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A B S T R A C T

Neural circuits that enable an organism to protect itself by promoting escape from immediate threat and avoidance of future injury are conceptualized to carry an
“aversive” signal. One of the key molecular elements of these circuits is the kappa opioid receptor (KOR) and its endogenous peptide agonist, dynorphin. In many
cases, the aversive response to an experimental manipulation can be eliminated by selective blockade of KOR function, indicating its necessity in transmitting this
signal. The dopamine system, through its contributions to reinforcement learning, is also involved in processing of aversive stimuli, and KOR control of dopamine in
the context of aversive behavioral states has been intensely studied. In this review, we have discussed the multiple ways in which the KORs regulate dopamine
dynamics with a central focus on dopamine neurons and projections from the ventral tegmental area. At the neuronal level, KOR agonists inhibit dopamine neurons
both in the somatodendritic region as well as at terminal release sites, through various signaling pathways and ion channels, and these eﬀects are speciﬁc to diﬀerent
synaptic sites. While the dominant hypotheses are that aversive states are driven by decreases in dopamine and increases in dynorphin, reported exceptions to these
patterns indicate these ideas require reﬁnement. This is critical given that KOR is being considered as a target for development of new therapeutics for anxiety,
depression, pain, and other psychiatric disorders.

1. The biological need for aversive signals

1.1. Dopamine and aversion

Some of the most basic functions of a central nervous system are to
detect threat, drive an appropriate, protective response to that threat,
and form a memory of the cues and/or context enabling future threat
avoidance. Associations of bitter tastes with toxic plants or odors with
predators instruct avoidance. The dysphoric component of pain and
other forms of physical distress teaches animals to avoid risk of injury.
In many situations, therefore, this processing of aversiveness promotes
survival. Learning about cues and contexts that predict noxious stimuli
involves the same teaching signal processes conceptualized for reward
learning. That is, given a speciﬁc set of cues, an animal predicts an
outcome of a response; this prediction, in the context of working
memory and motivational state, drives action selection; the outcome of
the engaged action is evaluated to be better or worse than expected,
and, in the case of aversive outcomes, i.e. worse than expected, that
behavioral response undergoes extinction (Fields and Margolis, 2015).
Central to these processes are the dopamine and dynorphin/kappa
opioid receptor (KOR) systems.

While most often studied in the context of positive reinforcement
and reward, the dopaminergic neurons of the ventral tegmental area
(VTA) have also long been implicated speciﬁcally in the processing of
aversive experiences (Ableitner and Herz, 1989; Carlezon et al., 2000;
Mantz et al., 1989). However, the precise dopaminergic neural circuits
and activity that contribute to processing of aversive experiences remain unresolved. Because excitation of dopamine neurons has been
associated with positive reinforcement (Schultz, 2017), it is often posited that decreases in dopamine neuron activity or of dopamine signaling coincides with aversive stimuli or behavioral states. In fact, such
decreases have been observed in response to an aversive unconditioned
stimulus or to a cue that predicts an aversive outcome. For instance,
dopamine levels instantaneously decrease in the nucleus accumbens
(NAc) shell, a region innervated by VTA dopamine neurons, during
administration of the bitter tasting quinine directly into a rat's mouth
(Roitman et al., 2008). Additionally, ﬁring of a subset of putative dopamine neurons is inhibited by an aversive airpuﬀ in monkeys
(Matsumoto and Hikosaka, 2009). Acute peripheral injury that causes
pain also decreases extracellular dopamine levels in the NAc core as
measured by microdialysis (Leitl et al., 2014).

*

Corresponding author.
E-mail addresses: elyssa.margolis@ucsf.edu (E.B. Margolis), akarkhan@binghamton.edu (A.N. Karkhanis).

https://doi.org/10.1016/j.neuint.2019.104504
Received 13 December 2018; Received in revised form 7 July 2019; Accepted 10 July 2019
Available online 10 July 2019
0197-0186/ © 2019 Elsevier Ltd. All rights reserved.

