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Abstract
The roles of opioid receptors in pain and addiction have been extensively studied, but their
function in mood disorders has received less attention. Accumulating evidence from animal
research reveal that mu, delta and kappa opioid receptors (MORs, DORs and KORs, respectively)
exert highly distinct controls over mood-related processes. DOR agonists and KOR antagonists
have promising antidepressant potential, whereas the risk-benefit ratio of currently available MOR
agonists as antidepressants remain difficult to evaluate, in addition to their inherent abuse liability.
At present, both human and animal studies have mainly examined MORs in the etiology of
depressive disorders, and future studies will address delta and kappa receptor function in
established and emerging neurobiological aspects of depression, including neurogenesis,
neurodevelopment and social behaviors.
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Introduction
Endogenous opioids and their receptors were discovered from the early use of opium in both
medicinal and recreational practices. Morphine, the most active ingredient of opium, has
highly potent pain-relieving properties and remains the most widely used painkiller in
modern medicine, despite a plethora of undesirable effects. Among these, abuse liability
remains a limitation when undertaking opioid-based pain therapies. Heroin - the diacetylated
morphine derivative - has even stronger addictive properties and, as a major illicit drug of
abuse, represents a public health problem worldwide.

Opiate drugs hijack a complex neuromodulatory system composed of three receptors, mu,
delta and kappa, which interact with a family of endogenous opioid peptides known as β-
endorphin, enkephalins and dynorphins. Opioid receptors form a subfamily of G-protein
coupled receptors (GPCRs), which also includes the homologous but non-opioid nociceptin/
orphanin FQ receptor. Both receptors and peptides are expressed throughout peripheral and
central nervous systems [1], and have been the subject of intense investigations for several
decades. Opioids play a central role in pain processing and regulate many other aspects of
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physiology that include stress responses, respiration, gastrointestinal transit, as well as
endocrine and immune functions [2]. The mood-regulating properties of endogenous opioids
represent another main aspect of opioid physiology. The potent euphoric effects of known
opiate drugs, and the high density of peptides and receptors in limbic brain areas, set the
opioid system as a central player in both reward processing and mood control (see
Glossary), and a feasible target to treat emotional dysfunction [3].

Mood disorders are defined as a group of diagnoses where mood disturbance is the main
underlying feature. Among these, major depressive disorder (MDD) is a chronic relapsing
disorder characterized by the repetition of major depressive episodes (MDE). The natural
course of a depressive episode is remission (50% at one year), even in the absence of
medical intervention. Unfortunately, 80% patients experience relapse within 15 years [4].
Depression is a worldwide leading cause of disability, expected to even worsen in the next
decades [5]. In the early 1900’s, an opioid cure was proposed for the treatment of depressed
patients, through progressive exposure to low doses of an opiate mixture. Although
seemingly effective [6], this approach was hampered by the inherent addictive properties of
available opiates, as is the case for pain treatment. Since the advent of monoamine targeting
drugs in the 50’s, the antidepressant utility of opiates was less considered, and first line
treatments in modern medicine currently rely on selective serotonin reuptake inhibitors
(SSRIs). SSRIs however are effective in only 40-50% patients [7], and identifying new
targets for therapeutic intervention stands as a major challenge.

Today, opioids are re-entering the therapeutic arsenal for MDD treatment. Agonists such as
buprenorphine are used in the specific contexts of refractory depression [8] and depression-
addiction comorbidity [9], and may have broader indications. Recent clinical and animal
research data further strengthen the notion that endogenous opioids contribute to the
etiology of mood disorders. Here we will review both genetic and pharmacological
approaches that reveal mu, delta and kappa opioid receptors as highly distinct players in
reward processes and emotional responses, and very different targets for clinical
intervention in MDD. The role of endogenous opioids has been partly reviewed elsewhere
[10], and will only be briefly mentioned when appropriate.

Opioid receptor knockout studies in behavioral models of reward and
mood disorders

Constitutive knockout (KO) mice for MOR, DOR and KOR have been created almost two
decades ago [11], and characterized for reward processes and mood states [1, 12, 13], which
both involve hedonic responses [14] (Figure 1).

Data from MOR KO mice concur to establish that this receptor represents a key molecular
player for reward processing of both natural stimuli and drugs of abuse. This robust activity
contributes to recreational drug use and facilitates the onset of addictive behaviors [15]. The
strong rewarding effect of MOR agonists likely contributes to the reported success of the
‘opioid depression cure’ [6]. Besides, two groups reported decreased anxiety- and
depressive-like behaviors in MOR KO mice, indicating the possibility of a paradoxical
depressant role of MOR in regulating emotional responses [16, 17]. MOR-mediated
mechanisms of mood control may therefore be more complex than previously anticipated, a
notion that is supported by the pharmacology (see below).

