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The strength of goal-oriented behaviors is regulated by midbrain dopamine neurons.
Dysfunctions of dopaminergic circuits are observed in drug addiction and obsessive-
compulsive disorder. Compulsive behavior is a feature that both disorders share, which is
associated to a heightened dopamine neurotransmission. The activity of midbrain
dopamine neurons is principally regulated by the homeostatic action of dopamine
through D2 receptors (D2R) that decrease the firing of neurons as well as dopamine
synthesis and release. Dopamine transmission is also regulated by heterologous
neurotransmitter systems such as the kappa opioid system, among others. Much of
our current knowledge of the kappa opioid system and its influence on dopamine
transmission comes from preclinical animal models of brain diseases. In 1988, using
cerebral microdialysis, it was shown that the acute activation of the Kappa Opioid
Receptors (KOR) decreases synaptic levels of dopamine in the striatum. This inhibitory
effect of KOR opposes to the facilitating influence of drugs of abuse on dopamine release,
leading to the proposition of the use of KOR agonists as pharmacological therapy for
compulsive drug intake. Surprisingly, 30 years later, KOR antagonists are instead
proposed to treat drug addiction. What may have happened during these years that
generated this drastic change of paradigm? The collected evidence suggested that the
effect of KOR on synaptic dopamine levels is complex, depending on the frequency of
KOR activation and timing with other incoming stimuli to dopamine neurons, as well as sex
and species differences. Conversely to its acute effect, chronic KOR activation seems to
facilitate dopamine neurotransmission and dopamine-mediated behaviors. The opposing
actions exerted by acute versus chronic KOR activation have been associated with an
initial aversive and a delayed rewarding effect, during the exposure to drugs of abuse.
Compulsive behaviors induced by repeated activation of D2R are also potentiated by the
sustained co-activation of KOR, which correlates with decreased synaptic levels of
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dopamine and sensitized D2R. Thus, the time-dependent activation of KOR impacts
directly on dopamine levels affecting the tuning of motivated behaviors. This review
analyzes the contribution of the kappa opioid system to the dopaminergic correlates of

compulsive behaviors.

Keywords: kappa opioid receptor, dopamine, compulsivity, amphetamine, quinpirole, locomotor sensitization

INTRODUCTION

Dopaminergic System in

Compulsive Behaviors

Compulsion is the impossibility of self-stopping to execute a
habitual action with known outcome, despite adverse
consequences (Robbins et al., 2012). Compulsive behaviors are
hallmarks of obsessive-compulsive disorder (OCD) and drug
addiction, among other psychiatric diseases. Checking behavior
is very common in obsessive-compulsive spectrum disorders
being characterized by the constant repetition of a certain
routine, in a stereotyped or ritualistic way (Williams et al,
2013). A wide range of normal behaviors (e.g., checking,
cleaning, hands washing, etc.) can turn into compulsive in
OCD patients and in general, arises in response to obsessive
and distressing thoughts inducing anxiety. Similarly, seeking and
consuming drugs of abuse become compulsive in drug addicts As
in OCD, anxiety plays a key role triggering compulsive drug
consumption in experienced drug abusers. The same
impairments in reward and punishment processing are
observed in both conditions (Figee et al., 2016), which has led
some authors to discuss OCD as a behavioral addiction
(Holden, 2001).

One possible mechanism leading to compulsive behavior is
framed within the incentive-sensitization theory of addiction
which is that an amplified motivation (“wanting”) for the drug
develops during addiction without developing an amplified
pleasurable (“liking”) effect (Berridge et al., 1989; Berridge and
Robinson, 2016). Enduring sensitization of the reward/
motivation circuit is involved in the induction of incentive-
sensitization associated to drug seeking. The reward/
motivation circuit is composed of midbrain dopamine neurons
of the substantia nigra (SN) and ventral tegmental area (VTA),
which target the dorsal and ventral tiers of the striatum,
respectively. Dopamine neurons that project to the ventral
striatum or nucleus accumbens (NAc) have been traditionally
related to goal-oriented behaviors, whereas dopamine neurons
that project to the dorsal striatum have been associated with
habits acquisition (Everitt and Robbins, 2005; Wise, 2009; Yager
et al., 2015; Volkow et al., 2017).

Sensitization of the reward/motivation circuit is observed in
rodents as the gradual increase in locomotor activity induced by
repeated administration of a potentially addictive drug fixed dose
(Pierce and Kalivas, 1997; Robinson and Berridge, 2001).
Locomotor sensitization is an endurable phenomenon as it is
observable after weeks, months and even a year after drug
withdrawal (Robinson and Berridge, 1993). It was early

suggested that sensitization of the reward/motivation circuit
contributes to the compulsive drug seeking (Robinson and
Berridge, 1993). Accordingly, locomotor sensitization facilitates
self-administration cocaine seeking reinstatement (De Vries
et al., 2002). Moreover, rats with extended access to cocaine
self-administration show greater locomotor response to cocaine
than rats with limited access (Ferrario et al., 2005). In addition,
the neurochemical changes underlying locomotor sensitization
to psychostimulants are also observed in compulsive drug
seeking (Steketee and Kalivas, 2011; Giuliano et al., 2019).
These data support the early proposed correspondence
between locomotor sensitization and compulsive drug seeking
observed in humans (Robinson and Berridge, 1993;
Vanderschuren and Kalivas, 2000). Mechanistically, repeated
administration of drugs of abuse sensitizes mesolimbic
dopamine circuits increasing dopaminergic neurotransmission.
Psychostimulants, like cocaine or amphetamines, that block the
plasma membrane dopamine transporter (DAT), induce a large
increase of dopamine in the synaptic space in the striatum and
NAGg, thus activating locomotion (Steketee and Kalivas, 2011). As
in drug addiction, sensitization of the dopamine reward/
motivation circuit contribute to compulsive behaviors seen in
OCD. Indeed, the repeated activation of dopamine D2 receptors
(D2Rs) is enough to induce locomotor sensitization and
checking behavior in both rats and mice (Szechtman et al,
1998; Szechtman et al., 1999; Sun et al., 2019). Repeated
administration of quinpirole, a D2R/D3R agonist, is an
accepted model of OCD as it recapitulates face validity,
through an increment of compulsive checking and stereotyped
behavior, predictive validity, as seen by a decrease of compulsive
behaviors after chronic treatment with serotonin reuptake
inhibitors (SRI) and construct validity as brain structures
involved in this model are shared with those in the pathology
(Stuchlik et al, 2016; Szechtman et al, 2017). In summary,
repeated activation of dopamine transmission, either by pre-
synaptic (dopamine release) or post-synaptic (activation of D2R)
mechanisms lead to locomotor sensitization and
compulsive behaviors.

The kappa opioid system is one of the most preponderant
systems controlling dopamine transmission in the reward/
motivation circuit. Evidence shows that kappa-opioid
transmission opposes to the effects of dopamine; the acute
activation of kappa opioid receptors (KORs) counteracts the
locomotor activity induced by psychostimulants (Gray et al,
1999). Conversely, repeated KOR activation maintains and
enhances compulsive and habitual drug seeking (Koob, 2013).
Consumption of drugs of abuse induce a homeostatic enhanced
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kappa opioid transmission, probably contributing to the negative
emotional states of dysphoria (Koob, 2013) triggering
compulsive drug use (Chavkin and Koob, 2016). In fact, the
blockade of KOR prevented stress- but not drug-induced
reinstatement of nicotine (Jackson et al., 2013), cocaine
(Beardsley et al., 2005) and ethanol (Sperling et al., 2010). In
line with this finding, KOR blockade reverts dopaminergic
changes in the dorsolateral striatum of amphetamine sensitized
rats, without modifying their enhanced locomotor response to
the drug (Azocar et al., 2019). Thus, KOR system seems to
enhance negative reinforcement increasing drug-value. In OCD,
negative reinforcement is triggered by obsessions, which
strengthen a given compulsion in order to avoid that
obsession. Although it has not been directly tested, negative
reinforcing could play a role on quinpirole sensitization. Indeed,
D2R are involved in the generation of negative reinforcement.
For example, place avoidance to a morphine- withdrawal-paired
area was not developed in mice lacking the long isoform of D2R
(Smith et al.,, 2002) and repeated quinpirole treatment during
abstinence period reinstates cocaine and heroin seeking in an
auto-administration paradigm, an effect related to sensitized
locomotion to quinpirole (De Vries et al., 2002), suggesting
shared mechanisms between psychostimulant and quinpirole-
induced sensitization. Moreover, the introduction of the home
cage, but not a novel cage, to the open-field arena reduces
locomotor sensitization and compulsive checking behavior
(Szechtman et al, 2001), indicating that safety/familiar cues
might compete with negative environmental cues that favor
sensitization. Similarly to psychostimulant-induced
sensitization, the repeated activation of KOR facilitates
locomotor sensitization (Escobar et al., 2017) and compulsive
checking behavior (Perreault et al., 2007) induced by repeated
administration of quinpirole. Whether this potentiating effect is a
consequence of enhanced negative reinforcement remains to
be elucidated.

The thorough analysis carried out recently shows that the
effect of the kappa-opioid system on dopaminergic transmission
is complex: it depends on the dopamine pathway involved
(Margolis et al., 2006; Margolis et al., 2008), and on the timing
between the activation of the KOR receptor and the activation of
the dopamine receptor (Chartoff et al., 2016). Consistent with
this complexity, the potential therapeutic use of KOR ligands has
been widely discussed. It has been proposed that KOR agonist
may be clinically useful during the drug use phase, attenuating
the drug induced hyperdopaminergia (Shippenberg et al., 2007).
On the other hand, a KOR antagonist may be useful in treating
withdrawal syndrome induced by an increase in dynorphin
expression after repeated drug consumption (Wee and Koob,
2010). Accordingly, it has been proposed that KOR partial
agonist (Béguin et al., 2012) could be a therapeutic option to
treat both the compulsive drug intake and withdrawal symptoms
in addicted individuals (Chartoft et al., 2016; Callaghan et al,
2018). In this review, we analyze the time/context-dependent
modulation of dopaminergic correlates of behavioral
sensitization and compulsivity.

Anatomical and Functional Crosstalk
Between Kappa Opioid and Dopaminergic
Systems in Striatal and Midbrain Regions
Striatal Regions

KORs are Gi/o protein-coupled receptors highly expressed in the
midbrain dopamine system (Mansour et al., 1996). These
receptors belong to the family of opioid receptors composed by
mu (MOR), delta (DOR) and kappa (KORs). The endogenous
agonists for these receptors are endorphins, enkephalin and
dynorphin, respectively. In the striatum, dynorphin is
synthetized by dopamine Dlreceptor (D1R)-containing
medium-sized neurons (MSNs) that have recurrent axons
activating KORs from the same nuclei (Mansour et al., 1995).
Electron microscopy images of rat NAc shows that KORs are
found predominantly in DAT-containing presynaptic structures
while a minor proportion of KORs localizes on dendrites in
apposition to DAT (Svingos et al., 2001; Kivell et al., 2014).
Immunofluorescent studies characterizing presynaptic-
synaptosomal preparations from NAc show that KORs and
D2Rs preferentially coexist in synaptosomes containing the
dopamine synthetizing enzyme, tyrosine hydroxylase (TH)
(Escobar et al., 2017). Moreover, KORs are abundant in cell
bodies of the NAc and striatum, and colocalize with D2Rs in a
cell subpopulation (Escobar et al., 2017). With genetic and
molecular insights, it has been suggested that a 20% of total
KOR binding in the striatum is observed in DA terminals (Van't
Veer et al, 2013). Moreover, Tejeda et al. (2017) showed that
both D1R and D2R MSNs express KOR with a higher preference
for DIR containing MSNs (Tejeda et al., 2017). This anatomical
data indicates that KORs are present pre and postsynaptically,
regulating dopamine neurotransmission in the reward/
motivation circuit.