Neurochemistry International 129 (2019) 104504

E.B. Margolis and A.N. Karkhanis

extinguishes. In the ﬁrst few extinction trials, before the predictive
nature of the cue is degraded, the cue induces a decrease in dopamine
levels in the NAc core and a slight increase in dopamine in the NAc shell
(Badrinarayan et al., 2012). Inhibiting the dopaminergic projection to
the NAc shell impairs the learning of the change in outcome, while
inhibiting the dopaminergic projection to infralimbic cortex promotes
this learning (Luo et al., 2018). These observations indicate that dopamine neurons contribute to learning about aversive outcomes, and
also that their impact on updating cue-outcome associations is not
uniform across projection targets.
Together, these observations indicate there is not a simple relationship between dopamine neural activity/release and behavioral
valence. While one possibility is that some VTA dopamine neurons
encode salience rather than reward or valence (Bromberg-Martin et al.,
2010), various studies are inconsistent with this hypothesis (reviewed
in Schultz et al., 2017). Importantly, VTA projections include many
non-dopamine neurons (e.g. Breton et al., 2019; Swanson, 1982; Taylor
et al., 2014) and these non-dopamine projections can drive aversive
responses (e.g. Qi et al., 2016; Root et al., 2014), raising the possibility
that dopamine functions in concert with other VTA outputs to drive
acute responses to aversive outcomes as well as learning from these
outcomes. Yet dopamine neuron signaling itself may still be suﬃcient to
drive responses to and learning about aversive stimuli, as optogenetic
stimulation of speciﬁc midbrain dopaminergic projections to diﬀerent
target brain regions can produce diﬀerent aspects of reward, aversion,
and reinforcement (de Jong et al., 2018; Saunders et al., 2018; Weele
et al., 2018).

However, aversive stimuli do not uniformly inhibit dopamine neurons or dopamine release. In monkeys, there is also a subset of putative
dopamine neurons excited by airpuﬀ (Matsumoto and Hikosaka, 2009),
and a subset of dopamine neurons in rats is excited by footshock
(Brischoux et al., 2009; Coizet et al., 2006). Furthermore, dopamine
release increases in the dorsal striatum and the NAc core during brief
tail pinch, as measured by fast scan cyclic voltammetry in rats (Budygin
et al., 2012). Optogenetically activating lateral habenula inputs to the
VTA drives conditioned place aversion (Lammel et al., 2012). While
LHb inputs also synapse on other VTA neurons, including non-dopamine neurons (Omelchenko et al., 2009), a dopamine D1 receptor antagonist microinjected in the medial prefrontal cortex is suﬃcient to
interfere with this aversive conditioning (Lammel et al., 2012). Yet in
mice, ﬁber photometry measures of Ca2+ activity in NAc core dopamine axons indicate a decrease in activity during footshock (de Jong
et al., 2018). In the same paradigm, dopamine ﬁber activity increases in
ventral medial NAc shell during an aversive shock and in the lateral
NAc shell following the termination of the shock (de Jong et al., 2018).
Footshock is also suﬃcient to drive FOS activation in dopamine neurons (Morrow et al., 2000), and restraint stress drives FOS particularly
in those dopamine neurons that project to the prefrontal cortex but not
to the NAc (Deutch et al., 1991). Subsets of dopamine neurons show
FOS activation following non-painful noxious stimuli such as predator
odor (Redmond et al., 2002) as well. These observations indicate that
there are some circumstances in which aversive stimuli drive dopamine
neuron activity. There is some topographical organization of the dopamine neurons that are activated by noxious stimuli (Brischoux et al.,
2009; Matsumoto and Hikosaka, 2009), which is intriguing given
anatomical evidence that VTA projections to diﬀerent brain regions also
have topographical organization (Breton et al., 2019; Lammel et al.,
2014). In addition to these behavioral stimuli, some pharmacological
manipulations, even within the VTA, produce both aversion and an
increase in dopamine release. For example, microinjections of mu
opioid receptor antagonists into the VTA drive conditioned place
aversion (CPA; Shippenberg and Bals-Kubik, 1995) and increase dopamine release in the NAc (Devine et al., 1993a, 1993b). Moreover,
chemical lesions of the dopaminergic innervation of the NAc attenuate
the aversion (Shippenberg and Bals-Kubik, 1995), indicating the VTA
projection to the NAc is required for acquisition of the avoidance behavior.