Whether DORs regulate reward processes is less clear [18]. Morphine place preference was
decreased in DOR KO mice [19, 20], but morphine self-administration was preserved [20,
21], suggesting that DORs contribute to contextual learning rather than opioid reward.
Alcohol drinking was increased [22] whereas nicotine self-administration was decreased
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[23], strengthening the view that DORs regulate reward processes in a complex manner.
Importantly, genetic deletion of DORs led to a robust increase in anxiety and depressive-like
behaviors [16], a phenotype that was not found in KOR KO mice, and partly recapitulated in
preproenkephalin KO mice [24]. Further studies largely confirmed mood-enhancing activity
of the enkephalin/DOR system [18]. Intriguingly, high anxiety levels of mutant mice were
reduced after alcohol self-administration [22], in favor of the self-medication hypothesis
[25].

In addiction research, the dynorphin/KOR is definitely considered a major anti-reward
system opposing MOR activity [26]. KO data are consistent with the view that KOR activity
tonically decreases reward, although this is not detectable for all drugs of abuse. In addition,
it is now well-established that the KOR activity is potentiated by several stressors (eg. social
defeat or repeated forced swim, FS), and participates in stress-induced psychopathology
[27]. Accordingly, enhanced cocaine seeking triggered by such stressors in wild-type mice is
not detectable in mutant mice presumably due to lack of dynorphin/KOR-mediated
dysphoric state [28]. Because of the importance of stress in recruiting KORs it is not
surprising that, in contrast to DOR KO mice, KOR KO mice did not differ from controls in
classical behavioral models of depressive-like behaviors involving limited stress [16].

Altogether, current knowledge clearly indicates that all three opioid receptors differentially
regulate reward processes and emotional responses, demonstrating highly distinct mu, delta
and kappa opioid receptor-mediated mechanisms for mood control.

Antidepressant potential for MOR, DOR and KOR drugs
Pharmacological data (Table 1) demonstrate effects of opioid drugs in rodent models of
depression. Historically, antidepressant-like effects of enkephalins and endorphins were first
reported in the FS in rats [29]. Inhibitors of enkephalinase [30], and the general opioid
antagonist naloxone [31], were later found to have antidepressant- and depressant-like
effects, respectively, in the learned helplessness model (LH). These results indicated that
endogenous opioid peptides regulate despair-like behaviors. Other studies using selective
MOR, DOR and KOR drugs confirmed the distinct roles for each opioid receptor, as
revealed by genetic approaches.

The antidepressant-like activity of DOR agonists is the most well-documented. Consistent
with increased depressive-like behaviors in DOR KO mice (Figure 1), studies have shown
that DOR receptor activation by several agonists has antidepressant-like effects across four
behavioral paradigms in both rats and mice: LH, FS, tail suspension (TS) and olfactory
bulbectomy (see Table 1 and [31-49]).

Similar to DOR, but less documented, acute pharmacological activation of the MOR reduces
depressive-like behaviors in some (eg. LH in rat, TS and FS in mice, see [31, 49-53]), but
not all [54], studies. Pharmacological antidepressant-like effects of MOR agonists are in
apparent contradiction with the decreased depressive-like behaviors observed in MOR KO
mice (Figure 1). There are several possibilities to explain this discrepancy. First, constitutive
MOR KO mice may have developed a compensatory high mood state. Second, MOR
expression may be dynamically regulated during brain development, and MOR-dependent
signaling may show both negative and positive effects on mood during development and
adulthood, respectively. Third, acute (ie. pharmacological treatment) versus chronic (ie.
constitutive KO) MOR activation may have antidepressant versus depressant-like effects,
respectively.

Systemic administration of KOR drugs produces mood-altering effects in classical models of
depressive-like behaviors. Notably, KOR agonists (eg. U69493) and antagonists (eg. ANTI,
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GNTI, JDTic and nor-BNI) showed depressant and antidepressant-like effects, respectively,
in the FS and LH in rats [55-57]. Further, depressant activity of the endogenous dynorphin/
KOR system is now being extensively investigated in other rodent models of depression
(notably acute or chronic social defeat, as discussed below).

In summary, DOR agonists and KOR antagonists have promising antidepressant potential,
and both DOR and KOR drugs are under development. In contrast, data from MOR analysis
appear more complex.

Opioid receptors and the neurobiology of depression
Many neurotransmitter systems and brain sites are involved in the pathogenesis of
depression [58] and opioid receptors regulate a number of these aspects (see Figure 2A and
2B). Relevant to depression, opioid receptors also regulate activity of the hypothalamus-
pituitary-adrenal gland (HPA) axis, a major endocrine stress system. This aspect of opioid
receptor function, and implications for mood, has been reviewed elsewhere [27, 59].