Several experimental approaches show that the activation of
KORs inhibits dopamine release. The acute activation of KORs
by a systemic injection or the local infusion of agonists decreases
the extracellular levels of dopamine in the NAc (Di Chiara and
Imperato, 1988; Spanagel et al., 1992; Fuentealba et al., 2006) and
dorsal striatum (Gehrke et al., 2008). Supporting a tonic
inhibitory action of KORs over dopamine neurotransmission,
the direct infusion of the long-lasting and selective KOR
antagonist nor-binaltorphimine (nor-BNI) (Broadbear et al,
1994) increases basal levels of dopamine in the NAc (Spanagel
etal.,, 1992) and dopamine release in the dorsal striatum (Azocar
etal., 2019). Final evidence of KOR tonic inhibition of dopamine
was shown in KOR knockout mice, which displayed increased
extracellular levels of dopamine in the striatum and NAc (Chefer
et al,, 2005). The mechanisms responsible for KOR inhibition of
dopamine release are not completely elucidated. However, it is
well known that the activation of KORs leads to the increase of
K + and decrease of Ca2+ conductances, thus inducing cell
hyperpolarization and blockade of vesicular neurotransmitter
release (Bruchas and Chavkin, 2010; Margolis and
Karkhanis, 2019).

Additionally, in vitro and in vivo functional data suggests that
KORs modify dopamine extracellular levels by modulating the
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activity of DAT. For instance, the activation of KORs in EM4
cells that co-express KORs and DAT, lead to an increased uptake
of dopamine measured by voltammetry (Kivell et al., 2014). An
ex vivo analysis also using voltammetry in disaggregated tissues,
showed that a systemic injection of KOR agonist U-69593
increased dopamine uptake in the NAc (Thompson et al,
2000). A similar recent article shows that nor-BNI blocks the
increase of dopamine uptake in the ventral and dorsal striatum,
induced by an acute systemic injection of MP1104, a mixed
Kappa/Delta opioid receptor agonist (Atigari et al., 2019).
Nevertheless, the effect of KOR activation on dopamine uptake
has yet not been not fully elucidated. The systemic
administration of the KOR partial agonist nalmefene decreased
striatal dopamine uptake dose dependently, quantified by fast
scan cyclic voltammetry (FSCV) (Rose et al., 2016). Using a no-
net flux microdialysis in adult male rats, blocking of KOR was
accompanied by an increase in extraction fraction (Ed), which is
an indirect measure of dopamine uptake (Chefer et al., 2006;
Azocar et al, 2019), suggesting that tonic activation of KOR
exerts an inhibitory control on DAT activity (dopamine uptake).
These results highlight the complex role of endogenous KOR
activity on dopamine uptake to control dopamine extracellular
levels. Higher temporal resolution approaches such as FSCV
have failed to show an effect of KOR on dopamine uptake (Ebner
et al,, 2010; Ehrich et al., 2015; Hoffman et al.,, 2016), suggesting
that KOR enhancing DAT activity in striatal regions needs an
incubation period., KOR-mediated enhancement of DAT activity
could be explained by an increase in the number of DAT on cell
membranes induced by KOR activation, as reported in striatal
synaptosomes and cell lines (Kivell et al, 2014).

Midbrain Regions

Autoradiographic assays performed in the rat midbrain show
significant binding for KORs on the rostrocaudal axis of the SN
and VTA (Speciale et al., 1993). On the other hand, electron
microscopy data show that dynorphin-containing terminals
synapse directly on TH positive dendrites in the SN and the
VTA (Sesack and Pickel, 1992), suggesting that KORs localize in
somatodendritic compartments of dopamine neurons. Striatal
D1R-containing MSNs are one of the dynorphin inputs to
midbrain dopamine neurons. Interestingly, blockage of KORs
does not modify the inhibitory effect of DIR-MSNs to VTA
dopamine neurons, indicating that this inhibition is mediated by
GABA (Edwards et al, 2017). KORs modulate somatodendritic
responses of dopamine midbrain neurons. Electrophysiological
studies show that the activation of KORs in the VTA
hyperpolarizes and decreases the spontaneus firing rate of
dopamine neurons (Margolis et al., 2003). Consequently, the
infusion of KOR agonists decreases somatodendritic dopamine
efflux (Smith et al., 1992; Dalman and O'Malley, 1999). However,
this inhibitory effect of KORs on dopamine neurons seems to be
circuit dependent. The infusion of kappa-opioid agonists in the
VTA decreases dopamine release in the medial prefrontal cortex
(mPFC) (Margolis et al., 2006) but not in the NAc (Devine et al.,
1993; Margolis et al, 2006). Moreover, Margolis et al. (2006)
found that KORs inhibit VTA dopamine neurons that project to
the mPFC and basolateral amygdala, but not those that project to

the NAc. In that same year, Ford et al. (2006) showed that bath
application of KOR agonists in mouse VTA slices induced a
higher outward current in dopamine neurons that project to the
NAc compared to those that project to the basolateral amygdala,
indicating that KORs exert a greater inhibition of dopamine
neurons that project to the NAc than to the amygdala.
Furthermore, the activation of KOR decreases the amplitude of
excitatory (Margolis et al, 2005) and inhibitory (Ford et al,
2007) postsynaptic currents into midbrain dopamine neurons.
Differences between species and the complex efferents
proyections of VTA to mPFC and NAc (Van Bockstaele and
Pickel, 1995; Carr and Sesack, 2000) make it challenging to
establish whether KORs inhibit selectively some of the neuronal
dopamine populations in VTA. Nevertheless, the data
summarized here indicates that KORs are in the soma and
terminals of dopamine neurons, as well as in the inputs that
regulate them, thus exquisitely positioned to control the synaptic
activity of midbrain dopamine neurons.

Role of KORs Controlling Dopamine
Neurotransmission in Psychostimulants-
Induced Sensitization and

Compulsive Behaviors

Drug addiction is a process that involves initially impulsive drug
seeking associated with their positive-reinforcing effects. On the
other hand, compulsivity is a personality trait observable in drug
addicts. Several neuroadaptations in dopaminergic pathways
have been proposed to account for compulsive drug seeking
and intake following repeated exposure to drugs of abuse (Everitt
and Robbins, 2005; Koob and Volkow, 2016). One of the
proposed hypotheses driving compulsive drug intake is the
sensitization of its negative-reinforcing effects (Koob, 2013).
The inhibitory control of kappa opioid system on dopamine
release could contribute to the negative-reinforcing properties of
drugs of abuse. However, the consequences of KOR activation on
dopamine neurotransmission and compulsive drugs seeking
seems to be complex and apparently contradictory. Indeed,
dopamine release induced by amphetamine and cocaine is
attenuated by concomitant administration of KOR agonists
(Heidbreder and Shippenberg, 1994; Maisonneuve et al., 1994;
Thompson et al., 2000) and even decrease cocaine self-
administration (Negus et al., 1997). Moreover, KORs exert an
inhibitory feedback on dopamine release of the mesolimbic
pathway in response to the sustained activation of post-
synaptic D1R as occurs with repeated exposure to
psychostimulants (Cole et al., 1995; Nestler, 2001).
Paradoxically, the activation of KORs can also facilitate
dopamine release in the reward/motivation pathway
(Fuentealba et al.,, 2006; Fuentealba et al.,, 2007) and
psychostimulants consumption (Wee et al., 2009). Fuentealba
etal. (2007) showed that after four days administering U69593, a
KOR agonist, increased amphetamine induced dopamine release
in the NAc. Recently, it was shown that blocking KORs reverses
the changes in dopamine release and uptake in dorsal striatum
that takes place during the locomotor sensitization induced by
amphetamine (Azocar et al,, 2019). Altogether, these data suggest
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that the activation of KORs might also contribute to positive-
reinforcing properties of drug of abuse (Chartoft et al., 2016).

In addition, KORs activation also seem to contribute to
compulsive drug seeking; KORs blockade reduces cocaine
(Wee et al., 2009), heroin (Schlosburg et al.,, 2013) and
methamphetamine (Whitfield et al., 2015) intake in rats with
unlimited access to the drug (Wee et al, 2009). This effect is also
evidenced in stress-induced drug seeking. For instance, the KOR
knockout mice did not show cocaine place preference after
forced swimming stress (McLaughlin et al., 2006a). The
blocking of KORs attenuates the nicotine place preference
induced by forced swim stress exposure (Smith et al., 2012).
Interestingly, the blocking of KOR attenuates the cocaine and
nicotine seeking induced by stress but did not affect seeking
induced by a drug challenge (Beardsley et al., 2005; Jackson et al.,
2013). This facilitator KOR effect induced by stress seems to be
mediated by the reward/motivation circuit (Shippenberg et al.,
2007; Wee and Koob, 2010). In an elegant study performed by
Dr. Kauer and her group, it was shown that blocking KORs in
the VTA, either previously or after an acute stress, inhibits the
reinstaintment of cocaine-seeking, an effect associated to the
rescue of long-term-potentiation of inhibitory synapses in
dopamine neurons (Graziane et al., 2013; Polter et al., 2014).

The facilitation of psychostimulants intake exerted by KORs
seems to depend on a time-window regarding drug exposure.
The administration of the KOR agonist U50488 1 h before
cocaine exposure potentiates both cocaine place preference and
the relative dopamine release evoked by cocaine in the NAg,
while the opposite effects are observed when given 15 min before
(McLaughlin et al., 2006a; Ehrich et al., 2014). Using intracranial
self-stimulation Chartoff et al. (2016) observed that the KOR
agonist Salvinorin A, has an initial aversive and a delayed
rewarding effect, accompanied by a decrease and an increase in
stimulated dopamine release in the NAc, respectively. All
together these data indicate a time-dependent effect of KOR
activation on the rewarding properties of cocaine, and points to
the stress-mediated KOR activation as a key player for the
development of compulsive drug-seeking.

Quinpirole-Induced Locomotor
Sensitization and Compulsive Behavior

The facts that the dopamine system is involved in the generation
of sensitization and compulsivity is strengthened by the behavior
observed in rodents treated with the D2R agonist, quinpirole.
Briefly, D2Rs are Gi coupled receptors widely expressed in the
reward/motivation circuit; they are expressed somatodendritically
and on axon terminals of dopamine neurons (Sesack et al., 1994),
and its activation decreases dopamine extracellular levels
(Imperato and Di Chiara, 1988). In the striatum, D2Rs are also
located postsynaptically on medium spiny neurons (Sesack et al.,
1994) and its activation inhibits the indirect pathway allowing
locomotor activity.