2. The kappa opioid receptor system and the endogenous ligand,
dynorphin
Since the dynorphin peptides were ﬁrst reported by Goldstein et al.
(1979), and subsequent identiﬁcation (Chavkin et al., 1982) and sequencing (Li et al., 1993; Meng et al., 1993) of the cognate kappa opioid
receptor (KOR), this neuropeptide-receptor system has been widely
established as the lynchpin in the processing of aversive experiences.
KOR signaling clearly contributes to the aversiveness not only of acute
and chronic external disruptive conditions (Donahue et al., 2015;
Karkhanis et al., 2016b; Wells et al., 2017) but also interoceptive signals such as drug withdrawal (Walker et al., 2011; reviewed in Koob,
2013). KOR function, in particular in relation to control of dopamine,
can also be upregulated during aversive conditions: acute withdrawal
following cessation of ethanol vapor exposure and the ethanol vapor
exposure itself augments KOR mediated inhibition of stimulated dopamine release in the NAc (Karkhanis et al., 2016a; Melchior and Jones,
2017; Rose et al., 2016). The KOR has also long been considered a
target for alleviating ongoing pain, initially through activation (Gear
et al., 1996; Pasternak, 1980) and more recently via blockade
(Navratilova et al., 2019; Xie et al., 2017) of the receptor. Speciﬁcally,
KOR blockade in the amygdala or the NAc reverses preclinical measures
of injury induced aversion and anhedonia, respectively (Massaly et al.,
2019; Navratilova et al., 2019), and KOR expression in midbrain dopamine neurons also appears to contribute to the aversiveness resulting
from injury (Liu et al., 2019). Some sex diﬀerences have also been reported regarding the interactions of pain and KOR, however there are
diﬀerences between conclusions in human and rodent studies that require reconciliation (Gear et al., 1996; Liu et al., 2019).
The KOR is most commonly coupled to inhibitory G proteins.
Therefore, in neurons, activation of KOR generally results in an acute
decrease in neural activity, via activation of a K+ channel in the somatodendritic region, or via inhibition of neurotransmitter release at
terminals. The ion channel eﬀects are typically mediated by the G-βγ
subunit of the G protein. The α subunit of the inhibitory G proteins (Gαi/o) decreases cyclic AMP production, and this action is often used as
a marker for KOR activation in heterologous systems (Bruchas and
Chavkin, 2010). KOR activation also drives intracellular kinase activity