Monoaminergic systems
The dopaminergic (DA) mesolimbic system regulates hedonic homeostasis and, as such,
contributes to mood disorders [60]. At the cellular level, KOR have been located on
presynaptic terminals of DA neurons in the NAc (see Figure 3 and [61]). Local
overexpression of the transcription factor, cAMP response element-binding protein (CREB),
in the NAc increased both dynorphin/KOR signaling and depressive-like behaviors [27],
directly correlating KOR-mediated inhibition of DA release to lowered mood. Similarly,
local infusion of nor-BNI (ie. a KOR antagonist) within the NAc mimicked the
antidepressant-like effect of systemic KOR blockade using the LH paradigm in rats [57, 62].
Enkephalin release in DA pathways is also involved. The encounter of an unfamiliar
congener triggers detectable release of the opioid peptide in the rat NAc [63], an effect that
may mediate social reward, at least in part. Further, this enkephalin release was lost in
anhedonic chronically stressed rats [63], suggesting that a low enkephalin tone in the NAc
associates with stress-induced anhedonia. Chronic treatment with amilsulpiride, a dopamine
D2 receptor antagonist, potentiated antidepressant-like effects of DOR activation [64],
suggesting antagonistic functions of D2 and DOR in mood control. Finally, in addiction
research, a large body of work has documented the activation of DA neurons by MOR
activation in the ventral tegmental area (VTA) [15]. Data also indicate that activation of
MOR and DOR receptors regulate DA release in the NAc, with distinct effects across
various sub-nuclei of the NAc [65]. Although much is known about the complex DA/opioid
interaction in addictive behaviors, additional studies are required to understand functional
interaction of MOR, DOR and DA systems in animal models of mood disorders.

The monoamine theory of depression posits that decreased activity of either serotonergic (5-
HT) or noradrenergic (NA) neurons underlies depressive disorders [58]. Pharmacological
studies show that the combination of sub-effective doses of codeine, a weak MOR agonist,
with a SSRI is behaviorally effective in the TS test [51] and that effects of two tricyclic
antidepressants in the FS are antagonized by the general opioid antagonist naloxone [66],
establishing interactions between 5-HT/NA and opioid systems.

MORs tightly control the activity of 5-HT neurons. Systemic acute morphine injection
increases 5-HT release in various limbic regions in rats [67] and mice [68], an effect
antagonized or mimicked by infusion into the dorsal raphe nucleus (DRN) of a MOR
antagonist [69] or agonist [67] respectively. MORs in the median raphe nucleus (MRN) do
not control 5-HT neurons, as morphine infusion in the MRN had no effect on local or
forebrain 5-HT release [67]. Similar to DA neurons (Figure 3), morphine is proposed to
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activate 5-HT neurons through a disinhibition mechanism, with local GABAergic
interneurons in the DRN expressing MORs [69]. Chronic morphine had opposing effects
and led to a compensatory up-regulation of the GABAergic tone on 5-HT neurons, resulting
in decreased 5-HT activity upon cessation of chronic treatment and during withdrawal [70].

Long-term effects of chronic morphine on mood have only been investigated recently in
rodents. Depressive-like behaviors were detectable in acute withdrawal from chronic
morphine treatment in rat [71, 72], and after more prolonged withdrawal, or abstinence, in
rat [73] and mouse [74, 75]. The latter mouse study showed that behavioral deficits
progressively strengthen during 4 weeks of abstinence [75]. Importantly, these emotional
deficits were prevented by chronic SSRI-treatment during the withdrawal period. In this
model, chronic morphine induced sequential signaling adaptations at the level of the 5-HT1A
receptor [76] - the main autoreceptor controlling 5-HT neurons activity - which transiently
desensitized during morphine abstinence. This molecular adaptation was previously
identified in several rodent models of depression [77]. Finally, mice lacking most central 5-
HT neurons [78] showed normal morphine conditioned place preference (CPP), suggesting
an interesting anatomical dissociation between MOR-mediated mechanisms underlying the
regulation of reward processes and affective states. 5-HT neurons activity is also regulated
by DOR and KOR [79], and the latter has received much attention. Rescue experiments
showed that KOR expression in 5-HT neurons innervating the NAc, on a KOR KO
background, is sufficient to restore KOR agonist-induced place aversion [80]. This finding
suggests that dysphoric activity of the KOR may engage 5-HT-mediated modulation of the
DA system in the NAc. Furthermore, acute social defeat triggered phosphorylation of KOR
and p38α kinase in the DRN [81]. Phosphorylated p38α in turn promoted serotonin
transporter (SERT) translocation to the plasma membrane, thereby increasing 5-HT
reuptake, a mechanism likely responsible for defeat-induced acute social avoidance.
Whether KOR/p38α signaling in the DRN is also involved in prolonged mood-related
deficits has yet to be determined.

