and in

mice (van Rijn and Whistler 2009). Interestingly, there appears to be a dichotomy

between DOR subtype-selective ligands and their ability to modulate alcohol intake

as the DOR1 agonist reduces alcohol intake in mice (van Rijn and Whistler 2009).

DOR1 and DOR2 modulate alcohol intake through different mechanisms as

coadministration of naltriben and TAN-67 synergistically decreased alcohol intake

(van Rijn andWhistler 2009). Margolis and coworkers found that the DOR1 agonist

DPDPE when injected into the VTA decreased alcohol intake in rats (Margolis

et al. 2008). Later, van Rijn et al. reported that the DOR-selective agonist SNC80

increased alcohol intake in mice and labeled this as a DOR2 response (van Rijn

et al. 2010). This was confirmed by data showing that intra-striatal microinjection

of SNC80 in rats led to an increase in alcohol consumption (Nielsen et al. 2012a).

The opposing alcohol modulatory responses of TAN-67 and SNC80 were con-

firmed in alcohol CPP studies (van Rijn et al. 2012b). A similar distinction in DOR1

and DOR2 modulation of alcohol behavior came from a CPP study by Mitchell

et al. showing that alcohol-exposed rats displayed CPP for the DOR2 agonist
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deltorphin II CPP, but not the DOR1 agonist DPDPE when the drugs were injected

directly into the VTA (Mitchell et al. 2014).

Three hypotheses, which are not necessarily mutually exclusive, have been

proposed to explain the DOR subtypes: the “location hypothesis,” the “receptor

hypothesis,” and the “drug hypothesis.” The “location hypothesis” originates from

findings that in the VTA DOR1 actions are primarily presynaptic, whereas DOR2

effects are most likely both pre- and postsynaptic (Margolis et al. 2011). Moreover,

Mitchell et al. have proposed that alcohol exposure can change expression and

function of the presynaptic DORs with time (Mitchell et al. 2012).

The “receptor hypothesis” suggests that the existence of the DOR subtypes

arises through receptor dimerization. More precisely DOR1 is a DOR-MOR

heteromer, whereas DOR2 are DOR homomers. Transgenic studies using knockout

animals revealed that the effects of TAN-67 on alcohol intake, but not those of

naltriben, were abolished in MOR KO mice (van Rijn and Whistler 2009). Both

compounds were ineffectual in DOR KO mice (van Rijn and Whistler 2009).

The “drug hypothesis” proposes that differences in ligand-induced signal trans-

duction pathways underlie the differential responses of DOR agonists and

antagonists. This hypothesis is based on the notion of biased G protein-coupled

receptor signaling, where certain drugs may only activate G-proteins, while other

drugs solely signal by recruiting beta-arrestins (McDonald et al. 2000; Miller and

Lefkowitz 2001). A very recent publication has shown that there is a very strong

correlation between the degree of beta-arrestin 2 recruitment and the ability of a

DOR-selective drug to decrease or increase alcohol intake (Chiang et al. 2016).

Chiang et al. proposed that SNC80 and drugs with similar chemical structures

increase alcohol intake in mice because of their strong degree of beta-arrestin

2 recruitment. On the other hand, TAN-67 is a very weak recruiter of beta-arrestin

2 and decreases alcohol intake in a mechanism that is not beta-arrestin 2 dependent

(Chiang et al. 2016), most likely G-protein mediated.

9 Genetic Variations in the Delta Opioid Receptor and Its
Association with Alcohol Dependence

It has been well documented that certain mice strains consume more alcohol than

others (Belknap et al. 1993; Yoneyama et al. 2008). Scientists have performed

genetic studies aimed at finding genes that are associated with increased alcohol

intake in hopes of translating these findings to human studies. For example, C57BL/

6 mice more readily consume alcohol than DBA/2J mice (Belknap et al. 1993;

Yoneyama et al. 2008). A study performing quantitative trait locus (QTL) analysis

on these two strains of mice found that a QTL for taste aversion was, among several

other genes on multiple chromosomes, in close proximity of the DOR gene

(Risinger and Cunningham 1998). However, to our knowledge no studies have

investigated if the DOR gene of C57BL/6 mice contains different single nucleotide

polymorphisms (SNPs) than those found in DBA/2J mice. The rise of CRISPR

technology would make it easier to change a C57BL/6 DOR SNP, if it were to exist,
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into the DBA/2J counterpart and vice versa and observe alcohol behaviors. Another

study in mice found that the C320T polymorphism (Ala107Val) in exon 2 of the

DOR gene conferred higher alcohol preference to CT heterozygous mice compared

to homozygous CC mice (Sacharczuk et al. 2014). The C320T SNP was more

prevalent in mice selectively bred to experience limited swim stress-induced

analgesia that tend to have lower opioid receptor system activity, but enhanced

basal and stress-induced alcohol drinking (Sacharczuk et al. 2008), suggesting that

the C320T SNP may be partially responsible for these phenotypical changes in

behavior. Interestingly the Ala107Val mutation in the DOR changes the analgesic

potency of the DOR agonist SNC80 (Sacharczuk et al. 2010). In humans a relatively

common point mutation in the MOR gene (A118G/Asn40Asp) has been linked with

affecting the effectiveness of Revia® (naltrexone) in treatment-seeking patients

suffering from AUDs, although clinical evidence is not uniform (Gelernter

et al. 2007; Oslin et al. 2003). Therefore, a number of genetic studies have

investigated SNPs in the DOR and their relation to naltrexone efficacy, as well as

their correlation with alcohol and substance use disorders. One study found a

significant interaction between the DOR SNP (rs4654327) and naltrexone-induced

reduction in alcohol craving and stimulatory effects (Ashenhurst et al. 2012).

However other studies reported that alcohol-dependent males carrying one of

three DOR SNPs (rs1042114, rs2234918, rs678849) did not significantly impact

naltrexone therapeutic efficacy (Gelernter et al. 2007). Two of those SNPs

(rs2234918, rs678849) also did not alter the therapeutic efficacy of the opioid

antagonist nalmefene in heavy drinkers (Arias et al. 2008). A linkage study

identified the DOR gene as a candidate gene for heavy alcohol use (Hansell

et al. 2009). Indeed a couple of studies identified a specific haplotype (G/C/A/A/

C/T), consisting of six alleles (rs1042114, rs678849, rs2298896, rs12749204,

rs2234918, rs204076) to be a potential risk factor for AUDs (Zhang et al. 2008)

as well as haplotypes of DOR SNPs (rs2298896, rs12749204, rs2236857, rs421300)

with MOR SNPs to associate with AUDs in European Americans (Li and Zhang

2013). However, most studies investigating SNPs in the DOR gene have not found

significant associations with AUD. For example, the rs2234918 SNP which is a

silent mutation (C921T/Gly307Gly) in the DOR gene was shown by two research

groups not to be associated with increased alcohol dependence (Franke et al. 1999;

el Loh et al. 2004). Another study investigating a population of European

Americans found no positive association between 11 individual DOR SNPs and

AUD (Zhang et al. 2008). Further studies that included several more DOR SNPs, as

well as single-point mutations in the preproenkephalin gene, did not find genetic

association with AUDs in large cohort of alcohol-dependent European Americans

(Xuei et al. 2007). Despite the limited association between human DOR SNPs and

AUDs, DOR SNPs (rs1042114, rs678849, rs2236857, and rs581111) and

preproenkephalin SNPs (rs1437277, rs1975285, and rs2609997) have been

associated with opioid/heroin and cocaine use disorders (Zhang et al. 2008; Xuei

et al. 2007; Crist et al. 2013; Nelson et al. 2014).
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10 Therapeutic Potential of DOR Agonists for Treatment
of Alcohol Use Disorders

Alcohol, enkephalins, and DORs are dynamically linked making drugs that target

DORs interesting therapeutics for treatment of AUDs. Interestingly both DOR

antagonists and agonists are capable of decreasing alcohol intake. Yet, we hypoth-

esize that “DOR1”-selective agonists like TAN-67 are the most suitable option for

developing efficacious therapy for alcohol dependence (van Rijn et al. 2013). In

particular DOR agonists have anxiolytic-like, antidepressive-like, and

antinociceptive properties (van Rijn et al. 2013; Pradhan et al. 2011), which

would help reduce alcohol relapse (George et al. 2008; Heilig et al. 2010; Sinha

and Li 2007). Whether TAN-67 is particularly effective because it has limited beta-

arrestin2 efficacy (Chiang et al. 2016) or it can preferentially engage DOR-MOR

heteromers (van Rijn and Whistler 2009), or both, remains under investigation.

While certain DOR agonists may decrease seizure threshold (Broom et al. 2002a, b;

Dykstra et al. 1993; Jutkiewicz et al. 2006; Negus et al. 1998; Yajima et al. 2000),

several DOR agonists are available that have limited to no observable seizure

activity at therapeutic dose (Naidu et al. 2007; Saitoh et al. 2011). Moreover,

DOR agonists may have less abuse potential, based on several reports showing

absence or limited place preference (van Rijn et al. 2012b; Mitchell et al. 2014;

Suzuki et al. 1996).

The variability in alcohol behaviors observed with DOR agonists and

antagonists is most likely due to the dynamic nature of the relationship between

alcohol and the delta opioid system. In mouse and rat models, there appears to be

important differences in DOR functionality depending on age, genotype, environ-

mental factors (e.g., stress), and history of alcohol exposure. We believe there is a

great potential for DOR-selective drugs to be beneficial in the treatment of AUDs.

However, at this point in time, only a handful of studies have modulated DORs in

primates to investigate the impact on alcohol behavior. Given the weak association

of DOR SNPs with alcohol-dependent patients, it is crucial to perform more

primate studies to obtain a better sense of the translatability of the rodent findings.

In particular studies using primates with a history of alcohol use and/or in a subset

of high-alcohol-drinking primates will be valuable additions to the current knowl-

edge on DOR modulation of alcohol behavior.
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Abstract

Delta opioid receptor (DOR) displays a unique, highly conserved, structure and

an original pattern of distribution in the central nervous system, pointing to a

distinct and specific functional role among opioid peptide receptors. Over the

last 15 years, in vivo pharmacology and genetic models have allowed significant

advances in the understanding of this role. In this review, we will focus on the
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involvement of DOR in modulating different types of hippocampal- and striatal-

dependent learning processes as well as motor function, motivation, and reward.

Remarkably, DOR seems to play a key role in balancing hippocampal and

striatal functions, with major implications for the control of cognitive perfor-

mance and motor function under healthy and pathological conditions.

Keywords

Associative learning • Drug–context associations • GPR88 • Hippocampus •

Procedural learning • Striatum

1 Introduction

The opioid receptors belong to the large family of G-protein-coupled receptors

(GPCRs) and include four members: mu (MOR), delta (DOR), and kappa (KOR)

opioid receptors as well as the opioid receptor-like nociceptin/orphanin FQ receptor

(NOP/ORL1). Four genes encode these receptors: Oprm1, Oprd1, Oprk1, and Oprl1.
Endogenous opioid ligands, namely enkephalins, dynorphins, and endorphins, derive

from large precursor proteins encoded by three genes, Penk, Pdyn, and Pomc, respec-
tively. The Pnoc gene encodes nociceptin/orphanin FQ, the endogenous ligand of

NOP/ORL1.

Among opioid receptors, DORs display a highly conserved sequence of amino

acids across vertebrate species, especially within transmembrane and intracellular

domains. This is particularly true among mammals, for which differences in the

372-amino acid sequence occur essentially at the C-terminus level. Resulting

variability in the number of phosphorylation sites suggests quantitative differences

in the recruitment of intracellular signaling pathways. Such remarkable conservation

of DOR sequence in mammalian species points to a strong selection pressure for this

receptor, and highly preserved functions between species. When comparing DOR

sequences between non-mammals and mammals, a major divergence can be found in

the extracellular loops and the N-terminus domain. These differences indicate that a

shift in DOR function has probably occurred during the evolution from non-mammals

to mammals. Furthermore, differences at extracellular domains suggest that DOR

interacts with different extracellular partners (ligands) in these animals.

Regarding intracellular signaling, DOR activation stimulates the Gi/Go-

associated pathway (Childers 1991), which inhibits cAMP production (Pei et al.

1995), recruits β-arrestins (Cen et al. 2001), activates signaling kinases such as ERK
and src (Shahabi et al. 1999; Zhang et al. 1999), inhibits voltage-gated calcium

channels (Buzas et al. 1998), and opens inward rectifying K+ channels (Kovoor et al.

1997). DORs are then internalized (Ko et al. 1999) and recycled or degraded in

lysosomes (Tsao and von Zastrow 2000). The recently resolved crystal structure of

the human DOR reveals the presence of a sodium ion pocket, with sodium ions

acting as positive allosteric modulators of the receptor (Fenalti et al. 2014). Interest-

ingly, this sodium binding pocket would play a role in β-arrestin signaling, which

suggests that fine tune signaling of DORs could be more complex than initially

stated.
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2 Brain Expression of the Delta Opioid Receptors: Hints
for Multiple Roles in Brain Function

DORs are broadly expressed in the brain. Their distribution was assessed using

either in situ hybridization (ISH) to localize neuronal cell bodies expressing Oprd1
transcripts or ligand autoradiography and fluorescent DORs (DOR-eGFP) to detect

the receptors themselves. In this review, we will focus on ISH data to provide a

summarized view of cerebral DOR distribution, based on the literature (Mansour

et al. 1993, 1994, 1995) and open resources (Allen Brain Atlas: http://www.brain-

map.org/), having in mind that experimental data show only few mismatches

between DOR mRNA and protein distribution (Erbs et al. 2015; Kitchen et al.

1997; Pradhan and Clarke 2005; Scherrer et al. 2006; Slowe et al. 1999). Interest-

ingly, the general pattern of DOR distribution appears highly informative regarding

the multiple roles proposed for these receptors in brain function (Fig. 1).

Oprd1 transcripts are prominently expressed in cortical regions, including whole

neocortex (frontal, parietal, temporal, and occipital), where expression is preferen-

tially detected in median layers, cortical regions of the amygdala (basolateral,

cortical, and medial nuclei – BLA, CoA, and MeA, respectively), claustrum (Cl),

endopiriform (En), and entorhinal (Ent) cortices, subiculum (S), presubiculum

(PrS), and parasubiculum (PaS) as well as dorsal and ventral hippocampus (HPC)

and dentate gyrus (DG). This is consistent with previously demonstrated implica-

tion of DORs in high order cognitive functions, such as decision-making and

associative learning (Laurent et al. 2015; Le Merrer et al. 2013) and emotional

processes such as anxiety (Filliol et al. 2000; Perrine et al. 2006).

In the subcortical forebrain, hotspots of Oprd1 expression are found in the

medial septum (MS) and diagonal band of Broca (ventral: VDB and horizontal:

HDB, see Fig. 1) and striatum (caudate putamen and nucleus accumbens – CPu and

NAc, respectively), with a remarkable punctiform distribution strikingly matching

this of mRNAs coding for choline acetyltransferase (Chat), an enzyme necessary

for the synthesis of acetylcholine (Ach). Puncta of high Oprd1 mRNA levels in

these regions indeed correspond to cholinergic interneurons (CINs) (striatum) or

projecting cholinergic neurons (MS, VDB, and HDB) (Bertran-Gonzalez et al.

2013; Gazyakan et al. 2000; Le Moine et al. 1994; Scherrer et al. 2006). In the

striatum, however, Oprd1 expression is not restricted to these puncta, in agreement

with expression in other cell types (Jiang and North 1992; Scherrer et al. 2006).

Expression in the MS and diagonal band of Broca suggests that DOR activity can

fine-tune cholinergic projections to the HPC, further supporting a role in associative

(spatial) learning. High levels of Oprd1 transcripts in striatal regions point to a role
of DORs in locomotion, motor coordination, motor skill learning and impulsivity

(CPu), motivation and reward (NAc). Interestingly, a third region enriched in

Oprd1 transcripts is the pons, with high levels of expression detected in the pontine
nucleus (PN) and adjacent reticulotegmental nucleus (RtTg). These two nuclei

receive information from the motor regions of the cortex and project to the deep

cerebellar nuclei (CrbN, where Oprd1 mRNA expression is also high), which in

turn project to the cerebellar cortex (CrbCx, whereOprd1 transcripts are detected in
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Fig. 1 Distribution of Oprd1 transcripts in the brain. Intensity of expression varies from low

(blue) to high (red) (see scale for intermediate colors). In striatal regions, septum and diagonal

band, red dots depict particularly high level of expression in cholinergic neurons. Abbreviations:
3N oculomotor nucleus, 4N trochlear nucleus, 6N abducens nucleus, 7N facial nucleus, 10N dorsal

motor nucleus of vague, 11N accessory nucleus, 12N hypoglossal nucleus, Amb ambiguus nucleus,

AON anterior olfactory nucleus, APT anterior pretectal nucleus, Arc arcuate hypothalamic nucleus,

Ath anterior thalamus, BLA basolateral nucleus of the amygdala, BNST bed nucleus of the stria

terminalis, CeA central nucleus of the amygdala, CGPN central gray of the pons, CI claustrum,

CIC central nucleus of the inferior colliculus, CnF cuneiform nucleus, CoA cortical nucleus of the

amygdala, CPu caudate putamen, CrbCx cerebellar cortex, CrbN cerebellar deep nuclei, Cu
cuneate nucleus, DG dentate gyrus, DMH dorsomedial nucleus of the hypothalamus, DpMe
deep mesencephalic nucleus, DR dorsal raphe nucleus, DTg dorsal tegmental nucleus, En
endopiriform cortex, Ent entorhinal cortex, FrCx frontal cortex, Gi gigantocellular reticular

nucleus, GP/VP globus pallidus/ventral pallidum, Hb habenbula, HDB nucleus of the horizontal

limb of the diagonal band, HPC hippocampus, IC inferior colliculus, Icj islands of Calleja, InC
interstitial nucleus of Cajal, IO inferior olive, IP interpeduncular nucleus, LC locus coeruleus,

LDTg laterodorsal tegmental nucleus, LG lateral geniculate nucleus, LH lateral hypothalamus, LL
lateral lemniscus, LRt lateral reticular nucleus, LS lateral septal nucleus, MB mammillary bodies,

MCPO magnocellular preoptic nucleus, MD mediodorsal nucleus of the thalamus, ME medial

eminence, MeA medial nucleus of the amygdala, MG medial geniculate nucleus, MnR median

raphe nucleus, Mo5 motor trigeminal nucleus, MS medial septal nucleus, Mve medial vestibular

nucleus, NAc nucleus accumbens, NTS nucleus tractus solitarius,OB olfactory bulbs,Ocx occipital
cortex, Pa4 paratrochlear nucleus, PAG periaqueductal gray, PaS parasubiculum, PBN
parabrachial nucleus, PCx parietal cortex, Pe periventricular nucleus of the hypothalamus, PH
posterior nucleus of the hypothalamus, Pir piriform cortex, Pn pontine nuclei, Pnr pontine

reticular nucleus, PO paraolivary nucleus, Po posterior thalamic nuclear group, PPTg
pedunculopontine tegmental nucleus, PR prerubral field, Pr5 principal sensory trigeminal nucleus,

PrS presubiculum, PV paraventricular nucleus of the thalamus, PVN paraventricular nucleus of the

hypothalamus, RMC red nucleus - magnocellular part, RMg raphe magnus nucleus, RR retrorubral

nucleus, Rt reticular nucleus of the thalamus, RtTg reticulotegmental nucleus of the pons,

S subiculum, SC superior colliculus, SCh suprachiasmatic nucleus, SI substantia innominate, SN
substantia nigra, SO supraoptic nucleus, Sol nucleus of the solitary tract, Sp5 spinal trigeminal

nucleus, STh subthalamic nucleus, Su5 supratrigeminal nucleus, SuMM supramammillary nucleus,

TCx temporal cortex, TT tenia tecta, Tu olfactory tubercle, Tz nucleus of the trapezoid body, VCN
ventral cochlear nucleus, VDB nucleus of the vertical limb of the diagonal band, VM ventromedial

nucleus of the thalamus, VMH ventromedial nucleus of the hypothalamus, VPL/M ventral postero-

lateral/posteromedial nuclei of the thalamus, VTA ventral tegmental area, ZI zona incerta
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the external layer of gray matter, in the surroundings of Purkinje cells), and thus

contribute to motor control and motor skill learning. Finally, mRNAs coding for

DORs is found particularly abundant in the lateral reticular nucleus (LRt), a brain

stem nucleus receiving inputs from dorsal spinal cord and projecting to the cerebel-

lum, also critically involved in motor function (Alstermark and Ekerot 2013).

Together, these anatomical data thus suggest that DORs play a major role in

motor control.

High levels ofOprd1mRNAs are detected all along the olfactory tract, including

olfactory bulbs (OB), anterior olfactory nucleus (AON), taenia tecta (TT), piriform

cortex (Pir), olfactory tubercle (Tu), MeA, ventromedial nucleus of the hypothala-

mus (VMH) up to the Ent cortex. Such location suggests a role for DORs in odor

perception and processing. Similarly, Oprd1 transcripts are also present along the

auditory pathway, in the cochlear (CN) nucleus, in the nucleus of the trapezoid

body (Tz), the superior olivary nucleus (SO), the lateral lemniscus (LL), the inferior

colliculus (IC), and finally the medial geniculate nucleus (MG). Thus DORs are

very likely involved in the control of auditory perception and processing. In line

with a role of DORs in sensory processing, Oprd1 mRNAs can be detected

throughout the midbrain and brain stem in the origin nuclei of cranial nerves

(cranial nerve III: oculomotor nucleus – 3N; IV: trochlear nucleus – 4N; V:

motor trigeminal nucleus – Mo5, principal sensory nucleus – Pr5, spinal trigeminal

nucleus – Sp5; VI: abducens nucleus – 6N; VII: facial nucleus – 7N; X: dorsal

motor nucleus of vagus – 10N; XII: hypoglossal nucleus – 12N, but not ambiguus

nor solitarius nucleus – Amb and NTS, respectively), all parts of the parasympathic

system and thus sharing a cholinergic nature. Of note, DOR thus appears frequently

and highly expressed in cholinergic neurons. Lastly, Oprd1 mRNA can be found in

the cuneate nucleus which carries proprioceptive information from the upper body

as part of the posterior column-medial lemniscus pathway, further pointing to a

participation in sensory perception.

In the midbrain, Oprd1 transcripts are present in the substantia nigra (SN) and

ventral tegmental area (VTA), red nucleus - magnocellular part (RMC), deep

mesencephalic nucleus (DpMe), periaqueductal gray (PAG), and dorsal raphe

nucleus (DR). Among these, SN, RN, and DpMe are involved in motor control

(Rodriguez et al. 2001), VTA and DR in motivation and reward, and PAG in

anxiety and pain processing. The lowest levels of Oprd1 expression are detected

in the diencephalon. Oprd1 is expressed in the paraventricular and reticular nuclei

of the thalamus (PV), as well as zona incerta and subthalamic nucleus, another key

structure for motor control. Oprd1 transcripts are more abundant in the hypothala-

mus, with hot spots detected in the VMH and arcuate nucleus (Arc). Regions of low

but detectable expression include the magnocellular preoptic nucleus (MCPO), the

lateral, periventricular, and posterior hypothalamic nuclei (LH, Pe, and PH), the

supraoptic (SO) and supramammillary (SuMM) nuclei, and mammillary bodies

(MB). Interestingly, several of these regions are involved in the control of sexual

behavior (MCPO, LH, Pe, and VMH), endocrine function (Arc, SO, and Pe), reward

(LH and SuMM), and memory (MB), arguing for a role of DORs in these different

functions.
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Altogether, anatomical data draw a remarkable picture of DOR location in the brain,

suggestive of major roles in controlling cognitive, learning, and memory processes,

motor function, motivation, and reward, anxiety and sensory/pain processing. Interest-

ingly, this distribution pattern is original among opioid receptors, although overlaps

exist with mu and kappa opioid distributions (Erbs et al. 2015; Le Merrer et al. 2009;

Mansour et al. 1995), pointing to a unique, distinct role for DORs in brain function.

3 Delta Opioid Receptors and Place/Associative Learning

Abundant expression of DOR in the HPC and tightly connected structures such as

subiculum, Ent cortex, or septal area (Fig. 1) points towards a crucial role of these

receptors in HPC-dependent place/associative learning. Pharmacological data have

strongly supported the notion that stimulating or inactivating DORs impacts

memory performance. DOR agonists administered peripherally either facilitate

(Martinez et al. 1984; Pavone et al. 1990; Yang et al. 2003) or impair (Jutkiewicz

et al. 2003; Martinez et al. 1984; Schulteis and Martinez 1990; Ukai et al. 1997)

avoidance or operant learning, while the preferential delta antagonist ICI 174,864

improves retrieval of avoidance conditioning in mice (Ilyutchenok and Dubrovina

1995; Schulteis and Martinez 1990). These studies, however, have not addressed

the role of DORs in different learning paradigms, such as place/associative learning

versus conditioning or motor skill learning, known to rely on distinct neurobiologi-

cal mechanisms and brain substrates. Moreover, a major concern when using

pharmacology is the possible cross-reactivity of delta agonists and antagonists

with other opioid receptors, especially mu opioid receptors (Hutcheson et al.

2001; Scherrer et al. 2004). In this context, gene knockout, either total or partial,

represents a unique tool to address the physiologic role of DORs. We will summa-

rize here what the study of mice lacking the Oprd1 gene and other genetically

modified animals has taught us about the role of DOR in modulating spatial/

associative learning and memory processes and discuss about the neurobiological

substrates underlying this role. We will focus on HPC-dependent behavioral

responses, having in mind that brain regions directly or indirectly connected to

the HPC are likely to also contribute to these behaviors.

3.1 Spatial Navigation and Place Learning

We explored learning and memory abilities in mice lacking the DOR gene, Oprd1�/�

animals (Filliol et al. 2000). We used behavioral tasks known to challenge hippocam-

pal function to assess associative learning performance (Le Merrer et al. 2013). In a

three-phase novel object recognition paradigm, we evidenced thatOprd1 gene deletion
impairs selective recognition of object location and spares novel object recognition.

Such selective impairment suggests hippocampal dysfunction (Ennaceur et al. 1997;

Mumby et al. 2002; Oliveira et al. 2010). Importantly, acute peripheral administration

of the DOR antagonist naltrindole (0.3mg/kg) similarly impaired recognition of object
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location in WT mice, indicating that deficient spatial abilities in Oprd1�/� animals

result primarily from absent DOR signaling and not from developmental adaptations.

In a dual solution cross-maze task,mutant mice performed at similar levels as theirWT

counterparts but took longer to adopt an allocentric strategy, another behavioral

landmark of hippocampal dysfunction in rats and mice (Deipolyi et al. 2008; Packard

2009; Packard and McGaugh 1996). Together, these data clearly point for a crucial

role of DOR activity in mediating spatial learning and memory processes, which are

known to depend on hippocampal functional integrity.

Remarkably, behavioral data collected from a completely distinct mouse line,

animals lacking the orphan receptor GPR88 (Gpr88�/�), further support the

hypothesis of such a role for DORs. GPR88 is a striatal-enriched gene critically

involved in modulating dopamine neurotransmission and striatal physiology

(Logue et al. 2009; Quintana et al. 2012). We created a Gpr88�/� mouse line and

investigated the impact of Gpr88 gene deletion at multiple levels. We examined

several molecular and cellular end points and revealed increased [35S]-GTPγS
binding mediated by the selective delta agonist SNC-80 in the striatum of Gpr88
�/� mice, suggestive of facilitated DOR function, at least in this region. We also

explored a vast repertoire of behavioral responses in Gpr88�/� mice using exten-

sive phenotyping (Meirsman et al. 2016). We noticed that behavioral features of

these mutants remarkably oppose several aspects of Oprd1�/� mice phenotype,

notably regarding spatial navigation/learning. Indeed, when freely exploring a

Y-maze, GPR88-lacking animals showed a trend towards higher spontaneous

alternation and returned significantly less into the same arm, indicative of less

perseverative errors. In a three-phase novel object recognition paradigm, these

mutants performed better in recognizing object location. In a dual solution cross-

maze task, Gpr88�/� mice not only shifted sooner from an allocentric to an

egocentric strategy but also reached higher levels of performance thanWT controls.

Moreover, when Gpr88�/� mice were prompted to reverse their choice in the cross-

maze, and they learnt this novel rule more rapidly than control animals. Together,

the data suggest facilitated HPC-dependent place learning in mutant animals. To

test the involvement of DOR (hyper)activity in such phenotype, we evaluated

whether chronic inhibition of DORs using the antagonist naltrindole (0.3 mg/kg

subcutaneous) would normalize behavior in GPR88 null mice. During Y-maze

exploration, chronic naltrindole normalized spontaneous alternation in Gpr88�/�

mice, by increasing significantly the number of same arm returns. This result

suggests that excessive DOR signaling participates in facilitating spatial learning

in these mutants. Altogether, behavioral and pharmacological data collected from

Oprd1�/� and Gpr88�/� animals thus indicate that, under physiological conditions,

DOR activation eases spatial navigation and place learning.