1.2. Dopamine and learning: reinforcement and punishment
The dopamine neurons of the VTA are also implicated in learning,
including learning from punishment and “disappointment,” i.e., absence of an expected primary reinforcer. For instance, when a reward
that has been associated with a particular cue presentation is omitted,
many dopamine neurons transiently decrease in ﬁring rate (e.g. Cohen
et al., 2012; Hollerman and Schultz, 1998; Schultz et al., 1997). This
pattern of neural activity is observed even when the unconditioned
stimulus is direct optogenetic stimulation of dopamine neurons themselves (Saunders et al., 2018), although it is not consistent across all
conﬁrmed dopamine neurons (Mohebi et al., 2019). This pause in ﬁring
is instructive: in rats that are trained to approach a receptacle to receive
a reward in response to a cue, optically stimulating dopamine neurons
at the time of decreased dopamine neuron activity in trials of reward
omission prevents extinguishing of receptacle approach (Steinberg
et al., 2013). That is, this stimulation appears to prevent the reward
prediction error signal processing, which would normally calculate
“less positive than expected outcome” when the unconditioned stimulus
is not available.
Dopamine neural activity also contributes to learning associations
between conditioned stimuli and aversive unconditioned stimuli such
as footshock. For instance, in an extinction paradigm where a cue that
previously predicted footshock is no longer followed by the unconditioned stimulus, freezing behavior in anticipation of the footshock
2
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of a KOR agonist, U69593, produced CPA in rats (Shippenberg and
Herz, 1987). To determine the brain region(s) contributing to this
aversion, Shippenberg followed up with a microinjection study, in
which they found that the KOR agonist U50488H drove aversion at a
variety of sites, including the VTA, NAc, medial prefrontal cortex
(mPFC), and the lateral hypothalamus (Bals-Kubik et al., 1993). Yet at
the same time microdialysis studies were showing that while systemic
or ICV KOR agonist administration decreased dopamine levels in the
NAc (Devine et al., 1993a; Di Chiara and Imperato, 1988; Spanagel
et al., 1990), KOR activation in the VTA did not (Devine et al., 1993a;
Spanagel et al., 1992). This generated a bit of a paradox in conjunction
with the behavioral outcome, as the dominant theory at the time was
that manipulations that increase dopamine release in the NAc were
rewarding, and those that decrease NAc dopamine levels were aversive.
The observation that the aversive eﬀects of systemic KOR agonists were
blocked by systemic D1 type dopamine receptor antagonists or chemical lesions of the dopamine innervation of the NAc were consistent
with dopamine playing a key role in the KOR mediated aversion
(Shippenberg et al., 1993; Shippenberg and Herz, 1988), and KOR activation directly within the NAc did decrease dopamine levels measured
by microdialysis (Spanagel et al., 1992). Together this work implicated
inhibition of dopamine release at the terminals in the NAc as one mechanism responsible for KOR induced aversion.
With the advent of conditional knockout technology, the necessity
of KOR expression in speciﬁc subsets of neurons for aversive behavioral
outcomes could be tested. Deleting KORs in neurons that express the
dopamine transporter in mice was suﬃcient to eliminate systemic KOR
agonist induced CPA (Chefer et al., 2013; Ehrich et al., 2015), establishing that KOR expression in dopamine neurons is required. Further,
in complete KOR knockout mice, re-expressing KOR speciﬁcally in
midbrain dopamine neurons was suﬃcient to recover KOR agonist induced CPA (Ehrich et al., 2015). Evidence that p38 MAPK is also required in dopamine neurons for KOR-mediated CPA was demonstrated
via genetic deletion of p38 selectively in dopamine neurons, which
blocked the place aversion (Ehrich et al., 2015).
The paradox of intra-VTA KOR agonist driving place aversion yet
not decreasing dopamine release in the NAc has also been at least
partially resolved (Fig. 1). Margolis and colleagues reported that in rat,
dopamine neurons that project to the mPFC, but not the NAc, are directly inhibited by KOR activation (Margolis et al., 2006). KOR activation in the VTA (tested only in rats) or directly in the mPFC (in both
rats and mice) in vivo decreases mPFC dopamine levels detected with
microdialysis (Margolis et al., 2006; Tejeda et al., 2013). And in parallel, KOR agonist microinjection into the mPFC of rats produced CPA
(Tejeda et al., 2013). While it has not been demonstrated that this
aversion is dopamine dependent, together these observations raise the
possibility that this is an alternative dopaminergic pathway contributing to KOR mediated aversion.
However, the position that KOR expression exclusively in dopamine
neurons is the key node for KOR induced aversive processing is too
simpliﬁed. For example, in KOR knockout mice, re-expression of KOR in
the dorsal raphe nucleus is also suﬃcient to recover systemic KOR
agonist induced CPA (Land et al., 2009). These observations raise the
possibility that there is a downstream convergence point requiring KOR
induced changes of both dopamine and 5HT in order for the aversive
memory to form.
KOR activation not only drives aversive and dysphoria-like behavior, but in certain situations it in fact drives approach behavior. These
eﬀects have some topographical organization. For example, in mice,
photostimulation of prodynorphin containing neurons in the ventral
NAc shell induced place aversion, while the same manipulation in the
dorsal NAc shell resulted in preference (Al-Hasani et al., 2015). Both of
these eﬀects were blocked by KOR antagonist injection into the NAc,
indicating they were mediated by local dynorphin release. While optogenetic stimulation of prodynorphin neurons likely drives concurrent
release of the other neurotransmitters and neuromodulators expressed