Finally, NA neurons are also sensitive to endogenous opioidergic modulation. In contrast
with 5-HT and DA neurons, NA neurons express the MOR. Thus, acute morphine injection
increased 5-HT and DA release, but decreased NA release in the forebrain [82]. Following
chronic opiate treatment, rebound from this inhibitory effect produced hyperactivity of the
NA system. In particular, hyperactivity of NA neurons targeting the Bed Nucleus of the
Stria Terminalis (BNST) was shown to mediate place aversion induced by acute precipitated
opiate withdrawal [83], and may also be implicated in altered rewarding properties of
natural stimuli (eg. food) during abstinence from opiates [84]. To our knowledge, there is no
report on the long-term consequences of MOR-mediated adaptations in the NA system on
emotional responses.

Neurogenesis & cell fate specification
In the hippocampus, synaptic plasticity and neurogenesis (in the sub-granular zone of the
dentate gyrus) are implicated in both depression pathogenesis and effects of antidepressants
[85, 86], and MOR modulates both aspects.

Life stress events decrease neurogenesis and decrease dendritic length, dendritic arborization
or spine density, while antidepressants reverse these effects [85, 86]. Chronic morphine self-
administration has been shown to decrease dendritic spine density in hippocampal CA1
region and in the dentate gyrus up to one month after termination of drug consumption [87].
Also, numerous findings have shown that chronic (but not acute) treatment with morphine
leads to decreased neuronal proliferation and survival in the hippocampus of adult rats &
mice, independently of their effects on the HPA axis [88]. Conversely, MOR KO mice
exhibited increased neuronal survival [89] and cellular proliferation [90]. Together these
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results suggest that sustained MOR signaling decreases structural plasticity and
neurogenesis in the hippocampus.

Throughout life, radial astrocyte-like neural stem cells (NSC) undergo mitotic divisions to
sustain self-renewal and generate new neurons in the hippocampus. While the ratio between
NSC and neuronal progeny is controlled by neuronal activity and life experiences [91], in
vivo and in vitro evidence suggest that MOR and DOR may be implicated in both aspects. In
vivo, chronic morphine treatment increased immunoreactivity for glial fibrillary acidic
protein (GFAP, a marker of mature astrocytes and NSC) in the hippocampus [92]. In vitro,
chronic treatment of adult hippocampal progenitors with specific MOR (ie. β-
funaltrexamine) and DOR (ie. naltrindole) antagonists decreased their differentiation into
both astrocytes and oligodendrocytes, while favoring neuronal fate [93]. By contrast, the
KOR antagonist nor-BNI had no effect. Interestingly, a recent report [91] showed that social
isolation - a major risk factor for depression - favors NSC over neuronal cell fate. It is
therefore possible that the opioid system, known to mediate social stimuli and to be involved
in social isolation (as discussed below), contributes to mood disruption via dysregulation of
hippocampal cell fate specification.

Brain derived neurotrophic factor (BDNF) is one of the most studied molecular substrates
known to have important roles in hippocampal synaptic adaptations and neurogenesis.
BDNF promotes proper spine density in the hippocampus, mediates antidepressant
responses and regulates depressive-like behaviors [94]. Interestingly, opioid receptors
regulate BDNF activity. Systemic administration of peptidic [47] and non-peptidic [95]
DOR agonists, as well as of the KOR antagonist nor-BNI [96], showed antidepressant-like
effects in rats and increased BDNF mRNA in the hippocampus, as well as other structures
(eg. frontal cortex, amygdala, hippocampus, endopiriform cortex). Also, endogenous opioids
(ie. enkephalins) up-regulated BDNF mRNA in the hippocampus in a naltrindole (ie. DOR)
and naltrexone (ie. a MOR-specific dose) reversible manner [54], suggesting that all 3
opioid receptors control expression of this major neurotrophic factor. Altogether, results
indicate that opioids have potentially beneficial (ie. increased BDNF) and detrimental (ie.
reduced synaptic density & neurogenesis) effects on hippocampal mood substrates, yet their
combined behavioral relevance remains to be determined.

Neurodevelopmental influences
Depression is often associated with adverse developmental conditions. During brain
maturation, genetic and environmental factors shape emotional circuits to establish
personality and affective traits [97, 98]. In rats - similar to morphine exposure in adulthood -
in utero treatment impaired hippocampal structure [99], an adaptation that may contribute to
the development of depressive-like behaviors in adulthood. Indeed, perinatal morphine
exposure increased depressive-like behaviors at early adolescent and adult ages [100]. In
humans, activation of opioid receptors during fetal brain development may also have life-
long consequences. Children from mothers that were dependent on opiates during gestation
exhibited significantly elevated anxiety, aggressivity and peer rejection [101], although the
respective contributions of environmental factors and in utero heroin exposure are debated
[102].