3.2 Drug–Context Associations

Interestingly, deficient spatial learning in mice lacking DORs could account for

their impairment in drug-induced conditioned place preference (CPP) when spatial
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cues are prominent (Chefer and Shippenberg 2009; Le Merrer et al. 2011, 2012), by

precluding drug/context associations (Luo et al. 2011). Involvement of DOR in

drug reward and seeking will be discussed in a later Sect. 4.2.2. Place conditioning

is a form of stimulus–outcome learning commonly used to assess the motivational

effects of psychoactive drugs. It is based on the observation that animals will learn

to approach or avoid distinct spatial environments that have previously been

associated with rewarding (place preference – CPP) or aversive (place aversion)

drug effects, respectively (Cunningham et al. 2011). Others and we showed that

CPP induced by morphine administration is reduced in Oprd1�/� animals (Chefer

and Shippenberg 2009; Le Merrer et al. 2011, 2012). Accordingly, peripheral

pretreatment with the DOR antagonist naltrindole (0.3 mg/kg) before conditioning

sessions was shown to abolish morphine-induced CPP (Chefer and Shippenberg

2009). These results indicate disruptive effects of DOR blockade on morphine-

induced place conditioning. Several pieces of evidence argued at this stage for

deficient drug/context associations rather than reduced morphine reward in DOR

null mice. First, deficient place conditioning was also observed in these mutants

when using an aversive stimulus, lithium chloride injections (3 mEq/kg), indicating

that such deficit was not reward specific. Second, Oprd1�/� animals were able to

display place preference or aversion when tested under the effects of the drug used

for conditioning (morphine or lithium, respectively), signifying state dependency

(Le Merrer et al. 2011, 2012). State dependency qualifies a behavioral response that

can only be retrieved when the animal experiences the same (drug) state as during

the acquisition of this response (Overton 1978). Interoceptive drug cues (internal

state induced by drug exposure) can then function as conditioned stimuli and

contribute to contextual information together with external cues. State-dependent

morphine- or lithium-induced place conditioning in Oprd1�/� mice thus indicates

that these animals, and not their WT counterparts, need both internal and external

cues to express place preference or aversion. As long as such cues are available,

however, DOR null mice can express preference for morphine-paired environment,

indicating that they indeed experience morphine reward. Consistent with this, they

were able to acquire intravenous (Le Merrer et al. 2011) as well as intra-VTA

(David et al. 2008) morphine self-administration.

Interoceptive drug cues, interestingly, are not the only cues that DOR knockout

animals can use to overcome their deficit in place conditioning. We showed that

circadian time or auditory cues, whether predicting morphine injection or feeding

(in food-deprived animals), could also serve Oprd1�/� animals as contextual

triggers to express place conditioning (Le Merrer et al. 2012). Of note, circadian,

drug, and auditory cues share a nonspatial nature, and as such should not require

hippocampal functional integrity. These data further support our demonstration of

deficient hippocampal-dependent learning in Oprd1�/� mice by evidencing their

blunted ability to form drug–context associations and/or retrieve such associations,

and the alternative strategies they can use to express their preference. Accordingly,

place conditioning to nicotine is also impaired in DOR null animals (Berrendero

et al. 2012). No modification of cannabinoid-induced CPP was detected in these
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animals, though, possibly due to the higher number of conditioning sessions

(Ghozland et al. 2002) that may have facilitated drug/context associations.

Consistent with place conditioning data, studies investigating other types of

context-induced conditioned responses to drugs further support the hypothesis of

deficient drug–context associations in mice lacking DORs. Indeed, when Oprd1�/�

animals were reexposed to an experimental context previously paired with mor-

phine injections [see protocol in Faget et al. (2012)], they failed to demonstrate

context-induced somatic signs of withdrawal (Fig. 2). High global score in vehicle-

treated mutants likely reflected elevated basal levels of anxiety in these animals

(Filliol et al. 2000). Regarding context-induced locomotion, however, DOR null

mice, as well as mice treated with a DOR antagonist, show increased sensitization to

the locomotor effects of morphine (Chefer and Shippenberg 2009), demonstrating

preserved drug–context associations. In these experiments, however, the animals

were tested under the effects of the drug, and thus likely displayed a state-dependent

locomotor response to morphine. Conditioned activity (locomotor activity induced

by exposure to the drug-paired context, in the absence of the drug) would need to be

assessed in these animals to verify this point. Of note, increased locomotor sensiti-

zation to morphine in mutants may reflect enhanced motivation for the drug, as

suggested by increased breaking points when tested (drug-free) for extinction of

morphine self-administration (Le Merrer et al. 2011). Regarding context-induced

drug seeking, we review and discuss relative experimental data in a later Sect. 4.2.2.

Fig. 2 Conditioned signs of withdrawal from morphine in Oprd1�/� and their WT controls. The

animals (Oprd1+/+: n ¼ 8–10 per treatment, Oprd1�/�: n ¼ 8 per treatment) received daily

injections of morphine (30 mg/kg) for 6 days and were immediately placed in Plexiglas transparent

boxes, as previously described (Faget et al. 2012). Mutant mice fail to display somatic signs of

withdrawal when exposed to the morphine-paired context under drug-free conditions. Global

withdrawal score – genotype � treatment: F1,32 ¼ 758.7, p < 0.01. Grooming count – geno-

type � treatment: F1,32 ¼ 69.5, p < 0.05. Piloerection – Genotype: F1,32 ¼ 8.6, p < 0.01,

Treatment: F1,32 ¼ 7.9, p < 0.05, genotype � treatment: F1,32 ¼ 6.2, p < 0.05. Black stars
treatment effect, open stars treatment � genotype interaction
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Together, previous data concur to demonstrate that drug/context associations are

impaired in Oprd1�/� mice, likely due to hippocampal dysfunction.

3.3 Hippocampal Delta Opioid Receptors: Implications
for Associative Learning

3.3.1 Functional Role of Delta Opioid Receptors in the Hippocampus
Anatomical and pharmacological data concur to demonstrate that DORs can locally

modulate hippocampal function. These receptors are indeed abundantly expressed in

the HPC (Crain et al. 1986; LeMerrer et al. 2009;Mansour et al. 1995), in GABAergic

interneurons (Rezai et al. 2012; Scherrer et al. 2006; Svoboda et al. 1999) where they

act presynaptically to inhibit GABA release (Rezai et al. 2012; Piskorowski and

Chevaleyre 2013) and consequently favor disinhibition of principal glutamatergic

cells (Lupica 1995). Further electrophysiological studies have shown that pharmaco-

logical activation of DORs induces long-term depression of parvalbumin-expressing

GABA interneurons within CA2 (Piskorowski and Chevaleyre 2013) and inhibits the

excitatory temporoammonic pathway from the Ent cortex to CA1 (Rezai et al. 2012).

Accordingly, enkephalins, among endogenous ligands of DORs, are released in the

lateral perforant path (Chavkin et al. 1985), where DOR activation contributes to high

frequency-induced long-term potentiation (LTP), possibly by transiently reducing

GABA transmission (Bramham et al. 1991), and thus to hippocampal-dependent

learning. Furthermore, DORs also play a role in the induction of LTP in dentate granule

cells (Xie and Lewis 1995). Thus pharmacological or genetic inactivation of DORs in

the HPC seems to prevent their endogenous ligands from inhibiting GABAergic

interneurons, which makes inhibition of pyramidal cells more likely and thus reduces

probability for LTP, a plausible mechanism for impaired associative learning. Under

physiological conditions, activation of DORs in the HPC, conversely, would ease

hippocampal function and facilitate spatial/associative learning.

Interestingly, this proposition is in agreement with gene expression data showing

increased transcription of Oprd1 in the HPC of rats trained for a spatial discrimina-

tion task (Robles et al. 2003). Moreover, when reexposing DOR eGFP mice to an

environment previously paired with repeated morphine injections, we observed

somatic signs of withdrawal, indicating drug–context association, and activation

of hippocampal DORs as visualized by their internalization in vivo (Faget et al.

2012). These experiments unravel a recruitment of hippocampal DORs during the

processing of spatial cues.

3.3.2 Delta Opioid Receptors and Hippocampal Gene Expression
To identify potential molecular mechanisms underlying impaired associative

learning in Oprd1�/� mice, we quantified the expression of 67 genes of interest

in the dorsal HPC of mutants as compared to wild-type controls using quantitative

real-time Polymerase Chain Reaction (qRT-PCR). Interestingly, transcript levels of

Grin1 and Grin2a, coding for GluN1 (NR1) and GluN2A (NR2A) subunits of

NMDA glutamate receptors, respectively, were low in Oprd1�/� mice (Le Merrer
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et al. 2013). These two subunits are crucial for spatial learning in mice (Bannerman

et al. 2008; Korotkova et al. 2010; Place et al. 2012). We also detected low

hippocampal mRNA levels of several genes known for their enriched expression

in medium spiny neurons (MSNs – Bcl11b/Ctip2, Arpp21, Foxp1, Gpr6, Hpca,
Pde10a, Penk, Pdyn, and Tac1). Among them, Pdyn, Penk, and Tac1 code for

neuropeptides (dynorphin, enkephalin, and substance P, respectively) participating

in the control of hippocampal activity (McDermott and Schrader 2011; McQuiston

2011; Ogier et al. 2008). Bcl11b/Ctip2 is involved in postnatal neurogenesis and

granule cell differentiation, and its deletion in the forebrain impairs spatial learning

(Simon et al. 2012). Hpca encodes a calcium binding protein, hippocalcin, that

contributes to neuronal plasticity (Jo et al. 2010). The functional roles of Arpp21,
Foxp1, Gpr6, and Pde10a in the HPC have not been explored yet or remain poorly

understood (Giralt et al. 2013) despite demonstrated expression in this structure

(low for Gpr6, see Allen Brain Atlas). In contrast, increased expression of several

genes such as Grm1 (coding metabotropic glutamate receptors, mGluR1) and Chat
(coding for the Ach synthesizing enzyme choline acetyltransferase) may reflect

compensative processes aiming at restoring hippocampal function (Aiba et al.

1994). Together, these data indicate that DOR deletion significantly impacts gene

expression in the dorsal HPC, and these transcriptional modifications likely con-

tribute to impair hippocampal function in mutant mice.

We similarly explored gene transcription in the dorsal CA1 of Gpr88�/� mice.

Gpr88 expression is too low to be detected in the HPC (Allen Brain Atlas).

Nevertheless, deletion of this gene resulted in modified levels of transcripts for a

few genes in the CA1: expression of Ache (coding the Ach degrading enzyme

acetylcholinesterase) was downregulated, whereas expression of Gabra4 (alpha4

subunit of the GABA receptor), Foxp1 (forkhead box P1), Wfs1 (wolframin), and

Oprd1 was upregulated (Meirsman et al. 2016). Interestingly, decreased levels of

acetylcholinesterase (Hasselmo and Sarter 2011) and increased expression of

wolframin (Kitamura et al. 2014; Sutt et al. 2010) may contribute to facilitate

HPC-dependent associative learning in Gpr88�/� mice. Most importantly,

increased Oprd1 expression could also contribute to this facilitation, in agreement

with augmented transcription in the HPC of rats trained for a spatial task (Robles

et al. 2003). Moreover, pharmacological blockade of DORs normalized spatial

alternation rates in Gpr88�/� mice, pointing to excessive DOR activity in these

animals as an underlying mechanism of their increased spatial memory perfor-

mance, although involvement of striatal DORs should not be excluded. In conclu-

sion, these data provide further evidence for a crucial role of hippocampal DORs in

underlying spatial/associative learning processes.

3.3.3 Extra-Hippocampal Delta Opioid Receptors and Associative
Learning

Not only DORs in the HPC can play a role in modulating HPC-dependent place and

associative learning but also DORs in other brain regions. Indeed, these receptors

are highly expressed in several direct or indirect hippocampal input or output

regions, such as the entorhinal , perirhinal, and prefrontal cortices, subiculum and
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septal area, all key brain sites for learning and memory (Dickerson and Eichenbaum

2010; White and McDonald 2002). DOR expression is also particularly high in the

striatum, which functionally competes with the hippocampal formation to drive

behavior (Ghiglieri et al. 2011; Packard 2009). However, although hippocampal

lesion/inactivation facilitates dorsal striatal function (Middei et al. 2004; Schroeder

et al. 2002), striatal lesion/inactivation fails to conversely facilitate HPC-dependent

spatial learning (Castane et al. 2010; De Leonibus et al. 2007; Jacobson et al. 2012).

This lack of reciprocity may result from differential implication of subpopulations

of striatal MSNs. Indeed, striatal deletion of the adenosine A2a receptor (Adora2a)
gene, whose expression is significantly enriched in D2R-MSNs (Heiman et al.

2008), decreases D2R-MSN excitability and facilitates spatial learning (Wang

et al. 2006; Wei et al. 2011; Zhou et al. 2009). However stimulation of DORs in

the dorsal striatum seems to repress D1R-MSN activity instead (see Sect. 4.3.1),

making unlikely their involvement in facilitating HPC-dependent processes.

4 Delta Opioid Receptors, Motor Function, Response
Learning, Motivation, and Reward

Oprd1 gene is highly expressed in multiple brain regions involved in motor control,

including the striatum (CPu and NAc), motor cortical areas, STh, GP, SN, PN, RtTg,

RN, LRt, and cerebellum (Fig. 1). Such distribution clearly designates DORs as key

actors of motor function. Their role, however, appears complex, as suggested by the

diverging effects of DOR ligands on motor responses. Indeed, DOR agonist SNC80

stimulates locomotor activity while other agonists fail showing such effect (Jutkiewicz

et al. 2005; Le Bourdonnec et al. 2008, 2009; Nozaki et al. 2012; Saitoh et al. 2011).

DOR antagonists were shown to relieve dyskinesias induced by chronic L-DOPA

administration or neuroleptics (Henry et al. 2001; McCormick and Stoessl 2002).

Conversely, DOR agonists were shown to improve dyskinesia in 6-hydroxydopamine

(6-OHDA) hemilesioned rats, although depending on the dose (Mabrouk et al. 2009;

Mabrouk et al. 2014). Discrepancies would notably lie in the brain structures primarily

targeted by pharmacological compounds, such as GP versus SN (Mabrouk et al. 2009),

and in differential affinity of the compounds for presynaptic versus postsynaptic

receptors.

Besides their presence in motor circuits, DORs are also highly expressed in

multiple brain regions modulating motivation and reward, such as the medial

prefrontal cortex, NAc, VP, VTA, SuMM, and LDTg (Fig. 1), suggesting that

DORs contribute to these processes. Consistent with this, pharmacological data

have long suggested that MORs and DORs would play overlapping roles in

mediating reward processes (Le Merrer et al. 2009). Major evidences were that

DOR agonists can elicit CPP (Longoni et al. 1998; Morales et al. 2001; Shippenberg

et al. 1987; Suzuki et al. 1997) and increase consumption of palatable substances

(Baldo and Kelley 2007), whereas antagonists alter cocaine and nicotine self-

administration (Ward and Roberts 2007), attenuate CPP to cocaine, methamphet-

amine, or morphine (Chefer and Shippenberg 2009; Menkens et al. 1992; Suzuki
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et al. 1994), and reduce heroin and cocaine self-administration (Martin et al. 2000).

In these studies, however, DOR ligands may have produced part of their effects via

activation of MORs (Hutcheson et al. 2001; Scherrer et al. 2004). In this context,

genetically modified mice proved to be useful by allowing researchers to assess the

consequences of DOR inactivation independently from that of MOR.

In this section, we will focus primarily on data obtained from mice lacking DOR

or other genetically modified animals and compare with pharmacological data

whenever pertinent. We will discuss the consequences of invalidating DOR on

various behavioral responses for which functional integrity of the striatal regions,

CPu and/or NAc, is necessary, although not sufficient, as these responses likely

involve other brain sites within motor or reward circuits where DORs are also

abundant.

4.1 Locomotion and Motor Function

4.1.1 Basal Locomotion and Interest for Novelty
Striatal regions are key brain sites involved in controlling locomotion and explora-

tion (Do et al. 2012; Palmiter 2008). Deletion of the Oprd1 gene or chronic

pharmacological blockade of DOR leads to hyperlocomotion in mice (Filliol

et al. 2000; Le Merrer et al. 2013). This hyperactivity fails to habituate over

repeated testing (Filliol et al. 2000), although mutant mice perform as well as

wild-type animals at recognizing novelty. Indeed, Oprd1�/� mice displayed similar

preference for, and hyperactivity in, the novel versus familiar compartment of a

place conditioning apparatus (Le Merrer et al. 2011). Furthermore, mutants visited

the novel object more often during the object phase in a three-phase paradigm of

object recognition (Le Merrer et al. 2013). Such facilitated novel object recognition

suggests that novelty is more attractive to DOR null mice (Ennaceur 2010).

Consistent with this idea, under low light conditions (15 lux), when levels of

anxiety in the elevated plus-maze were similar between WT and mutant animals,

Oprd1�/� mice made more head dips (Le Merrer et al. 2013), suggestive of

increased novelty seeking and risk-taking behavior in these mutants. Therefore,

increased locomotor activity in mice lacking DORs could result from impaired

habituation, a landmark of hippocampal deficit, together with increased interest for

novelty, pointing towards facilitated striatal activity.

4.1.2 Response and Motor Skill Learning
Striatal regions are critically involved in mediating procedural/response and motor

skill learning (Graybiel 2008; Packard 2009; Packard and McGaugh 1996). Strik-

ingly, such learning processes had been poorly explored in Oprd1�/� mice, despite

high levels of expression in striatum. We thus examined whether DOR deletion

would affect striatum-dependent learning by performing two behavioral assays. We

first used a single-solution response task in the cross-maze, which solely requires a

striatal-dependent egocentric strategy (response learning) (Packard 2009). Second,

we tested WT and mutant mice in an accelerating rotarod task to assess skill motor
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learning, a form of procedural learning that was shown to tightly depend on dorsal

striatum functional integrity (Dang et al. 2006; Durieux et al. 2009).

In the cross-maze, Oprd1�/� mice developed a response strategy more rapidly

than WT animals under a single-solution response paradigm. This result suggests

that the control of response learning is facilitated in mutants (Packard 2009;

Packard and McGaugh 1996), most likely via the lateral dorsal striatum (Lovinger

2010). However, increased motivation to gain a food reward might have

contributed to improve performance of mutants in this task (see Sect. 4.2.1). We

thus further assessed striatal-dependent behavior using a motor skill learning task,

which does not engage food seeking. Oprd1�/� mice indeed performed better than

controls on the accelerating rotarod. Lateral dorsal striatal circuits are critically

involved during motor skill learning (Lovinger 2010; Yin et al. 2009). Therefore

our data concur to indicate that dorsal striatal function is facilitated in mice

lacking DORs.

We also assessed striatum-dependent behaviors in Gpr88�/� mice, which dis-

play elevated striatal DOR activity. Interestingly, they failed to acquire a motor

skill learning task on the accelerating rotarod, demonstrating a major impairment in

striatal function (Meirsman et al. 2016; Quintana et al. 2012). Chronic administra-

tion of the DOR antagonist naltrindole alleviated this motor skill learning deficit,

but at an early stage only, when motor learning depends on the D2 dopamine

receptor-bearing medium spiny neurons (D2R-MSNs) of the dorsal striatum

(Durieux et al. 2012). This particular time course of naltrindole effects suggests

that excessive DOR activity in Gpr88�/� mice could compromise motor skill

learning by affecting the activity of striatal D2R-MSNs. Together, behavioral

data from Oprd1�/� and Gpr88�/� mice consistently point to an inhibitory influ-

ence of DORs on striatum-dependent response and skill learning processes.

4.2 Motivation, Decision-Making, and Reward

4.2.1 Motivation for Food, Food Reward, and Decision-Making
Dorsal and ventral striatum play a crucial role in regulating reward and motivation

for food (Richard et al. 2013). Whereas the involvement of MORs in these pro-

cesses has been extensively explored, little is known about a potential role of

DORs, although the prevailing idea seems to be that MORs and DORs may play

overlapping roles (Bodnar 2004; Nogueiras et al. 2012). Consistent with this,

pharmacological studies have shown that DOR agonists increase the intake of

palatable substances (Baldo and Kelley 2007). However, DOR antagonists, injected

systematically or locally in brain areas, fail to consistently decrease palatable food

intake (Bodnar et al. 2005; Katsuura and Taha 2014; Khaimova et al. 2004; Levine

et al. 1994; Miner et al. 2012). In this context, the study of mice bearing genetic

invalidation of Oprd1 was useful to disentangle DOR from MOR function in

motivation for food and food reward.

We assessed motivation for food in Oprd1�/� mice using two behavioral tests

(Le Merrer et al. 2013). In a runway task, latency to reach sucrose reward tablets
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was not modified in mutant animals as compared to WT controls when the mice

were confined in the end box for 20 s. When this confinement was omitted,

however, knockout mice obtained more sugar pellets than WT mice, by eating

and coming back faster to the start box. This result suggests increased food seeking

in mutants. Of note, we omitted confinement in this experiment to reduce anxiety

levels, elevated in Oprd1�/� mice (Filliol et al. 2000). We propose that, in these

animals, high levels of anxiety (avoidance) compete with high motivation for food

(approach) to drive behavior (Aupperle and Paulus 2010; Montgomery 1955;

Powell et al. 2004). By reducing anxiety in the straight alley test, we may have

unmasked the latter. Consistent with this, in a novelty-suppressed feeding (NSF)

experiment, Oprd1�/� animals took as long as WT controls to start eating in the

arena, but approached food pellets (lab chow) more often, and retreated, revealing

conflicting avoidance and approach behaviors (Powell et al. 2004). Moreover, in the

same task, Dlx5/6-Cre X Oprd1fl/fl (Dlx-DOR) mice, which do not express DOR in

GABAergic neurons of the forebrain, and do not display high levels of anxiety

(maybe due to preserved DOR expression in the amygdala), started quicker than

controls to eat food in the arena (Chu Sin Chung et al. 2015). We have previously

shown that latency to eat in the NSF test tightly correlates with Fos expression in

the CeA, whereas the amount of food consumed when back in the home cage

clusters with Fos immunostaining in the VTA (Becker et al. 2014), which

illustrates, at the neurobiological level, conflictual avoidance/approach behaviors

in this task. Interestingly, after the NSF assay, Fos expression was reduced in the

CeA (as well as BLA) and tended to be increased in the VTA (significantly

increased in the NAc) of Dlx-DOR mice, suggesting that removing DORs in

GABAergic neurons of the forebrain both reduced avoidance (anxiety levels) and

increased approach (motivation/reward). Together, these data suggest that DORs’

activity, notably in the forebrain, represses motivation for food (palatable or not).

The fact that DORs likely decrease motivation for food does not necessarily

imply that they influence food reward in the same direction. Indeed, preference for

sucrose reaches similar levels in Oprd1�/� mice and WT controls (Olmstead et al.

2009). Ceiling effect (about 95% preference), however, likely made it difficult to

detect increased preference in mutants. In contrast with genetic deletion, pharma-

cological blockade of DORs in the ventral pallidum was shown to increase saccha-

rine palatability and consumption (Inui and Shimura 2014), while DOR inhibition

in the NAc increased consumption of a sucrose solution under an anticipatory

contrast paradigm (Katsuura and Taha 2014). DORs may thus exert an inhibitory

control on food reward as well, especially those expressed in the ventral pallidum

and NAc.

Interestingly, Oprd1 deletion fails to significantly impact operant learning for food.

Oprd1�/� animals are able to acquire an instrumental task to earn food or sucrose

reward with similar levels of performance as WT controls (Gutierrez-Cuesta et al.

2014; Laurent et al. 2012; Olmstead et al. 2009). Also, Dlx-DOR mutants performed

similarly to controls in acquiring chocolate-flavored pellet self-administration (Chu Sin

Chung et al. 2015). Surprisingly, however, they displayed lower breaking points under

a progressive-ratio schedule of reinforcement, suggestive of decreased motivation to
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work for this palatable food. Interestingly, Oprd1�/� mice similarly displayed a

marked tendency for decreased breaking points when tested for their motivation to

earn sucrose pellets under a progressive-ratio paradigm (Gutierrez-Cuesta et al. 2014).

Of note, this was unlikely to result from deficient hippocampal function, as lesioning

the HPC instead produces an increase in breakpoints for food (Schmelzeis and

Mittleman 1996). How to reconcile increased approach of food in NSF and straight

alley with decreased breakpoints for a sweet reward under a progressive-ratio schedule

of reinforcement in total or conditional DOR null mice will require further

investigation.

Once instrumental learning for food reward was acquired, DOR null mice were

tested for impulsivity. Remarkably, these animals showed difficulties in withholding

their motor response to obtain sucrose reward (Olmstead et al. 2009). This result

could have reflected increased motivation for food, as evidenced previously

(Le Merrer et al. 2013). Strikingly, however, comparable difficulties in waiting for

a defined temporal interval to elapse were observed in rats with hippocampal lesions

(Bannerman et al. 1999). Indeed, HPC is involved in controlling temporal memory

(in the sense of temporal processing – succession of events – not circadian cues),

likely through an inhibitory influence on the dorsal striatum (Yin and Meck 2014;

Yin and Troger 2011). Remarkably, Oprd1�/� mice underestimated 15 and 45 s

target durations in a bi-peak procedure, as evidenced by proportional leftward shifts

of the peak functions, and similarly to mice with cytotoxic lesions of the dorsal HPC

(Yin and Meck 2014). These results support the hypothesis of altered hippocampal

function in DOR null mice and indicate that these animals may have difficulties in

performing operant tasks when accurate timing is required, by triggering premature

responses. In conclusion, impaired timing performance in DOR null mice is a more

convincing candidate explanation for their increased motor impulsivity than

increased motivation for food, although the latter cannot be ruled out.

Finally, DOR activity seems necessary for a previous reward experience to

influence decision-making. Pavlovian incentive learning, which mediates the excit-

atory and inhibitory effects of conditioned stimuli (CS) based on learned

associations, can influence instrumental performance. The behavioral test called

Pavlovian to instrumental transfer (PIT) allows assessing the impact of such

influence (Corbit and Balleine 2015). When tested in this paradigm, Oprd1�/�

mice failed to increase their instrumental responding during presentation of the

specific outcome-predicting stimulus (CS), proving a significant deficit in PIT

(Laurent et al. 2012). Consistent with this, the DOR antagonist naltrindole

abolished outcome-specific PIT in rats when injected systematically or into the

shell, but not the core, of the NAc (Laurent et al. 2012, 2014). Remarkably,

DOR-eGFP knockin mice trained for predictive Pavlovian responding displayed

more DOR at the somatic membrane of CINs of the NAc shell. This increase

correlated positively with conditioned response and later PIT performance, as

well as with increased variance in action potential firing of CINs in the NAc shell

(Bertran-Gonzalez et al. 2013). Connections between BLA and NAc shell are likely

to be involved in this process, as their interruption causes severe impairment in

outcome-specific PIT (Shiflett and Balleine 2010). Of note, BLA is one of the brain

regions where DORs are most intensively expressed (Allen Brain Atlas: http://
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www.brain-map.org/; Mansour et al. 1995; Scherrer et al. 2004). Together, these

results thus point to a key role of DORs in modulating ongoing goal-directed

behavior based on previous reward exposure.

As a conclusion, data collected from DOR null mice suggest that DOR exerts an

inhibitory influence on motivation to obtain a food reward and possibly on food

reward per se, but facilitates the influence of previous Pavlovian reward learning on

instrumental choice performance. Invalidation of the Oprd1 gene in restricted brain
regions or neuronal populations would be useful to further explore the role of DORs

in these processes. Interestingly, the notion that DOR activity may, under certain

conditions, antagonize MOR-mediated effects on reward has emerged in the litera-

ture and questions the role of the former in drug addiction.

4.2.2 Drug Reward and Seeking
Animal studies using multiple models of drug exposure have drawn a complex,

sometimes inconsistent, picture of DORs’ role in drug reward and seeking. The

dominant view appears to be that DORs would play a similar, although less critical,

role than MORs in mediating these processes (Klenowski et al. 2015; Le Merrer

et al. 2009). However two major concerns should be acknowledged that may have

rendered functional dissociation between MORs and DORs in these processes

particularly challenging. First, pharmacological tools available to target opioid

receptors often lack specificity (Hutcheson et al. 2001; Scherrer et al. 2004).

Second, a major difficulty when assessing drug reinforcement in animal models

lies in the tight intertwining of reward and learning processes. Indeed, most animal

models used to evaluate the rewarding properties of drugs also assess conditioned

learning abilities (Stephens et al. 2010), and as such may notably involve

HPC-dependent processes (Luo et al. 2011). Thus discrepancies between reports

regarding the involvement of DORs in drug reward may reflect differential recruit-

ment of learning processes depending on the experimental paradigm. We previ-

ously discussed the case of place preference studies, relying on drug/context

associations, impaired in Oprd1�/� animals. Such impairment, however, does not

exclude an effect on drug reward per se. We will discuss in this section the case of

self-administration and drug seeking experiments. The former rely on operant

learning, preserved in mice lacking DORs, and may thus provide useful information

regarding the effects of DOR inactivation on drug reward. The latter involves both

motivation for the drug and conditioning to various cues, and thus may illustrate the

integrative role of DORs in these processes.

As regards self-administration studies, pharmacological investigations have

evidenced a role for DORs in drug reinforcement/reward that depends on the drug

tested (cocaine, nicotine, opiates, or alcohol), the route of administration (systemic,

intracerebroventricular, and intracerebral), and, when relevant, the targeted brain

region (Klenowski et al. 2015). Studies using DOR null mice confirmed

discrepancies depending on the drug. Indeed, Oprd1�/� mice showed difficulties

in acquiring cocaine or nicotine self-administration under a fixed ratio schedule of

reinforcement (FR3 and FR1, respectively), reaching lower final rates of adminis-

tration, and consistently achieved lower breakpoint under a progressive-ratio
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schedule (Berrendero et al. 2012; Gutierrez-Cuesta et al. 2014). However, Oprd1
deletion did not prevent animals from self-administering morphine either systemat-

ically (Le Merrer et al. 2011) or into the VTA (David et al. 2008). Instead, increased

breakpoints for intravenous morphine self-administration under a progressive-ratio

schedule of reinforcement suggest a higher motivation for the drug in these animals

(Le Merrer et al. 2011). Finally,Oprd1�/�mice self-administered more alcohol in a

two-bottle choice paradigm (Roberts et al. 2001). Together, these studies suggest

that cocaine and nicotine, and not morphine or alcohol, have diminished reinforcing

properties in DOR null mice as compared to WT controls. Differences in drug-

induced anxiety may account for these discrepancies. Cocaine and nicotine share

psychostimulant properties, and as such can increase anxiety levels. These effects

may detour Oprd1�/� animals, which are highly anxious under basal conditions

(Filliol et al. 2000), from consuming these drugs but not narcotics, such as morphine

or alcohol. Consistent with this hypothesis, a positive correlation was found

between voluntary alcohol consumption in mutants and their levels of anxiety

(Roberts et al. 2001). This result suggests that DOR null mice would self-administer

alcohol at least in part to relieve their excessive anxiety. In this context, the study of

Dlx-DOR mice (conditional DOR deletion in forebrain GABAergic neurons)

represents a promising tool to disentangle increased motivation for drugs from

relief of anxiety after Oprd1 deletion, as these animals display low levels of anxiety

as compared to controls but high motivation to reach food in the NSF test (Chu Sin

Chung et al. 2015). Further studies using local/population-specific invalidation of

Oprd1 would be needed to better understand the role of DOR in drug self-

administration.