that can be either G protein dependent or G protein independent, and
may lead to longer term alterations in neural function. For instance, G
protein dependent extracellular signal-regulated kinases (ERK) activity
and G protein independent p38 mitogen-activated protein kinase
(MAPK) signaling may be used for characterizing functional selectivity
at the KOR (Schattauer et al., 2017). The net eﬀect of KOR activation in
a given circuit depends upon whether the receptor is pre- or post-synaptic and the phenotype of the neuron or terminal that the receptor is
on. There are also reports that KORs can couple to the stimulatory Gs
protein, for instance in dorsal root ganglia (Hampson et al., 2000; Shen
and Crain, 1994). While in this review we have focused on the immediate eﬀects of KOR activation on dopamine neural activity in an
unperturbed system, there is a great deal of evidence for altered KOR
function in disease and following insult (for reviews see Chavkin and
Koob, 2016; Karkhanis et al., 2017; Polter and Kauer, 2014; Tejeda and
Bonci, 2018; Wee and Koob, 2010).
Dynorphin is produced by many neurons that directly impinge upon
the VTA dopamine system, either at the cell body region or in dopamine
neuron terminal regions. The “direct” projection composed of
GABAergic medium spiny neurons from both dorsal and ventral
striatum to the substantia nigra pars compacta and the VTA, respectively, expresses prodynorphin (Fallon et al., 1985). There is also a
strong dynorphin containing projection from the lateral hypothalamus
to the VTA (Fallon et al., 1985; Iyer et al., 2018); these neurons also
express orexin and release glutamate (Chou et al., 2001). The central
nucleus of the amygdala (CeA) contains GABAergic neurons that project
to the VTA and express dynorphin (Fallon et al., 1985). There is also an
input to the VTA from the bed nucleus of the stria terminalis (BNST;
Kauﬂing et al., 2017; Morrell et al., 1984); while the BNST contains
neurons that express the precursor peptide prodynorphin (Mansour
et al., 1994; Poulin et al., 2009), it is not known if these speciﬁc neurons project to the VTA.
The VTA projects to many brain regions, and while many VTA
projection neurons are not dopaminergic, each target region generally
receives at least some dopamine innervation (Breton et al., 2019;
Swanson, 1982). Many of these regions either contain neurons that
express prodynorphin or receive inputs from neurons that express it.
Both the NAc and CeA receive inputs from the VTA and contain prodynorphin neurons (Fallon et al., 1978; Fallon and Moore, 1978; Leshan
et al., 2010; Ungerstedt, 1971). Importantly, optogenetic stimulation of
NAc dynorphin neurons in vivo is suﬃcient to drive local dynorphin
release (Al-Hasani et al., 2018). While subsets of CeA neurons express
KOR and/or prodynorphin (Marchant et al., 2007), it remains unclear if
these neurons are responsible for dynorphin release within the amygdala or in projection targets, such as the BNST (Crowley et al., 2016; Li
et al., 2012). In the prefrontal cortex, in mouse, there are sparse neurons labeled for prodynorphin message (Lein et al., 2007), and in particular, dynorphin containing cell bodies and aﬀerent input is enriched
in the rostral agranular insular cortex (Evans et al., 2007), coincident
with VTA dopaminergic innervation (Chandler et al., 2013; Murphy and
Deutch, 2018).
There is indirect evidence that dynorphin is released in the basolateral amygdala (BLA) and upregulated in the NAc and the hippocampus in response to external aversive stimuli (Chartoﬀ et al., 2009;
Land et al., 2008; Shirayama et al., 2004). In addition, behavioral effects of KOR blockade indicate dynorphin is released in response to
acute exposure to drugs of abuse as well as in response to withdrawal
from them (see Wee and Koob, 2010 for review). However, it remains to
be determined which of these inputs release dynorphin to directly
modulate activity in the dopaminergic system, and if this happens,
under what conditions does release occur?
3. VTA dopamine neurons are required for KOR-mediated
aversion
In 1987, Shippenberg and Herz showed that systemic administration
3