Dr. Henry Szechtman began studying the effects of quinpirole
on the behavior of rats ending the decade of 1980. Their initial
findings showed that the acute administration of quinpirole has
dose-dependent effect on locomotor activity. At low doses (0.03

mg/kg) it decreases locomotor activity, while at higher doses
(>0.5 mg/kg), it increments. (Eilam and Szechtman, 1989). These
effects are associated with the activation of high-affinity
presynaptic D2Rs and low-affinity postsynaptic D2Rs,
respectively (Usiello et al., 2000). Unexpectedly, the repeated
(every other day) administration of quinpirole induces a gradual
and sustained increase in locomotion, resembling the locomotor
sensitization induced by psychostimulants (Szechtman et al,
1993; Szechtman et al., 1994). The locomotor sensitizing effect
was shown to depend on D2Rs, since mice deficient for this
receptor do not develop locomotor sensitization to quinpirole
(Escobar et al., 2015).

At the beginning of the 90's, Szechtman and Eilam reported
that along with locomotor sensitization, rats developed a
stereotyped behavior, which is reinforced with each
administration of quinpirole (Eilam and Szechtman, 1989;
Szechtman et al.,, 1993). Today, quinpirole repeated
administration is a validated model for OCD (Szechtman et al.,
1999; Szechtman et al.,, 2001; Eilam and Szechtman, 2005;
Stuchlik et al., 2016; Szechtman et al., 2017), based on the
observation that the behavior of rats becomes increasingly
structured and inflexible, reminiscent of the ritual behavior
characteristic of compulsive checking behavior (Szechtman
et al.,, 1998; Szechtman et al., 2017). Recent studies show that
repeated quinpirole also induces compulsive behaviors in mice,
such as compulsive checking (Sun et al., 2019), behavioral
inflexibility and compulsive chewing (Asaoka et al., 2019), the
latter reverted by D2Rs blockade in the striatum, further
supporting that repeated D2Rs activation is needed to induce
compulsive behaviors. Together the data points to a crucial role
of D2Rs within the midbrain dopamine pathways to induce
locomotor sensitization and compulsivity. Repeated quinpirole
administration primes cocaine-induced stereotyped behavior
(Thompson et al., 2010) and the locomotor effects of
amphetamine (Cope et al., 2010), strengthening the idea that
D2Rs activation underlie psychostimulant-induced sensitization
and suggesting a shared mechanism between quinpirole and
psychostimulants-induced sensitization. Interestingly, the
sensitizing effect of repeated D2Rs activation seems to be
stronger than that induced by psychostimulants, since every rat
treated with quinpirole develop locomotor sensitization (Escobar
et al., 2015), while around sixty percent of rats sensitize to
amphetamine (Escobar et al.,, 2012; Casanova et al., 2013).

Behavioral sensitization induced by repeated activation of
D2Rs is accompanied by adaptations in the reward/motivation
circuit. Rats sensitized with quinpirole have lower dopaminergic
tone in the NAc, observed as decreased basal (Koeltzow et al.,
2003) and stimulated tonic and phasic dopamine release
(Escobar et al., 2015), indicating decreased dopamine release
capacity of dopamine midbrain circuit. Synaptic dopamine levels
in the NAc are controlled by the activity of both, DAT and
dopamine neurons activity (Goto and Grace, 2008), which in
vivo consists of tonic and burst firing (Wilson et al., 1977; Grace
and Bunney, 1980). Previous reports show that quinpirole-
sensitized rats display a smaller number of dopamine neurons
in tonic and burst firing in the VTA (Sesia et al., 2013). Together
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these data indicate that the decrease in dopamine release seen
after quinpirole sensitization is a result of a decrease in the
overall activity of dopamine neurons. The compulsive behavior
and sensitized locomotor activity induced by the repeated
treatment with quinpirole could be a consequence of
sensitization of D2Rs, due to decreased dopaminergic tone in
the NAc. Indeed, quinpirole-sensitized rats show an increase in
the binding of dopamine D2R (Culver et al., 2008) and an
increase in the affinity state of these receptors (Perreault et al,
2007), supporting this hypothesis.

KOR-Dopamine Interactions in Quinpirole-
Induced Compulsive Behaviors

Initial studies regarding the role of KOR in D2R-induced
compulsive behaviors also came from Szechtman's lab. This
group examined the concomitant administration of the KOR
agonist U69593 with quinpirole on locomotor activity.
Specifically, the authors administered subcutaneous injections
to rats with a mixture U69593 and quinpirole, until 8 to 10
injections were completed. Contrary to the hypolocomotor effect
of U69593 alone, hyperlocomotion was observed when
administered concomitantly with low (presynaptic) and high
(postsynaptic) doses of quinpirole. U69593 changed the
hypolocomotor effect of a presynaptic dose of quinpirole to
hyperlocomotion and enhanced the hyperlocomotor effect of a
postsynaptic dose of quinpirole (Perreault et al., 2006). Co-
activation of KORs also accelerated the induction of locomotor
sensitization and potentiated the effect of D2Rs activation, since
the maximum locomotion achieved by the double treatment
duplicates the locomotor effect induced by quinpirole alone
(Perreault et al., 2006; Escobar et al., 2017). Co-activation of
KORs also accelerates the acquisition of compulsive checking
behavior (Perreault et al., 2007). These potentiating effects of
KORs on quinpirole-induced behaviors require KORs repeated
activation. In fact, acute injection of the KOR agonist U69593 did
not further modify the locomotor activity in rats sensitized with
quinpirole (Escobar et al,, 2017). The mechanism of KOR
potentiating D2R-induced sensitization is unknown. One
possibility is that the endogenous kappa opioid system itself is
mediating D2R-dependent sensitization. However, this
possibility was discarded by showing that pre-administration
of norBNI did not modify locomotor sensitization to quinpirole,
suggesting that dynorphin is not released downstream D2R
activation (Escobar et al.,, 2017). This data does not rule out
that dynorphin might have a role in sensitizing compulsive
behaviors, for example, stress induces the release of dynorphin
and activation of KORs which facilitates compulsive behaviors
(McLaughlin et al., 2003; McLaughlin et al., 2006a; McLaughlin
et al., 2006b).

The crosstalk between D2Rs and KORs is complex and it
seems to depend on whether the activation of both receptors is
coincident or temporally separated. Anatomical data indicate
that the crosstalk between D2Rs and KORs can occur
presynaptically in axons and soma of dopamine neurons, as
well as postsynaptically in MSNs of the striatum. Although it
does not rule out a role for KORs located on axons of other

neurochemical systems, the anatomical data strongly points to a
direct role of KORs regulating D2Rs. Either acute or repeated,
the activation of KORs decreases the inhibitory D2Rs function
on dopamine neurons. Electrophysiology studies showed that the
acute activation of KOR in dopamine neurons of the VTA and
SN inhibits D2R-mediated inhibitory postsynaptic current, an
effect mediated by pre and postsynaptic mechanisms as KOR
decreases dopamine release and dynorphin blocks the inhibitory
effect of bath applied dopamine (Ford et al., 2007).
Neurochemical studies showed that the repeated activation of
KORs blocks D2R-induced inhibition of dopamine release in the
NAc (Fuentealba et al., 2006). Moreover, coincident D2Rs and
KORs acute activation decreases the inhibition of dopamine
release in the NAc compared to the effect of each receptor
alone (Escobar et al., 2017). Thus, presynaptic KORs do not
act additively or in synergy with presynaptic D2Rs, conversely,
KORs either inhibit or occlude D2R inhibitory effect. This
mechanism could explain the locomotor activating effect of an
acute dose of KOR agonists concomitant to a low dose of
quinpirole (Perreault et al., 2006).

A recent study shows that KOR activation in the VTA
mediates compulsive behavior measured as behavioral
inhibition and marble burying (Abraham et al., 2017),
reinforcing the idea that KORs activation is indeed a trigger
for compulsivity. Data published by Margolis et al. (2006; 2008)
indicate that KORs and D2Rs interaction should take place on
dopamine neurons targeting the mPFC (Margolis et al., 2006;
Margolis et al., 2008). Notwithstanding, Ford et al. (2006; 2007)
found that KORs inhibition of D2R mediated IPSC takes place
on dopamine neurons targeting the NAc (Ford et al., 2006; Ford
etal., 2007). Together these data show that KOR interaction with
D2R at the somatodendritic compartment of dopamine neurons
could arise as a result of a crosstalk in the same dopamine
neuron. Whether this happens in the mesolimbic or mesocortical
projections is still controversial.

Remarkably, KOR was found in MSNs of the NAc (Escobar
et al., 2017; Tejeda et al., 2017), thus indicating that the
potentiation of D2R-induced compulsive behavior can also
arise by direct actions on the target cells of dopamine neurons.
In this regard, it is worth mentioning that repeated
administration of U69593 increases the amount of D2Rs in the
high affinity state (Perreault et al., 2007). Neurochemical data
indicate that decreased dopamine extracellular levels is
associated to D2Rs sensitization. KORs co-activation does not
decrease further the extracellular levels of dopamine in the NAc
already decreased by the repeated activation of D2Rs (Escobar
et al,, 2017), ruling out a role for presynaptic KORs accelerating
or potentiating the sensitization of D2Rs in the NAc through this
mechanism. Therefore, KORs trigger slow molecular
mechanisms that further sensitize the neurochemical and
behavioral effects of D2Rs, suggesting that the locomotion
sensitization enhancement could be due to an adaptive
postsynaptic rather than a presynaptic effect. In this regard
repeated activation of KORs can trigger the inhibition of D2R
indirect striatal pathway switching DIR/D2R balance to DIR
inducing compulsivity (Figure 1).
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receptors debilitates the D2 indirect pathway inducing compulsive behavior.

FIGURE 1 | Integrative scheme of Kappa Opioid Receptors (KOR) control on direct (D1R) and indirect (D2R) striatal phatways. (A) KOR are located pre-sinaptically
on dopamine terminals and post sinaptically in medium-sized neurons (MSNSs). Its activation controls dopamine extracellular levels and its localization promotes the
interaction with dopamine transporter (DAT) and dopamine D2 receptors. (B) The repeated exposure to a psychostimulant is accompanied by an increase in both
dopamine extracellular levels and dynorphin. The activation of D1 and D2 receptors switch the balance to the D1R direct pathway promoting locomotor sensitization.
(C) The co-administration of quinpirole and U69593 is accompanied by a decrease in dopamine extracellular levels. The concomitant activation of KOR and D2

Sex Differences of KOR-Dopamine
Interactions in Compulsive Behaviors
Clinical studies have shown sex differences in compulsive
behavior including compulsive drug seeking. An earlier onset
of OCD symptoms is observed in men compared with women
(Mathis et al,, 2011), with women showing more prevalence of
contamination and cleaning symptoms (Labad et al, 2008).
Regarding sex differences in drug addiction, clinical evidence
indicates that while the use of drugs is more prevalent in men,
women exhibit a faster progression than men into compulsive
drug seeking (Hernandez-Avila et al., 2004; Fattore and
Melis, 2016).