As regards drug seeking, systemic pharmacological blockade and complete

Oprd1 knockout both result in decreased drug reinstatement. Systemic DOR antag-

onist administration reduced alcohol-seeking behavior elicited by drug-associated

environmental stimuli in rats (Ciccocioppo et al. 2002; Marinelli et al. 2009),

discrete cues (Marinelli et al. 2009), or yohimbine injections (Nielsen et al.

2012). Accordingly, Oprd1�/� mice displayed diminished cue-induced reinstate-

ment of cocaine seeking following extinction. Furthermore, the enhancement of Fos

expression triggered by cocaine reinstatement was attenuated in the dorsal striatum

(CPu) and CA1 of these animals (Gutierrez-Cuesta et al. 2014). These data further

document hippocampal dysfunction in Oprd1�/� mice and suggest that DOR

activity in the HPC facilitates the influence of drug-paired cues to induce reinstate-

ment of drug taking. DOR in the NAc, however, may play a different role. Indeed,

intra-NAc administration of naltrindole failed to inhibit cocaine-primed reinstate-

ment of cocaine seeking after extinction (Simmons and Self 2009) and significantly

increased cue-induced cocaine-seeking behavior in rats following 24-h abstinence

(Dikshtein et al. 2013). After 30 days of abstinence, DOR blockage had no longer

effects on cocaine seeking by itself, but was able to prevent β-endorphin from

repressing such seeking (Dikshtein et al. 2013). These last results unravel a braking

activity of NAc DOR on motivation to obtain a drug of abuse, in agreement with

data suggesting a similar effect on motivation for food (Le Merrer et al. 2013).
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Additional studies will however be required to further explore the role of different

brain populations of DOR in modulating motivation for natural or drug reinforcers.

4.3 Delta Opioid Receptor in the Striatum: Implications for Motor
Function, Response Learning, Motivation, and Reward

4.3.1 Functional Role of Delta Opioid Receptors in the Striatum
Striatal regions, dorsal (CPu) and ventral (NAc), display high levels of DOR

expression (see Fig. 1). In the mouse striatum, DOR transcripts were predominantly

found in CINs, where receptor expression appears confined to the soma and

proximal dendrites (Bertran-Gonzalez et al. 2013; Le Moine et al. 1994; Scherrer

et al. 2006). Activation of DOR on these neurons produces a decrease in Ach

release (Gazyakan et al. 2000). A small proportion of striatal DOR can also be

detected in GABAergic (inter)neurons (Scherrer et al. 2006) and in presynaptic

glutamatergic terminals (Jiang and North 1992). Finally, molecular phenotyping of

MSNs expressing either D1 or D2 dopamine receptors (D1R and D2R, respectively)

revealed a significant enrichment in Oprd1 transcripts relative to the rest of the

brain, but no difference between these two populations of MSNs (Heiman et al.

2008). DOR in the striatum is thus also present on MSNs, where they can fine-tune

dopamine transmission (Fig. 3). Such distribution makes difficult to understand the

functional consequences of DOR activation in the striatum, namely facilitation or

inhibition of striatal outputs, and, eventually, which of these outputs, D1R-bearing

striatonigral or D2R-bearing striatopallidal pathway, is affected. Genetically

modified animals provided some cues to answer these questions.

Mice lacking DOR acquired faster a response strategy in a cross-maze and a motor

skill on the accelerating rotarod (LeMerrer et al. 2013), suggesting that dorsal striatum

activity would be eased in these animals (Durieux et al. 2012; Lovinger 2010). DOR

activity in this region would therefore exert a braking influence on striatal function.

Dorsal striatum, however, exerts a population-selective control over locomotion and

motor control, D1R- andD2R-bearingMSNs being involved in distinct aspects of these

functions. In order to test the reactivity of the striatonigral and striatopallidal pathways

in Oprd1�/� mice, we assessed the effects of D1/D5 or D2/D3 dopamine receptors

agonist administration on locomotor activity (that recruits preponderantly the dorsal

part of the striatum and the NAc core) in these animals and their WT controls. We

observed higher sensitivity to the locomotor stimulating effects of the D1/D5 agonist

SKF-81297 in mutants. Together, our results suggest that dorsal striatal function in

DOR null mice is biased towards facilitated D1R-expressing striatonigral output.

Importantly, chronic naltrindole administration similarly facilitated the locomotor

stimulant effects of SKF-81297 inWTanimals, indicating that blockingDORsignaling

is sufficient to facilitate striatonigral activity, independently from neurodevelopmental

adaptations (Le Merrer et al. 2013). Finally, the locomotor effects of SKF-81297 were

also found increased in Dlx-DORmice, confirming the involvement of forebrain DOR

in these processes (Chu Sin Chung et al. 2015). Together, these data point to an

inhibitory role of DOR in the dorsal striatum on D1R-bearing MSNs, likely through
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DOR activation at postsynaptic level (resulting in D1R-MSN hyperpolarization)

although inhibition of excitatory glutamatergic afferences should also be considered

(see Fig. 3). Of note, an effect at D2R-expressingMSNs cannot be excluded (LeMerrer

et al. 2013).

The picture is different as regards DORs in the NAc, and notably in the shell

subregion. Remarkably, Pavlovian conditioning increased DOR expression within

the somatic membrane of CINs in the NAc shell of DOR-eGFP mice. This effect

correlated with the level of conditioned responding and was accompanied by higher

irregular/burst firing in CINs but no change in their action potential frequency

(Bertran-Gonzalez et al. 2013). Increased burst firing variability would result in

decreased Ach release at MSNs and thus reduce the Ach-induced bias towards

cortical activation of D2R-bearing MSNs (Ding et al. 2010). Activation of DOR in

the NAc shell following Pavlovian training could then indirectly facilitate the

activity of D1R-bearing MSNs. Moreover, genetic deletion of Oprd1 and systemic

or intra-NAc shell injection of naltrindole abolished PIT in mice and rats, respec-

tively (Laurent et al. 2012, 2014). PIT was similarly suppressed by intra-NAc shell

pharmacological blockade of D1Rs, showing its dependence on D1R-bearing

Fig. 3 Schematic representation of the localization of delta opioid receptors (DORs) and some

potential G-protein-coupled receptor (GPCR) partners within local striatal microcircuitry. DORs

are expressed at pre- or postsynaptic levels in most cellular types in the striatum, where they can

interact functionally and/or physically with multiple other GPCRs, such as dopamine (D1R or

D2R), muscarinic cholinergic (mAchRs), or GPR88 receptors. BLA basolateral amygdala, iGluRs
ionotropic glutamate receptors, mGluRs metabotropic glutamate receptors, nAchRs nicotinic

cholinergic receptors, PFC prefrontal cortex, SN substantia nigra, VTA ventral tegmental area
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MSNs (Laurent et al. 2014). These results indicate that, under conditions where

DOR is highly expressed on CINs, their activation biases NAc shell function

towards facilitated D1R-bearing MSN output. Which DOR tone, at CINs or at

postsynaptic MSNs, prevails under basal conditions or following other forms of

learning, however, remains to be explored.

In Gpr88�/� mice, DOR signaling is facilitated in the striatum (CPu and NAc),

together with cholinergic and MOR activities (Meirsman et al. 2016). These

animals thus represent a unique tool to assess the consequences of excessive

DOR activity in this region. In the cross-maze, GPR88 null mice acquired earlier

and better an allocentric strategy in a dual solution task and shifted sooner to a

response strategy. After this shift had occurred, however, their performance started

to decrease, suggesting that response learning was impaired in these animals. On

the accelerating rotarod, Gpr88�/� mice completely failed to acquire a motor skill,

consistent with blunted activity of D1R-expressing MSNs (Durieux et al. 2012).

Chronic treatment with naltrindole restored acquisition of a motor skill in mutant

mice, but surprisingly only at early stages, pointing to a restoration of D2R-bearing

MSN activity under DOR blockade. Failure to maintain a high level of performance

at later stages suggests that DOR blockade in this experiment was not sufficient to

completely rescue D1R-bearing MSN function. Finally, Gpr88�/� mice were less

sensitive to the locomotor stimulating effects of a D1R agonist, consistent with a

repressive effect of DOR on D1R-bearing MSNs (Quintana et al. 2012). Together,

data from Gpr88 mutant mice suggest that excessive DOR signaling in the striatum

inhibits the activity of D1R-expressing MSNs, and probably affects the

D2R-expressing population of MSNs as well. Further investigation will be needed

to assess NAc-dependent behavioral responses in these animals, such as motivation

for food or drug reward.

4.3.2 Interactions with Other Striatal G-Protein-Coupled Receptors
The study of Oprd1�/�, Dlx5/6-Cre x Oprd1fl/fl, and Gpr88�/� mice suggests that

dorsal striatal DOR inhibits the activity of D1R-expressing MSNs and may also

affect the activity of D2R-bearing striatal outputs. These effects could be mediated

through interactions at the level of striatal microcircuitry (Fig. 3), but may also

involve direct interactions between DOR and D1R or D2R in neurons where they

are co-expressed. We challenged the existence of such interactions using Biolumi-

nescence resonance energy transfer (BRET) in heterologous cells. Remarkably,

DOR appears to interact closely with D2R, suggesting the existence of potential

heterodimers between these two GPCRs, but not with D1R (Fig. 4). DOR and D2R

co-localize in CINs and in D2R-bearing MSNs (Fig. 3) (Ambrose et al. 2006;

Calabresi et al. 2014; Heiman et al. 2008; Le Moine et al. 1994). Additional

experiments will be needed to assess the pharmacological consequences of DOR

and D2R co-expression. However, the rescue of D2R-MSN dependent early motor

skill learning that we observed after naltrindole administration in Gpr88�/� mice

points to a direct inhibitory influence of DOR on D2R signaling. This inhibition

could occur at CINs by preventing D2R activation from repressing ACh release

and/or directly at postsynaptic MSNs by counteracting the hyperpolarizing effect of
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D2R stimulation. Interestingly, a similar mechanism could account for a trend in

reduced inhibitory effects of a D2R agonist on locomotion in Oprd1�/� mice

(Le Merrer et al. 2013). Further work will be required, though, to understand the

molecular substrate of DOR/D1R-D2R interactions and their role in striatal

function.

Dopamine receptors are obviously not the only GPCRs likely to interact directly

with DORs at the striatal level. Importantly, DOR signaling was shown to modulate

cholinergic tone in this region. Indeed, presynaptic DOR can inhibit Ach release in

the rat striatum (Mulder et al. 1984). DORs are also abundant on CINs, where their

activation should similarly reduce Ach release by hyperpolarizing these neurons.

The pharmacological blockade of DOR in the shell of the NAc was shown to

suppress D1R-dependent PIT in mice (Laurent et al. 2014), likely by facilitating

Ach release and, consequently, D2R-MSN activity (Ding et al. 2010). Interestingly,

this inhibitory effect of intra-NAc shell naltrindole on PIT was prevented by

systemic administration of the M4 muscarinic cholinergic receptor (mAchR4)

antagonist MT3. Although this effect of MT3 could involve postsynaptic competi-

tion for adenylate cyclase recruitment (Laurent et al. 2014), one should not exclude

possible direct interactions between DOR and cholinergic GPCRs (mAchRs). We

thus assessed the existence of such interactions with mAchR1 or mAchr4, both

highly expressed in the striatum, in heterologous cells. We were not able to detect

direct interactions (Fig. 4). However, the remarkably high levels of BRET

measured between DORs and mAchr1s suggest that these receptors may randomly

co-localize (not as heterodimers) in the same confined cellular compartment. Such

close cellular proximity suggests that these two receptors may likely interact at

functional level to modulate striatal activity.

Finally, GPR88 may also represent a direct molecular partner of DOR. These

orphan receptors are among the most densely expressed GPCRs in the striatum

(Ghate et al. 2007; Logue et al. 2009; Massart et al. 2009). Gpr88 transcripts are

Fig. 4 Interaction between DOR and dopaminergic and cholinergic GPCRs. Twenty nanograms

of DOR-Rluc8-pcDNA3 plasmids were co-expressed with increasing amount (10–120 ng) of

GPCRs-Venus-pcDNA3 plasmids (n ¼ 3 per condition) in HEK293FT cells to study the physical

interaction of DOR with GPCR partners by Bioluminescence Resonance Energy Transfer (BRET).

(a) BRET signals displayed specific and saturated curves with DOR-D2R whereas signals

remained unsaturated with DOR-D1R co-expression. (b) BRET signals were not saturated with

cholinergic mAchR1 or mAchR4. (c) DOR and mAchR1 co-expression results in remarkably high

levels of energy transfer, suggesting that these receptors randomly (not as heterodimers)

co-localize in the same confined cellular compartment
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detected in MSNs (Massart et al. 2009), with significant enrichment in D2R-bearing

projections (Heiman et al. 2008). In Gpr88�/� mice, we evidenced increased DOR

signaling in membrane preparations from striatal samples and a remarkable nor-

malization of most of their behavioral features by systemic blockade of DOR

(Meirsman et al. 2016). These results suggest that, under physiological conditions,

GPR88 acts as a brake on DOR activity to regulate behavior. GPR88 influence at

DOR activity could operate either at circuit level, or through functional competition

at the level of downstream effectors within neurons, or via direct, possibly physical,

interactions between these receptors. Preliminary data in our lab suggest the

existence of such direct interactions. Future work will aim at assessing the phar-

macological consequences of DOR/GPR88 co-expression in cells and try to under-

stand how their interaction could contribute to the influence of DORs on striatal

output balance.

4.3.3 Delta Opioid Receptors and Striatal Gene Expression
Using qRT-PCR, we assessed the levels of expression of 67 genes in the CPu and

NAc of Oprd1�/� mice to identify potential molecular partners of DORs in these

regions (Le Merrer et al. 2013). This analysis revealed that Oprd1 deletion had

different transcriptional consequences in these two regions, with only two genes

showing commonly (up)-regulated expression (Slc6a11 and Grm4 – coding the

GABA transporter mGAT4 and metabotropic glutamate receptor mGluR4, respec-

tively). Interestingly, transcriptional regulations of several genes in the CPu were

coherent with behavioral data pointing to facilitated D1R- and blunted D2R-bearing

MSN activity in DOR null mice. Indeed, low mRNA levels of Camk2 and chrm4
(coding for the alpha isoform of the calcium/calmodulin-dependent protein kinase

II and mAchR4, respectively) and high mRNA levels of grin2b (NR2B subunit of

NMDA glutamate receptors) could facilitate striatonigral outputs in mutants

(Gomeza et al. 1999; Guo et al. 2010; Jocoy et al. 2011; Tzavara et al. 2004). In

contrast, increased expression of Grm4 (metabotropic glutamate receptor mGluR4)

and Pdyn (prodynorphin) and decreased expression of Tac1 (substance P) and Gpr6
(GPR6) would rather inhibit striatopallidal activity (Govindaiah et al. 2010;

Hopkins et al. 2009; Lobo et al. 2007; Perreault et al. 2007). Of note, downregulated

expression of Blc11b (Ctip2) may represent the triggering factor for decreased

expression of other MSN marker genes, such as Foxp1 and Chrm4 (Arlotta et al.

2008). In the NAc, and not the CPu, several genes coding major actors of Ach and

monoamine degradation (Ache, coding acetylcholinesterase and Maoa – mono-

amine oxidase a) or their extraction from the synaptic cleft (Slc6a4, serotonin
transporter SERT) displayed upregulated expression. These results suggest that a

brake on Ach/monoamine neurotransmission is lost in Oprd1�/� mice, requiring

compensatory mechanisms. Therefore, DOR in the NAc appears to exert a tonic

inhibition on these systems. Altogether, these data point to a crucial role of DOR in

regulating striatal functions that differ between dorsal and ventral regions.

We similarly explored the transcriptional consequences of Gpr88 genetic inval-

idation for 92 genes by qRT-PCR (Meirsman et al. 2016). Remarkably, the expres-

sion of Oprd1 was downregulated in the NAc, and not regulated in the CPu, of
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Gpr88�/� mice, whereas DOR activity, assessed by [35S]-GTPγS binding, was

increased in the whole striatum. These results suggest that either increased DOR

activity is restricted to the CPu in these animals, and does not involve increased

gene expression, or excessive DOR activation triggers a negative feedback mecha-

nism in both the CPu and NAc, the latter being more sensitive than the former. Of

note, downregulated expression of Rgs4, coding Regulator of G protein signaling

4 – RGS4, in Gpr88�/� mutants suggests a close interaction between this protein

and GPR88 in the striatum. Interestingly, RGS4 was shown to inhibit opioid

signaling (Georgoussi et al. 2006) and may thus participate in mediating the

inhibitory effects of GPR88 activation on DOR signaling. Additional investigations

will be needed to better assess DOR protein levels in the absence of GPR88, such as

radioactive binding using DOR selective compounds, for example.

4.3.4 Influence of Hippocampal Delta Opioid Receptors on Striatal
Function

Not only striatal DOR may be involved in the control of striatal-dependent behaviors

but extrastriatal DORs as well. Indeed, previous studies have evidenced a functional

antagonism between the hippocampal formation and the striatum, with the dorsal HPC

exerting an inhibitory influence on the dorsal striatum, whereas the ventral HPCwould

facilitate the activity of the ventral striatum (Yin and Meck 2014). Consequently,

impaired dorsal hippocampal function in Oprd1�/� mice may ease the acquisition of

response and motor skill learning tasks by biasing hippocampo-striatal balance in

favor of the dorsal striatum (Ciamei and Morton 2009; Packard and McGaugh 1996;

Schroeder et al. 2002). Interestingly, behavioral, pharmacological, and transcriptional

data collected from Oprd1�/� and Gpr88�/� mice point a critical role for DOR in

controlling the hippocampo-striatal balance, withmajor consequences onHPC- versus

striatum-dependent learning processes (Fig. 5).Whether such role would also apply to

a ventral hippocampo-accumbal balance (Hart et al. 2014) will require further

investigation.

5 Conclusions and Clinical Perspectives

Over the last 15 years, in vivo pharmacology and genetically modified animals have

allowed to identify a unique, original implication of DOR in high order cognitive

processes, motor function, mood and emotional responses. We focused here on the

involvement of this receptor in modulating learning and memory processes, motor

function, and reward/motivation, notably by regulating the balance between hippo-

campal and striatal functions. At dorsal level, such balance ensures optimal shift

between associative HPC-dependent and procedural striatum-dependent learning

processes, with crucial implications for cognitive performance and motor function.

In this context, pharmacological ligands selective for DOR may represent precious

therapeutic tools to relieve pathologies where the hippocampo-striatal balance is

compromised, such as neurodegenerative diseases affecting either the hippocampal

formation or the striatum (Alzheimer disease, Parkinson disease, or Huntington

disease, for example). At ventral level, DORs may contribute to a ventral HPC to
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NAc crosstalk. Remarkably, within this circuit, DORs appear less involved in

mediating reward processes per se than in controlling the consequences of previous

reward experience on ongoing behavior. Therapeutic applications in the field of

addiction thus involve the development of DOR antagonists to suppress conditioned

responses to drug cues, with obvious benefit for the relief of withdrawal symptoms,

reduction of drug seeking, and prevention of relapse. A caveat should be quoted

here, however, as biasing the hippocampo-striatal balance towards one functional

system may be detrimental to the other, as seen for spatial versus motor learning in

Oprd1�/� and Gpr88�/� animals. Moreover, DORs are also involved in controlling

anxiety levels and epileptogenic thresholds (Chu Sin Chung and Kieffer 2013),

making them a delicate target to manipulate for therapeutic purpose. These

limitations highlight the need for developing innovative pharmacological strategies

to allow the targeting of specific populations of receptors, either in restricted areas of

Fig. 5 DORs modulate the

dorsal hippocampo-striatal

balance. (a) Under
physiological conditions,

hippocampal formation and

striatum compete to ensure

optimal control over learning

processes. (b) In mice lacking

delta opioid receptors,

hippocampus–striatum

balance is tilted towards

facilitated striatal function, as

revealed by impaired

performance in dorsal

hippocampus-dependent tasks

(associative learning) but

facilitated acquisition of

dorsal striatum-dependent

tasks (procedural learning).

(c) Conversely, the
hippocampo-striatal balance

is biased towards eased dorsal

hippocampal-dependent

processes (associative

learning) and deficient dorsal

striatal function (procedural

learning) in mice lacking

GPR88 receptors, which

display increased DOR

activity in the striatum.

Whether DORs can similarly

modulate a more ventral

hippocampo-accumbal

balance will deserve further

investigation

Delta Opioid Receptors: Learning and Motivation 251



the brain or selected neuronal types, and obtain optimized treatments for CNS

diseases. Other promising clinical perspectives lie in the selection of either DOR

ligands with biased signaling (Kenakin 2011) or compounds targeting heterodimers

of DORs with other GPCRs, to obtain specific therapeutic action with limited side

effects.
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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that

compromises multiple neurochemical substrates including dopamine, norepi-

nephrine, serotonin, acetylcholine, and glutamate systems. Loss of these trans-

mitter systems initiates a cascade of neurological deficits beginning with motor

function and ending with dementia. Current therapies primarily address the

motor symptoms of the disease via dopamine replacement therapy. Exogenous

dopamine replacement brings about additional challenges since after years of

treatment it almost invariably gives rise to dyskinesia as a side effect. Therefore

there is a clear unmet clinical need for improved PD therapeutics. Opioid

receptors and their respective peptides are expressed throughout the basal

ganglia and cortex where monoaminergic denervation strongly contributes to

O.S. Mabrouk, Ph.D. (*)

Department of Chemistry, University of Michigan, 930 North University, Ann Arbor, MI 48109,

USA

Department of Pharmacology, University of Michigan, 930 North University, Ann Arbor, MI

48109, USA

e-mail: omabrouk@umich.edu

# Springer International Publishing Switzerland 2016

E. M. Jutkiewicz (ed.), Delta Opioid Receptor Pharmacology and Therapeutic Applications,
Handbook of Experimental Pharmacology 247, DOI 10.1007/164_2016_16

261

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2016_16&domain=pdf
mailto:omabrouk@umich.edu


PD pathology. Delta opioid receptors are of particular interest because of their

dense localization in basal ganglia and because activating this system is known

to enhance locomotor activity under a variety of conditions. This chapter will

outline much of the work that has demonstrated the effectiveness of delta opioid

receptor activation in models of PD and its neuroprotective properties. It also

discusses some of the challenges that must be addressed before moving delta

opioid receptor agonists into a clinical setting.

Keywords

Basal ganglia • Delta opioid • Dyskinesias • Enkephalin • Indirect pathway •

Levodopa • Movement disorders • Parkinson’s disease

1 Parkinson’s Disease Background

Parkinson’s disease (PD) is a movement disorder that spurs a progressive degener-

ation of catecholamine (dopamine, norepinephrine) and other (serotonin, acetyl-

choline) neurochemical systems responsible for normal motor and nonmotor

function. As the second most common neurodegenerative disorder, PD affects

approximately 0.1% of the population totaling ~10 million people worldwide

(Parkinson’s Disease Foundation 2015). Nigrostriatal dopamine loss specifically

impacts quality of voluntary movements and is a hallmark of PD. PD patients

experience freezing (akinesia), abnormal gait, slowness of movement

(bradykinesia), and tremor, all of which severely impact quality of life measures.

While the loss of dopamine appears at the beginning of this neurodegenerative

cascade, later loss of serotonin, norepinephrine, and acetylcholine likely plays a

role in the cognitive decline seen in later stages of PD (Alexander 2004).

PD motor symptoms are stably controlled with dopamine replacement therapy

(levodopa) and dopamine agonists; however, these drugs bring about additional

challenges related to their side effect profile (more on this later). Additionally, this

line of therapy does not improve nonmotor symptoms of PD. Therefore, there is a

clear unmet clinical need for improved pharmacological tools to enhance not only

motor function but also nonmotor attributes. This chapter outlines delta opioid

receptor (DOR) pharmacology studies that have been performed in PD models and

how this system may represent a valid drug target on several different levels.

2 Basal Ganglia and Parkinson’s Disease

PD is considered a basal ganglia disorder because neurodegeneration occurs dis-

proportionately at the nigrostriatal dopamine system. In fact, only after a majority

of the cells are lost (70–80%) do the motor symptoms begin to manifest

(Bernheimer et al. 1973). The neurons of the substantia nigra pars compacta

(SNc) lie dorsal and lateral to the ventral tegmental area (A10) which is also a
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dopamine-rich brain area more closely associated with reward processing (Schultz

et al. 1997). Topographically, the SNc neurons project to more dorsal lateral areas

of the striatum (caudate and putamen), while the VTA projects to the ventral striatal

regions, including the nucleus accumbens (Beckstead et al. 1979). Both the SNc

and VTA are impacted during the course of PD, but SNc degeneration is the

primary contributor to movement pathophysiology (German et al. 1989).

When released into the striatum, dopamine has several roles. Firstly, dopamine

can act at D2 autoreceptors located at dopamine terminals to inhibit release of

dopamine via inhibition of adenylyl cyclase and calcium channels through coupling

to Gi/o (Missale et al. 1998). Dopamine can also transmit downstream signals

through dopamine D1-like (D1 and D5) and D2-like (D2, D3, D4) receptors

expressed on GABAergic medium spiny neurons (MSNs). These MSNs make up

the vast majority of striatal neurons – upwards of 95% (Tepper and Bolam 2004).

Dopamine powerfully regulates the activity of these neurons with D1-like receptors

(D1Rs) activating and D2-like receptors (D2Rs) inhibiting MSN firing (Missale

et al. 1998).

The conventional view of the basal ganglia suggests a clear segregation of D1R-

and D2R-expressing neurons (Fig. 1). Specifically, D1R-expressing MSNs are

thought to primarily project to the substantia nigra pars reticulata (SNr) and internal

segment of the globus pallidus (GPi) – the direct pathway of the basal ganglia.

Meanwhile D2R-expressing MSNs are thought to only project to the external

segment of the globus pallidus (GPe) – the first portion of the indirect pathway.

Since the first reports of direct and indirect pathway segregation (Alexander

et al. 1986; Albin et al. 1989), more recent works have made the case for less

segregation of these MSNs and a more intertwined connectivity of these pathways.

In fact, Lester et al. (1993) has shown that approximately 25% of MSNs express

both D1Rs and D2Rs which could belong to either the direct or indirect pathway.

Dopamine release into the striatum encodes signals which activate movement.

Drugs which enhance dopamine release like cocaine and amphetamine stimulate

locomotor activity, while drugs which block dopamine signaling such as

neuroleptics reduce movement. In PD, the near total loss of striatal dopamine

causes an opposite dysregulation of the direct and indirect pathways of the basal

ganglia which disrupts the normal signal processing and movement (Fig. 1b). In the

direct pathway, loss of dopamine and D1R stimulation reduces striatonigral GABA

release. On the other hand, in the indirect pathway, loss of dopamine and D2R

stimulation enhances striatopallidal signaling. Since these neurons are GABAergic,

pallidal neurons projecting from the GPe to the subthalamic nucleus (STN) are

overinhibited resulting in disinhibition of STN glutamate output. Therefore the net

result of dopamine loss is lower GABA (direct pathway) and enhanced glutamate

(indirect pathway) feeding into the SNr/GPi (Fig. 1b). Both of these facilitatory

processes impact the activity of basal ganglia output and control over thalamic

activity (Deniau and Chevalier 1985). The thalamus processes inhibitory signals

(GABA) from the basal ganglia on to the motor cortex via a glutamatergic relay

thus controlling corticospinal output and voluntary movement.
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For basal ganglia-thalamocortical signaling to be executed properly, striatal

dopamine tone and striatal output activity must be adequately balanced. Impor-

tantly, there are other factors local to the striatum which have the ability to

modulate MSN output, including endogenous opioid peptide signaling.

3 Opioid Peptides and Basal Ganglia

Like many other neuron types, MSNs not only release small molecule

neurotransmitters to communicate with neighboring cells (GABA in this case) but

they also express and release neuropeptides (Engber et al. 1992). Striatonigral

(primarily D1R expressing) neurons express prodynorphin mRNA which generates

a number of active dynorphin fragments including dynorphin1-17, dynorphin1-13,

dynorphin1-8, among others (Reed et al. 2003). Dynorphin and its fragments bind

to kappa opioid receptors (KORs) to inhibit firing on receptive cells. On the other

hand, striatopallidal neurons (primarily expressing D2Rs) express

preproenkephalin-A (PPE-A) and substance P. The products of PPE-A are the

pentapeptide enkephalins (ENKs), primarily methionine-enkephalin (m-ENK)

and leucine-enkephalin (l-ENK). In humans, one PPE-A mRNA will generate

approximately six copies of m-ENK to one copy of l-ENK (Comb et al. 1982).

Following synthesis and subsequent release, enkephalins (ENKs) bind to DORs,

and to a lesser extent mu-opioid receptors (MORs), where they may produce

Fig. 1 Schematic representation of the direct (D1 receptor expressing) and indirect (D2 receptor

expressing) pathways in the normal basal ganglia (a). Dopamine depletion causes an opposite

dysregulation of these neurons resulting in aberrant signaling at the output level of the basal

ganglia (SNr/GPi) and the entire basal ganglia-thalamocortical loop (b). Enkephalin increases in

the dopamine-depleted state may be a compensatory mechanism through actions on delta opioid

receptors (in red) expressed on the cell bodies of indirect pathway neurons (c). Inhibition of this

overactive pathway would result disinhibit pallido-subthalamic projections thereby normalizing

SNr/GPi output. D1 dopamine D1-like receptors, D2 dopamine D2-like receptors, GPe globus

pallidus external segment, GPi globus pallidus internal segment, SNc substantia nigra pars

compacta, SNr substantia nigra pars reticulata, VMTh ventromedial thalamus, STN subthalamic

nucleus, DOR delta opioid receptor
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autoinhibition or they or may inhibit adjacent neurons (again through Gi/o

signaling).