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activation drives behavioral state.
4. KOR eﬀects localized to somatodendritic regions of VTA
neurons
Consistent with the hypothesis that KOR activation drives aversion
in the VTA through dopamine neurons, the KOR agonist U69593 does
hyperpolarize a subset, approximately half, of VTA dopamine neurons
in rat (Margolis et al., 2003) and message for Oprk1 is greatly enriched
in VTA dopamine neurons while minimal in GABA neurons (Liu et al.,
2019). The current-voltage properties are consistent with the major
conductance contributing to this hyperpolarization being through a G
protein activated inwardly rectifying K+ channel (Margolis et al.,
2003). Further, no hyperpolarizations were reported in non-dopamine
neurons in rats (Margolis et al., 2006, 2003).
Most VTA neurons do not send axon collaterals to multiple projection targets (Fallon, 1981; Swanson, 1982), raising the possibility that
projection target diﬀerentiates those neurons that directly respond to
KOR activation. As described above, Margolis et al. (2006) showed that
rat VTA dopamine neurons that project to the NAc are not, in fact,
directly hyperpolarized by KOR activation (Fig. 1). However, those that
project to the mPFC and amygdala are (Margolis et al., 2008, 2006).
This hyperpolarization in mPFC-projecting neurons at the level of the
VTA drives a decrease in dopamine release in vivo in the mPFC, as
measured by microdialysis (Margolis et al., 2006).
However, this organization appears diﬀerent in mice (Fig. 1). Ford
and colleagues showed that hyperpolarization in response to the KOR
agonist U69593 is speciﬁc to VTA neurons, and not observed in substantia nigra pars compacta (SNc) neurons in mice (Ford et al., 2007).
Interestingly, the endogenous opioid peptide fragment dynorphin 1-13
did drive an outward current in SNc neurons, but the response was
much smaller than in VTA neurons (Ford et al., 2007). Ford and colleagues also found that in mice, KOR inhibits most dopamine neurons
that project to the NAc, and approximately 40% of those projecting to
the amygdala (Ford et al., 2006).
While these postsynaptic eﬀects of KOR are most likely responsible
for the behavioral impact of KOR agonists in the VTA, as evinced by the
elimination of the behavioral response when KOR is knocked out of
dopamine neurons in mice (Ehrich et al., 2015), other neurophysiological eﬀects of KOR have been reported in the VTA and may contribute
to behavioral outcomes. For instance, KOR inhibits evoked somatodendritic dopamine type 2 receptor (D2R) responses in midbrain dopamine neurons in mice (Ford et al., 2007, 2006). This eﬀect is larger in
VTA dopamine neurons than in SNc neurons. The circuit level implications of a KOR induced inhibition of D2R inhibition in dopamine
neurons is somewhat paradoxical: if the behaviorally relevant outcome
of KOR activation in dopamine neurons is hyperpolarization, why does
KOR activation depress autoinhibition by dopamine? In fact, in neurons
that are hyperpolarized by D2R activation but not KOR activation, a
KOR induced decrease in somatodendritic dopamine input might actually drive disinhibition. Surprisingly, while this eﬀect is entirely due
to inhibition of dopamine release for the KOR agonist U69593, dynorphin 1-13's eﬀect on D2R responses have both pre- and postsynaptic
components (Ford et al., 2007). The mechanism underlying these
U69593 and dynorphin 1-13 diﬀerences and the details of the pre- and
postsynaptic mechanisms by which KOR activation modiﬁes dopamine
release and D2R function remain to be determined. Whether these actions occur in vivo and how they impact the aversiveness of KOR activation in the VTA remains to be determined.
KOR activation also inhibits fast neurotransmitter release onto VTA
neurons (Fig. 1). Moderate inhibition of glutamate release by KOR
agonists onto a subset of VTA neurons, including non-dopamine neurons, has been observed in rats (Graziane et al., 2013; Margolis et al.,
2005). This eﬀect is stronger in neurons that lack a postsynaptic KOR
hyperpolarization (Margolis et al., 2005). While on one hand this eﬀect
is consistent with the model that the dominant KOR eﬀect on dopamine