Lately, pre-clinical evidence has strongly highlighted the
neurobiological bases underpinning the sex differences in drug
abuse observed in clinical studies (Becker and Chartoff, 2019).
Early observations using no-net flux microdialysis showed that
dopamine extracellular concentration in the dorsal striatum
varies during the estrous cycle with higher levels in proestrus
and estrus compared with diestrus. Moreover, while ovariectomy
decreases striatal dopamine extracellular concentration in female
rats, the castration of male rats does not modify dopamine
striatal extracellular concentration (Xiao and Becker, 1994),
suggesting an important role of ovary hormones on dopamine
activity. In addition, female hormones regulate the response to
psychostimulants. Early in vitro experiments showed that
estradiol plus progesterone restore amphetamine-induced
dopamine release from striatal tissue obtained of
ovariectomized female rats (Becker and Ramirez, 1981). More
recently, fast scan cyclic voltammetry studies have shown that
females exhibit greater electrically-stimulated dopamine release

and uptake compared to males (Walker et al., 2000). These sex
differences in dopamine neurotransmission can account for the
higher cocaine and amphetamine seeking observed in females.
(Roberts et al., 1989; Cox et al., 2013).

The regulation of KOR on dopamine extracellular levels also
shows sex differences (Chartoft and Mavrikaki, 2015). Using
intracranial self-stimulation and cyclic voltammetry, Conway
et al. (2019) showed that the lower sensitivity to the acute
anhedonic effect of a KOR agonist observed in female rats
compared to male rats, is accompanied by an attenuated
inhibition of stimulated dopamine release in the NAc (Conway
et al., 2019). It has been suggested that estradiol contributes to
the blunted inhibition of dopamine release observed in female
rats after KOR activation (Abraham et al, 2018). While the
crosstalk between KORs and dopamine signaling has been
studied in males (Tejeda and Bonci, 2019), research on this
interaction and its impact in the addiction process in females is
lacking (Chartoff and Mavrikaki, 2015). In female rats, the acute
administration of the KOR agonist U69593 attenuated cocaine-
induced hyperlocomotion in both, control and ovariectomized
rats. Interestingly, U69593 repeated administration attenuated
cocaine-induced hyperlocomotion in an estradiol-dependent
manner (Puig-Ramos et al, 2008). These data suggest that
estradiol primes KOR actions in female rats, an effect that
could be related to sex differences in stress response (Puig-
Ramos et al., 2008). Whether in female rats the repeated
activation of KORs facilitates striatal dopamine release as
observed in male is an unanswered question.

Although a facilitation in psychostimulant induced dopamine
release is observed in female compared to male rats, sex
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differences in the dopamine mechanisms underlying
amphetamine locomotor sensitization have not been fully
elucidated (Becker, 1999). The repeated exposure to
amphetamine induces a greater locomotor activity in both,
adolescent (Mathews and McCormick, 2007) and adult female
rats (Milesi-Hallé et al., 2007), with female adolescent rats
showing a more robust locomotor sensitization after repeated
exposure to amphetamine. The neonatal activation of D2
receptor potentiated the amphetamine induced behavioral
sensitization only in female rats (Brown et al, 2011). As
mentioned before, it has been observed in male rats the
repeated exposure to D2 agonist induces locomotor
sensitization and compulsive-like behavior (Dvorkin et al.,
2006). Moreover, the co-activation of KOR potentiates the
locomotor sensitization induced by repeated exposure to
quinpirole, facilitating the inhibitory control of D2 receptors
on DA release in the NAc (Escobar et al., 2017). Sex differences
such as the observed lower sensitivity to the inhibitory effect of
KOR on dopamine release in females (Conway et al., 2019) may
account for a differential contribution of KOR on compulsive
drug seeking.

CONCLUSIONS

How do KORs modulate dopamine signaling to elaborate
motivated behaviors and when does it result in a sensitized
compulsive behavior? Anatomical data shows that KORs are
exquisitely positioned to control the synaptic activity of midbrain
dopamine neurons. Functional data indicate that KORs control
DAT and D2R functioning as well as dopamine neurons firing
rate. Initial evidence showing that the acute activation of KORs
decreases dopamine release induced by drugs of abuse has been
complemented with data indicating that the repeated activation
of KOR facilitates dopamine release and compulsive drug-

REFERENCES

Abraham, A. D., Fontaine, H. M., Song, A. J., Andrews, M. M., Baird, M. A,,
Kieffer, B. L., et al. (2017). Kappa opioid receptor activation in dopamine
neurons disrupts behavioral inhibition. Neuropsychopharmacology 43 (2), 362—
372. doi: 10.1038/npp.2017.133

Abraham, A. D., Schattauer, S. S., Reichard, K. L., Cohen, J. H., Fontaine, H. M.,
Song, A.J., et al. (2018). Estrogen regulation of GRK2 inactivates kappa opioid
receptor signaling mediating analgesia, but not aversion. J. Neurosci. 38 (37),
8031-8043. doi: 10.1523/JNEUROSCI.0653-18.2018

Asaoka, N., Nishitani, N., Kinoshita, H., Nagai, Y., Hatakama, H., Nagayasu, K.,
et al. (2019). An adenosine A2A receptor antagonist improves multiple
symptoms of repeated quinpirole-induced psychosis. eNeuro 6 (1), 1-16.
ENEURO.0366-18.2019. doi: 10.1523/ENEURO.0366-18.2019

Atigari, D. V., Uprety, R, Pasternak, G. W., Majumdar, S., and Kivell, B. M.
(2019). MP1104, a mixed kappa-delta opioid receptor agonist has anti-cocaine
properties with reduced side-effects in rats. Neuropharmacology 150, 217-228.
doi: 10.1016/j.neuropharm.2019.02.010

Azocar, V. H,, Septlveda, G., Ruiz, C., Aguilera, C., Andrés, M. E., and Fuentealba,
J. A. (2019). The blocking of kappa-opioid receptor reverses the changes in
dorsolateral striatum dopamine dynamics during the amphetamine
sensitization. J. Neurochem. 148, 348-358. doi: 10.1111/jnc.14612

seeking. Dopamine signaling balance direct and indirect output
pathways from striatal areas (Figure 1A). Either chronic
stimulation with psychostimulants that increases dopamine
release activating both DIR and D2R (Figure 1B) or
quinpirole that activate only D2R (Figure 1C) results in
locomotor sensitization and compulsive behaviors by a
debilitated D2R indirect pathway, thus switching the balance to
the D1R direct pathway. KOR transmission is enhanced during
chronic psychostimulant intake by the increase of dynorphin in
striatal D1 neurons (Figure 1B). An enhanced KOR
transmission is emulated in the pharmacological model of
OCD by administering U69593. This concomitant KOR
activation further debilitates the D2 indirect pathway (Figure
1C). Future research should be carried out to fully elucidate the
consequences of KOR activation on the DAT activity,
understand the role of endogeous KOR system in the
quinpirole induced compulsivity and determine the
contribution of KOR system to the sex diffences observed in
compulsive behaviors.

AUTHOR CONTRIBUTIONS

AE, MA, and JF contributed to the conception of the manuscript.
AE and JF wrote the first draft of the manuscript with input from
MA. MA and JC contributed to the critical review and editing of
the manuscript. All the authors approved it for publication.

FUNDING

The work of the authors cited in this review has been supported
by FONDECYT grant numbers: 1110352 and 1150200 to MA;
1141088 to JF; DIPOG grant 391340281 to JF; FONDECYT
Postdoctoral fellow 3170497 to JC and 3190843 to AE.

Béguin, C., Potuzak, J., Xu, W., Liu-Chen, L. Y., Streicher, ]. M., Groer, C. E,, et al.
(2012). Differential signaling properties at the kappa opioid receptor of 12-epi-
salvinorin A and its analogues. Bioorg. Med. Chem. Lett. 15;22 (2), 1023-1026.
doi: 10.1016/j.bmcl.2011.11.128

Beardsley, P. M., Howard, J. L., Shelton, K. L., and Carroll, F. I. (2005). Differential
effects of the novel kappa opioid receptor antagonist, JDTic, on reinstatement
of cocaine-seeking induced by footshock stressors vs cocaine primes and its
antidepressant-like effects in rats. Psychopharmacol. (Berl) 183, 118-126. doi:
10.1007/s00213-005-0167-4

Becker, J. B., and Chartoft, E. (2019). Sex differences in neural mechanisms
mediating reward and addiction. Neuropsychopharmacology 44, 166-183.
doi: 10.1038/s41386-018-0125-6

Becker, J. B., and Ramirez, V. D. (1981). Sex differences in the amphetamine
stimulated release of catecholamines from rat striatal tissue in vitro. Brain Res.
204, 361-372. doi: 10.1016/0006-8993(81)90595-3

Becker, J. B. (1999). Gender differences in dopaminergic function in striatum and
nucleus accumbens. Pharmacol. Biochem. Behav. 64, 803-812. doi: 10.1016/
S0091-3057(99)00168-9

Berridge, K. C,, and Robinson, T. E. (2016). Liking, wanting, and the incentive-
sensitization theory of addiction. Am. Psychol. 71, 670-679. doi: 10.1037/amp0000059

Berridge, K. C., Venier, L. L., and Robinson, T. E. (1989). Taste reactivity analysis
of 6-hydroxydopamine-induced aphagia: implications for arousal and

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 57


https://doi.org/10.1038/npp.2017.133
https://doi.org/10.1523/JNEUROSCI.0653-18.2018
https://doi.org/10.1523/ENEURO.0366-18.2019
https://doi.org/10.1016/j.neuropharm.2019.02.010
https://doi.org/10.1111/jnc.14612
https://doi.org/10.1016/j.bmcl.2011.11.128
https://doi.org/10.1007/s00213-005-0167-4
https://doi.org/10.1038/s41386-018-0125-6
https://doi.org/10.1016/0006-8993(81)90595-3
https://doi.org/10.1016/S0091-3057(99)00168-9
https://doi.org/10.1016/S0091-3057(99)00168-9
https://doi.org/10.1037/amp0000059
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Escobar et al.