Because of the localization of its receptors on MSNs and dense nigrostriatal

arborization, dopamine is well positioned to control opioid peptide activity

throughout the striatum. Many studies have demonstrated how dopamine modulates

the expression of striatal opioid peptides at different levels such as mRNA expres-

sion (Gerfen et al. 1991) and actual release (Mabrouk et al. 2011). In a seminal work

by Charles Gerfen and colleagues, dopamine loss increased PPE-A expression, and

this effect was reversed by dopamine agonist treatment (Gerfen et al. 1990). This

inverse relationship between dopamine and the generation of ENK precursor

mRNA has drawn considerable attention over the past two decades. One dominant

theory is that the loss of dopamine drives a compensatory mechanism via ENK

signaling. The theory suggests that in PD, dopamine loss causes overactivity of

striatopallidal neurons which enhances inhibitory tone within the GPe (Sandyk

1988). Overinhibition of the GPe causes reduced GPe-STN GABAergic signaling,

resulting in overactive STN-SNr glutamatergic signaling – which is linked to

akinesia (Yoon et al. 2014). Thus in the absence of dopamine, increases in ENK

may then attenuate striatopallidal activity via DOR autoreceptors which would

prevent the cascade of aberrant signaling throughout the basal ganglia. Evidence

for this compensatory mechanism is not clear-cut, however. Most of these studies

rely on the premise that mRNA expression changes would be reflected in release,

and this may not necessarily be true. Unfortunately it has proven relatively difficult

to capture ENK dynamics in vivo. However, groups applying intracerebral

microdialysis sampling and modern mass spectrometry measurements have been

able to achieve the required sensitivity and selectivity for accurate detection

(Emmett and Caprioli 1994; Li et al. 2009; Mabrouk et al. 2011).

DOR mRNA expression and autoradiographic binding studies have clearly

demonstrated high DOR expression in the dorsal lateral caudate putamen, while it

is relatively low in the GPe (Mansour et al. 1987, 1994). In rat striatal slices, DOR

activation selectively inhibits DARPP-32 phosphorylation in adenosine A2A recep-

tor expressing, but not dopamine D1-expressing neurons in the striatum (Lindskog

et al. 1999), consistent with the notion that DORs are localized to cell bodies of

striatopallidal output neurons. Taken together, it is plausible that dopamine deple-

tion in the striatum activates ENK output by upregulating mRNA and ENK release

resulting in binding to striatal DORs which inhibit striatopallidal activity. More

studies in the future will need to address fundamental questions surrounding

dopamine actions on in vivo ENK release to determine whether mRNA expression

and release are positively coupled.

4 Delta Opioid Receptor Activation and Movement

It has long been known that opioids are capable of modifying movement in animal

models. Studies with MOR agonists like morphine produce biphasic effects on

motor activity where initial akinesia is followed by a marked hyperactivity (Babbini
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and Davis 1972). The DOR peptide agonist [D-Pen(2),D-Pen(5)]-enkephalin

(DPDPE) has also been studied to examine its effects on behavior in comparison

to MOR-mediated effects (Meyer and Meyer 1993). Intracerebroventricular (ICV)

injection of DPDPE produces monophasic enhancements in locomotor activity in

rats (Cowan et al. 1985; Murray and Cowan 1990; Meyer and Meyer 1993). The

advent of selective brain penetrating diethylbenzamide DOR agonists like

BW373U86 (Wild et al. 1993) and SNC80 (Bilsky et al. 1995) opened the door

for more sophisticated studies to examine the link between opioids and movement

from a therapeutic perspective. Since its availability to investigators, SNC80 has

proven to be a potent stimulator of movement across a number of therapeutic areas.

Much of what we know about these effects comes from the depression literature

which has consistently shown SNC80 to enhance motor activity in addition to its

antidepressant effects. Specifically, subcutaneous (SC) treatment of SNC80 caused

decreases in immobility time in a forced swim assay in a way similar to known

antidepressants (Broom et al. 2002a). One potential issue with small molecule DOR

agonists like SNC80 is their propensity to cause convulsions at high doses (Dykstra

et al. 1993; Broom et al. 2002b). Although this side effect will limit certain

chemotypes from entering the clinic, it does demonstrate the strong potential to

activate motor activity, even beyond a therapeutic range. A recent study has

demonstrated that the epileptogenic effects of SNC80 were due to overinhibition

of forebrain GABAergic elements (Chung et al. 2015), and therefore this side effect

is likely not directly related to DOR activation in basal ganglia.

5 Delta Opioid Receptor in Experimental Models
of Parkinson’s Disease

Early studies with SNC80 in partially dopamine-depleted rats showed that the drug

stimulated both ipsilateral and contralateral movements (Pinna and Di Chiara 1998;

Hudzik et al. 2000). These studies demonstrated that DOR activation could poten-

tiate dopamine agonist mediated directionality preference in 6-OHDA

hemilesioned rats but did not go further in elucidating the precise mechanism of

these actions. In the early 2000s, Jonathan Brotchie and colleagues began exploring

SNC80 as a potential therapeutic in PD models. A seminal study, performed by

Hille et al. (2001), highlighted SNC80’s unique ability to alleviate haloperidol-

induced catalepsy in rats and parkinsonian features in MPTP-treated nonhuman

primates. In fact, the authors wrote “SNC80-treated animals were indistinguishable

from normal rats” when describing the drug’s effects in cataleptic rats. Indeed, in

that study, SNC80’s actions were robust and had effects within 5 min after

treatment with 10 mg/kg (i.p.). These studies laid the groundwork for future

mechanistic studies. In 2008, Michele Morari and colleagues described the use of

SNC80 in 6-OHDA rats undergoing microdialysis (Mabrouk et al. 2008). Those

studies showed that systemic SNC80 could reduce GABA release in the GPe,

presumably via striatopallidal inhibition, while systemic blockade of DOR with

naltrindole enhanced pallidal GABA and worsened parkinsonism in the 6-OHDA
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hemilesioned rat. This finding was in line with another important study by Jonathan

Brotchie’s group which showed that in slices ENKs could reduce pallidal GABA

(Maneuf et al. 1994).

SNC80 dose dependently normalized akinesia, bradykinesia, and overall motor

function on an accelerating rotarod (Mabrouk et al. 2008). Interestingly,

enhancements in motor activity in these assays were only recapitulated when

SNC80 was directly injected into the SNr, but not into the GPe or the dorsal lateral

striatum (DLS; Mabrouk et al. 2008). It is known that DOR stimulation in the SNr

elicits behavioral activation (Morelli et al. 1989), and DORs are found in the SNr

(Mansour et al. 1987); therefore, it is plausible that DOR expressed on nigral output

neurons was directly inhibited by DOR activation, thus disinhibiting the basal

ganglia-thalamocortical loop. However, it seems puzzling that SNC80 was not

effective when directly injected into the DLS where DOR expression is high. One

possible explanation is that because the DLS is many times larger than the SNr,

only a small subset of MSNs was affected by the microinjection, thus preventing the

expected antiparkinsonian outcome. No matter the reason, the fact that pallidal

GABA was reduced in response to systemic treatment gives credence to the theory

that attenuating striatopallidal GABA is achievable through DOR stimulation and

that this coincides with motor activation.

Follow-up studies using the pseudopeptide DOR agonist H-Dmt-Tic-NH-CH

(CH2-COOH)-Bid (UFP-512) showed similar antiparkinsonian effects compared to

SNC80 with the interesting distinction of producing a biphasic effect on motor

activity in hemiparkinsonian rats. Systemic UFP-512 enhanced locomotor activity

at a low dose (0.001-mg/kg i.p.) while causing motor inhibition at a higher dose

(1 mg/kg i.p.; Mabrouk et al. 2009). One important aspect to this study was that it

showed for the first time the effect of systemic DOR agonist administration on

thalamic neurochemistry. The article showed that a motor-activating dose of

UFP-512 corresponded to reductions in GABA release in the ventromedial thala-

mus (VMTh), presumably through inhibition of nigrothalamic input (Mabrouk

et al. 2009). Another interesting feature of UFP-512 was that at the highest doses

tested, it lost its antiparkinsonian effect, but did not elicit convulsions like small

molecule agonists. Therefore it is likely that the pseudopeptide agonists have a

narrower therapeutic range but also safer side effect profile, though this has not

been systematically tested. It would be interesting to test UFP-512 in other models

and at ultralow and high doses to determine if convulsions appear.

Another promising strategy for introducing DOR agonists into the brain without

the use of small molecule agonists is through glycosylation of ENK analogues.

Glycosylation is the process of adding a sugar moiety to a target peptide or protein

which facilitates blood-brain barrier permeability. In the case of PD models, the

compound MMP-2200, a glycosylated l-ENK analogue, has been shown to be

efficacious in both reserpinized and 6-OHDA hemilesioned rats (Yue et al. 2011).

Although MMP-2200 appears to be less selective for DOR than SNC80 and

UFP-512, many of its behavioral effects are attenuated by co-treatment with

naltrindole – a selective DOR antagonist (Yue et al. 2011). One important feature

of this drug is that although it is peptide-like, it can cross the blood-brain barrier.
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This has been shown in a recent study where systemic MMP-2200 was detected in

the DLS of rats using in vivo microdialysis and mass spectrometry measurements

(Mabrouk et al. 2012).

Another strategy to enhance the antiparkinsonian effects of DOR agonists like

SNC80 is through coadministration with other compounds that might have syner-

gistic effects, thus allowing for lower doses. One such strategy recently illustrated

by Mabrouk et al. (2014) was that low doses of SNC80 were combined with

nociception opioid peptide receptor (NOR) antagonist J117339 – another com-

pound shown to have antiparkinsonian properties (Marti et al. 2005). The combi-

nation of the two compounds showed potent synergistic antiparkinsonian activity

(Mabrouk et al. 2014). Specifically, in 6-OHDA hemilesioned rats, 0.1 mg/kg i.p. of

either SNC80 or J117339 had no effect alone in tests of akinesia (bar test),

bradykinesia (drag/wheelbarrow test), or overall locomotor activity (accelerating

rotarod). However, when both compounds were combined at their individual

subthreshold doses (0.1 mg/kg i.p. each), there was a near doubling of motor

activation in all three tests (Mabrouk et al. 2014). These findings were recapitulated

in MPTP-treated mice where the combination of very low doses of SNC80

(0.01 mg/kg i.p.) and J117339 (0.001 mg/kg i.p.) produced profound effects in

these behavioral assays with nearly a ~fivefold reduction in immobility time in the

akinesia test (Mabrouk et al. 2014). To further prove the interaction between these

two opioid receptor systems, this work demonstrated that SNC80 showed a leftward

potency shift in mice lacking NOR through genetic deletion. Finally, in vitro

electrophysiology of nigral slices once again showed a synergistic effect between

DOR activation and NOR blockade.

Taken together, there is strong evidence for antiparkinsonian activity of DOR

agonists; however, the side effect profile of small molecule agonists like SNC80

may prevent their advancement into a clinical setting. Several groups are working

with peptide-like DOR agonists to circumvent this problem, and other small

molecule DOR agonist chemotypes are being generated that are less prone to side

effects such as convulsions (Le Bourdonnec et al. 2008; Saitoh et al. 2011). Also

combined DOR agonists and NOR antagonists may represent a rationale strategy to

enhance the antiparkinsonian effects of diethylbenzamide compounds like SNC80

while limiting potential side effects. Further studies are warranted to determine the

usefulness of this strategy in nonhuman primates.

6 Delta Opioid Receptors and Levodopa-Induced Dyskinesia

The first-line treatment for PD is dopamine replacement therapy with levodopa, a

bioavailable dopamine precursor that crosses the blood-brain barrier. Once in the

brain, levodopa is converted to dopamine by enzymatic decarboxylation via DOPA

decarboxylase. Patients are treated multiple times per day to maintain elevated

dopamine concentrations which temporarily overcomes the loss of dopamine-

producing cells. Levodopa has clear benefits in improving motor symptoms in

PD; however, after years of treatment, these benefits almost invariably give way
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to a very serious hyperkinetic side effect known as levodopa-induced dyskinesia

(LID). Symptoms of LIDs include choreas (abnormal involuntary movements

across the body) and dystonias (muscular spasms causing abnormal postures)

which can be more disruptive than PD itself. LIDs are thought to occur in part

through continuous overstimulation of D1Rs expressed on direct pathway neurons

(Aubert et al. 2005). This makes opioid systems attractive pharmacological targets

since they can modulate the interaction between nigrostriatal dopamine and striatal

MSNs which reverberates throughout the basal ganglia.

Jonathan Brotchie and his colleagues also contributed a great deal to our

understanding of how the DOR system impacts LIDs using a variety of animal

models. In 2001, his group showed that the selective DOR antagonist naltrindole

has dramatic antidyskinetic effects in a MPTP-treated marmoset model of LIDs

(Henry et al. 2001). Importantly, these improvements were not at the expense of the

antiparkinsonian effects of levodopa. The authors suggest that enhanced ENKergic

transmission of the striatopallidal pathway, which is the same compensatory mech-

anism described earlier, becomes pathogenic. Blocking ENKergic tone then

disinhibits the striatopallidal projection allowing for a return to normal movement

levels. The authors suggest that opioid receptor blockade of the direct pathway may

also be a contributing factor by reducing striatonigral activity. However, it is

unclear how direct DOR antagonism on striatonigral neurons could inhibit this

population of neurons since DOR antagonism would presumably disinhibit these

neurons. Another explanation is that an indirect mechanism is at play such as DOR

blockade of GABAergic interneurons (Wang and Pickel 2001) which could unmask

inhibitory control over striatonigral projections, thus attenuating overactivation in

the dyskinetic state.

A more recent study examining the effects of DOR on LIDs showed that DORs

localized to corticostriatal terminals might exert control over dyskinesia (Billet

et al. 2012). In these studies, ICV injection of the DOR agonist DPDPE worsened

dyskinesia, but this effect was reversed in animals with cortical lesions (Billet

et al. 2012). The data from this study suggest that DOR activation positively

regulates corticostriatal glutamate transmission and that blockade of this glutamate

promoting effect is how a DOR antagonist could relieve LIDs. Although the

stimulatory properties of opioid receptors remain controversial (they are generally

considered inhibitory), these data do suggest a possible segregation of DOR1 and

DOR2 subtypes both in terms of localization and function through downstream

coupling (Billet et al. 2012). To date, DOR antagonists have not made much

progress in clinical trials which may be because of a lack of an adequate under-

standing of how these compounds produce their effects and the availability of a lead

compound which does not interfere with levodopa benefits.
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7 Delta Opioid Receptors and Neuroprotection
in Parkinson’s Disease Models

The holy grail of PD research, like all neurodegenerative diseases, is the discovery

of protective therapeutics which halt or reverse cell death. Because of the wide

distribution of DORs in areas affected by neurodegeneration, such as the striatum

and cortex, their influence on cell viability remains an important research topic.

Early studies with the diethylbenzamide DOR agonist BW373U86 showed that it

was a potent neuroprotectant in a model of hypoxia possibly through a body

temperature-regulating mechanism (Bofetiado et al. 1996). In the early 2000s,

studies showed that DOR activation with DPDPE could block glutamate-induced

excitotoxicity in cortical neurons (Zhang et al. 2000, 2002). A series of articles in

the late 1990s demonstrated how methamphetamine dopamine neural toxicity could

be attenuated by DOR agonism (Tsao et al. 1998, 1999; Hayashi et al. 1999). One

particularly relevant highlight of these studies was that in 6-OHDA injections in the

medial forebrain bundle – a common model of PD – DOR agonism significantly

reduced dopamine cell death (Borlongan et al. 2000). Where 6-OHDA causes a near

total ablation of dopamine cells, treatment with the peptide agonist [D-Ala(2)-D-Leu

(5)]-Enkephalin (DADLE) only suffered a 25% reduction in dopamine cells

(Borlongan et al. 2000). The author’s conclusion was that DOR agonism draws

upon a hibernation-stimulating mechanism in which the organism is protected from

toxic insult potentially through free radical scavenging (Tsao et al. 1999; Borlongan

et al. 2000).

The majority of these studies used a peptide [D-Ala(2)-D-Leu(5)]-Enkephalin

(DADLE) DOR agonist which was given systemically (Borlongan et al. 2000).

Since brain penetrability of this peptide is likely inferior compared to small

molecule agonists, it would be of interest to reexamine these effects using chronic

SNC80, pseudopeptides (UFP-512), or glycosylated peptides (MMP-2200) to

determine if antiparkinsonian properties coincide with neuroprotection.

8 Delta Opioid Receptors Challenges and Future Directions
in Parkinson’s Disease

One of the challenges of engaging the DOR system in PD is availability of

pharmacological tools which deliver good therapeutic benefit (i.e., are motor

activating) over a broad range of doses and that do not develop tolerance after

repeated treatments. Additionally compounds must be very selective for DOR over

MOR since MOR agonism is associated with morphine-like effects including

respiratory depression and abuse potential. Tolerance is another important issue

that needs to be addressed with respect to DOR agonist therapy since these

receptors are known to rapidly internalize upon exposure to agonists (Pradhan

et al. 2009). Small molecule agonists diethylbenzamides, SNC80, and BW786BU

were the most widely used pharmacological tools of the past 15 years, but these

compounds are known to induce convulsions at high doses (Dykstra et al. 1993;
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Broom et al. 2002a). Newer DOR agonists such as ARM390 do not cause

convulsions but have not been thoroughly tested in PD models and therefore should

be closely examined during the next phase of DOR agonist-PD work.

Another fundamental question that needs to be addressed in this line of work is

whether or not DOR agonists are dyskinetogenic when given as adjuncts to levo-

dopa. This line of research would require long-term chronic studies to determine

how dosing of DOR agonists and levodopa would need to be adjusted to retain

maximal benefits. Another very interesting line of research should be to determine

how DOR agonists affect the nonmotor symptoms of PD. Indeed, intranigral

6-OHDA has recently been shown to induce a behavioral phenotype similar to

depression (Santiago et al. 2014). Similarly, PD patients also experience depression

which is likely related to the damage suffered to both dopamine and serotonin

systems. Since DOR agonists like SNC80 have been shown to have robust antide-

pressant effects in numerous models (Broom et al. 2002a, b; Jutkiewicz et al. 2005),

it would be interesting to determine whether DOR agonists improve “PD-like

depression” in model systems.

Another strategy that should be undertaken is the development of dual opioid

compounds which might enhance the effects of DOR activation and potentially

curb internalization properties. Prior studies have reported strong evidence for

heterodimerization of the DOR and MOR (Traynor and Elliott 1993; Jordan and

Devi 1999; Gomes et al. 2000), and this might be a way to enhance DOR signaling

(Gomes et al. 2000). For example, DOR agonist/MOR antagonist drugs may present

benefits not seen with DOR agonists alone. Along these same lines, NOR

antagonists have already shown a leftward shift in SNC80’s dose response

(Mabrouk et al. 2014) suggesting that engaging dual target could be one avenue

to explore going forward.

Taken together, the ability of DOR agonists to enhance locomotor activity in a

number of PD models, to be neuroprotectant in models of dopamine denervation,

and to improve measures of depression all point toward the notion that this class of

drugs may represent a future generation of antiparkinsonian drugs. There is still

controversy about the use of opioid-based drugs for the treatment of movement

disorders, but their effectiveness cannot be denied in animal models.
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Yue X, Falk T, Zuniga LA, Szabò L, Porreca F, Polt R, Sherman SJ (2011) Effects of the novel

glycopeptide opioid agonist MMP-2200 in preclinical models of Parkinson’s disease. Brain

Res 1413:72–83

Zhang J, Haddad GG, Xia Y (2000) Delta-, but not mu- and kappa-, opioid receptor activation

protects neocortical neurons from glutamate-induced excitotoxic injury. Brain Res

885:143–153

Zhang J, Gibney GT, Zhao P, Xia Y (2002) Neuroprotective role of delta-opioid receptors in

cortical neurons. Am J Physiol Cell Physiol 282:C1225–C1234

Delta Opioid Pharmacology in Parkinson’s Disease 275



Delta Opioid Receptor and Peptide:
A Dynamic Therapy for Stroke and Other
Neurological Disorders

M. Grant Liska, Marci G. Crowley, Trenton Lippert, Sydney Corey,
and Cesar V. Borlongan

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

2 DOR: Neuroprotection and Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

3 DOR: General Neuroprotective Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

3.1 Ionic Homeostasis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

3.2 Endogenous Neuroprotective Pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

4 DADLE: The Ligand and Hibernation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

5 DADLE and Cerebral Ischemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

5.1 Recent In Vivo Studies of DADLE in Cerebral Ischemia . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

6 Recent Research Revealing DADLE’s Neuroprotective Pathways . . . . . . . . . . . . . . . . . . . . . . . 284

6.1 DADLE and the MKK7 Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

6.2 DADLE and Transcription Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286

7 DADLE, Beyond Stroke: Relevance in Other CNS Disorders . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

7.1 DADLE as an Epilepsy Therapeutic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

7.2 DADLE and Spinal Cord Injury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289

7.3 DADLE and Neurodegenerative Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

8 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

Abstract

Research of the opioid system and its composite receptors and ligands has

revealed its promise as a potential therapy for neurodegenerative diseases such

as stroke and Parkinson’s Disease. In particular, delta opioid receptors (DORs)
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have been elucidated as a therapeutically distinguished subset of opioid

receptors and a compelling target for novel intervention techniques. Research

is progressively shedding light on the underlying mechanism of DORs and has

revealed two mechanisms of DOR neuroprotection; DORs function to maintain

ionic homeostasis and also to trigger endogenous neuroprotective pathways.

Delta opioid agonists such as (D-Ala2, D-Leu5) enkephalin (DADLE) have

been shown to promote neuronal survival and decrease apoptosis, resulting in

a substantial amount of research for its application as a neurological therapeutic.

Most notably, DADLE has demonstrated significant potential to reduce cell

death following ischemic events. Current research is working to reveal the

complex mechanisms of DADLE’s neuroprotective properties. Ultimately, our

knowledge of the DOR receptors and agonists has made the opioid system a

promising target for therapeutic intervention in many neurological disorders.
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Cerebral ischemia • DADLE • Neuroprotection • Opioid receptors

Abbreviations

DADLE (D-Ala 2, D-Leu 5) enkephalin

DAT Dopamine transporter

DOR Delta (δ) opioid receptor

HIT Hibernation induction trigger

KOR Kappa (κ) opioid receptor

MAPK Mitogen-activated protein kinase

MCAO Middle cerebral artery occlusion

METH Methamphetamine

MOR Mu (μ) opioid receptor

PKC Protein kinase c

1 Introduction

Opioid peptides and receptors compose the opioid system. Opioids are a class of

molecules historically implicated in pain modulation and addiction, yet in reality,

these neurotransmitters and receptors are involved in many different functions

including respiratory rate control and the stress response (Drolet et al. 2001).

Mediated by different receptors, the various opioid peptides each have their own

unique functions and molecular interactions. Invariably, adenylyl cyclase is
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inhibited by this family of classical Gi-protein coupled receptors, which is composed

of three primary subgroups: δ-opioid receptors (DOR), μ- (MOR), and κ- (KOR).
Endogenous opioid peptides include dynorphins, endorphins, and enkephalins,

which are associated with the KOR, MOR, and DOR, respectively. Depending on

the class of opioid, these receptors will evoke assorted effects. Opioid receptors

appear throughout various peripheral organs including the liver, heart, and gastroin-

testinal tract, as well as throughout the entire nervous and peripheral systems (Feng

et al. 2012; Hiller and Fan 1996; Lim et al. 2004; Mansour et al. 1987; Xia and

Haddad 1991; Xiang et al. 1996). Evidence has pointed to the opioid system’s ability

to protect against multiple neurological diseases that are defined by energy depleting

states, such as anoxic and ischemic conditions (Borlongan et al. 2004; Peart et al.

2005). After treatment with DOR agonists in animal models, data collected by

Mayfield and colleagues displayed extended survival rates during periods of hypoxia

(Mayfield and D’alecy 1994). In addition, it was shown that the opioid-induced

protection was attenuated by DOR antagonists, but was not affected by MOR and

KOR antagonists (Bofetiado et al. 1996). These findings indicate that the opioid

system is involved in neuroprotection against ischemic and hypoxic incidents,

feasibly mediated by delta opioid peptides and DORs primarily.

One particular DOR agonist, [(D-Ala 2,D-Leu 5) enkephalin] (DADLE), is a

synthetic opioid peptide which has received special attention due to its cytoprotective

effects and its ability to induce hibernation (Borlongan et al. 2009). The ability of

DADLE to preserve cells in ischemic/hypoxic conditions has made it a focal point of

ischemic stroke research. In addition, DADLE has been suggested as a possible

therapeutic for neurodegenerative diseases such as Parkinson’s Disease due to evi-

dence that DADLE can prevent dopaminergic neuron loss in methamphetamine-

treated rats and also mitigate pro-inflammatory cytokines (Berardelli et al. 1986;

Song et al. 2008). Despite much promising research, DADLE has not yet gained

access into the clinical setting and requires further study before making this transition

(Van Rijn et al. 2013).

This chapter will provide a general overview of DOR’s with a focus on their

neuroprotective applications. Additionally, later sections of this chapter will high-

light DADLE as a distinguished therapeutic opportunity, and discuss the current

research which has helped to reveal its neuroprotective mechanisms.

2 DOR: Neuroprotection and Receptors

Increasing evidence has shown that DOR activation may induce neuroprotective

effects under ischemic/hypoxic stress. During the late 1980s, Xia and his assistants

detected and recognized that turtle brains exhibit a much higher DOR density when

compared to the rat brain (Xia and Haddad 2001). Along with this observation,

turtles displayed a higher tolerance level than rats in ischemic and hypoxic

conditions (Sick et al. 1982; Xia et al. 1992). These findings pointed to a plausible

correlation between higher DOR density levels and an increased tolerance level for

ischemic and hypoxic conditions. In order to further demonstrate this, researchers
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mimicked excitotoxic conditions by adding glutamate to cultured cortical neurons

(Zhang et al. 1999). With 4 h of daily exposure over 8–10 days, neurons exposed to

100 μmol/L glutamate showed significant decrease in viability (Zhang et al. 1999).

Yet, with increased activation of DOR through administration of a DOR agonist, a

decreased level of glutamate-induced excitotoxicity of roughly 50% was observed

(Zhang et al. 1999). Also, the activation of KOR and MOR did not display notable

protective effects (Zhang et al. 1999, 2000). This suggests that the delta opioid

receptors are responsible for the neuroprotective effects seen, without significant

contribution by either the mu or kappa opioid receptors.

Data of the late 1990s and the early 2000s presented evidence that delta opioid

receptors are implicated in cellular ischemic response (Boutin et al. 1999; Frerichs

and Hallenbeck 1998; Kevelaitis et al. 1999). In mice subjected to middle cerebral

artery occlusion (MCAO), a reduction in mu and kappa binding sites was seen after

a decrease in delta binding sites. This decline naturally accompanies infarct core

extension (Boutin et al. 1999; Mayfield et al. 1996). Prior to any evident brain

damage, reduction in DOR is initiated, insinuating that KORs and MORs are less

sensitive to brain insults when compared to DORs. Inversely, if DOR’s are

stimulated, it may display protective effects in the ischemic brain (Frerichs and

Hallenbeck 1998; Kevelaitis et al. 1999).

3 DOR: General Neuroprotective Mechanisms

Although the neuroprotective effects of DOR activation were quickly recognized,

the intricacies of DOR’s role in neuroprotection are still not well-established.

Recent studies have served to progress our understanding of DOR’s cytoprotective

properties. The generally accepted means of DOR’s neuroprotective properties fall

into two categories – maintenance of ionic homeostasis, and activation of endoge-

nous protective pathways. These two mechanisms work in conjunction to provide

neuroprotective effects by combating the damage which develops from ischemia/

hypoxia. The following sections provide an overview of these mechanisms. Later in

this chapter, we will review current research on DADLE – a specific DOR agonist –

that expands upon the ideas presented here.

3.1 Ionic Homeostasis

Onset of hypoxic and ischemic conditions is promptly followed by disruption of

ionic homeostasis caused by an efflux of K+ and influx of Na+, Cl�, and Ca2+ (Kang
et al. 2009; Sung et al. 2008). The characteristic efflux of K+ in hypoxia and

ischemia can cause neuronal injury and death (Bickler 2004; Chao et al. 2006;

Karki et al. 2007; Liu et al. 2003; Mongin 2007; Nistico et al. 2007; Wei et al. 2003;

Yu et al. 1997). Following a cerebral ischemic event, activation of DORs lessens

the damaging leakage of K+ out of neuronal cells (Chao et al. 2006, 2007a, b, 2008,

2009), thereby reducing cell death (Liu et al. 2003; Wei et al. 2003). In addition, a
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direct decrease in Na+ influx accompanied by indirect reduction of K+ efflux by way

of inhibition of voltage-gated Na+ channels has been observed in cells with elevated

expression of DOR (Kang et al. 2009; Chao et al. 2008, 2009; Chao and Xia 2010).

The neuroprotective effects of DORs can largely be attributed to its ability to

attenuate Na+ influx and help maintain ionic homeostasis after hypoxic/ischemic

insult (Fig. 1). This was demonstrated when the neuroprotective effects of DOR

were abrogated by Na+ perfusion, treatment with Na+ channel blocker TTX, and

NMDA receptor channel blocker MK 801 (Chao et al. 2008, 2009).

3.2 Endogenous Neuroprotective Pathways

In addition to the regulatory roles of DORs in functioning to maintain ionic

homeostasis, DORs have been implicated in initiating endogenous neuroprotective

pathways. In particular, multiple studies have shown that DORs may exert neuro-

protective effects by preventing the phosphorylation of p38 by way of protein

kinase C (PKC) and mitogen-activated protein kinase (MAPK)-ERK1/2 stimulation

(Feng et al. 2009; Ke et al. 2009; Ma et al. 2005; Narita et al. 2006; Peng et al.