Social life
Social hedonic capacity is a major determinant of emotional well-being in humans [103],
and social stressors provide preclinical research with ethologically relevant models of
depression [58]. In particular, social isolation was shown to activate brain circuits partly
overlapping with nociceptive circuits in several species [104], and such “social pain” [105]
is attenuated through stimulation of MORs [106]. Along these lines, activation of MORs in
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adolescent mice was found to decrease social isolation-induced exploration of a familiar
congener [107]. In addition to social isolation, chronic social defeat (CSD) is a social
stressor known to induce anhedonia and depressive-like behaviors. Surprisingly, social
avoidance induced by CSD was attenuated in MOR KO mice [108]. Together, these results
suggest that an endogenous opioid tone targeting MORs is regulated as a function of social
stimuli, and that both a decrease (eg. via social isolation) or an increase (eg. via social
defeat) of this opioid tone has detrimental consequences on mood, possibly through
differential neuronal mechanisms. Similarly in humans, the best studied MOR gene variant
A118G (whose functional relevance is debated [109]), is associated with increased social
hedonic capacity [110] but greater reactivity to social rejection [111]. KORs also regulate
social behaviors and associated depressive-like behaviors. The KOR antagonist nor-BNI
partly prevented defeated postures induced by social stress [112] in the rat, and KOR
signaling within the NAc was shown to mediate rejection of social conspecifics, thus
maintaining pair bonds in the monogamous prairie vole [113].

Social behaviors show a well-recognized developmental pattern, and MORs contribute at
early stages. Male rats exposed to morphine in utero exhibited increased pinning (a measure
of play behavior) and social grooming [114] at juvenile age, in addition to increased
sociability and decreased social avoidance at adult age [115], indicating that early opiate
exposure may have life-long stimulating effects on social behaviors. Bowlby’s attachment
theory posits that infants need to develop an intimate, continuous relationship with a primary
caregiver so that social and emotional behaviors develop normally [116]. Maternal
separation - a developmental variant of social isolation - induces distress calls that were
strongly reduced in MOR KO mice pups [117] and required MOR activation in infant
primates [118]. Thus, expression of MORs is essential for the establishment of maternal
attachment, and exogenous MOR activation attenuates the expression of maternal
separation-induced stress response. Also, MOR gene variants correlate with the quality of
parental attachment in infant primates (eg. C77G, [119]) and humans (eg. A118G, [120]).

Conversely, several reports indicate that the quality of maternal care has long-term effects
on the opioid system. Maternally separated rats showed increased physical signs of
morphine withdrawal [121] and decreased sensitivity to morphine anti-nociceptive effects
[122] that correlated with changes in MOR binding in pain-related brain structures [123].
Thus, adaptations of MOR signaling as a function of maternal care - a crucial determinant of
stress responses and stress-related disorders throughout life [124] - may have life-long
implications for mood regulation. While attachment-based therapies for depression are
currently being investigated [125], a better understanding of opioidergic controls over
affiliative behaviors during development and in adulthood may have therapeutic
implications.

Later in life, social interactions with peers fulfill an important adaptive role during
adolescence [126], promoting encounters with individuals outside the natal group and
independence from this group. Social play acts as a natural reinforcer that induces place
preference in adolescent rats and mice [127, 128]. Endogenous opioid peptide release was
detected throughout the brain during social behaviors in adolescent rodents [129] and MOR
and KOR agonists increased and decreased social play, respectively [130]. Considering that
the setting of proper social and affiliative behaviors during development and throughout life
[103] has crucial adaptive value for affective regulation, it is very likely that opioid-
mediated regulation of social behaviors has life-long impact on vulnerability to depression.
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Opioid receptors and depression in humans
Addiction-depression comorbidity

Comorbidity is extremely frequent in psychiatry, and the association between depression
and addiction is one of the most classical clusters [131]. According to the self-medication
hypothesis, depressed patients may take advantage of acute euphoric properties of drugs of
abuse to overcome their depressed mood, a transient relief that bears its own risk of entering
into dependence [25]. Conversely, repeated exposure to drugs of abuse triggers
neuroadaptations in brain structures that contribute to mood homeostasis (such as the
mesolimbic DA pathway), potentially leading to depressive disorders (substance-induced
depressive disorder). Numerous data now convincingly document both hypotheses [132],
and the relationship between addiction and depression is undoubtedly bidirectional. As
discussed in this review, the opioid system is a central player in both disorders, and thus, a
likely major contributor to comorbidity. While acute MOR activation has euphoric and
antidepressant-like effects in rodents [3, 49-51], chronic MOR signaling appears as a major
risk factor for depression: these properties align well with the self-medication hypothesis
and substance-induced depressive disorders, respectively [71-75]. Interestingly, opiate
addicts under opiate maintenance therapy still present a high risk of major depressive
disorder [133], suggesting that allostatic changes may have developed beyond MORs. Thus,
combining MOR agonism (for maintenance therapy) with either KOR antagonism or DOR
agonism seems particularly suited to treat patients suffering from both opiate dependence
and depression. Encouraging clinical results have been reported for buprenorphine [9],
which have been attributed to KOR antagonism, although this opiate shows a complex
pharmacology, possibly involving all 3 opioid receptors and the nociception/orphanin FQ
receptor [134].