Kappa Opioid-Dopamine Interaction Controls Compulsivity

anhedonia hypotheses of dopamine function. Behav. Neurosci. 103, 36-45. doi:
10.1037/0735-7044.103.1.36

Broadbear, J. H., Negus, S. S., Butelman, E. R., de Costa, B. R., and Woods, J. H.
(1994). Differential effects of systemically administered nor- binaltorphimine
(nor-BNI) on kappa-opioid agonists in the mouse writhing assay.
Psychopharmacology 115, 311-319. doi: 10.1007/BF02245071

Brown, R. W, Perna, M. K., Noel, D. M., Whittemore, ]. D., Lechmann, J.,and Smith, M. L.
(2011). Amphetamine locomotor sensitization and conditioned place preference in
adolescent male and female rats neonatally treated with quinpirole. Behav.
Pharmacol. 22, 374-378. doi: 10.1097/FBP.0b013e328348737b

Bruchas, M. R, and Chavkin, C. (2010). Kinase cascades and ligand-directed
signaling at the kappa opioid receptor. Psychopharmacol. (Berl) 210, 137-147.
doi: 10.1007/500213-010-1806-y

Callaghan, C. K., Rouine, J., and O'Mara, S. M. (2018). Potential roles for opioid
receptors in motivation and major depressive disorder. Prog. Brain Res. 239,
89-119. doi: 10.1016/bs.pbr.2018.07.009

Carr, D. B, and Sesack, S. R. (2000). GABA-containing neurons in the rat ventral
tegmental area project to the prefrontal cortex. Synapse 38 (2), 114-123. doi:
10.1002/1098-2396(200011)38:2<114::AID-SYN2>3.0.CO;2-R

Casanova, J. P., Velis, G. P., and Fuentealba, J. A. (2013). Amphetamine locomotor
sensitization is accompanied with an enhanced high K+-stimulated Dopamine
release in the rat medial prefrontal cortex. Behav. Brain Res. 237, 313-317. doi:
10.1016/j.bbr.2012.09.052

Chartoft, E. H., and Mavrikaki, M. (2015). Sex differences in kappa opioid receptor
function and their potential impact on addiction. Front. Neurosci. 9, 466. doi:
10.3389/fnins.2015.00466

Chartoft, E. H., Ebner, S. R,, Sparrow, A., Potter, D., Baker, P. M., Ragozzino, M. E.,
et al. (2016). Relative timing between kappa opioid receptor activation and
cocaine determines the impact on reward and dopamine release.
Neuropsychopharmacology 41, 989-1002. doi: 10.1038/npp.2015.226

Chavkin, C., and Koob, G. F. (2016). Dynorphin, dysphoria, and dependence: the
stress of addiction. Neuropsychopharmacology 41, 373-374. doi: 10.1038/
npp.2015.258

Chefer, V. I., Czyzyk, T., Bolan, E. A., Moron, J., Pintar, J. E., and
Shippenberg, T. S. (2005). Endogenous kappa-opioid receptor systems
regulate mesoaccumbal dopamine dynamics and vulnerability to cocaine. J.
Neurosci. 25, 5029-5037. doi: 10.1523/JNEUROSCI.0854-05.2005

Chefer, V. I, Zapata, A., Shippenberg, T. S., and Bungay, P. M. (2006).
Quantitative no-net-flux microdialysis permits detection of increases and
decreases in dopamine uptake in mouse nucleus accumbens. J. Neurosci.
Methods 155, 187-193. doi: 10.1016/j.jneumeth.2005.12.018

Cole, R. L., Konradi, C., Douglass, J., and Hyman, S. E. (1995). Neuronal
adaptation to amphetamine and dopamine: molecular mechanisms of
prodynorphin gene regulation in rat striatum. Neuron 14, 813-823. doi:
10.1016/0896-6273(95)90225-2

Conway, S. M., Puttick, D., Russell, S., Potter, D., Roitman, M. F., and Chartoff, E. H.
(2019). Females are less sensitive than males to the motivational- and dopamine-
suppressing effects of kappa opioid receptor activation. Neuropharmacology 146,
231-241. doi: 10.1016/j.neuropharm.2018.12.002

Cope, Z. A., Huggins, K. N., Sheppard, A. B., Noel, D. M., Roane, D. S., and Brown,
R. W. (2010). Neonatal quinpirole treatment enhances locomotor activation
and dopamine release in the nucleus accumbens core in response to
amphetamine treatment in adulthood. Synapse 64, 289-300. doi: 10.1002/
syn.20729

Cox, B. M, Young, A. B, See, R. E,, and Reichel, C. M. (2013). Sex differences in
methamphetamine seeking in rats: impact of oxytocin. Psychoneuroendocrinology
38, 2343-2353. doi: 10.1016/j.psyneuen.2013.05.005

Culver, K. E., Szechtman, H., and Levant, B. (2008). Altered dopamine D2-like
receptor binding in rats with behavioral sensitization to quinpirole: effects of
pre-treatment with Ro 41-1049. Eur. J. Pharmacol. 592, 67-72. doi: 10.1016/
j.ejphar.2008.06.101

Dalman, F. C., and O'Malley, K. L. (1999). kappa-Opioid tolerance and
dependence in cultures of dopaminergic midbrain neurons. J. Neurosci. 19,
5750-5757. doi: 10.1523/[]NEUROSCI.19-14-05750.1999

De Vries, T. J., Schoffelmeer, A. N., Binnekade, R., Raaso, H., and Vanderschuren,
L. J. (2002). Relapse to cocaine- and heroin-seeking behavior mediated by
dopamine D2 receptors is time-dependent and associated with behavioral

sensitization. Neuropsychopharmacology 26, 18-26. doi: 10.1016/S0893-133X
(01)00293-7

Devine, D. P., Leone, P., Pocock, D., and Wise, R. A. (1993). Differential
involvement of ventral tegmental mu, delta and kappa opioid receptors in
modulation of basal mesolimbic dopamine release: in vivo microdialysis
studies. J. Pharmacol. Exp. Ther. 266, 1236-1246.

Di Chiara, G., and Imperato, A. (1988). Opposite effects of mu and kappa opiate
agonists on dopamine release in the nucleus accumbens and in the dorsal
caudate of freely moving rats. J. Pharmacol. Exp. Ther. 244, 1067-1080. doi:
10.1073/pnas.85.14.5274

Dvorkin, A., Perreault, M. L., and Szechtman, H. (2006). Development and
temporal organization of compulsive checking induced by repeated
injections of the dopamine agonist quinpirole in an animal model of
obsessive-compulsive disorder. Behav. Brain Res. 169, 303-311. doi: 10.1016/
j.bbr.2006.01.024

Ebner, S. R, Roitman, M. F., Potter, D. N., Rachlin, A. B., and Chartoff, E. H. (2010).
Depressive-like effects of the kappa opioid receptor agonist salvinorin A are
associated with decreased phasic dopamine release in the nucleus accumbens.
Psychopharmacol. (Berl) 210, 241-252. doi: 10.1007/s00213-010-1836-5

Edwards, N. J., Tejeda, H. A, Pignatelli, M., Zhang, S., McDevitt, R. A., Wu, J.,
et al. (2017). Circuit specificity in the inhibitory architecture of the VTA
regulates cocaine-induced behavior. Nat. Neurosci. 20 (3), 438-448. doi:
10.1038/nn.4482

Ehrich, J. M., Phillips, P. E. M., and Chavkin, C. (2014). Kappa opioid receptor
activation potentiates the cocaine-induced increase in evoked dopamine
release recorded in vivo in the mouse nucleus accumbens.
Neuropsychopharmacology 39, 3036-3048. doi: 10.1038/npp.2014.157

Ehrich, J. M., Messinger, D. I, Knakal, C. R, Kuhar, J. R, Schattauer, S. S.,
Bruchas, M. R., et al. (2015). Kappa Opioid Receptor-Induced Aversion
Requires p38 MAPK Activation in VTA Dopamine Neurons. J. Neurosci. 35,
12917-12931. doi: 10.1523/]NEUROSCI.2444-15.2015

Eilam, D., and Szechtman, H. (1989). Biphasic effect of D-2 agonist quinpirole on
locomotion and movements. Eur. J. Pharmacol. 161, 151-157. doi: 10.1016/
0014-2999(89)90837-6

Eilam, D., and Szechtman, H. (2005). Psychostimulant-induced behavior as an
animal model of obsessive-compulsive disorder: an ethological approach to the
form of compulsive rituals. CNS Spectr. 10, 191-202. doi: 10.1017/
$109285290001004X

Escobar, A. P., Cornejo, F. A., Andrés, M. E., and Fuentealba, J. A. (2012).
Repeated treatment with the kappa opioid receptor agonist U69593 reverses
enhanced K + induced dopamine release in the nucleus accumbens, but not the
expression of locomotor sensitization in amphetamine-sensitized rats.
Neurochem. Int. 60 (4), 344-349. doi: 10.1016/j.neuint.2012.01.014

Escobar, A. P., Cornejo, F. A., Olivares-Costa, M., Gonzalez, M., Fuentealba,
J. A., Gysling, K., et al. (2015). Reduced dopamine and glutamate
neurotransmission in the nucleus accumbens of quinpirole-sensitized
rats hints at inhibitory D2 autoreceptor function. J. Neurochem. 134,
1081-1090. doi: 10.1111/jnc.13209

Escobar, A. P., Gonzdlez, M. P., Meza, R. C,, Noches, V., Henny, P., Gysling, K.,
et al. (2017). Mechanisms of kappa opioid receptor potentiation of dopamine
D2 receptor function in quinpirole-induced locomotor sensitization in rats.
Int. J. Neuropsychopharmacol. 20, 660-669. doi: 10.1093/ijnp/pyx042

Everitt, B. J., and Robbins, T. W. (2005). Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nat. Neurosci. 8, 1481-1489.
doi: 10.1038/nn1579

Fattore, L., and Melis, M. (2016). Sex differences in impulsive and compulsive
behaviors: a focus on drug addiction. Addict. Biol. 21 (5), 1043-1051. doi:
10.1111/adb.12381

Ferrario, C. R., Gorny, G., Crombag, H. S., Li, Y., Kolb, B., and Robinson, T. E.
(2005). Neural and behavioral plasticity associated with the transition from
controlled to escalated cocaine use. Biol. Psy. 58 (9), 751-9.

Figee, M., Pattij, T., Willuhn, L, Luigjes, J., van den Brink, W., Goudriaan, A, et al.
(2016). Compulsivity in obsessive—compulsive disorder and addictions. Eur.
Neuropsychopharmacol. 26, 856-868. doi: 10.1016/j.euroneuro.2015.12.003

Ford, C. P., Mark, G. P., and Williams, J. T. (2006). Properties and opioid
inhibition of mesolimbic dopamine neurons vary according to target
location. J. Neurosci. 26, 2788-2797. doi: 10.1523/J]NEUROSCI.4331-05.2006

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 57


https://doi.org/10.1037/0735-7044.103.1.36
https://doi.org/10.1007/BF02245071
https://doi.org/10.1097/FBP.0b013e328348737b
https://doi.org/10.1007/s00213-010-1806-y
https://doi.org/10.1016/bs.pbr.2018.07.009
https://doi.org/10.1002/1098-2396(200011)38:2%3C114::AID-SYN2%3E3.0.CO;2-R
https://doi.org/10.1016/j.bbr.2012.09.052
https://doi.org/10.3389/fnins.2015.00466
https://doi.org/10.1038/npp.2015.226
https://doi.org/10.1038/npp.2015.258
https://doi.org/10.1038/npp.2015.258
https://doi.org/10.1523/JNEUROSCI.0854-05.2005
https://doi.org/10.1016/j.jneumeth.2005.12.018
https://doi.org/10.1016/0896-6273(95)90225-2
https://doi.org/10.1016/j.neuropharm.2018.12.002
https://doi.org/10.1002/syn.20729
https://doi.org/10.1002/syn.20729
https://doi.org/10.1016/j.psyneuen.2013.05.005
https://doi.org/10.1016/j.ejphar.2008.06.101
https://doi.org/10.1016/j.ejphar.2008.06.101
https://doi.org/10.1523/JNEUROSCI.19-14-05750.1999
https://doi.org/10.1016/S0893-133X(01)00293-7
https://doi.org/10.1016/S0893-133X(01)00293-7
https://doi.org/10.1073/pnas.85.14.5274
https://doi.org/10.1016/j.bbr.2006.01.024
https://doi.org/10.1016/j.bbr.2006.01.024
https://doi.org/10.1007/s00213-010-1836-5
https://doi.org/10.1038/nn.4482
https://doi.org/10.1038/npp.2014.157
https://doi.org/10.1523/JNEUROSCI.2444-15.2015
https://doi.org/10.1016/0014-2999(89)90837-6
https://doi.org/10.1016/0014-2999(89)90837-6
https://doi.org/10.1017/S109285290001004X
https://doi.org/10.1017/S109285290001004X
https://doi.org/10.1016/j.neuint.2012.01.014
https://doi.org/10.1111/jnc.13209
https://doi.org/10.1093/ijnp/pyx042
https://doi.org/10.1038/nn1579
https://doi.org/10.1111/adb.12381
https://doi.org/10.1016/j.euroneuro.2015.12.003
https://doi.org/10.1523/JNEUROSCI.4331-05.2006
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Escobar et al.