Fig. 1 DOR neuroprotective modulation of cellular ion levels: following hypoxic/ischemic

cellular stress, an immediate loss of ionic homeostasis ensues, which leads to neuronal dysfunction

and death. DOR activation can prevent the disturbance of ionic homeostasis and mitigate the

injury. Activation of DOR has been shown to: (A) prevent efflux of potassium, (B) prevent influx
of sodium, and (C) prevent influx of calcium. DOR agonists such as DADLE – (D-Ala 2, D-Leu 5)

enkephalin – bind to DOR (D) in the brain, initiating these protective effects. Activation of DOR

(E) allows for a reduction in neuronal injury and death after ischemic events
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2009). The DOR-mediated neuroprotective effects seen after hypoxic episodes can

be reduced by treatment with PKC inhibitors, evidence that the activities of this

kinase and others are implicated in the neuroprotective pathway (Ma et al. 2005).

Additionally, this PKC-dependent pathway has been tied to DOR attenuation of

the K+ efflux seen in a number of physiopathologies, and an overall maintenance

of ionic homeostasis (Chao et al. 2007b). Following hypoxic preconditioning, a

number of hypoxia-inducible transcription factors are upregulated (Peng et al.

2009). One result of this upregulation is an increased expression of DOR, which

provokes the neuroprotective ERK signaling pathway (Peng et al. 2009). Treatment

with an ERK inhibitor impedes these DOR-induced neuroprotective effects, further

indicating the crucial role that DOR-mediation of the PKC and ERK signaling

pathways play in this opioid’s neuroprotective functions (Ma et al. 2005).

4 DADLE: The Ligand and Hibernation

Hibernation is an unparalleled, innate model allowing animals to endure debilitating

blood-, energy-, and oxygen-deprived conditions. Due to this, hibernation has become

a key focus for many researchers investigating possible neurotherapies for conditions

with related circumstances. A study aiming to discover novel insight regarding the

molecular factors participating in hibernation led to the observation of induced

hibernation in summer active ground squirrels following an injection of plasma

from Thirteen-lined Ground Squirrels (Dawe and Spurrier 1969). The hibernation

trigger (HIT) that caused this was classified as a protein factor that co-migrates with

albumin (Bruce et al. 1987; Oeltgen et al. 1988). It has been suggested that HIT could

behave similarly to an opioid, because of an opioid’s capability to influence physical

responses comparable to hibernation. Conversely, new data have shown HIT may

release endogenous opioids instead of actively behaving as one (Bruce et al. 1987).

This also indicates that hibernation and the opioid systems are likely linked. Further

research in the opioids’ hibernation-causing characteristic provided data revealing that

each opioid receptor class, μ, κ, and δ, has differing effectiveness for stimulating

hibernation. Certain selective agonists for KOR and MOR, such as dynorphin and

morphine, were limited in their ability to stimulate hibernation in summer active

ground squirrels (Oeltgen et al. 1987, 1988). The DOR agonist (D-Ala 2, D-Leu 5)

enkephalin (DADLE), however, was successful in provoking a hibernation state

(Oeltgen et al. 1988). Following this discovery, numerous experiments have aimed

to analyze the neuroprotective abilities of DOR’s and DOR selective ligands, such as

DADLE, through the opioid system. DADLE has become a focal point of researchers

analyzing prospective neuroprotective therapies due to its ability to act as an opioid

peptide that predominantly binds to DORs. For similar reasons that DADLE can act as

a HIT, DADLE was also shown to be an effective means of increasing cell viability in

cell transplantation therapy and a means of organ preservation in organ trans-

plantations (Borlongan et al. 2000; Horton et al. 1998). Current research has expanded

on these ideas, with a heavy focus on DADLE’s neurological applications – specifi-

cally ischemic stroke (Chu Sin Chung and Kieffer 2013).

282 M. Grant Liska et al.



5 DADLE and Cerebral Ischemia

DADLE has been favorably implicated in stroke therapy for more than two decades.

Interest in DADLE as a possible treatment for stroke is logical, as ischemic stroke is

characterized by severe hypoxia and energy deprivation which are physiologically

similar to the conditions induced by hibernation (Borlongan et al. 2009). Still,

developing effective therapeutics based off of the promising DADLE research of

the 1990s and 2000s has proven difficult; it has been challenging to draw reliable

conclusions on DADLE’s effectiveness due to poorly understood interactions and

mechanisms (Xia 2015). For example, Blurton et al. demonstrated that DADLE is

nonspecific and can bind to MOR’s, which bears significant implications in its

therapeutic uses (Blurton et al. 1986). Additionally, the distribution/density of

DOR’s and the function of DOR agonists vary from species to species, making

translational research problematic. Despite the difficulties, DADLE research has

continued to progress and show promise as a future stroke therapy.

5.1 Recent In Vivo Studies of DADLE in Cerebral Ischemia

In 2016, Fu and collaborators published valuable findings describing the general

effectiveness of DADLE administration after permanent middle cerebral artery

occlusion (pMCAO) in rats (Fu et al. 2016). Most ischemic episodes in patients

are not transient, thus pMCAO provides a more clinically applicable model com-

pared to standard MCAO. In this experiment, intracerebroventricular injection of

DADLE was administered 45 min post-ischemia (Fu et al. 2016). Behavioral tests

and histological analysis were conducted on all rats to measure neurologic function,

infarct size, and cell death (Fu et al. 2016). Rats treated with DADLE post-MCAO

showed significantly improved neurological function, a 44.7% decrease in infarct

volume when compared to vehicle controls, and an increase in neuron survival of

more than 25% (Fu et al. 2016). Neurological functions were evaluated with the

Garcia test, which examines both behavioral and sensory functions, making it an

especially relevant test when searching for therapeutics that aid in functional

recovery for stroke patients (Fu et al. 2016).

Wang et al. demonstrated equally encouraging evidence of the effectiveness of

DADLE as a therapy in their 4-artery occlusion model of stroke (Wang et al. 2016).

This experiment utilized the 4-artery occlusion technique to induce transient global

ischemia in the rat brain, which not only models stroke, but also the blood-

deprivation accompanying cardiac arrest (Wang et al. 2016). This group looked

closely at the effects of DADLE on spatial memory and hippocampal cell death

(Wang et al. 2016). Previous research has shown that transient ischemia can trigger

the neurogenic activities of the adult brain, however, these newly formed cells were

shown to predominantly die by apoptosis within weeks (Wang et al. 2016). Wang’s

team hypothesized that DADLE may have neuroprotective effects by encouraging

the survival of these newly formed cells (Wang et al. 2016). DADLE was

administered at the onset of reperfusion and the rats were put through a water-
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maze test 23–27 days after the ischemia (Wang et al. 2016). The results of this

experiment showed an improvement in spatial memory, an increase in new neurons

within the dentate gyrus, and a limited effect on cell differentiation in rats treated

with DADLE (Wang et al. 2016).

The pathophysiology of stroke is complex, with many detrimental pathways

being concurrently activated upon the initiation of hypoxic conditions. One of the

most prominent targets of stroke research is neuroinflammation. In 2014, Wang

et al. (Wang et al. 2014) conducted research which linked the effects of DADLE to

a reduction in the pro-inflammatory cytokine, tumor necrosis factor-alpha (TNF-α)
(Wang et al. 2014). By exposing cultured rat astrocytes and PC-12 cells (a cell line

which differentiates into neuron-like cells) to severe hypoxia, they were able to

encourage the cells to secrete TNF-α. The combination of astrocytes and neuron-

like cells attempted to replicate an in vivo cellular environment. First, this group

was able to demonstrate that hypoxia increases the expression of DOR in astrocytes

(Wang et al. 2014). Then, using a DOR-agonist UFP-512, they showed that DOR

activation led to a reduction of TNF-α secretion from astrocytes (Wang et al. 2014).

Together, this paints a picture of hypoxia resulting in an increased expression of

DORs in astrocytes as an attempt to self-regulate its inflammatory secretions.

Although DADLE was not the DOR agonist used, because the experimental design

demonstrated that DOR activation was the causative event, and not a specific opioid

ligand, these findings are translatable to DADLE.

As our knowledge of the complex pathophysiology of stroke continues to grow,

so too does the breadth of research on DADLE. An increased understanding of the

intricate details and the contributing factors to cell death after ischemia will allow

for new avenues of investigation. Current and future research on DADLE’s effec-

tiveness as a stroke therapy will progressively reveal the details of this synthetic

opioid’s function and mechanisms – a critical component of moving DADLE from

the laboratory to the clinical setting. As with any potential pharmaceutical, it is vital

to have an understanding of the molecule’s various interactions in order to predict

how it will affect the entirety of the human body.

6 Recent Research Revealing DADLE’s Neuroprotective
Pathways

Being a particular DOR agonist, much of the research elucidating the therapeutic

mechanisms of DADLE have been extensions of the investigative efforts into

understanding the DOR function. This research has revealed two well-established

therapeutic processes by which DADLE functions, focusing primarily on the

DOR-dependent mechanisms mentioned in Sects. 3.1 and 3.2. First, DADLE has

been shown to preserve ionic homeostasis indirectly by modulating the influx and

efflux of intracellular and intercellular ions. Second, DADLE has been proven to be

a trigger for endogenous neuroprotective pathways. The following sections will

review more recently characterized mechanisms, some of which introduce the

possibility of DOR-independent neuroprotective pathways. Predominately, these
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mechanisms have been elaborations on the endogenous neuroprotective pathways

which were known to exist, but not well characterized. Revealing the details of

DADLE’s therapeutic mechanisms has been slow work and is crucial to transi-

tioning DADLE and other DOR agonists to clinical relevance (Berardelli et al.

1986). Still, there is strong evidence in support of DADLE’s potential to be

clinically significant in the future (Berardelli et al. 1986). The following sections

will discuss two recently discovered and unique mechanisms of DADLE’s thera-

peutic function which contribute to its neuroprotective properties.

6.1 DADLE and the MKK7 Pathway

In 2015, Wang and his colleagues conducted a study in which both in vitro and

in vivo models were used to explore the effects of DADLE on rat intestinal

epithelial cells after induction of ischemia/reperfusion (I/R) injury. DADLE was

effective in increasing the survival rate of the I/R injury cells and decreasing

apoptotic rates in a dose-dependent manner (Wang et al. 2015). The activation of

the c-Jun N-Terminal kinase JNK pathway has been shown to play an important

role in apoptosis and I/R injury pathology (Song et al. 2008). In vitro, DADLE

attenuated the JNK pathway via reduced phosphorylation of an upstream kinase,

mitogen-activated protein kinase kinase (MKK7) (Wang et al. 2014). In addition to

observing activation of MKK7, in vivo models of I/R insult on epithelial tissues

were examined for protein levels of oxidative stress markers including diamine

oxidase (DAO) in the plasma, and superoxide dismutase (SOD), myeloperoxidase

(MPO), and malonaldehyde (MPA) within the intestinal tissues (Wang et al. 2014).

Treatment groups displayed significantly lower levels of MPA, DAO, and MDA –

but not MPO – compared to the control group, resembling nearly normal levels

represented by the sham group (Wang et al. 2014). Expression of SOD was

significantly increased in DADLE-treated rats compared to the control (Wang

et al. 2014). Hematoxylin and eosin staining illustrated the absence of erosion

and detachment of the intestinal mucosal epithelium in the DADLE treatment

groups, but was observed in the control groups, further implicating DADLE’s

protective effects following I/R injury in intestinal epithelia (Wang et al. 2015).

Notably, after silencing MKK7 expression in vitro, DADLE treatment no longer

protected against apoptosis after I/R insult (Wang et al. 2015). This implies that

DADLE’s role in the defense against cell death is largely via the MKK7-JNK signal

transduction pathway (Wang et al. 2015).

The following research by Wang et al. provides yet another mechanism of action

in which DADLE may elicit therapeutic benefits. The protective effects provoked

by DADLE observed in intestinal cells may also have influence on neuropathies.

The discovery of MKK7 down-regulation as a central role in reducing apoptosis

and oxidative stress provides key evidence that it may induce similar effects

following ischemia of the brain. Previous studies indicate that MKK7 is the optimal

target location in the JNK pathway in which inhibition would render favorable

effects within the cell. When JNK inhibitor peptide, D-JNKI1, was tried as a
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neuroprotective agent, it served as a strong defense against excitotoxicity in vitro

(Borsello et al. 2003a, b) and resulted in a 93% decline in infarct size for ischemic

rodent models (Borsello et al. 2003a, b; Repici et al. 2007). However, complete

obstruction of the JNK signaling pathway has negative side effects due to its

regulatory functions in a range of physiological events including cell survival,

proliferation, and differentiation (Davies and Tournier 2012). Of the only two

direct upstream activators of JNK – MMK4 and MKK7 – MKK7 is the preferred

target due to its activation by inflammatory cytokines (Harper and Lograsso 2001)

and role in overactivation of JNK in response to the excitotoxic conditions which

accompany stroke models (Repici et al. 2007). By avoiding the inhibition of

MKK4, which becomes activated upon stress signals not including excitotoxic

stimuli, the other physiological roles of JNK pathways may resume (Centeno

et al. 2007).

A study in 2015 by Vercelli et al. focused on inhibition of MKK7 as a treatment

for cerebral ischemia after taking previous research into consideration (Vercelli

et al. 2015). The peptide, GADD45β-I (growth arrest and DNA-inducible 45β) was
specifically engineered to target MKK7 and minimize its phosphorylation (Vercelli

et al. 2015). Following successful in vitro studies, two models of cerebral ischemia

were conducted in Sprague–Dawley rats – the MCAO and the thromboembolic

ischemia models (Vercelli et al. 2015). Administration of the MKK7 inhibitory

protein 6 h subsequent to an ischemic insult presented a neuroprotective effect

(Vercelli et al. 2015). These results suggest that DADLE may act by way of a

similar mechanism and be a prime candidate in the protection against neuronal cell

death after ischemic injury.

The increased expression of SOD and reduction of MPO seen with the in vivo

results of the Wang et al. suggests the ability of DADLE to combat oxidative stress

(Wang et al. 2015). These separate mechanisms alone have had positive results in

ischemic models. Several studies have concluded the neuroprotective effect of

overexpressed SOD after ischemia-induced injury (Fujimura et al. 1999; Kawase

et al. 1999; Kinouchi et al. 1991). One particular study displayed that the induction

of apoptotic cell death by phosphorylation/activation of the MAPK pathway may be

attenuated by an increase in SOD (Noshita et al. 2002). Inhibition of MPO in

MCAO mice models was found to lessen neuronal damage and increase neurologi-

cal function (Yu et al. 2016). Both the elevation of MPO and reduction of SOD have

been observed in cerebral ischemic conditions creating damaging oxidative stress.

Tackling both of these problems individually has been shown to be neuroprotective

and DADLE may use these two mechanisms in conjunction to exhibit its powerful

antioxidant effects.

6.2 DADLE and Transcription Regulation

As mentioned previously, dating back to the late 1980s, DADLE was observed to

induce a state of hibernation in squirrels after injection (Oeltgen et al. 1988). Two

studies in 2006 explored DADLE-induced hibernation at a cellular level and
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discovered that both HeLa cells, a cervical cancer cell line (Vecchio et al. 2006),

and LNCaP cells – a human prostate cancer cell line (Baldelli et al. 2006) – went

into a reversible hibernation-like state when treated with DADLE. Both cancer cell

lines displayed an overall decreased level of transcription and proliferation upon

treatment (Vecchio et al. 2006; Baldelli et al. 2006). While hibernation is a complex

physiological process, the findings of this study and others imply that the reduction

in metabolism seen in states of hibernation may be in part a consequence of a mass

reduction in transcription.

In a more recent study by Tian et al. (2014), further detail was revealed about the

mechanism in which DADLE inhibits transcription (Tian et al. 2014). Human

neuroblastoma SH-SY5Y cells and primary cortical neurons were used in the

study due to the hypothesis that DADLE-induced inhibition of transcription and

the resulting arrest of cellular metabolism would provide neuroprotective effects

(Tian et al. 2014). When simultaneously treated with the DOR antagonist naltrindole

and DADLE, there was no change in DADLE’s ability to reduce transcription,

implying of its function via a DOR-independent mechanism (Tian et al. 2014). This

was further supported by the trials with Deltorphin A, DAMGO, and U50488H –

DOR, MOR, and KOR agonist, respectively – and their inability to inhibit transcrip-

tion (Tian et al. 2014). Specifically, DADLE was observed to inhibit phosphorylation

of RNA Polymerase II at Ser 2 and Ser 5 in the heptapeptide repeat sequence of the

C-terminal domain, thereby limiting transcription (Tian et al. 2014). After treatment

for 24–72 h, no cell damage occurred as a result of DADLE and the torpor-like state

was reversed in the subsequent 72 h (Tian et al. 2014). Additional investigation with

in vivo studies is required to further support the therapeutic use of DADLE as a means

of limiting metabolism after neurological insults such as stroke and TBI.

Interestingly, Tian’s study provides contradicting results to the data provided by

Wang’s study on MKK7 phosphorylation mentioned in Sect. 6.1. In Wang’s

research, DADLE treatment on intestinal cells restricted the characteristic increase

expression of apoptotic factors – specifically caspase-3 and caspase-9 – after I/R

injury, which coincides with Tian’s findings (Wang et al. 2015; Tian et al. 2014).

However, when examining MKK7 and JNK expression after DADLE treatment, it

was observed that while phosphorylation of both kinases declined, only the overall

expression of JNK was significantly reduced; the total expression of MKK7 did not

decline compared to sham and control groups as would be expected with inhibition

of transcriptional machinery (Wang et al. 2015). These findings reveal the gaps in

our understanding of DADLE’s role in transcription and gene expression. Further

research is needed to provide a more conclusive picture detailing the manner in

which DADLE is eliciting its neuroprotective effects through decreased expression

and phosphorylation of proteins in apoptotic pathways.
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7 DADLE, Beyond Stroke: Relevance in Other CNS Disorders

The majority of this chapter thus far has focused on the potential applications of

DOR and DADLE therapies in stroke. Yet, DADLE has proven to be a versatile

molecule and is being investigated as a therapeutic for multiple neurological

disorders including epilepsy, spinal cord injury, and neurodegenerative diseases

such as Huntington’s, Alzheimer’s, and Parkinson’s disease. It is likely that the

observed effects of DADLE in these various disorders are the result of both the

therapeutic mechanisms described previously and newer, poorly understood

mechanisms.

7.1 DADLE as an Epilepsy Therapeutic

While DADLE treatment and other DOR agonists have not been extensively

studied in epilepsy models, their established mechanisms of action suggest a

potential for therapeutic benefit for those suffering from epilepsy. The current

treatment for epilepsy includes the option of surgery or several antiepileptic

drugs, and though they may be effective, they often are accompanied with complex

psychiatric and behavioral problems such as depression, aggression, agitation, and

irritation (Brodie et al. 2016). A predicted >30% of adolescent and adult patients

continue to have seizures after/during treatment (Brodie et al. 2012). In older

research before the year 2000, studies explored the anti-convalescent effects of

DADLE (Koide et al. 1992; Tortella et al. 1985). Now that our understanding of the

role DADLE/DOR-activation plays in maintaining ionic homeostasis has been

expanded, DADLE treatment of epilepsy may be a promising therapeutic option

to explore. Brains prone to epileptic seizures have been shown to have cortical

neurons that are hyper-excitable, accompanied by the upregulation of voltage-gated

Na+ channels and down-regulation of DOR. As mentioned previously, DORs play a

role in the inhibition of voltage-gated Na+ channels (Kang et al. 2009; Chao et al.

2008, 2009; Chao and Xia 2010) and attenuating neuronal deficits caused by Na+

influx (Chao et al. 2008, 2009). In addition, DADLE has been seen to combat

glutamate toxicity in neocortical neurons (Zhang et al. 2000). Both of these factors

may contribute to the potential for DADLE as a treatment in epilepsy which is

characterized by overactivation of neurons, often associated with ionic imbalance

and dysfunction of the glutamate system (Barker-Haliski and White 2015). It is

worth noting that despite the positive evidence supporting DADLE’s potential to

combat pathological processes of epilepsy, it has been reported that DADLE and

other DOR agonist – specifically SNC80 (Chung et al. 2015) – may promote

convulsions (Iwata et al. 2007). This does not, however, reflect the lack of adverse

effects with DADLE as other investigations have found no convulsive effects of

DOR agonists in primates (Feng et al. 2012) and the convulsions seen in some DOR

agonists may be the result of high dosages.
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7.2 DADLE and Spinal Cord Injury

Since discovering the existence of DORs within the region of spinal cord motoneurons

in 1999 (Mailly et al. 1999), multiple studies have been conducted targeting DOR

activation as a treatment to improve tolerance of spinal cord ischemia and reduce

injury from ischemic reperfusion. These studies have displayed promising results for

several DOR agonists including SNC80, DADLE, and DPDPE ([D-Pen2,5]-enkepha-

lin) (Horiuchi et al. 2004; Liu et al. 2015, 2016; Turner and Johnson 2011).

Intrathecal treatment with DOR agonists has been observed to have therapeutic

effects after I/R injury on the spinal cord (Horiuchi et al. 2004; Turner and Johnson

2011). In one study, induction of an intra-aortic balloon catheter was used as a

spinal cord ischemia (SCI) model in rats with intrathecal SNC80 treatment prior to

the SCI (Horiuchi et al. 2004). This treatment was observed to limit resulting hind-

limb dysfunction and increase the number of healthy neurons after 48 h (Horiuchi

et al. 2004). Another study used a split-bath ex vivo neonatal rat brainstem and

spinal cord preparation in OGD (oxygen-glucose deprivation) solution to model I/R

spinal injury. Direct administration of DADLE and DPDPE was done before,

during, and after exposing only the spinal cord to OGD solution (Turner and

Johnson 2011). OGD solution causes a decrease in respiratory motor output fre-

quency and amplitude until there is no further activity. When the electrical activity

ceased, it was recorded as the end-point time (Turner and Johnson 2011). Both

DOR activators DPDPE and DADLE increased the end-point times (Turner and

Johnson 2011). DOR activation was seen to attenuate ischemic signaling cascade

even after the cascade had already begun; this was supported by the trial in which

DADLE was administered with ongoing OGD exposure after 15 min of spinal OGD

exposure alone and end-point times still increased 80% (Turner and Johnson 2011).

This suggests that the therapeutic effects of DOR activation act quickly, extending

its therapeutic window (Turner and Johnson 2011). Overall, DPDPE was observed

to have a greater neuroprotective effect than DADLE and therefore DPDPE was

used for further experiments such as dual treatment of DPDPE and naltrindole

(DOR antagonist) (Turner and Johnson 2011). Blocking DORs prior and during

spinal OGD prevented neuroprotection by DPDPE, indicating that it acts by way of

a DOR-dependent mechanism (Liu et al. 2016). More research is needed to

establish how long the spinal cord may undergo OGD before the damage is too

extensive and DOR activation is no longer effective.

Spinal cord injury, potentially to the extent of paraplegia, is a risk factor of

thoracic and thoracoabdominal aortic aneurysm repair surgery (Zvara 2002). In two

consecutive studies performed on rabbits, regional reperfusion of DADLE through

the abdominal aorta was used as an experimental treatment in spinal cord I/R

models caused by aortic occlusion (Liu et al. 2016; Zvara 2002). In the first

study, DADLE treatment limited behavioral retardation and combated the loss of

healthy motor-neurons of the spinal cord after I/R injury (Liu et al. 2015). An

additional study was done to explore the relative dose-response effects of DADLE

using the same model. The results showed greater neuroprotection with increasing

dosage between 0.0005 and 0.05 mg/kg with a decline in therapeutic efficacy after a
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0.5 mg/kg dosage (Mailly et al. 1999). At this dosage the mean arterial pressure was

affected and the hemodynamic parameter was suppressed temporarily suggesting a

possible cause of the reduced neuroprotective effects (Mailly et al. 1999). Interest-

ingly, it was suggested that the protective effects of DADLE on the spinal cord may

be somewhat temporary. The rate of paraplegia increased in the 24–48 h period in

the 0.05 mg/kg dosage group going from a rate of zero to a rate just under 20%

(Mailly et al. 1999). While after 72 h this dosage still displayed significant

improvement from the control group and remained the dosage that displayed the

greatest improvement, the decline of neuroprotection is something to be noted and

further studied (Mailly et al. 1999). A procedure for additional administration of

DADLE may be an option to prolong the protective effects of DADLE on the spinal

cord and would require further investigation.

7.3 DADLE and Neurodegenerative Disease

DADLE and DORs have been shown to have implications in neurodegenerative

diseases such as Parkinson’s Disease (PD), Alzheimer’s Disease (AD), and

Huntington’s Disease (HD), among others. These three disorders share a common

motif of progressive neurodegeneration, and inefficient synaptic communicate due

to neuronal death and/or aberrant protein aggregation (Nussbaum and Ellis 2003).

Despite having unique origins and causes, much of the research performed on these

three diseases is translatable to the others due to their commonalities. In particular,

research displaying DADLE’s ability to promote neuronal survival likely has

relevance to all diseases characterized by progressive neurodegeneration. Yet as

mentioned before, DADLE is a dynamic molecule which possesses both general

protective mechanisms that contribute to its neurotherapeutic effects and mecha-

nisms which are unique to each individual disease. The importance of this caveat

will be explored with a discussion of DORs and DADLE in Alzheimer’s disease in

Sect. 7.3.2.

A study conducted in 2003 by the National Institute of Health’s Cellular

Pathology Unit showed that chronic administration of DADLE caused an increased

level of Nerve Growth Factor (NGF) within the brain in a region-specific manner

(Hayashi and Su 2003). Among these regions were the midbrain and hippocampus,

which are implicated in PD, AD, and HD (Hayashi and Su 2003). The presence of

NGF has been shown to act as a trophic factor which promotes the survival of

neurons throughout the brain and nervous system (Barde 1989; Culmsee et al.

2002), thus an increase in NGF levels may help to counteract the neuronal death

seen in various neurodegenerative disorders. Interestingly, a study in 2013 was able

to provide insight into the mechanism of this NGF upregulation by observing an

increase in the P13K/Akt/NF-kB pathway proteins after DADLE treatment via

western-blot analysis (Sen et al. 2013).

Disturbances in NGF and NGF-receptor levels have not been shown to exist in

AD, yet a pilot study of NGF lateral ventricle infusions administered over 3 months

in an AD patient resulted in an increase in cerebral blood flow and an improvement
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in verbal episodic memory (Olson et al. 1994). The reason for these effects is not

completely understood, but it was theorized that the NGF-dependent cholinergic

system may have been aided by the increased NGF levels (Olson et al. 1994). In

contrast, the brain of Parkinson’s patients has been shown to have notable reduction

in NGF levels (Lorigados Pedre et al. 2002). Lastly, in Huntington’s Disease, NGF

has been shown to be neuroprotective with in vivo and in vitro models (Mizuta et al.

2001). As a result, DADLE’s ability to stimulate the production of NGF may reveal

possible therapeutic avenues for all three disorders – by stimulating the cholinergic

system in AD, rescuing NGF levels in PD, and promoting neuronal survival in

HD. It is worth mentioning that evidence presented in Sect. 7.3.2 may refute the

theory that DADLE beneficially modulates the cholinergic system.

Another unique and widely applicable use of DADLE is its function as an aid in

cell transplantation therapies, as mentioned in Sect. 4 (Borlongan et al. 2001). Cell

transplantation therapies are being investigated as a treatment option for a diverse

set of neurological disorders including stroke, traumatic brain injury, and the

neurodegenerative diseases mentioned previously (PD, HD, and AD). Although

cell transplantation acts through multiple therapeutic mechanisms, the most intui-

tive one – transplanted cells actively replacing dead and dying cells – does not seem

to readily occur. In order to encourage the survival of transplanted cells, Borlongan

et al. investigated the use of DADLE as an aid in increasing graft survival rates of

embryonic ventral mesencephalic cells (Borlongan et al. 2001). One month after

being subjected to a forebrain 6-hydroxydopamine lesion (6-OHDA; an in vivo PD

model), the rats were administered the mesencephalic cells which had been

suspended in a solution containing DADLE (Borlongan et al. 2001). When behav-

ioral tests were performed 6 and 8 weeks post-transplantation, locomotor activity

returned to near normal levels (Borlongan et al. 2001). Additionally, histological

analysis showed that DADLE increased the number of living transplanted cells

nearly twofold (Borlongan et al. 2001). The ability of DADLE to promote the

survival of grafted cells provides a secondary therapeutic use for this peptide,

whereby it may contribute to all disorders for which cell transplantation therapy

is being investigated.

7.3.1 DADLE and Parkinson’s Disease
An investigation by Tsao and colleagues evaluated DADLE’s neuroprotective abilities

in association with dopamine neurotoxicity by methamphetamine (METH). Prolonged

use at a medium dosage or a high single dose of METH generated long-term loss of

striatal dopaminergic terminals (Tsao et al. 1998). Two weeks following a METH

dose, DADLEwas introduced into the body and dopamine transporter (DAT) function

was found to return to normal levels from a prior decrease of 30% (Tsao et al. 1999).

Additionally, the introduction of DADLE preceding exposure to METH effectively

inhibited and restored METH-induced DAT deficits (Tsao et al. 1999; Hayashi et al.

1999). Further investigations have revealed that the free radical scavenging ability of

DADLE and facilitation by DOR are essential for the neuroprotective effects of

DADLE countering METH-induced DAT loss (Tsao et al. 1998).
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DADLE’s ability to provide neuroprotective effects against METH-induced

DAT loss created enquires regarding DADLE’s capacity to provide the same

protection against other neurological conditions. Particularly, DADLE’s ability to

combat Parkinson’s Disease (PD) – which is defined by dopamine depletion – has

been investigated as a potential novel therapy. Adult male rats were administered

with 6-OHDA lesion and it was observed that the group which received DADLE

prior to treatment displayed improved survival of tyrosine hydroxylase immunore-

active cells (Borlongan et al. 1999, 2000). Comparably, improved cell viability was

observed in cultured primary rat fetal mesencephalic cells in a dose-dependent

method when the animals were pretreated with DADLE (Borlongan et al. 1999,

2000). Further data from an in vivo study showed DADLE augmented the survival

of serum deprived PC12 cells (Hayashi et al. 2002). Although this implies that

DADLE may have a trophic factor function, the primary pathway for its neuro-

protective behavior is thought to remain in the opioid system.