Insights into the human disorder
Post-mortem autoradiographic studies have examined MOR binding in suicide victims who
were mainly diagnosed with depression. MOR expression was increased in frontal and
temporal cortex [135-137], as well as in caudate nuclei [136] (compared with controls who
died of sudden death but with no history of psychiatric disorder), suggesting that depression
and suicide associate with higher MOR density.

Advances in functional neuroimaging have enabled the study of MOR in patients
experiencing various mood states. Positron emission tomography (PET) with the MOR
selective radiotracer [11C]-carfentanil was used in healthy women during neutral and
sadness states [138]. Compared to the neutral state, the sadness state was characterized by
increased binding potential (BP) for the radiotracer, interpreted as a decrease in MOR
neurotransmission, in the rostral anterior cingulate, ventral pallidum, amygdala, and inferior
temporal cortex. In the future, development of PET ligands with DOR and KOR selectivity
should allow similar studies for these two other opioid receptors (for example, see http://
clinicaltrials.gov/ct2/show/NCT00939887?term=kappa&rank=2).

A similar approach was applied to women diagnosed with MDD [139]. During the neutral
state differences were already detectable, with depressed patients showing decreased MOR
BP in the posterior thalamus compared to healthy controls. Together these data suggest that
acute (ie. the sadness state in healthy women) and chronic (ie. MDD) negative emotional
states associate with opposing activities of MOR, reminiscent of rodent data comparing
acute pharmacological stimulation versus constitutive genetic ablation of MORs. Further,
the later study [139] showed increased MOR BP in the rostral anterior cingulate in healthy
controls under sadness condition but not in depressed patients, and decreased MOR BP in
the left inferior temporal cortex of depressed women, highlighting the importance of
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circuitry analysis in comparing emotional reactivity across physiological and pathological
conditions.

Concluding remarks
As behavioral models in rodents get more sophisticated, and neurobiological mechanisms of
mood disorders better understood, MOR, DOR and KOR appear as important and highly
distinct players in the regulation of emotional states. In brief, animal studies show that DOR
improves mood states acutely, KOR decreases mood after stress, and MOR exerts
contrasting effects on mood. Clinical trials are needed to evaluate potential benefits of DOR
agonist and KOR antagonist strategies to treat depressive disorders. The risk-benefit balance
of currently available MOR as antidepressants remains otherwise difficult to evaluate, partly
due to their inherent abuse liability. Ongoing studies investigating biased agonism in animal
models may reveal antidepressant-like efficacy independent from abuse liability at the MOR
opioid receptor, and open the way for novel clinical applications (Box1). Finally, research
on causal factors underlying mood disorders has mainly implicated MOR receptors in the
etiology of depressive states. Future studies will address the yet unknown roles of DOR and
KOR in neurobiological aspects of MDD related to neurogenesis, neurodevelopment and
social behaviors.
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Glossary

Anhedonia a reward-related deficit characterized by markedly diminished
interest or pleasure in all, or almost all, activities.

Biased agonism a now-well recognized phenomenon, whereby GPCRs exist under
distinct agonist-dependent active conformations, which form
specific agonist/receptor/effector complexes that, in turn, engage
distinct and agonist-specific downstream signaling and regulatory
responses.

Chronic mild stress
(CMS)

animals are subjected to a variety of unpredictable physical and
social stressors, leading to anhedonia and despair-like behaviors.

Chronic social
defeat (CSD)

when exposed to resident aggressive congeners, rodents adopt a
submissive characteristic posture. Repeated social defeat episodes
produce long-lasting social avoidance and anhedonia.

Conditioned
suppression of
motility (CSM)

a close variant of learned helplessness, except the animal cannot
avoid footshocks.

Conditioned place
preference/

a pavlovian conditioning in which a drug is repeatedly paired with
a set of environmental stimuli that progressively acquire
motivational properties. The animal subsequently exhibits either
preference or avoidance upon re-exposure to the environmental
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aversion (CPP/
CPA)

stimuli, a behaviour dependent on learning, motivational, and
hedonic mechanisms.

Forced swim (FS) rodents, placed in an inescapable container of water, adopt a
floating, immobile behavior interpreted as despair.

Learned
helplessness (LH)

animals exposed to inescapable shocks subsequently fail to escape
when able to.

Mood a pervasive and sustained subjective emotional state that influences
one’s whole perception of the world, with generally either a
positive (mania) or negative (depression) valence; while an
emotion tends to have a clear focus, mood tends to be diffuse.