Kappa Opioid-Dopamine Interaction Controls Compulsivity

Ford, C. P., Beckstead, M. J., and Williams, J. T. (2007). Kappa opioid inhibition of
somatodendritic dopamine inhibitory postsynaptic currents. J. Neurophysiol.
97, 883-891. doi: 10.1152/jn.00963.2006

Fuentealba, J. A., Gysling, K., Magendzo, K., and Andrés, M. E. (2006). Repeated
administration of the selective kappa-opioid receptor agonist U-69593
increases stimulated dopamine extracellular levels in the rat nucleus
accumbens. J. Neurosci. Res. 84, 450-459. doi: 10.1002/jnr.20890

Fuentealba, J. A., Gysling, K., and Andrés, M. E. (2007). Increased locomotor
response to amphetamine induced by the repeated administration of the
selective kappa-opioid receptor agonist U-69593. Synapse 61, 771-777. doi:
10.1002/syn.20424

Gehrke, B. J., Chefer, V. I, and Shippenberg, T. S. (2008). Effects of acute and
repeated administration of salvinorin A on dopamine function in the rat dorsal
striatum. Psychopharmacol. (Berl) 197, 509-517. doi: 10.1007/s00213-007-
1067-6

Giuliano, C,, Belin, D., and Everitt, B. J. (2019). Compulsive alcohol aeeking results
from a failure to disengage dorsolateral striatal control over behavior.
J. Neurosci. 39 (9), 1744-1754. doi: 10.1523/J]NEUROSCI.2615-18.2018

Goto, Y., and Grace, A. A. (2008). Limbic and cortical information processing in
the nucleus accumbens. Trends Neurosci. 31, 552-558. doi: 10.1016/
j.tins.2008.08.002

Grace, A. A, and Bunney, B. S. (1980). Nigral dopamine neurons: intracellular
recording and identification with L-dopa injection and histofluorescence.
Science 210, 654-656. doi: 10.1126/science.7433992

Gray, A. M., Rawls, S. M., Shippenberg, T. S., and McGinty, J. F. (1999). The -
opioid agonist, U-69593, decreases acute amphetamine-evoked behaviors and
calcium-dependent dialysate levels of dopamine and glutamate in the ventral
striatum. J. Neurochem. 73, 1066-1074. doi: 10.1046/j.1471-4159.1999.
0731066.x

Graziane, N. M, Polter, A. M., Briand, L. A., Pierce, R. C., and Kauer, J. A. (2013).
Kappa opioid receptors regulate stress-induced cocaine seeking and synaptic
plasticity. Neuron 77, 942-954. doi: 10.1016/j.neuron.2012.12.034

Heidbreder, C. A., and Shippenberg, T. S. (1994). U-69593 prevents cocaine
sensitization by normalizing basal accumbens dopamine. Neuroreport 5,1797-
1800. doi: 10.1097/00001756-199409080-00028

Hernandez-Avila, C. A. 1., Rounsaville, B. J., and Kranzler, H. R. (2004). Opioid-,
cannabis- and alcohol-dependent women show more rapid progression to
substance abuse treatment. Drug Alcohol Depend. 74 (3), 265-272. doi:
10.1016/j.drugalcdep.2004.02.001

Hoffman, A. F., Spivak, C. E., and Lupica, C. R. (2016). Enhanced dopamine
release by dopamine transport inhibitors described by a restricted diffusion
model and fast-scan cyclic voltammetry. ACS Chem. Neurosci. 7, 700-709. doi:
10.1021/acschemneuro.5b00277

Holden, C. (2001). “Behavioral” addictions: do they exist? Science 294, 980-982.
doi: 10.1126/science.294.5544.980

Imperato, A., and Di Chiara, G. (1988). Effects of locally applied D-1 and D-2
receptor agonists and antagonists studied with brain dialysis. Eur. J.
Pharmacol. 156, 385-393. doi: 10.1016/0014-2999(88)90284-1

Jackson, K. J., McLaughlin, J. P., Carroll, F. L, and Damaj, M. L. (2013). Effects of
the kappa opioid receptor antagonist, norbinaltorphimine, on stress and drug-
induced reinstatement of nicotine-conditioned place preference in mice.
Psychopharmacol. (Berl) 226, 763-768. doi: 10.1007/s00213-012-2716-y

Kivell, B., Uzelac, Z., Sundaramurthy, S., Rajamanickam, J., Ewald, A., Chefer, V.,
et al. (2014). Salvinorin A regulates dopamine transporter function via a kappa
opioid receptor and ERK1/2-dependent mechanism. Neuropharmacology 86,
228-240. doi: 10.1016/j.neuropharm.2014.07.016

Koeltzow, T. E., Austin, J. D., and Vezina, P. (2003). Behavioral sensitization to
quinpirole is not associated with increased nucleus accumbens dopamine
overflow. Neuropharmacology 44, 102-110. doi: 10.1016/S0028-3908(02)
00328-3

Koob, G. F., and Volkow, N. D. (2016). Neurobiology of addiction: a
neurocircuitry analysis. Lancet Psychiatry 3, 760-773. doi: 10.1016/S2215-
0366(16)00104-8

Koob, G. F. (2013). Addiction is a reward deficit and stress surfeit disorder. Front.
Psychiatry 4, 72. doi: 10.3389/fpsyt.2013.00072

Labad, J. 1., Menchon, J. M., Alonso, P., Segalas, C., Jimenez, S., Jaurrieta, N., et al.
(2008). Gender differences in obsessive-compulsive symptom dimensions.
Depress Anxiety. 25 (10), 832-838. doi: 10.1002/da.20332

Maisonneuve, I. M., Archer, S., and Glick, S. D. (1994). U50,488, a kappa opioid
receptor agonist, attenuates cocaine-induced increases in extracellular
dopamine in the nucleus accumbens of rats. Neurosci. Lett. 181, 57-60. doi:
10.1016/0304-3940(94)90559-2

Mansour, A., Fox, C. A., Akil, H., and Watson, S. J. (1995). Opioid-receptor
mRNA expression in the rat CNS: anatomical and functional implications.
Trends Neurosci. 18 (1), 22-29. doi: 10.1016/0166-2236(95)93946-U

Mansour, A., Burke, S., Pavlic, R. J., Akil, H.,, and Watson, S. J. (1996).
Immunohistochemical localization of the cloned kappa 1 receptor in the rat
CNS and pituitary. Neuroscience 71, 671-690. doi: 10.1016/0306-4522(95)
00464-5

Margolis, E. B., and Karkhanis, A. N. (2019). Dopaminergic cellular and circuit
contributions to kappa opioid receptor mediated aversion. Neurochem. Int.
129, 104504. doi: 10.1016/j.neuint.2019.104504

Margolis, E. B., Hjelmstad, G. O., Bonci, A., and Fields, H. L. (2003). Kappa-opioid
agonists directly inhibit midbrain dopaminergic neurons. J. Neurosci. 23, 9981
9986. doi: 10.1523/JNEUROSCI.23-31-09981.2003

Margolis, E. B., Hjelmstad, G. O., Bonci, A., and Fields, H. L. (2005). Both Kappa
and Mu Opioid Agonists Inhibit Glutamatergic Input to Ventral Tegmental
Area Neurons. J. Neurophysiol. 93, 3086-3093. doi: 10.1152/jn.00855.2004

Margolis, E. B., Lock, H., Chefer, V. L, Shippenberg, T. S., Hjelmstad, G. O., and
Fields, H. L. (2006). Kappa opioids selectively control dopaminergic neurons
projecting to the prefrontal cortex. Proc. Natl. Acad. Sci. U. S. A. 103, 2938-
2942. doi: 10.1073/pnas.0511159103

Margolis, E. B., Mitchell, J. M., Ishikawa, J., Hjelmstad, G. O., and Fields, H. L.
(2008). Midbrain dopamine neurons: projection target determines action
potential duration and dopamine D(2) receptor inhibition. J. Neurosci. 28,
8908-8913. doi: 10.1523/JNEUROSCI.1526-08.2008

Mathews, 1. Z., and McCormick, C. M. (2007). Female and male rats in late
adolescence differ from adults in amphetamine-induced locomotor activity,
but not in conditioned place preference for amphetamine. Behav. Pharmacol.
18, 641-650. doi: 10.1097/FBP.0b013e3282eftbf5

Mathis, M. A. 1., Pd, A,, Funaro, G., RC, T., Moraes, I, AR, T., et al. (2011). Gender
differences in obsessive-compulsive disorder: a literature review. Braz. J.
Psychiatry 33 (4), 390-399. doi: 10.1590/S1516-44462011000400014

McLaughlin, J. P., Marton-Popovici, M., and Chavkin, C. (2003). Kappa opioid
receptor antagonism and prodynorphin gene disruption block stress-induced
behavioral responses. J. Neurosci. 23 (13), 5674-5683. doi: 10.1523/
JNEUROSCI.23-13-05674.2003

McLaughlin, J. P,, Land, B. B, Li, S., Pintar, J. E., and Chavkin, C. (2006a). Prior
activation of kappa opioid receptors by U50,488 mimics repeated forced swim
stress to potentiate cocaine place preference conditioning.
Neuropsychopharmacology 31, 787-794. doi: 10.1038/sj.npp.1300860

McLaughlin, J. P., Li, S., Valdez, J., Chavkin, T. A., and Chavkin, C. (2006b). Social
defeat stress-induced behavioral responses are mediated by the endogenous
kappa opioid system. Neuropsychopharmacology 31 (6), 1241-1248. doi:
10.1038/sj.npp.1300872

Milesi-Hallé, A., McMillan, D. E., Laurenzana, E. M., Byrnes-Blake, K. A., and
Owens, S. M. (2007). Sex differences in (+)-amphetamine- and
(+)-methamphetamine-induced behavioral response in male and female
Sprague-Dawley rats. Pharmacol. Biochem. Behav. 86, 140-149. doi: 10.1016/
j.pbb.2006.12.018

Negus, S. S., Mello, N. K., Portoghese, P. S., and Lin, C. E. (1997). Effects of kappa
opioids on cocaine self-administration by rhesus monkeys. J. Pharmacol. Exp.
Ther. 282, 44-55.