A more recent study conducted in 2015 provided contradictory results on

the effectiveness of DADLE in PD models (Eftekhar-Vaghefi et al. 2015). The

6-OHDA-induced model of PD in SH-SY5Y cells was used to mimic PD in vitro

and was then treated with different opioid receptor agonists, DADLE being used as

the DOR agonist (Eftekhar-Vaghefi et al. 2015). While MOR and KOR agonists had

therapeutic effects, DADLE did not appear to display any significant neuro-

protection (Eftekhar-Vaghefi et al. 2015). However, the lack of effect seen with

DADLE may be due to the low number of DORs typically found in SH-SY5Y cells.

Considering the positive effects of DADLE observed in other PD-related models,

these findings should be further tested to probe DADLE’s effectiveness as a PD

therapeutic.

7.3.2 Anomalous Effects of DOR’s and DADLE in Alzheimer’s Disease
Consistent with the leading hypothesis of AD pathology, the aberrant accumulation

of amyloid-beta protein is a defining hallmark of Alzheimer’s disease. Amyloid-

beta production occurs via the proteolysis of amyloid precursor protein (APP) by

beta-site APP-cleaving enzyme (BACE1) and gamma-secretase (Teng et al. 2010).

The sequential-proteolysis was shown to be mediated by DORs in a study

conducted in 2010 (Teng et al. 2010). This study investigated the interaction of

DOR, BACE1, and gamma-secretase using western-blot analysis, finding that DOR

mediates the co-proteolysis and contributes to the formation of amyloid-beta (Teng

et al. 2010). Interestingly, these results displayed that antagonism of DORs led to a

decrease in amyloid-beta production and a reduction in pathology (Hayashi et al.

2002). Conversely, treatment with DADLE led to a significant elevation in BACE1

and gamma-secretase activity, leading to an increase in the amyloid-beta pathology

(Teng et al. 2010). Thus, this study reveals AD as one of the few disorders in which

DADLE and DOR’s are pathology-inducing, and not neuroprotective (Teng et al.

2010). Similarly, studies have found that DOR activation contributes to the pathol-

ogy of AD by decreasing levels of acetylcholine and increasing the phosphorylation

of tau (Cai and Ratka 2012). Low levels of acetylcholine and hyper-phosphorylated

tau have both been implicated in the dynamic pathology of AD (Cai and Ratka
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2012). As a result, activation of DORs by DADLE would be expected to have

negative effects.

These facts highlight the complexities that accompany DADLE as a therapy; the

diverse interactions of DADLE allow it to have varied therapeutic effects, as well as

possible unwanted consequences. As previously stated, the activation of DORs is

not the only mechanism of action for DADLE. DADLE has been shown to function

via DOR-independent mechanisms, therefore therapeutic benefits might be offered

in AD by the DOR-independent actions of DADLE, while simultaneously being

negated by its DOR-activation. Ultimately, the opioid system may still present

a viable target for AD therapies, although it may be via DOR-antagonist and

DOR-independent mechanisms.

7.3.3 DORS and DADLE in Huntington’s Disease
An atrophying of subcortical grey matter in the basal ganglia is the defining

characteristic of HD (Van Den Bogaard et al. 2011). Opposite of AD, the brains

of HD patients have been shown to display decreased levels of DORs and endoge-

nous enkephalin opioids (Cadet and Rothman 1986). Opioid receptors and peptides

have a particularly high density within the basal ganglia and striatum of healthy

individuals (Bissonnette et al. 2013), thus attempting to rescue the levels of DORs

and endogenous opioids is a reasonable subject of investigation for HD therapies.

A study which increased the expression of striatal pre-enkephalin – the bio-

logical precursor to enkephalin, an endogenous DOR agonist – in the R6/2 rat

model of HD showed an improvement in both motor activity and memory functions

(Bissonnette et al. 2013). Although the mechanisms behind this improvement were

not revealed, the investigation did note a slight, yet notable increase in striatal

neuron survival (Bissonnette et al. 2013). In general, the implications of the DORs

and delta peptides such as DADLE in HD are an understudied topic. However, our

knowledge of the characteristic decline of DORs and endogenous enkephalins in

HD makes the opioid system an attractive target.

8 Concluding Remarks

The search for new neurological therapies has directed investigators toward DOR

modulation as a target for eliciting neuroprotective effects. The implication of DOR

activation during cytotoxic and hypoxic/ischemic conditions of the brain carries

clinical relevance and is largely supported throughout existing research. Current

studies have discovered various mechanisms for the process of DOR-induced

neuroprotection. Maintaining ionic homeostasis plays an important role in preven-

ting neuronal cell death and is mediated by DOR activation after cerebral ischemia.

Furthermore, DORs take part in enhancing endogenous neuroprotective pathways.

The DOR agonist, DADLE, has been at the forefront of DOR activation research,

having demonstrated the ability to confer resistance to neuronal injury and death in

ischemia, neurodegeneration, and drug-induced stress. While DADLE surely poses

a promising therapeutic option for various neurological disorders, many of the
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mechanistic details of DADLE and its interactions remain poorly understood.

Multiple labs are currently spearheading the effort to reveal these details of

DADLE, pushing it closer to clinical relevance.

DADLE has unique implications in the treatment of disorders involving pro-

gressive neurological decline via secondary cell death, such as incidences of stroke

and TBI. As there are many facets to the pathology of secondary cell death,

therapies that target multiple cytotoxic mechanisms may be optimal for producing

significant functional improvements. DADLE has been suggested to have therapeu-

tic effects on several aspects of secondary cell death such as oxidative stress,

neuroinflammation, glutamate toxicity, and stress-induced apoptosis. By having a

multi-pronged therapeutic profile, DADLE may represent a superior choice and

potent neuroprotective agent in neurodegenerative disorders. Overall, the opioid

system holds opportunity for neuroprotective treatment, especially via DORs and

DOR agonists. Despite the existing evidence of neuroprotection via the opioid

system, more research is needed in order to translate this knowledge into feasible

clinical treatments.
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Abstract

The opioid receptor family, with associated endogenous ligands, has numerous roles

throughout the body. Moreover, the delta opioid receptor (DORs) has various in-

tegrated roles within the physiological systems, including the cardiovascular system.

While DORs are important modulators of cardiovascular autonomic balance, they

are well-established contributors to cardioprotective mechanisms. Both endogenous

and exogenous opioids acting upon DORs have roles in myocardial hibernation and

protection against ischaemia-reperfusion (I-R) injury. Downstream signalling mech-

anisms governing protective responses alternate, depending on the timing and du-

ration of DOR activation. The following review describes models and mechanisms

of DOR-mediated cardioprotection, the impact of co-morbidities and challenges for

clinical translation.

Keywords

Cardioprotection • Delta opioid receptor • Ischaemia-reperfusion injury

1 Introduction

Opioids elicit both paracrine and autocrine functions within the cardiovascular system via

activation of opioid receptors (OR) (Headrick et al. 2012; Peart et al. 2005; Schultz and

Gross 2001). The three primary receptor subtypes, the mu (MOR), kappa (KOR) and

delta (DOR) opioid receptors, act as Gi/o protein-coupled receptors to inhibit adenyl-

ate cyclase (AC) and downstream signalling via second messenger cyclic AMP (cAMP)

(Peart et al. 2005; Schultz and Gross 2001; Pugsley 2002). For regulation of the car-

diovascular system, ORs are localised centrally to the respiratory and cardiovascular

centres of the hypothalamus (May et al. 1989; Goodman et al. 1980), and brainstem

(Goodman et al. 1980); and peripherally to the adrenal medulla (Wittert et al. 1996),

cardiomyocytes (Ventura et al. 1989), and the microvasculature (Peroutka et al. 1980).

Enkephalin (DOR), dynorphin (KOR) and endorphin (MOR) represent the major en-

dogenous opioids involved in significant neuroregulation (Headrick et al. 2012; Peart

et al. 2005). The intrinsic cardiac role of opioids is to maintain and regulate daily func-

tioning in healthy (or diseased) myocardium. In this role, the opioid system primarily

modulates autonomic control, balancing and countering the β-adrenergic system and

actions of catecholamines (Headrick et al. 2012; Xiao et al. 1997). Opioid receptor

activation also modulates systemic vascular tone, alters cardiac excitation-contraction

coupling, and may be involved in cardiogenesis (Headrick et al. 2012; Holaday 1983;

Pepe et al. 2004; Ventura et al. 1992; Maslov et al. 2006). Specifically, opioids have

generated extensive interest as modulators of ischaemic tolerance, particularly through

KOR and DOR agonism (Headrick et al. 2015). Opioids serve as desirable cardiopro-

tective candidates due to their involvement in reducing all outcomes from ischaemia-

reperfusion (I-R) injury (Romano et al. 2004a; Peart et al. 2011) (e.g. infarction,

contractile dysfunction, inflammation, arrhythmogenesis), contribution to various

endogenous and exogenous cardioprotective mechanisms (Schultz et al. 1995; Maslov

et al. 1996), role in exercise-derived tolerance to ischaemia (Dickson et al. 2008), and
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protective myocardial hibernation (Heusch 1998). This chapter will focus specifically

upon the involvement of DORs in cardioprotection.

1.1 Cardiovascular Disease and the Need for Adjunctive
Protective Therapies

Cardiovascular disease (CVD) continues to be the leading cause of death world-

wide, responsible for 33% of all deaths, with 50% of these attributed specifically to

coronary artery disease (Roger et al. 2012). Hyperlipidaemia, glucose intolerance,

hypertension, physical inactivity, and tobacco smoking remain prevalent risk fac-

tors for CVD (Roger et al. 2012). These risk factors can be managed and prevented

through strategic lifestyle, pharmacological and surgical interventions (Whitworth

2003; Peart and Headrick 2009).

An acute myocardial infarction (AMI) develops from complete or partial occlu-

sion of the coronary artery, leading to deprivation of oxygen and substrate delivery

to a region of the heart, coupled with reduced washout of toxic by-products. This

ischaemic event is characterised by insufficient energy, substrate and oxygen avail-

able to meet the metabolic demands of the myocardium for normal function, with

effects worsened by reduced tissue washout of ions/metabolites. The myocardium

can only be salvaged by restoration of blood flow to re-establish substrate and oxy-

gen delivery, termed reperfusion (Jennings and Reimer 1991). Clinical reperfusion

is achieved via primary percutaneous coronary intervention (PCI) or thrombolysis

(Widimsky et al. 2010). Importantly, whilst essential, reperfusing the ischaemic myo-

cardium is detrimental, inducing paradoxical ‘reperfusion injury’. This widely accepted

phenomenon, initially proposed by Jennings et al. in 1960, describes myocardial injury

and cell death that is induced specifically by reperfusion of occluded vessels (Jennings

and Reimer 1991; Jennings et al. 1960). Since both ischaemia, and subsequent and es-

sential reperfusion both damage the heart, a field of cardioprotective research has

evolved aimed at clinically combating ischaemia-reperfusion (I-R) injuries (Peart and

Headrick 2009).

Cardioprotective therapy (or adjunctive cardioprotection) aims to limit cell death and

dysfunction, improve conventional reperfusion strategies, and enhance short- and long-

term outcomes from accidental (e.g. AMI) or surgical ischaemia (Peart and Headrick

2009; Shi and Vinten-Johansen 2012; Sanada et al. 2011). Specifically, the heart can be

manipulated through endogenous or exogenous agonist-induced signalling to generate

an intrinsic hormesis response to prolonged ischaemic injury. A variety of strategies

have been assessed, with early studies of adrenoceptor modulation, adenosine receptor

agonism, glucose-insulin-potassium related strategies (among others) providing some

initially encouraging findings regarding the potential to experimentally modify extent

and progression of cellular damage during I-R (Peart and Headrick 2007, 2008; Vander

Heide and Steenbergen 2013; McIntosh and Lasley 2012). More recently, so-called

conditioning stimuli have been identified and heavily studied. Murry and colleagues

initially discovered the ischaemic preconditioning (IPC) phenomenon in 1986. Subse-

quently, an array of potential cardioprotective strategies have been studied and trialled,
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notably pre- and postconditioning stimuli that employ brief cycles of I-R (or pharma-

cological mimetics) prior to or following ischaemia to protect the heart (Peart and

Headrick 2009; Shi and Vinten-Johansen 2012; Murry et al. 1986). Such conditioning

interventions may also be applied remotely (e.g. in other organs/tissues) to transduce

protection to the diseased heart (Przyklenk et al. 1993). This protective response induces

an initial acute window of defence that engages post-translational kinase modifications

and subsequent signalling, followed by a delayed window of protection through de novo

protein synthesis extending multiple days (Headrick et al. 2015; Baxter and Ferdinandy

2001). Research continues to uncover varied signalling mechanisms that improve the

stress resistance of myocardial tissue and those involved in cardioprotection (Schultz

and Gross 2001; Headrick et al. 2015; Peart and Headrick 2007, 2008, 2009; Vander

Heide and Steenbergen 2013; Patel et al. 2007; Perrelli et al. 2011; Przyklenk and

Whittaker 2011; Rakhit and Marber 2001; Stary et al. 2012; Sun and Murphy 2010;

Wojtovich et al. 2012; Yellon and Downey 2003; Roth and Patel 2011; Fridolfsson

et al. 2012).

While many cardioprotective strategies demonstrate efficacy in laboratory settings,

essentially all have failed in clinical translation. This failure has been attributed to the

negative influences of age, disease and chronic pharmacotherapy, among other relevant

factors (Peart and Headrick 2009; Vander Heide and Steenbergen 2013; Przyklenk et al.

2008; Miura andMiki 2008). Importantly, these inhibitory features are common among

the target population that requires effective cardioprotective strategies; therefore, stra-

tegic studies to improve clinical efficacies are critical (Peart and Headrick 2009; Bolli

et al. 2004). Engagement of the DOR through both endogenous and exogenous opioid

ligands has been prominently implicated in cardioprotective mechanisms, and may af-

ford strategic protection where other therapies fail (Peart et al. 2011; Peart and Headrick

2009).

1.2 Myocardial Delta Opioid Receptors

Cardiac cells (cardiomyocytes) possess large stores of genes encoding endogenous

opioid precursors (pre-proenkephalin, prodynorphin, pro-opiomelanocortin) (Barron

2000; Barron et al. 1992; Caffrey et al. 1994). Furthermore, pre-proenkephalin mRNA

appears most abundant in cardiac tissue (Howells et al. 1986). This permits significant

myocardial synthesis, storage and release of endogenous peptides in response to physio-

logical and pathological stimuli, such as ischaemia (Romano et al. 2004b; Eliasson et al.

1998), exercise (Mougin et al. 1987), ageing (Caffrey et al. 1994) and cardioprotective

intervention (Zatta et al. 2008). Many animal and human studies have localised DORs to

cardiomyocytes, which mediate a plethora of cellular actions through engagement with

endogenous opioid peptides. Many report that DORs are expressed on both atrial and

ventricular cardiomyocytes in various mammalian species including rodents (Wittert

et al. 1996; Ventura et al. 1989, 1992; Krumins et al. 1985), pigs (Theisen et al. 2014;

Karlsson et al. 2012) and humans (Villemagne et al. 2002; Sobanski et al. 2014; Bell

et al. 2000; Peng et al. 2012; Lendeckel et al. 2005). The DOR expression profile in

myocardial tissues reflects the important role that DOR-dependent signalling exerts
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upon the heart, including alleviation of adrenergic signalling (Xiao et al. 1997), baro-

receptor mechanism (Giles et al. 1987), vagal bradycardia (due to inhibition of ace-

tylcholine release) (Caffrey et al. 1995), cardiac labour (Vargish and Beamer 1989)

and activation of cardioprotective signalling and responses (Headrick et al. 2015).

Myocardial DORs are bound to the sarcolemma through interaction with caveolins,

scaffolding proteins that regulate downstream receptor-dependent responses through

tethering to various signalling moieties (to be discussed in further detail later in the

chapter) (Roth and Patel 2011; Patel et al. 2006; See Hoe et al. 2014; Tsutsumi et al.

2010). Engagement of DORs with endogenous and exogenous opioids mediates various

myocardial responses through activation of conventional protein kinase signalling cas-

cades. Upon activation, these G protein-coupled receptors (GPCRs) inhibit adenylate

cyclase (AC) and downstream signalling via second messenger cyclic AMP (cAMP)

(Peart et al. 2005; Schultz and Gross 2001; Pugsley 2002). Like other GPCRs, DOR

desensitisation occurs after prolonged agonist stimulation, through GRK-mediated

uncoupling of Gi/o and β-arrestin-2 or -3 recruitment (Al-Hasani and Bruchas 2011;

Pradhan et al. 2016). Interestingly, DOR desensitisation and internal trafficking can

lead to distinct tolerance profiles despite activation by agonists with similar binding

and analgesic properties (Al-Hasani and Bruchas 2011; Pradhan et al. 2010). This is

demonstrable of the DOR’s biased agonism profile, highlighting that diverse ligand-

directed receptor conformations initiate multiple signalling responses and has been

shown in various in vitro and in vivo models of pharmacological activation (Pradhan

et al. 2010, 2012). Indeed, it is the extracellular ligand-binding domain and the carboxyl-

terminal extremities of all opioid receptors that are particularly disparate (Jordan et al.

2000). This biased agonism feature is important for consideration of beneficial vs.

untoward side effects in therapeutic drug development, particularly for efficacious

cardioprotective modalities with opioidergic agents.

1.3 Hibernation

Hibernation is a natural adaptation for certain mammals, such as black bears, arctic

and 13-lined ground squirrels, brown cave bats andwoodchucks. During hibernation, a

unique state of energy conservation is entered by lowering and slowing physiological

functions (such as heart and metabolic rates) (Heusch 1998; Horton et al. 1998). Mam-

malian hibernation is coupled to intracellular acidosis, hypoxia, and a reduction in en-

ergy stores. Indeed, some animals conserve up to 90% of energy needed for an active

winter. Despite the conceivable danger associated with these changes that parallel

ischaemia, the myocardium becomes hypoxia-tolerant and highly resilient against in-

jury. Myocardial hibernation results in an absence of necrosis, preservation of inotropic

reserve, recovery of contractile function post-ischaemia, and energy metabolism during

prolonged ischaemia (Heusch 1998).

Many have suggested the causative agent for this protective state is opioid-like

in nature whose endogenous production is increased during hibernation, stimulating

beneficial effects through DOR activation (Horton et al. 1998; Bolling et al. 1997,

1998; Kevelaitis et al. 1999; Bruce et al. 1996). Specifically, an opioid-like protein
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was found in the serum of hibernating mammals, capable of inducing protection in

non-hibernating animals to improve post-ischaemic functional recovery and preserve

myocardial ultrastructure (Horton et al. 1998; Bolling et al. 1997, 1998; Kevelaitis

et al. 1999). Protection with hibernation also parallels that of ischaemic precon-

ditioning (IPC), in terms of involvement of ATP-sensitive potassium (KATP) channel

opening (Kevelaitis et al. 1999). Bolling and colleagues have demonstrated in studies

of hypothermia and cardioplegia that DOR agonism may provide additive cardio-

protective potential, while DOR antagonism blocks post-ischaemic functional pro-

tection (Romano et al. 2004a, b; Schwartz et al. 1999; Bolling et al. 2001). Using a

similar model of hypothermic myocardial ischaemia, Benedict et al. observed im-

provements in cardiovascular functional parameters in rabbit hearts pre-treated with

various DOR agonists (Benedict et al. 1999).

Although the DOR has proven most important in hibernation, evidence suggests

some roles for the nociceptive MOR and KOR. Indeed, binding density changes in

different opioid receptors of hibernating and non-hibernatingColumbian ground squir-

rels imply distinct physiological roles for endogenous opioids and opioid receptors

during specific hibernation states (Cui et al. 1996, 1997). Tamura et al. suggested that

activation of MORs in the hypothalamus by β-endorphin is responsible for body tem-

perature regulation during the maintenance phase of hibernation in Syrian hamsters

(Tamura et al. 2012). Primary cultured hamster hippocampal neurons maintained at

<22�C for 7 days were protected against low-temperature induced cell death when

exposed to morphine, through activation of the MOR, DOR, KORs (Tamura et al.

2006). Interestingly, Romano and colleagues also found a role for KOR in protec-

tion against hypothermic myocardial ischaemia, and pre-treatment with the κ-agonist
U504488H induced protection, while functional and metabolic recovery was im-

paired with κ-antagonism using (Chien et al. 1991, 1994; Oeltgen et al. 1996) nor-

BNI (Romano et al. 2004a).

The delta-opioid peptide [D-ala2, D-leU5]-enkephalin (DADLE) is a pharmacolog-

ical inducer of hibernation (in summer-active ground squirrels), enhances survival of

peripheral organs (such as kidney, liver, lung and heart), and acts as an anti-ischaemic

agent (Borlongan et al. 2004, 2009; Oeltgen et al. 1988). Treatment with DADLE also

induces a hibernation-like state in rats subjected to experimental stroke (Borlongan et al.

2009). The DOR agonists Deltorphin-D(variant) (Delt-D(var)) and hibernating wood-

chuck plasma (HWP) have been shown to limit infarct development and improve be-

havioural deficits in a mouse model of middle cerebral artery occlusion (Govindaswami

et al. 2008). The authors linked these neuroprotective changes to a mechanism reliant

upon the inhibition of nitric oxide (NO) release from ischaemic tissue (Govindaswami

et al. 2008). These studies thus highlight an important role for opioids in brain injury

and protection. Additionally, Hong and colleagues found that swine skeletal muscle bun-

dles pre-incubated with HWP prior to hypoxia-reoxygenation exhibited significantly

greater recoveries of force, an effect blocked by naloxone (Hong et al. 2005). It is thus

clear that opioids are vital to cellular function and protection against injury across va-

rious tissue types (and insults).

An alternative form of ‘myocardial hibernation’ arises in response to prolonged

periods of under-perfusion. Coronary artery disease patients often exhibit impaired
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myocardial contractile function, with hearts adapting to reduced blood flow by de-

pressed contractile function (and thus O2 demand) and avoiding irreversible cell

death (Heusch 1998; Rahimtoola 1985). However, opioids may not participate in this

clinical phenomenon: Schulz et al. found that despite a potential role for endogenous

opioids in ischaemic preconditioning in pigs, they do not appear to mediate short-

term hibernation, in which myocardial blood flow and contractile function are de-

pressed to ~50% baseline in the absence of oncosis (Schulz et al. 2001).

1.4 Opioid-Induced Cardioprotective Mechanisms

Endogenous and exogenous opioids can generate different cardioprotective

phenotypes through both direct OR engagement and alternate indirect mechanisms.

Several studies link MOR activation to attenuated inflammation in in vivo animal

models, which could limit inflammatory damage triggered by I-R (Zhang et al.

2004; Wang et al. 1998). Additionally, opioid (particularly KOR) agonists have

been implicated in Na+, K+ and Ca2+ channel modulation. This is consistent with

roles in cardioprotection, as modulation of these channels through non-receptor

mediated mechanisms may reduce Na+ and Ca2+ overload that contributes to I-R

injury. These mechanisms may also be relevant to antiarrhythmic properties of

KOR agonists (Pugsley et al. 1993, 1998). Receptor-mediated or direct mechanisms

by which opioids induce ischaemic tolerance have been investigated in depth as

acute stimuli, though less well studied as a sustained or prolonged stimulus. Both

acute and prolonged DOR stimuli afford protection, yet they appear to be mediated

by distinct signalling pathways (Peart and Gross 2006).

Cardioprotection via ischaemic preconditioning and postconditioning, and related

pharmacological agents, appear to involve common mediators and signalling pathways,

particularly involvement of so-called reperfusion injury salvage kinase (RISK) compo-

nents converging on key mitochondrial targets – the mitochondrial permeability transi-

tion pore (mPTP) and KATP channels (mKATP) (Wojtovich et al. 2012). Endogenously

released or exogenous GPCR agonists such as opioids, adenosine, noradrenaline or

bradykinin initiate preconditioning via binding to respective I-R sensitive GPCRs

(Peart and Headrick 2009; Sanada et al. 2011; Abete et al. 2011). This receptor en-

gagement triggers downstream pro-survival signalling involving PKC, ERK1/2 and

Akt/phosphatidylinositol 3-kinase (PI3K). These varied and inter-related conditioning

and GPCR-mediated responses are highly dependent upon membrane makeup and

microdomains, particularly caveolae and associated caveolins (Parton and del Pozo

2013; Patel et al. 2008a; Insel et al. 2005). Thus, initiation of cardioprotection is crit-

ically dependent upon caveolae and caveolin-3, and caveolins may also play a key role

in transduction of protective effects to the mitochondria (Fridolfsson et al. 2012).

Activation of these kinase pathways may confer protection through regulation of

diverse effectors, including pro- (Bax, Bad) and anti-apoptotic (Bcl-2 and P70s6K)

elements, eNOS activity and subsequent NO release, glucose uptake, Ca2+ overload

inhibition, phosphorylation and inactivation of GSK3β, modulation of autophagy,

inhibition of mPTP and activation of mKATP channels. Additionally, the production

of ROS is implicated in the activation of p38 MAPK and JAK/STAT pathways that
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also confer protection (Peart and Headrick 2009; Sanada et al. 2011; Abete et al.

2011; Yin et al. 2012; Vinten-Johansen et al. 2005). Ischaemic postconditioning shares

many common signalling elements, though the underlying mechanisms are less well un-

derstood. Research suggests the postconditioning pathway involves Akt/PI3K, ERK1/2,

PKC, eNOS activation, PKG, GSK3β inhibition, mPTP inhibition and mitoKATP ac-

tivation (Peart and Headrick 2009; Sanada et al. 2011; Yin et al. 2012; Vinten-Johansen

et al. 2005). Ischaemic tolerance induced with postconditioning is reportedly associated

with reduced inflammation, oxidative stress, Ca2+ accumulation and preservation of en-

dothelial function (Gomez et al. 2008; Tsang et al. 2004; Javadov et al. 2003), among

other benefits.

1.5 Endogenous Opioidergic Protection

Intrinsic opioid receptor engagement has been heavily linked to myocardial isch-

aemic pre- (Schultz et al. 1995, 1996, 1997a, b; Bell et al. 2000; Schulz et al. 2001;

Okubo et al. 2004; Peart et al. 2003) and postconditioning (Zatta et al. 2008; Chen

et al. 2008; Fuardo et al. 2013; Jang et al. 2008), and OR antagonism ameliorates

these protective responses in various species (summarised recently in (Headrick et al.

2015)) including the human heart (Tomai et al. 1999). Schultz et al. first demonstrated

that the infarct-sparing effect of IPC was countered by OR antagonism with naloxone

in rat myocardium, implicating OR activation in IPC (Schultz et al. 1995). Further-

more, previous studies have specifically implicated DOR in early and late phase IPC

(Schultz et al. 1997b; Fraessdorf et al. 2015), coupled to increases in DOR expression

and endogenous opioid peptide release (Fraessdorf et al. 2015). Consistent with a role

for DOR in IPC, several studies confirmed that selective DOR antagonism in IPC

worsens infarct development, and DOR activation mimics protective IPC in rodents

(Wang et al. 2001; Valtchanova-Matchouganska and Ojewole 2003) and human tis-

sue (Bell et al. 2000). Acute OR activation has been shown to mirror consequential

signalling associated with conventional preconditioning, including recruitment and

activation of RISK components via PI3K, involvement of ROS, inhibition of pro-

apoptotic effectors (e.g. GSK3β), and convergence uponmitochondrial targets includ-

ing the mPTP and mKATP channels (Peart et al. 2005; Cohen et al. 2000; Fryer et al.

2001; Patel et al. 2002a).

Independent of RISK signalling, the Survivor Activating Factor Enhancement

(SAFE) pathway may also mediate postconditioning effects, involving a paradoxi-

cal protective function of TNFα (Lecour 2009). You et al. demonstrated that infarct

size and apoptosis were reduced in postconditioning via up-regulation of anti-apoptotic

Bcl-2, in response to OR engagement and JAK/STAT signalling (You et al. 2011). It

has been suggested that activation of both PI3K and JAK/STAT signalling is imper-

ative to protection afforded by postconditioning (Goodman et al. 2008). Some opi-

oids also possess free-radical scavenging abilities (e.g. enkephalins), and can be up-

regulated following ROS exposure (Coccia et al. 2001; Rosenberger et al. 2001).

Indeed, ROS signalling has been directly linked to protective DOR postconditioning

in adult cardiomyocytes and mouse hearts exposed to I-R (Tsutsumi et al. 2007).
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The endogenous opioid system is strongly implicated in remote IPC (Shi and

Vinten-Johansen 2012; Przyklenk and Whittaker 2011). This type of cardiac con-

ditioning, whereby brief intermittent ischaemia in a remote organ or tissue induces

a protective phenotype in a target organ (e.g. heart), is of intense clinical interest.

The ability to non-invasively condition the heart with minimal undesirable side ef-

fects has significant potential for clinical translation. While this phenomenon has

proven effective in various species including humans, clinical trial outcomes remain

inconclusive, with some studies reporting no change or worsened outcomes (Shi and

Vinten-Johansen 2012; Ferdinandy et al. 2014). Dickson et al. first revealed that IPC-

induced release of endogenous opioid peptides effectively translates protective sig-

nals when administered to recipient hearts (Dickson et al. 2001). Later studies by Patel

et al. revealed that remote IPC via mesenteric artery occlusion induced myocardial

protection, dependent upon OR system activation (Patel et al. 2002b). Several studies

specifically link DOR activation to myocardial protection via remote IPC (Surendra

et al. 2013; Weinbrenner et al. 2004). However Zhang et al. reveal no adverse effect

of DOR antagonism upon remote IPC, and identify no changes in endogenous met-

enkephalin levels (Zhang et al. 2006).