Mood disorders a group of four diagnoses where mood disturbance is the main
feature: (i) major depressive disorder (MDD), the repetition of
major depressive episodes (MDE); (ii) dysthymic disorder, a long-
lasting (2 years or more), less severe form of depression; (iii)
bipolar disorder, alternation of manic and depressive episodes; (iv)
cyclothymia, a milder form of bipolar disorder.

Major depressive
episode (MDE)

defined by the presence of 5 (or more) symptoms during a two-
week period (with at least one of the first 2 symptoms) among:
depressed mood, anhedonia, weight loss or gain, insomnia or
hypersomnia, psychomotor agitation or retardation, fatigue or loss
of energy, feelings of worthlessness or excessive or inappropriate
guilt, diminished ability to think or concentrate, indecisiveness,
recurrent thoughts of death, recurrent suicidal ideation or suicide
attempt.

Maternal
separation

animals separated from their mother during early postnatal life
develop depressive-like behaviors.

Reward a stimulus that the brain interprets as intrinsically positive or as
something to be approached.

Reinforcement a process that acutely reinforces behaviour, corresponding to the
positive value ascribed to natural (eating, mating, social
behaviours) or artificial (drugs of abuse) stimuli.

Social Interactions a pair of animals is observed and scored for naturally occurring
social behaviors.

Sucrose preference rodents prefer drinking a sucrose solution over tap water.
Decreased sucrose preference is widely considered a measure of
anhedonia in rodents.

Stress the organism’s unspecific response to internal or external
challenges, with an adaptive value. When excessive or prolonged,
it strongly contributes to mood disorders.

Tail suspension rodents, when hung from the tail, adopt an immobile posture
interpreted as behavioral despair.
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Box 1

Outstanding questions

• Opioid receptors: molecular aspects and biased agonism

The recent and long-awaited high resolution crystal structures of MOR [142], DOR [143]
and KOR [144] represent a breakthrough. In their ligand-bound inactive form, these
receptors share a conserved wide-open binding pocket [143] contrasting with buried
pockets of GPCRs crystallized so far (eg. [145]). MORs form intimate oligomeric pairs
within the crystal [142], supporting the view that opioid receptors may function as
oligomers [146]. Demonstrating their physiological relevance currently represents an
important and ongoing experimental challenge.

Opioid receptors are coupled to Gαi/o proteins and their activation overall inhibits
neuronal activity. Opioid receptors also stimulate G protein-independent signaling
pathways, notably via β-arrestins [147]. A main goal in the GPCR field is the
identification of signaling pathways operating in vivo to control specific behavioral
responses. Such biased agonism (now emerging for all three opioid receptors [148]), in
combination with structure-based approaches, will likely aid in the development of future
antidepressants devoid of adverse effects (ie. dependence liability for MOR agonists,
convulsive seizures for DOR agonists, and hyperalgesic effects of KOR antagonists).

• Dynamics of opioid-driven adaptations in monoaminergic systems

A major challenge in the future will be to unravel dynamic adaptations of the endogenous
opioid system, as mood disruption emerges and evolves. This issue is of significant
clinical relevance, as many brain disorders implicating the opioid system are defined as
chronic relapsing diseases (eg. addiction, MDD, chronic pain). In particular, opioid
receptors exert multiple controls over the main monoaminergic systems in rodents.
Addiction research suggests that repeated exposure to drugs of abuse disrupt mutual
inhibitory feedback mechanisms between monoaminergic nuclei, inducing long-term
adaptations at the behavioral level [149]. Whether such mechanisms also impair mood,
possibly through opioid receptors, is an intriguing hypothesis.

• Opioids and novel aspects in mood research

Future studies will also address the potential implication of opioid receptors in newly
identified mechanisms of depression, revealed by fast-acting antidepressant effects of
NMDA receptor antagonists (eg. ketamine) or 5-HT4 receptor agonists. Also,
considering the immune theory of depression, the well-established immunomodulatory
function of opioid receptors [150] may have implications in mood control.

• Opioid and mood beyond MDD

Opioid receptors may contribute to mood disruption in psychiatric disorders other than
MDD. Clinical data implicate the opioid system in schizophrenia [151] and borderline
personality disorder [152], two conditions involving dysregulation of emotional and
reward processes. At present, however, animal models of bipolar or borderline
personality disorders, or affective dimensions of schizophrenia, are poorly characterized.