Nestler, E. J. (2001). Molecular basis of long-term plasticity underlying addiction.
Nat. Rev. Neurosci. 2, 119-128. doi: 10.1038/35053570

Perreault, M. L., Graham, D., Bisnaire, L., Simms, J., Hayton, S., and Szechtman, H.
(2006). Kappa-opioid agonist U69593 potentiates locomotor sensitization to
the D2/D3 agonist quinpirole: pre- and postsynaptic mechanisms.
Neuropsychopharmacology 31, 1967-1981. doi: 10.1038/sj.npp.1300938

Perreault, M. L., Seeman, P., and Szechtman, H. (2007). Kappa-opioid receptor
stimulation quickens pathogenesis of compulsive checking in the quinpirole
sensitization model of obsessive-compulsive disorder (OCD). Behav. Neurosci.
121, 976-991. doi: 10.1037/0735-7044.121.5.976

Pierce, R. C,, and Kalivas, P. W. (1997). A circuitry model of the expression of
behavioral sensitization to amphetamine-like psychostimulants. Brain Res.
Brain Res. Rev. 25, 192-216. doi: 10.1016/S0165-0173(97)00021-0

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 57


https://doi.org/10.1152/jn.00963.2006
https://doi.org/10.1002/jnr.20890
https://doi.org/10.1002/syn.20424
https://doi.org/10.1007/s00213-007-1067-6
https://doi.org/10.1007/s00213-007-1067-6
https://doi.org/10.1523/JNEUROSCI.2615-18.2018
https://doi.org/10.1016/j.tins.2008.08.002
https://doi.org/10.1016/j.tins.2008.08.002
https://doi.org/10.1126/science.7433992
https://doi.org/10.1046/j.1471-4159.1999.0731066.x
https://doi.org/10.1046/j.1471-4159.1999.0731066.x
https://doi.org/10.1016/j.neuron.2012.12.034
https://doi.org/10.1097/00001756-199409080-00028
https://doi.org/10.1016/j.drugalcdep.2004.02.001
https://doi.org/10.1021/acschemneuro.5b00277
https://doi.org/10.1126/science.294.5544.980
https://doi.org/10.1016/0014-2999(88)90284-1
https://doi.org/10.1007/s00213-012-2716-y
https://doi.org/10.1016/j.neuropharm.2014.07.016
https://doi.org/10.1016/S0028-3908(02)00328-3
https://doi.org/10.1016/S0028-3908(02)00328-3
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.3389/fpsyt.2013.00072
https://doi.org/10.1002/da.20332
https://doi.org/10.1016/0304-3940(94)90559-2
https://doi.org/10.1016/0166-2236(95)93946-U
https://doi.org/10.1016/0306-4522(95)00464-5
https://doi.org/10.1016/0306-4522(95)00464-5
https://doi.org/10.1016/j.neuint.2019.104504
https://doi.org/10.1523/JNEUROSCI.23-31-09981.2003
https://doi.org/10.1152/jn.00855.2004
https://doi.org/10.1073/pnas.0511159103
https://doi.org/10.1523/JNEUROSCI.1526-08.2008
https://doi.org/10.1097/FBP.0b013e3282effbf5
https://doi.org/10.1590/S1516-44462011000400014
https://doi.org/10.1523/JNEUROSCI.23-13-05674.2003
https://doi.org/10.1523/JNEUROSCI.23-13-05674.2003
https://doi.org/10.1038/sj.npp.1300860
https://doi.org/10.1038/sj.npp.1300872
https://doi.org/10.1016/j.pbb.2006.12.018
https://doi.org/10.1016/j.pbb.2006.12.018
https://doi.org/10.1038/35053570
https://doi.org/10.1038/sj.npp.1300938
https://doi.org/10.1037/0735-7044.121.5.976
https://doi.org/10.1016/S0165-0173(97)00021-0
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Escobar et al.

Kappa Opioid-Dopamine Interaction Controls Compulsivity

Polter, A. M., Bishop, R. A., Briand, L. A., Graziane, N. M., Pierce, R. C., and
Kauer, J. A. (2014). Poststress Block of Kappa Opioid Receptors Rescues Long-
Term Potentiation of Inhibitory Synapses and Prevents Reinstatement of
Cocaine Seeking. Biol. Psychiatry 76, 785-793. doi: 10.1016/
j-biopsych.2014.04.019

Puig-Ramos, A., Santiago, G. S., and Segarra, A. C. (2008). U-69593, a kappa
opioid receptor agonist, decreases cocaine-induced behavioral
sensitization in female rats. Behav. Neurosci. 122, 151-160. doi: 10.
1037/0735-7044.122.1.151

Robbins, T. W, Gillan, C. M., Smith, D. G., de Wit, S., and Ersche, K. D. (2012).
Neurocognitive endophenotypes of impulsivity and compulsivity: towards
dimensional psychiatry. Trends Cognit. Sci. 16, 81-91. doi: 10.1016/
j-tics.2011.11.009

Roberts, D. C. S., Bennett, S. A. L., and Vickers, G. J. (1989). The estrous cycle
affects cocaine self-administration on a progressive ratio schedule in rats.
Psychopharmacol. (Berl) 98, 408-411. doi: 10.1007/BF00451696

Robinson, T. E., and Berridge, K. C. (1993). The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res. Brain Res. Rev. 18, 247
291. doi: 10.1016/0165-0173(93)90013-P

Robinson, T. E., and Berridge, K. C. (2001). Incentive-sensitization and addiction.
Addiction 96, 103-114. doi: 10.1046/j.1360-0443.2001.9611038.x

Rose, J. H., Karkhanis, A. N., Steiniger-Brach, B., and Jones, S. R. (2016). Distinct
effects of nalmefene on dopamine uptake rates and kappa opioid receptor
activity in the nucleus accumbens following chronic intermittent ethanol
exposure. Int. J. Mol. Sci. 17, 1216. doi: 10.3390/ijms17081216

Schlosburg, J. E., Whitfield, T. W. Jr., Park, P. E., Crawford, E. F., George, O.,
Vendruscolo, L. F,, et al. (2013). Long-term antagonism of ¥ opioid receptors
prevents escalation of and increased motivation for heroin intake. J. Neurosci.
33 (49), 19384-19392. doi: 10.1523/J]NEUROSCI.1979-13.2013

Sesack, S. R., and Pickel, V. M. (1992). Dual ultrastructural localization of
enkephalin and tyrosine hydroxylase immunoreactivity in the rat ventral
tegmental area: multiple substrates for opiate-dopamine interactions.
J. Neurosci. 12, 1335-a1350. doi: 10.1523/JNEUROSCI.12-04-01335.1992

Sesack, S. R, Aoki, C, and Pickel, V. M. (1994). Ultrastructural localization of D2
receptor-like immunoreactivity in midbrain dopamine neurons and their striatal
targets. J. Neurosci. 14, 88-106. doi: 10.1523/JNEUROSCI.14-01-00088.1994

Sesia, T., Bizup, B., and Grace, A. A. (2013). Evaluation of animal models of
obsessive-compulsive disorder: correlation with phasic dopamine neuron
activity. Int. J. Neuropsychopharmacol. 16, 1295-1307. doi: 10.1017/
$146114571200154X

Shippenberg, T. S., Zapata, A., and Chefer, V. I. (2007). Dynorphin and the
pathophysiology of drug addiction. Pharmacol. Ther. 116, 306-321. doi:
10.1016/j.pharmthera.2007.06.011

Smith, J. A., Loughlin, S. E., and Leslie, F. M. (1992). kappa-Opioid inhibition of
[3H]dopamine release from rat ventral mesencephalic dissociated cell cultures.
Mol. Pharmacol. 42.

Smith, J. W., Fetsko, L. A., Xu, R., and Wang, Y. (2002). Dopamine D2L receptor
knockout mice display deficits in positive and negative reinforcing properties
of morphine and in avoidance learning. Neuroscience 113 (4), 755-765. doi:
10.1016/S0306-4522(02)00257-9

Smith, J. S., Schindler, A. G., Martinelli, E., Gustin, R. M., Bruchas, M. R., and
Chavkin, C. (2012). Stress-induced activation of the dynorphin/x-opioid
receptor system in the amygdala potentiates nicotine conditioned place
preference. J. Neurosci. 32, 1488-1495. doi: 10.1523/JNEUROSCI.2980-11.2012

Spanagel, R., Herz, A., and Shippenberg, T. S. (1992). Opposing tonically active
endogenous opioid systems modulate the mesolimbic dopaminergic pathway.
Proc. Natl. Acad. Sci. 89, 2046-2050. doi: 10.1073/pnas.89.6.2046

Speciale, S. G., Manaye, K. F., Sadeq, M., and German, D. C. (1993). Opioid
receptors in midbrain dopaminergic regions of the rat. II. Kappa and delta
receptor autoradiography. J. Neural Transm. Gen. Sect. 91, 53-66. doi: 10.1007/
BF01244918

Sperling, R. E., Gomes, S. M., Sypek, E. L., Carey, A. N., and McLaughlin,
J. P. (2010). Endogenous kappa-opioid mediation of stress-induced
potentiation of ethanol-conditioned place preference and self-
administration. Psychopharmacol. (Berl) 210 (2), 199-209. doi: 10.
1007/s00213-010-1844-5

Steketee, J. D., and Kalivas, P. W. (2011). Drug Wanting: behavioral sensitization
and relapse to drug-seeking behavior sibley DR, ed. Pharmacol. Rev. 63, 348-
365. doi: 10.1124/pr.109.001933

Stuchlik, A., Radostovd, D., Hatalova, H., Vales, K., Nekovarova, T., Koprivova, J.,
et al. (2016). Validity of quinpirole sensitization rat model of OCD: linking
evidence from animal and clinical studies. Front. Behav. Neurosci. 10, 209. doi:
10.3389/fnbeh.2016.00209

Sun, T., Song, Z., Tian, Y., Tian, W., Zhu, C,, Ji, G, et al. (2019). Basolateral
amygdala input to the medial prefrontal cortex controls obsessive-compulsive
disorder-like checking behavior. Proc. Natl. Acad. Sci. U. S. A. 116, 3799-3804.
doi: 10.1073/pnas.1814292116

Svingos, A. L., Chavkin, C., Colago, E. E. O., and Pickel, V. M. (2001). Major
coexpression of ??-opioid receptors and the dopamine transporter in nucleus
accumbens axonal profiles. Synapse 42, 185-192. doi: 10.1002/syn.10005

Szechtman, H., Talangbayan, H., and Eilam, D. (1993). Environmental and
behavioral components of sensitization induced by the dopamine agonist
quinpirole. Behav. Pharmacol. 4, 405-410. doi: 10.1097/00008877-
199308000-00014

Szechtman, H., Talangbayan, H., Canaran, G., Dai, H., and Eilam, D. (1994).
Dynamics of behavioral sensitization induced by the dopamine agonist
quinpirole and a proposed central energy control mechanism.
Psychopharmacol. (Berl) 115, 95-104. doi: 10.1007/BF02244757

Szechtman, H., Sulis, W., and Eilam, D. (1998). Quinpirole induces compulsive
checking behavior in rats: a potential animal model of obsessive-compulsive
disorder (OCD). Behav. Neurosci. 112, 1475-1485. doi: 10.1037/0735-
7044.112.6.1475

Szechtman, H., Culver, K., and Eilam, D. (1999). Role of dopamine systems in
obsessive-compulsive disorder (OCD): implications from a novel
psychostimulant-induced animal model. Pol. J. Pharmacol. 51, 55-61.