Endogenous tolerance to ischemia can be generated in the heart after exposure to

both voluntary and involuntary exercise training in as little as 1–3 days (Budiono

et al. 2012, 2016; Miller et al. 2015; Quindry et al. 2010). Exercise preconditioning

induces myocardial changes that mirror preconditioning, through elevated antioxi-

dant activity (Yamashita et al. 1999; Hamilton et al. 2004), RISK-dependent

ERK1/2 (Budiono et al. 2012, 2016), Akt (Budiono et al. 2016), HSP27

(Budiono et al. 2016), AMPK (Budiono et al. 2016), phospho-inhibition of

GSK3β (Budiono et al. 2012, 2016), and EGFR expression (Budiono et al. 2016),

and mKATP (Quindry et al. 2010) and sarcKATP (Brown et al. 2005) channel involve-

ment (Quindry et al. 2010). Borges et al. previously demonstrated an anti-infarct effect

of 7 days treadmill training, which was attenuated by non-selective or DOR antago-

nism. These protective effects were unaffected by MOR or KOR antagonism (Borges

et al. 2014). Recently, Miller and colleagues showed that myocardial proenkephalin

mRNA levels increase following exercise, and pre-ischaemic DOR antagonism during

exercise may partially protect against necrotic (but not apoptotic) death following I-R

(Miller et al. 2015). From these few studies it is clear that the role of DOR and

endogenous opioids in exercise-induced cardioprotection may be important, the spe-

cific mechanisms require further delineation.

1.6 Exogenous Conditioning Via DOR Agonism

Multiple studies across various species andmodels (cardiomyocytes (Patel et al. 2006;

Shen et al. 2012), rodents (Peart and Gross 2003, 2004a; Fryer et al. 2001), canine

(Peart et al. 2003), rabbits (Kodani et al. 2002), porcine (Sigg et al. 2002), and hu-

man (Bell et al. 2000)) have confirmed protective effects of DOR agonism. At the

sarcolemma, DOR-mediated preconditioning is reliant upon adenosine receptor

crosstalk (Peart and Gross 2003, 2005), EGFR transactivation (Cohen et al. 2007)
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and caveolin-3/caveolar co-localisation (Patel et al. 2006). In a pathway that parallels

canonical RISK signalling, DOR-mediated preconditioning engages PKC (Schultz

et al. 1998; Maslov et al. 2009) (potentially PKC-ε (Miura et al. 2007) or PKC-δ
(Fryer et al. 2001)), PI3K/Akt, MAPK kinase/ERK1/2, Src kinase signalling (Shen

et al. 2012; Cohen et al. 2007; Gross et al. 2004, 2006), ROS production (Cohen et al.

2007), NOS activation (Maslov et al. 2009), JAK2/STAT3 signals (Gross et al. 2006),

GSK3β inhibition (Gross et al. 2004, 2006), mTOR stimulation (Gross et al. 2004), and

sarcolemmal KATP (Patel et al. 2002a) and mKATP channel (Patel et al. 2002a) ac-

tivation. Prior to index ischaemia, DOR agonism appears to induce cardioprotection in

delayed preconditioning (Patel et al. 2002a; Fryer et al. 1999), and acute precondi-

tioning in myocytes (Seymour et al. 2003), human heart tissue (Bell et al. 2000), and

rats (Maslov et al. 2009) via opening of the mKATP channel. Additionally, the sarco-

lemmal KATP channel has been implicated in distinct DOR-mediated delayed car-

dioprotection, which can be pharmacologically blocked by DOR antagonism with

HMR-1098 (Patel et al. 2002a). Miura et al. suggested that DOR-mediated activation

of PKC-ε leads to phosphorylation of Connexin-43 (Cx43), and subsequent reduced

gap junction permeability contributes to the infarct-sparing effects of DOR activation

in these settings (Miura et al. 2007). An interesting link between Cx43 and cardiac

subsarcolemmal mitochondria in settings of ischaemic preconditioning was recently

identified by Ruiz-Meana et al. and may reflect a signalling rendezvous linking mi-

tochondrial preservation with gap junction permeability (Ruiz-Meana et al. 2014).

External to established RISK signalling, DOR-mediated protection has also been

linked to arachidonic acid metabolism via 12-lipoxygenase (12-LO). Patel et al.

identified elevations in 12-LO expression and enzymatic activity in delayed DOR-

mediated preconditioning in rats (Patel et al. 2003). Delayed DOR-mediated

preconditioning can be abolished by COX-2 inhibition and increases cardiac ex-

pression of COX-2, PGE2, 6-keto-PGF1α, and PGI2 synthase (Kodani et al. 2002).

Furthermore, Jiang and colleagues demonstrated that iNOS gene knockout mice were

not susceptible to morphine-mediated cardioprotection (Jiang et al. 2004). Thus, com-

plementing IPC, while the acute phase of DOR-mediated preconditioning is governed

by post-translational phosphorylation and translocation of effector molecules, de-

layed protection induces genetic expression of iNOS, COX-2 and 12-LO (Gross et al.

2003).

Studies have implied an additional second messenger system may be linked to

OR agonism, specifically DOR and KOR-dependent modulation of phosphoinositol

turnover (Schultz and Gross 2001). Ventura et al. identified reduced contractility in

rat ventricular cardiomyocytes, mediated by phosphatidylinositol turnover and in-

tracellular Ca2+ depletion in response to DOR and KOR agonism (Ventura et al.

1992). Furthermore, DOR-mediated Ca2+ mobilisation appears secondary to el-

evations in inositol 1,4,5-triphosphate (Sheng et al. 1996). Opioid receptor agonism

may also influence ion fluxes independent of second messengers, with evidence of

a G-protein link to DOR and MOR that induces K+ channel opening, and KOR-

induced Ca2+ channel closing (Schultz and Gross 2001; Gross et al. 1990).

Pharmacological postconditioning via DOR agonism appears to parallel the com-

mon signalling elements of preconditioning, and generates similar responses activated
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by other opioid receptors (Chen et al. 2008). Postconditioning via DOR reduced

infarct size in rabbits through RISK pathway mediators Akt and ERK1/2, and was

dependent upon EGFR transactivation (Forster et al. 2007). Similarly, the DOR may

elicit protective responses through mPTP inhibition in postconditioning via pathways

involving GSK3ß (Gross et al. 2007b), mitochondrial and sarcolemmal KATP chan-

nels (Gross et al. 2007b), and NO/cGMP/PKG (Jang et al. 2008). Studies intricately

examining the mechanistic basis of DOR-mediated postconditioning are lacking in

comparison to preconditioning, particularly in human myocardial tissue. Regardless,

Fuardo et al. recently demonstrated that DORpostconditioningwith DADLE in isolated

human atrial trabeculae induced protection against hypoxia-reoxygenation injury by

blockade of mPTP opening (Fuardo et al. 2013). Models of morphine postconditioning

show conflicting results regarding the involvement of DORs, with an early study by

Chen et al. (2008) implicating KOR and not DOR, which was challenged in a later

study byKim et al. showing DOR dependence of morphine postconditioning (Kim et al.

2011).

1.7 Centrally Mediated DOR Protection Upon Heart

Contributions from central nervous system (CNS) DORs in cardioprotection have been

shown by several studies. Intrathecal (i.t.) or intracerebroventricular (i.c.v.) administra-

tion of opioid agonists prior to cardiac I-R substantially improves myocardial outcomes.

This remote cardiac conditioning effect of i.t. or i.c.v. morphine may involve DOR,

KOR and MORs (Li et al. 2009; Zhang et al. 2011), additional to involvement of bra-

dykinin receptors (Wong et al. 2012), calmodulin (Zhang et al. 2011) and CGRP release

(Zhang et al. 2011;Wong et al. 2012). Yao et al. report involvement of both central and

peripheral adenosine receptors in cardioprotection via CNS application of morphine,

with distinct roles in induction vs. mediation phases of protection (Yao et al. 2011).

Spinal tissue nNOS is reportedly activated with remote fentanyl preconditioning and is

also implicated in improved cardiac stress tolerance (Lu et al. 2014). These studies

confirm involvement of the CNS in myocardial protective effects of extra-cardiac opi-

oid receptor agonism, which may also contribute to persistent protection observed with

SLP (see below) in both healthy and caveolin-3 depleted settings.

1.8 Prolonged Opioid Preconditioning

While acute opioid preconditioning has generated considerable interest, emerging

evidence identifies a unique myocardial tolerance generated by prolonged opioid

preconditioning. Specifically, the DOR has been implicated in many of these cir-

cumstances. Clinically, the ability to induce prolonged protection in target groups

may provide a desirable window of necessary protective intervention without the

complication of stringent treatment timing with respect to predictability of insult/

injury. Gross and colleagues applied irreversible DOR agonism with fentanyl iso-

thiocyanate (FIT) in a rat model of I-R. FIT was administered intravenously 48–120 h
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prior to I-R, with a maximal protective effect observed at 96 h post-injection. Car-

dioprotection induced by FIT appears dependent upon PI3K signalling during both

the trigger and end-effector phases (Gross et al. 2005). Prolonged cardioprotection

induced via single i.p. injection of Eribis peptide 94 (EP94) 24 h prior to ischaemia, a

synthetic peptide akin to DOR-selective met- and leu-enkephalin, significantly re-

duced infarction via enhanced iNOS activity and NO expression (Gross et al. 2012).

Kuzume et al. determined that 24 h treatment withMet5-enkephalin (Met5), a specific

DOR agonist, reduced infarct size in rabbits by ~60%. In contrast, acute DOR ac-

tivation with Met5 failed to induce I-R tolerance (Kuzume et al. 2003). Kuzume and

colleagues later revealed a reduction in infarct size with 24 h Met5 infusion in mice

(Kuzume et al. 2005). Protection was abolished when the index ischaemia was initiated

24 h after removal of the Met5 stimulus, identifying a limited window for mediation of

protection. Furthermore, 14-day exposure to Met5 failed to generate a protective phe-

notype, with receptor internalisation and uncoupling of ORs from AC identified as

responsible for this desensitisation (Kuzume et al. 2005).

Due to considerable interest in morphine tolerance and dependence, effects of chronic

morphine use have been studied intensely in the brain, yet less extensively in other tis-

sues. Morphine is a non-specific though predominantly MOR agonist with multiple

effects throughout the body. Chronic morphine treatment has been linked to calcitonin

gene-related peptide (CGRP) up-regulation and release (Menard et al. 1996; Trang et al.

2002; Tumati et al. 2009), super-activation of AC (Varga et al. 2003), augmented

adenosine receptor sensitivity (Brundege and Williams 2002), changes in glucose ho-

meostasis (Li et al. 2003) and possible conversion of ORs from Gi/o-coupled to Gs-

coupled (Crain and Shen 1992), effectively altering downstream signalling. Several

changes in protein expression occur in rat myocardium following intramuscular mor-

phine injections (10 mg/kg/day) for ten consecutive days. This includes up-regulation

of proteins involved in cytoprotection (HSPB1, HSP7C, GRP78, ORP150), and phos-

phatidylinositol transfer protein (α isoform), which has been implicated in cardiopro-

tective phospholipase C- and PI3K-mediated signalling. Interestingly, mitochondrial

precursor to aldehyde dehydrogenase was down-regulated, indicative of oxidative

stress induced by chronic morphine treatment (Drastichova et al. 2011). A mechanism

showing remarkable promise as a potent cardioprotective agent is sustained ligand-

activated preconditioning (SLP). Here, sustained DOR agonism for 5 days induces an

I-R-tolerant phenotype effective in young to agedmyocardium (Peart et al. 2011; Peart

and Gross 2004b). Details of this phenomenon will be discussed further below. Pro-

longed opioid exposure holds considerable potential as a candidate mechanism for

inducing a powerful cardioprotective phenotype.

1.9 Sustained Ligand-Activated Preconditioning (SLP)

A unique protective phenomenon, termed sustained ligand-activated preconditioning,

is induced by sustained DOR agonism for 5 days (previously termed chronic morphine

preconditioning (Peart and Gross 2004c)) and has been shown to surpass the protection

induced by conventional cardioprotective responses and acute opioid preconditioning
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(Peart et al. 2011; Peart and Gross 2004c, 2006). This protective response is induced via

slow release morphine pellets (25 or 75 mg) in mice (Peart et al. 2011; See Hoe et al.

2014; Peart and Gross 2004b, 2006). While morphine binds all opioid receptors with a

selectivity profile of μ > κ > δ, 5-day treatment with MOR-selective agonist mor-

phine-6-glucuronide, or KOR-selective agonist U50488H, does not induce SLP (Peart

et al. 2011). Conversely, 5-day treatment with DOR-selective agonist BW373U86 mir-

rored the effects identified with morphine, confirming DOR dependence (Peart et al.

2011). Thus, the DOR dependence of SLP beneficially avoids untoward systemic side

effects induced by other ORs. The SLP phenotype can be generated in as little as 48 h,

and protection evidenced by contractile recovery and infarct reduction persists up to

7 days post-stimulus withdrawal (Peart et al. 2011). Potent protection is evident in both

young and agedmyocardium, a superior feature that both acute opioid conditioning and

conventional conditioning therapies (e.g. Pre- and postconditioning) fail to meet (Peart

and Gross 2004b). Furthermore, SLP improves postischaemic functional recovery in

myocardium exposed to chronic β-blockade, where archetypal IPC failed (See Hoe

et al. 2016). These unique qualities suggest that SLP enlists signalling distinct from

conventional conditioning responses.

Initial work by Peart et al. established that SLP affords protection through signalling

pathways that are mechanistically different to conventional mediators implicated in

ischaemic pre- and postconditioning, and acute opioid preconditioning (Peart and Gross

2006). The SLP phenotype is induced by sustained DOR agonism and initial PI3K path-

way involvement involves a G protein conversion of ORs from inhibitory to stimulatory

coupling, and subsequent protection is mediated by β2-AR/Gs/PKA-dependent signal-

ling (Peart and Gross 2006). The β2-AR and Gs protein have been controversially linked

to cardioprotection, as activation of Gs-protein is associated with the development of

cardiomyopathy, hypertension and heart failure, due to association with the β-adren-
ergic system (Du et al. 2000; Karoor et al. 2004; Liggett et al. 2000). Regardless,

evidence suggests a role for Gs-protein involvement in cardioprotection, with an IPC-

derived phenotype restored in rat hearts undergoing pre-ischaemic treatment with

forskolin, a potent AC activator (Mieno et al. 2002). While controversial, there is

evidence supporting a role for β2-AR signalling in cardioprotection (Lochner et al.

1999; Frances et al. 2003; Marais et al. 2005). The involvement of both DOR and

β2-AR in SLP is intriguing. Unpublished data reveal significant alterations in ex-

pression, phosphorylation and translocation of β2-AR, Gs variants, PKA and Akt

signalling elements during SLP induction, that did not translate to altered sen-

sitivities to β2-AR agonists (formoterol and fenoterol) or adenyl cyclase activator

(NHK477). While still unclear, there is evidence suggesting a form of receptor cross-

talk (discussed below) between both β-adrenergic and opioid receptor systems that

remain to be fully elucidated (Pepe et al. 1997, 2004; Jordan et al. 2001; Shan et al.

2002). A study by Lou and Pei reported increases in PKA activity with reductions in

basal PKC activity after 24 h of DOR activation (Lou and Pei 1997). Moreover, PKA

has been implicated in reducing I-R injury (Peart and Gross 2006; Sichelschmidt et al.

2003), opioid tolerance (Shen et al. 2000; Wagner et al. 1998), and mediation of IPC

independently of PKC (Sanada et al. 2004). The role of PKA in IPC nonetheless re-

mains controversial with evidence for both protective and detrimental roles of this
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kinase. In a positive light, several studies have identified that inhibition of PKA sig-

nalling blocks IPC-mediated myocardial protection (Sanada et al. 2004; Tong et al.

2005; Inserte et al. 2004), and transient PKA activation may function as an IPC

mimetic (Inserte et al. 2004). Despite observed linkages between physiological opioid

actions and mKATP (Armstead 1998; Shankar and Armstead 1995), Peart and Gross

were not able to link the mediation phase of SLP to mKATP activity (Peart and Gross

2006).

Evidently, SLP retains unique signalling properties that isolate this mechanism

from conventional preconditioning. This characteristic provides potential for addi-

tivity with other cardioprotective stimuli. In fact, there is evidence to suggest that

co-activation of varied signalling pathways may increase the activity of downstream

effectors (Nishihara et al. 2006). This form of additivity may not be possible with

conventional signalling implicated in pre- and postconditioning due to commonality

of mediators and mitochondrial targets (Halkos et al. 2004). Peart and colleagues re-

cently observed a lack of additivity of SLP with either IPC or acute morphine treat-

ment. Interestingly, pre-ischaemic and post-ischaemic administration of adenosine or

2-chloroadenosine, and cardiac specific A1 adenosine receptor (A1AR) overexpres-

sion did further enhance the protective phenotype of SLP (Peart et al. 2011). These

findings provide additional evidence for a distinct signalling mechanism with SLP.

Adenosine receptors have been identified as sensitive to chronic opioids, which could

contribute to observed protective additivity with adenosinergic stimuli (Brundege and

Williams 2002).

Microarray interrogation of SLP hearts reveals a stress-tolerant phenotype, asso-

ciated with inhibition of immune and inflammatory mediators, and proliferation of

natriuretic proteins and sarcomeric elements (Ashton et al. 2013). Genes related to

cell development, growth and stress were also altered, whereas conventional protec-

tive mediators remained unchanged (Ashton et al. 2013).

The SLP response is effective despite membrane cholesterol perturbations and

caveolin-3 genetic deletion (See Hoe et al. 2014). This is a stark contrast from the

caveolin-3 dependence displayed by acute opioid preconditioning and other con-

ventional protective responses (Patel et al. 2006; Tsutsumi et al. 2010). Unpublished

data from Hemal Patel’s laboratory conversely reveals an increase in caveolin-3 ex-

pression and caveolar density in SLP-treated aged and diabetic hearts. The notable

membrane modulation and independence observed with SLP, in conjunction with al-

ternative signalling pathways may contribute to its efficacy in aged and diseased

hearts, whichmakes SLP a desirable candidate with translational potential. Intriguingly,

it may well be these extra-cardiac and unique caveolin-3/caveolar independent aspects

of SLP that underlie its broader efficacy in aged and diseased hearts: direct cardiac

responses involving caveolae/caveolin-3 may be impaired in these states, whereas extra-

cardiac signals may retain functionality.
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1.10 DOR Receptor Crosstalk

Cardioprotective responses can be derived through either direct or indirect mech-

anisms of crosstalk between the DOR and other GPCRs. Significant evidence links

the DOR and β-adrenergic receptors (β-AR) as intricately linked modulators of car-

diovascular function and protection. Direct heterodimerisation occurs between β2-AR
and DOR (or KOR), and co-expression of ORs affects β2-AR trafficking. Interest-

ingly, β2-AR/DOR heterodimers are susceptible to isoproterenol and opioid agonist-

induced receptor internalisation, yet DOR and β2-AR expressed alone are insensitive

to opposing agonist-induced internalisation (Jordan et al. 2001). Cardiac contraction

is also enhanced through DOR-mediated calcitonin gene-related peptide (CGRP) and

β-AR signalling (Nguyen et al. 2012). Furthermore, β2-AR blockade can attenuate the

anti-infarct and myocyte survival protection effects of DOR activation in cell culture

and isolated heart models (Huang et al. 2007a). Sustained pharmacological DOR ac-

tivation shown to induce potent and prolonged protection in young and aged hearts is

also sensitive to β2-AR but not β1-AR antagonism (Peart and Gross 2006). Interest-

ingly, DOR activation via leucine-enkephalin mediates an anti-adrenergic response

upon β1-AR-stimulated increases in cAMP signalling (Pepe et al. 1997). While both

the opioid and β-adrenergic systems exhibit opposing regulatory mechanisms in the

heart, evidence suggests they are intricately entwined.

Evidence suggests DORs and adenosine receptors co-dependently mediate car-

dioprotective responses. Adenosine A1 receptor (A1AR) antagonism can abolish the

anti-infarct and anti-stunning effects of various opioid agonists (e.g. Fentanyl (Kato

et al. 2000), morphine (Peart and Gross 2003)), and DOR antagonism abolishes en-

dogenous adenosine (Peart andGross 2005) and A1AR-dependent reductions in infarct

size (Peart and Gross 2003). Cardiac protection arising from remote ischaemic pre-

conditioning (RIPC) or pharmacological protection via intrathecal morphine links A1AR

and DOR interactions to protective responses (Surendra et al. 2013; Yao et al. 2011).

The observed link between DOR and A1AR that leads to a protective phenotype in the

heart may converge at a common MMP/EGFR pathway to stimulate protective signal-

ling. Studies have shown that DOR and/or A1AR downstream kinase signalling lead-

ing to protective responses are dependent upon and directly involve EGFR and MMP

(Headrick et al. 2015; Williams-Pritchard et al. 2011a; Forster et al. 2007). While the

aforementioned evidence intrinsically links DOR and A1AR responses to cardiac pro-

tection in acute settings, sustained protectivemodalities appear to engage alternative path-

ways. Sustained protection with DOR agonism over 5 days (sustained ligand-activated

preconditioning, SLP) appears insensitive to A1AR antagonism; pre-ischaemic and post-

ischaemic administration of adenosine or 2-chloroadenosine; and cardiac specific A1AR

overexpression further enhances the protective phenotype of SLP (Peart et al. 2011),

suggesting distinct opioid and adenosinergic signalling pathways. Thus while DOR

and A1AR may co-dependently induce cardiac protection in acute settings, alterna-

tive responses may arise from prolonged receptor activation.

Cardiac protection can also be induced through activation of the cytochrome P450

(CYP) monooxygenase pathway, as shown in genetic overexpression and knockout

models, and exogenous administration of epoxyeicosatrienoic acids (EETs) (Motoki
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et al. 2008; Gross et al. 2007a; Nithipatikom et al. 2006; Seubert et al. 2004, 2006).

Indeed, genetic variation in this pathway that leads to increased degradation of EETs

has been linked to an increased risk of incidence of coronary heart disease in Caucasians

(Lee et al. 2006). Terashvili et al. initially demonstrated that EETs indirectly induce

antinociception through activation of Met-enkephalin and β-endorphin to subsequently
activate DOR andMOR in the rat brain. Evidence here showing indirect opioid receptor

activation prompted Gross et al. to investigate the effects of opioids in EET-mediated

cardioprotection, where DOR and KOR were found to be largely implicated in the car-

dioprotective role of EETs (Gross et al. 2010).

1.11 Novel Mechanisms Regulating Opioid Ligand-Receptor
Signalling: The Role for Caveolar Microdomains

We have thus far discussed briefly the involvement of caveolae and caveolins in re-

gulating opioid receptor signalling. This section will expand upon this concept to

propose further mechanistic insights into microdomain regulation of and by opioid

receptors. Caveolae are “cave-like” structures of the plasma membrane that are en-

riched in cholesterol, sphingolipids and caveolin proteins (Patel et al. 2008b), and are

considered a subset of lipid rafts (Pike 2003). Of the 3 caveolin proteins (Cav-1, -2

and -3), Cav-3 is the predominant subtype expressed in striated muscle cells and is

critically important for caveolae formation in cardiac myocytes and localising cardiac

protective signalling proteins (Patel et al. 2008b). Mutation or knock-down of Cav-3

results in myopathies (Aboumousa et al. 2008; Hagiwara et al. 2000; Woodman et al.

2002). Cav-3 has been identified in the sarcolemmal membrane, transverse tubules

(T-tubules), the I-band/A-band interface and localised with ryanodine receptors in

myocytes (Scriven et al. 2005; Ralston and Ploug 1999). Caveolins are involved in

multiple cellular processes including vesicular transport, cholesterol and calcium ho-

meostasis (Fujimoto 1993; Fujimoto et al. 1992; Scriven et al. 2002; Jones et al. 2004),

signal transduction (Lisanti et al. 1994; Williams and Lisanti 2004; Steinberg and

Brunton 2001; Cohen et al. 2004), and have been recently detected in mitochondria

(Fridolfsson et al. 2012). Caveolins function as chaperones and scaffolds recruiting

signalling molecules to caveolae to provide direct temporal and spatial regulation of

signal transduction (Williams and Lisanti 2004; Shaul and Anderson 1998). Such di-

verse observations have led to the proposition of non-membrane roles for caveolin in

regulating cell physiology (Fridolfsson et al. 2014) though we will particularly focus

on the membrane specific role of caveolin in regulating opioid signaling.

An emerging concept suggests that signalling molecules exist as multiprotein com-

plexes, “signalosomes”, continuously forming and dissociating under basal or stimulated

conditions (Feron and Balligand 2006). Specifically, in regard to signalling molecules

involved in cardiac protection, many GPCRs including opioid (Head et al. 2005) and

adenosine receptors (Lasley et al. 2000) localise to caveolae and co-immunoprecipitate

with caveolins. Additionally, many of the signalling molecules involved in cardiac pro-

tection, including the Gα subunit of heterotrimeric G-proteins, Src kinases, PI3K, eNOS,

PKC isoforms and ERK are known to bind with the scaffolding domain of caveolin and
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be regulated by caveolin (Ballard-Croft et al. 2006; Krajewska and Maslowska 2004).

There are a number of regulatory features specific to caveolin and caveolae that regulate

these interactions. Caveolins exist as oligomeric complexes that allow them to form high

molecular weight scaffolds (Monier et al. 1995; Woodman et al. 2004). Importantly,

Cav-3 mutations have revealed that an inability to form oligomeric complexes leads to

skeletal muscle defects (Woodman et al. 2004). Studies in failing hearts suggest that cav-

eolins dissociate from caveolae (Ratajczak et al. 2003) presumably as the oligomer is

broken down. Evidence also suggests that caveolin can undergo post-translational mod-

ifications (i.e., phosphorylation, sumoylation, nitrosation) that may be critical to regul-

ating various signalling complexes (Fuhs and Insel 2011; Sun et al. 2015; Bakhshi et al.

2013; Radel and Rizzo 2005). There is much debate about what factors regulate the

specific localisation of molecules in caveolae. It is likely a highly regulated and complex

process that involves a combination of protein–protein and protein–lipid interactions,

post-translational modifications, the specific cell type involved, the specific lipid envi-

ronment unique to caveolae, a variety of signalling mediators acting as adaptors, and

particular cellular cues and environmental factors that create a milieu needed to regulate

coordinated and precise cellular responses.

Recent studies reveal opioid receptor ligands such as enkephalins have the ability to

alter membrane surface characteristics and morphology specifically in membranes en-

riched in lipids (Tsanova et al. 2014, 2016), an effect that is mimicked by ethanol via

modulation of protein in lipid rafts that is sensitive to opioid receptor antagonism

(Tobin et al. 2014). Studies also suggest that DOR microdomain localisation may be

ligand specific (Hruby et al. 2010). The central vs. peripheral aspect of opioid action

may also be explained bymicrodomain organisation; neurons, though containingmem-

brane lipid rafts and caveolin, do not contain classic invaginated caveolae that are pre-

sent in cardiac myocytes (Egawa et al. 2016). It was long observed that animals would

become tolerant to the central effects of chronic exposure to opioids but the peripheral

effects on cardiac protection were still observable long after this central tolerance de-

veloped (Peart and Gross 2004c). Such observations suggest differential processing of

opioid receptors centrally and peripherally in response to sustained opioid ligand ex-

posure, perhaps related to the caveolar differences between neurons and myocytes.

Evidence suggests potential impact of cholesterol in receptor internalisation, desen-

sitisation, and activation (Qiu et al. 2011; Levitt et al. 2009; Andre et al. 2008; Huang

et al. 2007b, c). We also propose a unique role for SLP in cardiac protection. Evidence

suggests that long-term opioid receptor stimulation may lead to the superactivation of

adenylyl cyclase in a lipid microdomain specific manner where chronically activated

opioid receptor remained in lipid rafts and the superactivation of adenylyl cyclase

could be completely attenuated by cyclodextrin treatment which results in disruption

of caveolae and lipid rafts (Zhao et al. 2006). Such a mechanism may account for

central tolerance and sustained peripheral activity given the nature of the lipid en-

vironment and interacting partners that may regulate opioid receptor signalling in the

two specific locations.

Membrane microdomains such as caveolae and lipid rafts offer a unique and com-

pact system with which to explain away the complex signalling and physiological

implications of opioid receptor signalling, yet these microdomains also reveal that the
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complex regulation of dynamic signalling events are dependent upon a variety factors

that need further exploration and precise identification to better understand physiol-

ogy, pathophysiology, and develop novel therapeutics.

1.12 DOR Protection in Clinically-Relevant Disease States

1.12.1 DOR Protection in Diabetes/Obesity
Diabetes significantly increases cardiovascular morbidity and mortality rates. Indeed

the 30-year Worchester Heart Attack Study identified approximately 30% of all AMI

patients suffered from diabetes, 30% were obese, and 70% were hypertensive (Floyd

et al. 2009). The human diabetic myocardium is insensitive to protection via precon-

ditioning (Ghosh et al. 2001), a response mimicked in various animal models of diabet-

es assessing pre- and postconditioning strategies (Yin et al. 2012; Przyklenk 2011;

Yadav et al. 2010;Miki et al. 2012; Przyklenk et al. 2011; Hassouna et al. 2006; Kersten

et al. 2000). As previously discussed, preconditioning with opioids is well reported to

mimic IPC (Bell et al. 2000; Peart et al. 2003; Schultz et al. 1996; Cohen et al. 2007),

and opioid receptor antagonism blocks cardioprotection with ischaemic pre- and post-

conditioning (Schultz et al. 1995; Jang et al. 2008; Tomai et al. 1999; Fryer et al. 1999).