Fig. 1. Functional kappa opioid receptors are expressed on speciﬁc VTA circuit
elements. In rat (top), dopamine cell bodies in the VTA that project to the
medial prefrontal cortex (mPFC) and the amygdala (AMYG) are inhibited by
kappa opioid receptor (KOR) activation, which open G protein coupled inwardly rectifying K+ channels. Dopamine neurons that project to the nucleus
accumbens (NAc) do not show this response, however KOR activation inhibits
release at dopamine terminals in the NAc. Excitatory glutamatergic inputs onto
VTA neurons are also inhibited by KOR activation. These eﬀects may also depend upon the source of the aﬀerents and the projection target of the postsynaptic cell. In mouse (bottom), most NAc-projecting VTA dopamine cell
bodies and some amygdala-projecting VTA dopamine neurons are directly inhibited by KOR activation. It is unknown if KOR activation also inhibits mPFCprojecting VTA dopamine neurons in mice. KORs also inhibit GABA release onto
VTA neurons in mice.

in these neurons, there is evidence from agonist studies that KOR activation alone is suﬃcient to observe these diﬀerential eﬀects. Activation of KORs in the rostro-dorsal NAc shell augmented hedonic orofacial
responses to sucrose in rats; in contrast, KOR activation in the rostroventral and caudal shell suppressed these positive hedonic orofacial
reactions (Castro and Berridge, 2014). Furthermore, the place conditioning assay showed that the chamber paired with KOR activation in
rostro-dorsal NAc was preferred and the chamber paired with KOR
activation in rostro-ventral and caudal NAc shell generated avoidance
(Castro and Berridge, 2014). Together, these data indicate that the
dynorphin/KOR system is not uniformly an aversive signal and some
diﬀerences are organized topographically. Whether or not each of these
speciﬁc NAc KOR induced behaviors depends upon dopamine remains
to be investigated. That said, since dopamine may increase in subregions of the NAc not only to reward but also to aversion, one possibility is that KOR induced inhibition of an aversive dopamine signal
promotes reward.
Together, these observations indicate that (1) KOR expression on
dopamine neurons is required for KOR mediated aversion; (2) various
dopaminergic projections contribute to KOR aversion, including the
NAc and mPFC projections; (3) KOR activation, under certain circumstances or in certain circuits, may drive appetitive, not avoidance, behavior.
For the remainder of this review, we focus on the known cellular
mechanisms by which KOR activation controls dopamine neurons via
direct as well as local indirect actions. It is these actions that lay the
framework for understanding the circuit mechanisms by which KOR
4
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clearance of extracellular dopamine in the NAc, which also, in turn,
aﬀects dopamine release. KOR activation by salvinorin A in the NAc
facilitates DAT function via an ERK1/2-dependent mechanism, leading
to augmented uptake in rats (Kivell et al., 2014). However, another
study reports that KOR activation by salvinorin A reduces phasic dopamine release independent of uptake in rats (Ebner et al., 2010). In
either case, the net result of KOR activation is an overall reduction in
extracellular dopamine in the NAc.
KORs can also inﬂuence dopamine release indirectly. For example,
local acetylcholine interneurons synapse onto dopamine terminals in
the dorsal striatum and NAc, and activation of these neurons drives
dopamine release independent of action potential activity in the dopaminergic axon (Cachope et al., 2012; Threlfell et al., 2012). Acetylcholine release in striatal slices is inhibited by KOR activation
(Schoﬀelmeer et al., 1997), and KOR activation also inhibits acetylcholine-driven dopamine-mediated inhibitory postsynaptic currents
in medium spiny neurons (Mamaligas et al., 2016). Speciﬁcally, in this
study postsynaptic GIRK currents in medium spiny neurons were used
as proxy for dopamine release, and KOR activation attenuated D2R
mediated currents following photostimulation of either dopamine
terminals directly or photostimulation of cholinergic interneurons. On
the other hand, ongoing pharmacological activation of cholinergic receptors by a saturating concentration of nicotine did not directly aﬀect
KOR-mediated inhibition of dopamine overﬂow in the NAc (Britt and
McGehee, 2008). Together, these data indicate that activation of KORs
reduces dopamine release in the NAc in both rats and mice, and these
multiple mechanisms are well-placed to inhibit dopamine release regardless of whether it is driven by axonal action potential activity or
acetylcholine interneuron activity. Further, Mohebi and colleagues recently reported that dopamine dynamics in the NAc can be decoupled
from cell body action potential activity when rats are engaged in a task
(2019), indicating that indirect modulation of dopamine release is
likely behaviorally relevant.
Presynaptic KOR-mediated inhibition of dopamine release is likely
predominantly a result of a negative feedback loop. As mentioned
above, KORs are activated by the endogenous ligand dynorphin.
Dynorphin is synthesized and released from dopamine type 1 receptor
(D1R) containing medium spiny neurons in the NAc (Fig. 2). As described above, these neurons release dynorphin locally in the NAc in
mice (Al-Hasani et al., 2018, 2015) and release is inferred in axon
terminal regions including the VTA. In rats, such local dynorphin release may therefore be engaging a negative feedback mechanism, while
dynorphin released in the VTA from these inputs can inhibit dopamine
projections to other brain regions such as the mPFC or amygdala.
In the NAc, KORs also inhibit glutamate and GABA transmission
onto medium spiny neurons (Hjelmstad and Fields, 2003, 2001). Speciﬁcally, KORs are located on glutamatergic aﬀerents from the basolateral amygdala (BLA) and the hippocampus (Tejeda et al., 2017). KOR
activation preferentially inhibits BLA glutamatergic inputs to the D1R
containing subpopulation of medium spiny neurons (Tejeda et al.,
2017). Furthermore, KOR inhibition of GABAergic inputs onto D2R
containing medium spiny neurons facilitates excitatory drive integration of the BLA and hippocampus inputs (Tejeda et al., 2017). Thus,
KORs on non-dopamine inputs to the NAc inﬂuence dynorphin containing medium spiny neuron activity, and therefore also dynorphin
release locally and in projection targets.