Szechtman, H., Eckert, M. J., Tse, W. S., Boersma, J. T., Bonura, C a, JZ, M., et al.
(2001). Compulsive checking behavior of quinpirole-sensitized rats as an
animal model of Obsessive-Compulsive Disorder (OCD): form and control.
BMC Neurosci. 2, 4. doi: 10.1186/1471-2202-2-4

Szechtman, H., Ahmari, S. E., Beninger, R. J., Eilam, D., Harvey, B. H., Edemann-
Callesen, H., et al. (2017). Obsessive-compulsive disorder: Insights from animal
models. Neurosci. Biobehav. Rev. 76, 254-279. doi: 10.1016/
j-neubiorev.2016.04.019

Tejeda, H. A, and Bonci, A. (2019). Dynorphin/kappa-opioid receptor control of
dopamine dynamics: Implications for negative affective states and psychiatric
disorders. Brain Res. 1713, 91-101. doi: 10.1016/j.brainres.2018.09.023

Tejeda, H. A., Wu, J., Kornspun, A. R., Pignatelli, M., Kashtelyan, V.,
Krashes, M. J., et al. (2017). Pathway- and cell-specific kappa-opioid
receptor modulation of excitation-inhibition balance differentially gates d1
and d2 accumbens neuron activity. Neuron 93 (1), 147-163. doi: 10.1016/
jneuron.2016.12.005

Thompson, A. C, Zapata, A., Justice, J. B., Vaughan, R. A, Sharpe, L. G, and
Shippenberg, T. S. (2000). Kappa-opioid receptor activation modifies dopamine
uptake in the nucleus accumbens and opposes the effects of cocaine. J. Neurosci.
20, 9333-9340. doi: 10.1523/J]NEUROSCI.20-24-09333.2000

Thompson, D., Martini, L., and Whistler, J. L. (2010). Altered ratio of D1 and D2
dopamine receptors in mouse striatum is associated with behavioral
sensitization to cocaine. PloS One 5, €11038. doi: 10.1371/journal.pone.0011038

Usiello, A., Baik, J.-H., Rougé-Pont, F., Picetti, R., Dierich, A., LeMeur, M., et al.
(2000). Distinct functions of the two isoforms of dopamine D2 receptors.
Nature 408, 199-203. doi: 10.1038/35041572

Van Bockstaele, E. J., and Pickel, V. M. (1995). GABA-containing neurons in the
ventral tegmental area project to the nucleus accumbens in rat brain. Brain Res.
682 (1-2), 215-221. doi: 10.1016/0006-8993(95)00334-M

Van't Veer, A., Bechtholt, A. J., Onvani, S., Potter, D., Wang, Y., Liu-Chen, L. Y.,
et al. (2013). Ablation of kappa-opioid receptors from brain dopamine neurons
has anxiolytic-like effects and enhances cocaine-induced plasticity.
Neuropsychopharmacology 38 (8), 1585-1597. doi: 10.1038/npp.2013.58

Vanderschuren, L. J., and Kalivas, P. W. (2000). Alterations in dopaminergic and
glutamatergic transmission in the induction and expression of behavioral
sensitization: a critical review of preclinical studies. Psychopharmacol. (Berl)
151 (2-3), 99-120. doi: 10.1007/s002130000493

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 57


https://doi.org/10.1016/j.biopsych.2014.04.019
https://doi.org/10.1016/j.biopsych.2014.04.019
https://doi.org/10.1037/0735-7044.122.1.151
https://doi.org/10.1037/0735-7044.122.1.151
https://doi.org/10.1016/j.tics.2011.11.009
https://doi.org/10.1016/j.tics.2011.11.009
https://doi.org/10.1007/BF00451696
https://doi.org/10.1016/0165-0173(93)90013-P
https://doi.org/10.1046/j.1360-0443.2001.9611038.x
https://doi.org/10.3390/ijms17081216
https://doi.org/10.1523/JNEUROSCI.12-04-01335.1992
https://doi.org/10.1523/JNEUROSCI.14-01-00088.1994
https://doi.org/10.1017/S146114571200154X
https://doi.org/10.1017/S146114571200154X
https://doi.org/10.1016/j.pharmthera.2007.06.011
https://doi.org/10.1016/S0306-4522(02)00257-9
https://doi.org/10.1523/JNEUROSCI.2980-11.2012
https://doi.org/10.1073/pnas.89.6.2046
https://doi.org/10.1007/BF01244918
https://doi.org/10.1007/BF01244918
https://doi.org/10.1007/s00213-010-1844-5
https://doi.org/10.1007/s00213-010-1844-5
https://doi.org/10.1124/pr.109.001933
https://doi.org/10.3389/fnbeh.2016.00209
https://doi.org/10.1073/pnas.1814292116
https://doi.org/10.1002/syn.10005
https://doi.org/10.1097/00008877-199308000-00014
https://doi.org/10.1097/00008877-199308000-00014
https://doi.org/10.1007/BF02244757
https://doi.org/10.1037/0735-7044.112.6.1475
https://doi.org/10.1037/0735-7044.112.6.1475
https://doi.org/10.1186/1471-2202-2-4
https://doi.org/10.1016/j.neubiorev.2016.04.019
https://doi.org/10.1016/j.neubiorev.2016.04.019
https://doi.org/10.1016/j.brainres.2018.09.023
https://doi.org/10.1016/j.neuron.2016.12.005
https://doi.org/10.1016/j.neuron.2016.12.005
https://doi.org/10.1523/JNEUROSCI.20-24-09333.2000
https://doi.org/10.1371/journal.pone.0011038
https://doi.org/10.1038/35041572
https://doi.org/10.1016/0006-8993(95)00334-M
https://doi.org/10.1038/npp.2013.58
https://doi.org/10.1007/s002130000493
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Escobar et al.

Kappa Opioid-Dopamine Interaction Controls Compulsivity

Volkow, N. D, Wise, R. A., and Baler, R. (2017). The dopamine motive system:
implications for drug and food addiction. Nat. Rev. Neurosci. 18, 741-752. doi:
10.1038/nrn.2017.130

Walker, Q. D., Rooney, M. B., Wightman, R. M., and Kuhn, C. M. (2000).
Dopamine release and uptake are greater in female than male rat striatum as
measured by fast cyclic voltammetry. Neuroscience 95, 1061-1070. doi:
10.1016/S0306-4522(99)00500-X

Wee, S., and Koob, G. F. (2010). The role of the dynorphin-« opioid system in the
reinforcing effects of drugs of abuse. Psychopharmacol. (Berl) 210, 121-135.
doi: 10.1007/s00213-010-1825-8

Wee, S., Orio, L., Ghirmai, S., Cashman, J. R., and Koob, G. F. (2009). Inhibition of kappa
opioid receptors attenuated increased cocaine intake in rats with extended access to
cocaine. Psychopharmacol. (Berl) 205, 565-575. doi: 10.1007/500213-009-1563-y

Whitfield, T. W. Jr., Schlosburg, J. E., Wee, S., Gould, A., George, O., Grant, Y. ,
et al. (2015). ¥ Opioid receptors in the nucleus accumbens shell mediate
escalation of methamphetamine intake. J. Neurosci. 35 (10), 4296-4305. doi:
10.1523/JNEUROSCI.1978-13.2015

Williams, M. T., Mugno, B., Franklin, M., and Faber, S. (2013). Symptom
dimensions in obsessive-compulsive disorder: phenomenology and treatment
outcomes with exposure and ritual prevention. Psychopathology 46, 365-376.
doi: 10.1159/000348582

Wilson, C. J., Young, S. J., and Groves, P. M. (1977). Statistical properties of
neuronal spike trains in the substantia nigra: cell types and their interactions.
Brain Res. 136, 243-260. doi: 10.1016/0006-8993(77)90801-0

Wise, R. A. (2009). Roles for nigrostriatal—not just mesocorticolimbic—
dopamine in reward and addiction. Trends Neurosci. 32, 517-524. doi:
10.1016/j.tins.2009.06.004

Xiao, L., and Becker, J. B. (1994). Quantitative microdialysis determination of
extracellular striatal dopamine concentration in male and female rats: effects of
estrous cycle and gonadectomy. Neurosci. Lett. 180, 155-158. doi: 10.1016/
0304-3940(94)90510-X

Yager, L. M., Garcia, A. F., Wunsch, A. M., and Ferguson, S. M. (2015). The ins
and outs of the striatum: role in drug addiction. Neuroscience 301, 529-541.
doi: 10.1016/j.neuroscience.2015.06.033

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor is currently organizing a Research Topic with one of the
authors JF, and confirms the absence of any other collaboration.

Copyright © 2020 Escobar, Casanova, Andrés and Fuentealba. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

February 2020 | Volume 11 | Article 57


https://doi.org/10.1038/nrn.2017.130
https://doi.org/10.1016/S0306-4522(99)00500-X
https://doi.org/10.1007/s00213-010-1825-8
https://doi.org/10.1007/s00213-009-1563-y
https://doi.org/10.1159/000348582
https://doi.org/10.1016/0006-8993(77)90801-0
https://doi.org/10.1016/j.tins.2009.06.004
https://doi.org/10.1016/0304-3940(94)90510-X
https://doi.org/10.1016/0304-3940(94)90510-X
https://doi.org/10.1016/j.neuroscience.2015.06.033
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Crosstalk Between Kappa Opioid and Dopamine Systems in Compulsive Behaviors
	Introduction
	Dopaminergic System in Compulsive&nbsp;Behaviors
	Anatomical and Functional Crosstalk Between Kappa Opioid and Dopaminergic Systems in Striatal and Midbrain Regions
	Striatal Regions
	Midbrain Regions

	Role of KORs Controlling Dopamine Neurotransmission in Psychostimulants-Induced Sensitization and Compulsive&nbsp;Behaviors
	Quinpirole-Induced Locomotor Sensitization and Compulsive Behavior
	KOR-Dopamine Interactions in Quinpirole-Induced Compulsive Behaviors
	Sex Differences of KOR-Dopamine Interactions in Compulsive Behaviors

	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