In addition, recent studies revealed enhanced motor impulsivity in MOR KO mice [153].
The latter finding opens the way to consider mu receptors in a variety of impulse control
disorders: antisocial and borderline personality disorders, attention deficit hyperactivity
disorder, eating disorders and obsessive-compulsive disorder.
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Finally, the crucial role of the opioid system in parental attachment [111, 117, 119],
social behaviors [103] and social pain [105] may have implications for the understanding
of autism spectrum disorders which have been linked to deficits in social motivation.
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Figure 1. Opioid receptor knockout (KO) mice phenotypes in models of addiction and mood
disorders
Behavioral modifications are summarized for each receptor constitutive KO mouse line.
Important conclusions from these data are the following: mu opioid receptors (MORs) are
key mediators of both natural and artificial rewards [12, 13, 15], and may show pro-
depressant activity [16, 17] although this is not supported by the pharmacology. Kappa
opioid receptors (KORs) mediatedysphoria, particularly under stressful conditions where the
dynorphin/KOR activity is higher [26-28]. Delta opioid receptors (DORs) decrease levels of
anxiety and reduce depressive-like behaviors [16], however, its role in reward remains
debated [18-23]. Exhaustive reviews are available on the role of MORs in reward processes
[1], the emerging roles of DORs in brain disorders [18], the potential of MORs and DORs as
targets to treat addiction [140], and the role of KORs in stress-induced and pro-addictive
behaviors or more general psychiatric disorders [141]. Abbreviations: CPA conditioned
place aversion; CPP, conditioned place preference; MDMA, 3,4-methylenedioxy-N-
methylamphetamine; M6G, morphine-6-glucoronide, the active metabolite of morphine; SA,
self-administration; THC, delta-9-tetrahydrocannabinol.
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Figure 2. Anatomical distribution of opioid receptors throughout neural circuits of mood in the
rodent brain
(A) Schematic representation of main monoaminergic nuclei and projections forming neural
circuitry of reward processing and emotional responses, as discussed in the present review.
Dysfunction in the mesolimbic DA circuit [60] is mostly associated with anhedonia and
reduced motivation at the level of ventral tegmental area (VTA) and nucleus accumbens
(NAc). 5-HT and NA neurons originating from the dorsal raphe nucleus (DRN) and the
locus coeruleus (LC) respectively, project widely throughout the brain with a main
implication of hippocampal (Hipp), prefrontal cortex (PFC), nucleus accumbens (NAc) and
bed nucleus of the stria terminalis (BNST) projection areas involved in mood disorders,
while the amygdala (Amy) is a main brain region involved in emotional dysfunction [58].
(B) Mu, delta and kappa opioid receptors (MORs, DORs and KORs, respectively) show
overlapping but distinct anatomical distributions in neural circuits of mood. (C) Absolute
protein expression levels of MORs, DORs and KORs across relevant brain structures are
shown (from [1]). Of note is that anatomical studies in humans have mainly addressed
cortical networks and comparing human with rodent data is currently difficult. For example,
MORs in the anterior insular and dorsal anterior cingulate cortex has been implicated in
social rejection in humans [111], yet their role in animal models of social separation or
stress remains unexplored. Also, human imaging studies reveal a role for MORs in the
thalamus (Th) in MDD [139], a receptor population ignored so far in animal models.
Abbreviations: Hb, habenula; Hyp, hypothalamus; ICx, insular cortex; MHb, medial
habenula; Th, thalamus
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Figure 3. Functional interactions between opioid receptors and monoaminergic systems relevant
to mood control
Monoaminergic neurons synthesizing dopamine (DA), serotonin (5-HT) and nordrenaline
(NA) originate in the brainstem and send axonal projections throughout the whole brain.
These neurons are regulated by opioid receptors at multiple sites. Represented here are main
receptor pools, where functional effects have been documented or proposed in the context of
mood-related behaviors (see text for details). Other receptor populations may also
contribute. In summary, activation of mu opioid receptors (MORs) expressed in the dorsal
raphe nucleus (DRN) and ventral tegmental area (VTA) by local GABAergic interneurons
disinhibit 5-HT [67-70] and DA [1] neurons. On the contrary, noradrenergic neurons are
directly inhibited by MORs [83]. Chronic morphine treatment targets MORs in all these
regions. Acute withdrawal from chronic morphine produces conditioned place aversion
(CPA), which relies on increased activity of noradrenergic neurons targeting the bed nucleus
of stria terminalis (BNST) [83]. Prolonged withdrawal from chronic morphine, or
abstinence, leads to 5-HT dysfunction and progressive depressive-like behaviours [75, 76].
Kappa opioid receptors (KORs) expressed presynaptically in the nucleus accumbens (NAc)
by 5-HT neurons are sufficient for KOR-induced CPA [80]. In addition, stress potentiates
the activity of the dynorphin/KOR system, which targets both (i) DA neurons (and possibly
5-HT neurons) in the NAc to produce depressive-like behaviours [27], and (ii) 5-HT neurons
in the DRN to mediate acute social avoidance [81]. Finally, evidence suggests that
additional receptor populations are likely to be implicated in mood regulation: all 3 opioid
receptors modulate BDNF activity and neurogenesis in the hippocampus (Hipp) [88], and
KORs selectively control DA neurons projecting to the prefrontal cortex (PFC) [27].
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