Mechanistically, opioidergic conditioning involves activation ofDOR and/or KOR, RISK,

SAFE and JAK-STAT pathways, PI3K/Akt signalling axis, inhibition of GSK3β, NO
production through eNOS activity, sarcolemmal andmitochondrial KATP channel open-

ing, and cGMP-PKG pathway involvement that may contribute to mPTP inhibition

(Peart et al. 2005; Headrick et al. 2015; Williams-Pritchard et al. 2011b). Diabetes

reportedly interferes with many of the aforementioned signalling mediators implicated

in both opioid and IPC-mediated cardioprotection. The anti-infarct effects of pharma-

cological preconditioning with remifentanil (a cardiac opioid analgesic), which is sen-

sitive to DOR antagonism (Zhang et al. 2004), did not translate to diabetic hearts and

was associated with impaired anti-apoptotic signalling (Kim et al. 2010). Similarly,

Gross et al. reported that morphine postconditioning, also repressed by DOR blockade

(Okubo et al. 2004; Schultz et al. 1997b), was ineffective in rat hearts exposed to I-R,

and coupled to blunted elevations in phosphorylated Akt, ERK1/2, p70s6K, JAK2 and

STAT3 (Gross et al. 2007c). While opioid-mediated cardioprotective pathways may

be inhibited in diabetes, there is other evidence of effective opioid receptor activity in

these settings. A study in healthy and obese mice revealed that DORs mediate glucose

uptake in skeletal muscle of both groups of mice. Additionally, DOR activation in

Chinese hamster ovary cells promotes glucose uptake via specific GLUT-1 and P13K

mechanisms (Olianas et al. 2011), and involves AMPK phosphorylation (Olianas et al.

2012). Furthermore, vascular endothelial dysfunction and chronic inflammation as-

sociated with diabetes can be improved via KOR activation, mechanistically involv-

ing eNOS phosphorylation and NFκB inhibition (Theisen et al. 2014). Interestingly,

Ritchie et al. show that activation of PI3K-dependent signalling (implicated in opio-

idergic cardioprotection) reverses diabetic cardiomyopathy, reduces myocardial oxi-

dative stress and improves mitochondrial function in type I diabetic mice (Ritchie

et al. 2012). Impaired TRPV1-CGRP signalling has been recently linked to cardiac
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dysfunction in diabetes, whose development can be prevented by CGRP preservation

(Sun et al. 2016). Evidently, the diabetic heart is intrinsically susceptible to I-R damage,

however opioidergic conditioningmay holdmechanistic advantages in I-R settings with

further interrogation.

As a leading risk factor for ischaemic heart disease, obesity is prevalent in the

population in desperate need and of effective cardioprotective therapy. The added com-

plication of co-existing metabolic syndrome components (glucose intolerance, dys-

lipidaemia, hypertension) further exacerbates the detrimental effects of this metabolic

abnormality. Myocardial preconditioning is reportedly ineffective in a model of insulin-

resistant obesity (Katakam et al. 2007), and postconditioning appears to fail in a genetic

model of obesity characterised by leptin deficiency (Bouhidel et al. 2008) andmetabolic

syndrome (Wagner et al. 2008). Furthermore, protection via DOR preconditioning is

abolished in a rat model of dietary obesity and associated with impaired RISK sig-

nalling (Donner et al. 2013). Interestingly, while DOR-mediated cardioprotection is at-

tenuated by obesity, genetic DOR ablation in mice induced a resistance to weight gain

and lower fat mass upon exposure to a high-energy diet, despite a hyperphagic response.

This resistance to diet-induced obesity was linked to an elevation in thermogenic mark-

ers in brown adipose tissue, potentially favouring an energy expenditure vs. conserva-

tory phenotype in these mice (Czyzyk et al. 2012).

1.12.2 DOR Protection and Aging
Themature and elderly population are commonly afflicted with coronary artery disease,

affecting approximately 50% of persons in this age group (>65 years of age) (Headrick

et al. 2015). Impaired ischaemic tolerance is well documented in both animal (Peart and

Gross 2004b; Headrick 1998) and human tissues (Liu et al. 2012; Peart et al. 2014), and

endogenous protective responses affording ischaemic tolerance appear to diminish with

age (Peart and Headrick 2009; Peart et al. 2014). Previous studies have demonstrated

loss of efficacy of DOR-dependent ischaemic pre- (Abete et al. 1997; Schulman et al.

2001), post- (Przyklenk et al. 2008), and remote conditioning (Hu et al. 2002), and

pharmacological cardioprotection induced by OR agonism (Peart and Gross 2004b;

Peart et al. 2007, 2014). These effects are not strictly limited to animal models, as

Abete et al. demonstrated that the IPC-like effect of angina prior to myocardial in-

farction was abolished in patients over 65 years of age (Abete et al. 1997). The loss of

OR-dependent protective signalling with age is evident despite a notable rise in car-

diac enkephalin peptide and mRNA expression in senescent hearts (Caffrey et al. 1994;

Boluyt et al. 1993). Mechanistically, the intrinsic changes that occur with age may

deleteriously desensitise OR-dependent protective signalling pathways and exacer-

bate I-R intolerance in the heart. Compromised signal transduction from membrane-

dependent GPCR agonism to protective mitochondrial end effectors is evident in both

murine and human cardiac tissue. Sarcolemmal composition of caveolae and expres-

sion of caveolin-3, heavily localised with signalling moieties and associated with in-

trinsic I-R tolerance and DOR-mediated cardioprotection (Patel et al. 2006; Tsutsumi

et al. 2008, 2010), are attenuated with age (Peart et al. 2014). Additionally, pertur-

bations in p38MAPK (Peart et al. 2007) and PKC (Tani et al. 2001) activation have

been identified in aged hearts. Alternatively, protective SLP is impervious to membrane
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disturbance via caveolin-3 depletion (See Hoe et al. 2014), which may explain its

efficacy in the aged heart (Peart and Gross 2004b).

1.12.3 DOR Protection in Hypertension and Hypertrophy
Conflicting evidence suggests that hypertension renders the heart insensitive to car-

dioprotective modalities. Several studies in young animal models demonstrate pre-

served efficacy of IPC (Ebrahim et al. 2007a; Lu et al. 1999; Boutros andWang 1995).

However, Ebrahim et al. show that independently, both age and hypertension ablate

the protective effects of preconditioning (Ebrahim et al. 2007b). Similarly, the aged-

hypertrophied heart features a decline in functional tolerance to ischaemia, and both isch-

aemic and anaesthetic preconditioning benefits are lost with hypertrophied (Moolman

et al. 1997) or larger (or aged) (Riess et al. 2005) hearts, respectively. While these sup-

posed DOR-mediated conditioning modalities are impaired in hypertrophy and hyper-

tension, the effects of these conditions upon the DOR signalling system are perplexing.

Cardiac enkephalin gene expression is reportedly elevated in spontaneously hyper-

tensive rats (SHR) (Bhargava et al. 1988; Dumont et al. 1991), interestingly linked with

increasing age in both studies. While cardiac enkephalin gene expression may increase,

enkephalin peptide expression appears more inconsistent in hypertensive models. El-

evations in cardiac leu-enkephalin and selective reduction in low affinity DOR expres-

sion (Dumont and Lemaire 1988), and reduction in met-enkephalin expression (Dumont

et al. 1991) occur in SHR. Conversely, spontaneously hypertensive hamsters display

no changes in myocardial enkephalin peptide or DOR expression (Bolte et al. 2009a).

While not associated with the heart, 7 day exposure to DOR agonism stimulates

protection of neural cells in the retina of chronic ocular hypertensive rats (Abdul et al.

2013), possibly via inhibition of iNOS (Husain et al. 2014). This model is used to

mimic glaucoma, which shares features of myocardial ischaemic injury such as oxida-

tive stress, inflammation and mitochondrial dysfunction (Abdul et al. 2013).

Similar to hypertension, elevations in myocardial preproenkephalin mRNA ex-

pression have been identified in models of cardiomyopathic hamsters (Ouellette and

Brakier-Gingras 1988) and hypertrophied rats (Weil et al. 2006), an effect suggested

to transpire in response to pressure overload and ß-adrenergic pathway activation (Weil

et al. 2006). Signalling induced by DOR agonism in a hamster model of heart failure

(HF) and cardiomyopathy further exacerbated cardiac dysfunction independent of opi-

oid peptide and receptor expression. This response manifested as an elevated negative

inotropic and lusitropic function, cAMP inhibition and reduced systolic Ca2+ transient

amplitude. Furthermore, this study identified a switch in the G protein coupling to

DOR from PTX insensitive to sensitive (Bolte et al. 2009b). It was suggested that,

among other possibilities, the switch in G protein coupling may be due to the HF/

cardiomyopathic-dependent fall in membrane cholesterol and caveolins(Bolte et al.

2009b). Being that Gi is not present in caveolae, the enhanced fluidity of the mem-

brane in these settings could lead to improved coupling to Gi and exacerbated cardiac

dysfunction (Bolte et al. 2009b). Acute congestive HF in humans appears associated

with elevated levels of met-enkephalin, and these alterations parallel changes with the

degree and severity of disease (Fontana et al. 1993). The aged and hypertrophied

heart is associated with a reduction in ß-adrenergic responsiveness, which may result
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from elevations in peptide and mRNA levels of cardiac enkephalins previously de-

monstrated to impede ß-adrenergic-dependent contractile responses in isolated car-

diac myocytes (Xiao et al. 1997). Indeed, intracoronary DOR antagonism leads to

improved cardiac contractile function in HF dogs (Imai et al. 1994).

2 Summary/Conclusion

Endogenous opioid peptides and their corresponding receptors are implicated in a

wide variety of physiological and pathological functions in the cardiovascular sys-

tem. Importantly, opioid receptors, and in particular the DOR, are implicated in

endogenous cytoprotective responses – from hibernation in mammals to IPC. Harnes-

sing these responses experimentally elicits profound acute and sustained cardiopro-

tective phenotypes through a variety of potential mechanisms. Clinical translation of

cardioprotective mechanisms, including pre- and post-conditioning has been limited.

This may be attributed to confounding comorbidities such as obesity, diabetes and

advancing age. Further, to date, there have been few clinical studies that have focused

on the DOR. While co-morbid disease states may currently impact the clinical po-

tential of DOR-based treatments, further investigation of the role of caveolar micro-

domains and/or the mechanisms underlying SLP may yield fruitful targets in the

approach to clinical cardioprotection.
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Abstract

The process of recovery from skin wounding can be protracted and painful, and

scarring may lead to weakness of the tissue, unpleasant sensations such as pain or

itch, and unfavorable cosmetic outcomes. Moreover, some wounds simply fail to

heal and become a chronic burden for the sufferer. Understanding the mechanisms

underlying wound healing and the concomitant sensory disorders and how they

might be manipulated for therapeutic benefit has attracted much interest in recent

years, and here we discuss the latest developments in the field, focusing on the

emergent roles of the peripheral opioid receptor (OPr) system.

M. Bigliardi-Qi (*)

Experimental Dermatology Group, Institute of Medical Biology, A*STAR, Singapore, Singapore,

138648

e-mail: qimei1@gmail.com; mei.bigliardi-qi@imb.a-star.edu.sg

P. Bigliardi

NUH/NUS, National University Hospital/National University of Singapore, Singapore, Singapore,

119228

Experimental Dermatology Group, Institute of Medical Biology, A*STAR, Singapore, Singapore,

138648

e-mail: paul_bigliardi@nuhs.edu.sg; paul.bigliardi@gmail.com

# Springer International Publishing AG 2017

E. M. Jutkiewicz (ed.), Delta Opioid Receptor Pharmacology and Therapeutic Applications,
Handbook of Experimental Pharmacology 247, DOI 10.1007/164_2017_14

335

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2017_14&domain=pdf
mailto:qimei1@gmail.com
mailto:mei.bigliardi-qi@imb.a-star.edu.sg
mailto:paul_bigliardi@nuhs.edu.sg
mailto:paul.bigliardi@gmail.com


Keywords

Opioid receptors • Skin • Wound healing

Abbreviations

DOPr Delta OPr

ECM Extracellular matrix

KO Knockout

KOPr Kappa OPr

MMP Matrix metalloproteinase

MOPr Mu OPr

NOPr Nociceptin OPr

OPr Opioid receptor

PNS Peripheral nervous system

TGF Transforming growth factor

1 Introduction

A skin wound represents a breach of the body’s barrier organ which is likely to be

accompanied by the introduction of potentially pathogenic microorganisms as well

as physical damage to the cutaneous tissues, their vasculature, and nerves. Thus the

physiology of wound healing is complex, involving the careful integration of various

processes including the expression of inflammatory mediators and growth factors,

cell–cell and cell–extracellular matrix interactions, cell proliferation, migration and

differentiation, re-epithelialization, fibroplasia and angiogenesis, wound contraction

and finally remodeling of the connective tissue. These processes are coordinated by

several populations of cells: the keratinocytes in epidermis and fibroblasts in dermis,

the endothelial cells with blood vessels, infiltrating immune cells (neutrophils, mac-

rophages, and lymphocytes), and sprouting neurons from the peripheral nervous sys-

tem (PNS). The components of the PNS have only recently been understood as an

important component of the wound healing machinery; the delayed wound healing

seen in patients with peripheral neuropathies such as multiple sclerosis or diabetes

mellitus indicated the involvement of the PNS. We now know that both neuropeptides

and their receptors are not only relevant for wound pain sensation but also directly

influence the healing process. While in most cases the body heals minor skin wounds

well, there is a pressing need to understand the molecular mechanics of wound healing

if we are to develop improved treatments for patients with skin disorders, nonhealing
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wounds, or, as in the case of burns victims, individuals with severe and/or life-

threatening damage to their skin.

One class of molecules in particular has attracted much interest in this regard in

recent years: the opioid receptor (OPr) family of the PNS is now known to be in-

timately involved in all the phases of wound healing (Cheng et al. 2008) and may be

uniquely amenable to therapeutic manipulation. In this review, we will summarize

current knowledge of the roles of the OPrs in the context of our understanding of

wound healing and look at the attempts to target their actions to improve skin

recovery from traumatic injury.

2 The Opioid Receptors and Their Ligands in Skin

There are four major subtypes of OPr: delta, kappa, mu, and nociceptin (DOPr, KOPr,

MOPr, and NOPr, respectively), with varied expression patterns and physiological

functions. We were the first to describe the presence of the MOPr and DOPr in both

normal and diseased human skin (Bigliardi et al. 1998, 2009), and since this time

substantial efforts have gone into understanding their roles and interactions at these

sites. Initial experiments using cultures of normal human skin showed that the endog-

enous ligand for the MOPr, β-endorphin, upregulates epidermal expression of cyto-

keratin 16 (Bigliardi-Qi et al. 2000) and the TGF-β type II receptor (Bigliardi et al.

2003). This was an early indication of the involvement of the MOPr in wound healing,

as cytokeratin 16 is not expressed in healthy skin, but appears in the suprabasal, differen-

tiating compartment of the epidermis during wound healing and hyper-proliferative

skin diseases such as psoriasis and skin cancer (Gerritsen et al. 1997). Similarly, the

TGF-β type II receptor is expressed in regenerating epithelial cells of acute wounds and
in epithelial cells at the margins of chronic wounds, where it plays an important role in

wound healing (Bigliardi et al. 2003). Intriguingly, we also found that high concen-

trations of β-endorphin can downregulate the expression of the MOPr via a negative

feedback mechanism (Bigliardi et al. 1998). In chronic wounds, the expression of β-
endorphin is markedly increased compared to both acutely wounded and normal skin,

which is linked with MOPr downregulation at chronic wound sites (Bigliardi et al.

2003). In contrast, acute wounds exhibit slightly higher expression of β-endorphin
compared to normal skin but do not show downregulation of MOPr (Bigliardi et al.

2003). This suggests a system whereby in acute wounds the ligand and MOPr are

expressed at balanced levels, inducing increased expression of TGF-β type II receptor
and cytokeratin 16, which promote healing. However, this balance is disturbed in

chronic wounds where the endogenous ligand is overly produced and secreted by im-

mune and skin cells, downregulating its receptor and therefore the beneficial effects

of the β-endorphin/MOPr interaction on wound healing are unable to be realized.

Such observations raise important questions about the downstream consequences of

imbalanced OPr and ligand expression in wounds and imply a mechanistic relation-

ship between OPr signaling and the changes in cellular differentiation and expression

of growth factors and their receptors that are directly involved in the pathological

processes underlying impaired wound healing.
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Further insights into the regulation of OPr family members and their ligands in skin

came from studies in rats investigating the interactions between exogenous opioid

analgesia and endogenous opioid generation (Soledad Cepeda et al. 1993). As well as

recognizing the endogenous opioid β-endorphin, the MOPr is also targeted by syn-

thetic opioids including the analgesics morphine and fentanyl. In rats bearing a 3–5%

skin surface area burn, β-endorphin levels in wound fluid were elevated at 1, 2, and 4 h
postburn, before returning to baseline at 24 h. Treating the rats systemically with

either morphine or fentanyl produced effective analgesia but did not affect the levels

of β-endorphin at the wound site itself. Thus local β-endorphin responses at the site of
thermal injury appeared to be regulated, at least to some extent, independent from the

systemic pituitary–adrenal response. In human burn patients, β-endorphin concen-

trations in plasma are also significantly increased, with the amount of β-endorphin
correlating positively with the extent of the burned areas (Xue 1991). This elevation of

circulating β-endorphin levels may be linked to the immune suppression often seen

after traumatic injury (Levy et al. 1986) which is a major contributor to the develop-

ment of sepsis in these patients. In summary, modest local increases in β-endorphin
appear adaptive in response to wounding and have a physiological role reducing

wound pain. However, constant high levels of opioid agonists, either systemically or

locally (as in the case of nonhealing wounds), have the potential to contribute to

wound healing disorders.

Later experiments on wound healing and OPrs have also illuminated a role for the

DOPr in wound healing. In collaboration with Brigitte Kieffer and Claire Gaveriaux-

Ruff of the IMCB Strasbourg, we studied the skin of MOPr, KOPr, and DOPr-

knockout (KO) mice. Strikingly, DOPr-KO mice exhibited significant delays in the

healing of induced burn wounds, accompanied by marked aberrations in epidermal

differentiation and homeostasis that were typified by overexpression of cytokeratin

10 (Bigliardi-Qi et al. 2006).

These studies provide firm evidence of the importance of optimal OPr system

function for effective wound healing. We will now discuss recent developments in

our understanding of the mechanisms underlying the functions of the OPr in both

the physiology and pathophysiology of the cutaneous response to traumatic injury.

3 Roles of Opioid Receptors and Their Endogenous Ligands
During the Phases of Wound Healing

Immediately following wounding, the first priority is to stop bleeding and induce

(I) inflammation to remove all foreign bodies, and in particular infectious agents

that could pose a systemic risk. The second phase is (II) proliferation, where new

extracellular matrix (ECM) is formed and re-vascularization, reinnervation, and the

re-epithelialization occur, leading to the formation of granulation tissue. The third

and final phase focuses on (III) remodeling the fresh scar tissue to increase its

resistance and quality, which requires reorganization of the connective tissue, the

epidermis and the PNS and may take from months to years to complete (Velnar

et al. 2009).
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3.1 Phase I: Inflammation

Endogenous peptide opioid ligands, such as β-endorphin and met-enkephalin, are se-

creted by peripheral nerve fibers as well as several other cell types in skin, in particular

the immune cells (Nissen et al. 1997), and keratinocytes (Zanello et al. 1999; Wintzen

et al. 1995), which are thought to substantially contribute to the elevated β-endorphin
concentrations in both plasma and wound fluid after injury. These endogenous opi-

oids then interact directly with their cognate receptors expressed on keratinocytes,

fibroblasts, endothelial cells, melanocytes, nociceptive nerve endings and immune

cells. During the inflammatory phase of wound healing, enkephalin- and endorphin-

containing leucocytes are recruited to the injured tissue (Heurich et al. 2007) and in

return, cytokines (interleukins 10 and 4) secreted by wound-infiltrating immune cells

stimulate further expression of the endogenous opioids by neutrophils within the

wound fluid (Awad et al. 2012). Early data indicated that neutrophil migration and

adherence were modulated directly by β-endorphin (Van Epps and Kutvirt 1987), while
Deitch et al. (1988) work showed that naloxone, met-enkephalin, and β-endorphin
had no effects on neutrophil chemotaxis or bactericidal activity. The latter study also

found that both naloxone and met-enkephalin increased neutrophil oxygen consump-

tion in a dose-dependent fashion, whereas β-endorphin has the opposite effect (Deitch
et al. 1988) although the reasons for this difference and its in vivo impact remain

unclear. In terms of lymphocyte proliferation, while there is no evidence that opioids

alter resting blastogenesis, physiologically relevant levels of β-endorphin appear to

decrease lymphocyte proliferation in response to mitogenic stimulation in vitro (Deitch

et al. 1988). These results coupled with the finding that β-endorphin levels are sig-

nificantly elevated following thermal injury after wounding (Deitch et al. 1988) clearly

indicate that the OPr system has the potential to alter immune function in response to

cutaneous assaults. The type of opioid, timing, dose and duration of exposure of the

wound will likely determine whether the opioids’ effects on wound inflammation is

positive or negative, as in the case of prolonged morphine administration (Martin et al.

2010b).

3.2 Phase II: Proliferation

Opioids have profound effects on keratinocyte and fibroblast adhesion, migration,

proliferation and differentiation and there is also some indication that the peripheral

OPr system impacts both ECM formation and generation of the vascular component

of granulation tissue. Thus each step – from the formation of granulation tissue to

the final re-epithelialization of the wounds by keratinocytes – is influenced by

opioid peptides.

During granulation, topically applied synthetic opioid agonists exhibited distinct

effects on angiogenesis and granulation tissue formation in an open ischemic rat

wound model (Poonawala et al. 2005). In this study, fentanyl was most effective in

assisting wound closure, with hydromorphone and morphine having weaker, but

still significant positive effects compared to placebo treatment. Several experiments
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with topical application of the opioid peptide dalargin, a synthetic leu-enkephalin

analogue, in rats further support the notion that endogenous opioid peptides in-

teracting with the MOPr and DOPr are involved in wound healing (Kohl et al. 1989;

Shekhter et al. 1988). Dalargin also induces fibroblast proliferation, in one study,

increasing the mitotic index threefold, as well as improving capillary growth, there-

by supporting the maturation of granulation tissue (Kohl et al. 1989; Shekhter et al.

1988). However, there are reports describing the negative impacts of high dose, sys-

temic morphine treatment on re-vascularization (Lam et al. 2008; Martin et al. 2010a).

Taken together, while opioids clearly have the potential to impact granulation tissue

formation, the defining parameters and relationships have yet to be elucidated.

There are more consistent data on the effects of the OPr family members and

their ligands on keratinocytes and re-epithelialization. DOPr-KO mice experience a

significant delay in wound healing, with aberrant epidermal homeostasis and differ-

entiation (Bigliardi-Qi et al. 2006). Parallel effects are seen with human keratino-

cytes in culture and on human organotypic skin organ cultures; DOPr activation

affects keratinocyte proliferation and ultimately results in epidermal atrophy. In

addition, the differentiation of the keratinocytes is perturbed by DOPr activation,

with downregulation of cytokeratin 10, involucrin, loricrin and filaggrin observed in

both monolayer and 3D cultures (Neumann et al. 2015; Bigliardi-Qi and Bigliardi

2015). Recent data also show that the DOPr and its ligands modulate intercellular

adhesion in human keratinocytes by affecting expression of the desmosomal cadherins,

desmoglein 1 and 4 (Bigliardi et al. 2015). These combined effects result in a DOPr-

dependent enhancement of keratinocyte migration upon activation and thereby in

improved wound closure in an in vitro scratch assay on cultured human keratinocytes,

mediated through the protein kinase C signaling pathway. We have also shown that an

important transcription factor POU2F3 is involved in cutaneous wound healing and

keratinocyte intercellular adhesion and migration pathway (Neumann et al. 2015).

In conclusion, the OPr system, in particular the DOPr, plays an important role in

both the formation of granulation tissue and re-epithelialization. However, it be-

comes clear that the spatial and temporal nature of expression and activation of these

receptors and their ligands must be tightly controlled and carefully regulated in order

to be effective. While dysregulation of the OPr system in the skin can lead to al-

terations in re-vascularization, epidermal differentiation and homeostasis, the addition

of OPr ligands at the right time, in the right combination and at appropriate

concentrations has the potential to induce marked improvements in wound healing.

3.3 Phase III: Remodeling

There are indications that the effects of opioid peptides and their receptors further

extend into the final, regenerative phase of wound healing. Fibroblasts are the primary

cellular orchestrators of the regeneration phase and express mRNAs for MOPr, DOPr

and KOPr (Bigliardi et al. 2009). Topical treatment with the exogenous OPr ligand

morphine enhances accumulation of collagen in cultured fibroblasts (Chang et al. 2010),

and similarly, high systemic doses of morphine increase the strength of incisional
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wounds in mice by inducing an increased thickness of the cutaneous fibrous layer and

deposition of collagen (Chang et al. 2010). Most likely, these effects of morphine are

mediated via direct interactions with fibroblasts, as well as by increasing the expres-

sion of TGF-β1 and matrix metalloproteinase-2 (MMP-2) in full-thickness wounds

(Chang et al. 2010). Similar regulation of MMP-2 by the OPr system occurs in burn

wounds on DOPr-KO mice. In these mice, healing of the wounds was significantly

delayed and expression of collagen IV, one of the substrates of MMP-2, was in-

creased (Bigliardi-Qi et al. 2006). Similar mechanisms may operate in humans, where

β-endorphin induces expression of the TGF-β type II receptor, which binds TGF-β1,
in skin organ culture experiments (Bigliardi et al. 2003).

Hypertrophic scars occur as a result of overzealous collagen deposition during

wound healing and are associated with pain and severe itching, which may last for

years after the traumatic injury. In particular in burn wound scars, unrelieved chron-

ic pain, tingling, and abnormal sensation can impact severely on patient quality of

life (Summer et al. 2007). Cheng et al. observed marked upregulation of the MOPr,

DOPr and KOPr in both primary human hypertrophic scar tissue and also in cultured

fibroblasts and keratinocytes derived from this tissue, compared to normal skin

samples (Cheng et al. 2008). Given that opioids are intimately involved in both pain

perception and the mechanics of scar formation, these data support the idea that

opioids also likely influence the reinnervation of scar tissue. In fact, there are

several publications linking opioids to regeneration of peripheral neurons by both

stimulating their outgrowth and prolonging their survival (Il’inskii et al. 1985; Akoev

et al. 1989; Zeng et al. 2007). It seems that the DOPr in particular may be important

for neurogenesis and neuroprotection, at least in the central nervous system (Narita

et al. 2006) though studies on a parallel role in the periphery have yet to be undertaken.

There exists a clear correlation between epithelialization, angiogenesis, and innerva-

tion. Keratinocytes (Kutty et al. 2016) attract and connect to peripheral nerve fibers

and endothelial cells with re-vascularization support in parallel directed outgrowth of

nerve endings into the wound tissue (Kangesu et al. 1998).

4 Therapeutic Use of Topical Opioids to Improve Wound
Healing

Opioids have primarily been used to treat pain in wound patients, but with the

realization of their intimate involvement in the process of wound healing itself has

come the opportunity to exploit them to actually improve the rate and/or outcome of

wound healing. Most interesting in this field are the publications using topically

applied OPr ligands, particularly the use of morphine on corneal wounds. Morphine

has a clear analgesic effect in the eye in both rabbits and humans and does not appear

to adversely affect the healing of corneal abrasions (Peyman et al. 1994). Topically

applied morphine also seems to be very effective in healing the ulcers seen in oral

mucositis in humans (Charbaji et al. 2012). Primary human oral epithelial cells express

MOPr, DOPr and KOPr and morphine added to cultures of these cells stimulated cell
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migration through a mechanism involving extracellular-signal regulated kinase 1/2

and p38 (Charbaji et al. 2012).

There is also evidence of the potential for topically applied morphine to improve

the healing of skin wounds. For example, morphine-loaded solid lipid nanoparticles

significantly enhanced healing of CO2 laser-induced burn wounds in an in vitro human

3D wound model (Kuchler et al. 2010). In a rat ischemic wound model, topically

applied fentanyl performed better than morphine (Poonawala et al. 2005), and the leu-

enkephalin analogue dalargin also seems to improve wound healing in both rats (Kohl

et al. 1989; Shekhter et al. 1988) and rabbits (Legeza et al. 1995). Similarly, the OPr

antagonist naltrexone exhibited positive effects on wound healing in a rat model with

healing delay in cholestasis (Nezami et al. 2009). In diabetic rats, topical naltrexone

stimulated the expression of angiogenic factors promoting new blood vessel formation

including vascular endothelial growth factor, alpha smooth muscle actin and fibroblast

growth factor-2, resulting in a marked improvement in wound closure (McLaughlin

et al. 2013).

However, there are conflicting reports detailing negative effects of opioids on

wound healing. Systemic treatment with high doses of morphine impaired angio-

genesis and mobilization of endothelial progenitor cells (Lam et al. 2008), and also

significantly decreased vascular endothelial growth factor synthesis via decreased

expression and nuclear translocation of hypoxia inducible factor-1 alpha in exci-

sional full-thickness wound mouse models (Martin et al. 2010a). Rook et al. (2008,

2009) provide evidence that timing of application is key: when morphine was ap-

plied immediately after wounding in rats, it led to significantly reduced numbers of

myofibroblasts and macrophages in the closing wound and ultimately decreased

skin thickness and increased in residual scar tissue. In contrast, if topical morphine

was applied 4 days after wounding, there was no delay in wound closure or other

negative effects. This clearly shows that the use of agonists and antagonists of the

MOPr and DOPr systems requires careful consideration of timing, dose and means

of application to balance their effects on reconstitution of the dermis, epidermis,

blood vessels and peripheral nerves. Therefore, it is crucial to know more about the

pharmacological effects and interactions of opioids with various tissue and cell types

in order to enable realization of their potential to improve wound healing treatment

outcomes. The full potential of peripherally applied opioids in skin disorders, partic-

ularly in improving healing of painful, nonhealing wounds, can only be realized if the

basic mechanisms, activation and receptor trafficking of OPrs in the different cell

types is thoroughly investigated and the opioid ligands can be used accordingly.

Peripherally active opioid agonists and antagonists have the potential advantage and

bright future to improve wound healing and pain without the disastrous side effects

on central nervous system, including addiction and tolerance.
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