neurons is to inhibit neural activity, it is also the case that glutamatergic activity in the VTA is required for reinforcement learning (Harris
et al., 2004; Harris and Aston-Jones, 2003). One possibility is that the
precise timing of such inhibition by endogenous dynorphin release is
critical for the behavioral impact of this KOR eﬀect.
KOR activation also inhibits GABA release onto VTA neurons. This
eﬀect has been reported in mice (Ford et al., 2006), but not in rats
(Graziane et al., 2013). Further, the inhibition of GABAA receptor
mediated inhibitory postsynaptic currents was speciﬁcally observed in
VTA neurons that project to the amygdala, but not the NAc, in mice
(Ford et al., 2006). Yet, electrically evoked GABAB receptor mediated
postsynaptic currents onto both sets of projections were inhibited by
KOR activation (Ford et al., 2006). One plausible explanation is that
diﬀerent GABAergic terminals appose postsynaptic densities containing
either GABAA or GABAB receptors (Sugita et al., 1992) in NAc-projecting VTA neurons, and KOR diﬀerentially regulates these separate
terminals. Alternatively, either or both of these KOR eﬀects may be
mediated postsynaptically, rather than via presynaptic inhibition of
GABA release. For example, postsynaptic modulation of GABAA receptor currents has been observed with delta opioid receptor activation
in the VTA (Margolis et al., 2011). KOR might also inhibit GABAB receptor mediated postsynaptic currents through the same mechanism by
which it inhibits D2R currents, which also happens in VTA neurons
contributing to both of these projections (Ford et al., 2006).
Together, these observations show many potential sites of action of
KORs locally within the VTA. A GIRK mediated hyperpolarization is the
most direct mechanism by which KOR activation can depress neural
activity in VTA dopamine neurons, and deletion of KOR in dopamine
neurons is suﬃcient to prevent systemic KOR agonist induced aversion
(Ehrich et al., 2015). However, in KOR knockout mice, while expression
of KORs in VTA neurons is suﬃcient to generate KOR agonist induced
aversion, expression of a modiﬁed KOR that is unable to signal through
arrestin-dependent activation of p38 MAPK does not rescue this aversion, implicating this arrestin-mediated signaling in the aversion
(Ehrich et al., 2015). This suggests the intracellular kinase pathway,
rather than the immediate neurophysiological consequences, is required. Although, whether or not compensatory changes due to constitutive knockout manipulations contribute to this observation also
remains to be determined. Given that, in rat, KOR activation in the VTA
drives aversion but not a decrease in dopamine in the NAc, alternative
circuits, and possibly any of the additional VTA KOR actions described
here beyond direct hyperpolarizations, must still be considered.
5. KOR eﬀects on dopamine release in terminal regions
5.1. KOR activation inhibits dopamine release in the nucleus accumbens
The NAc is one of the major projection targets for VTA dopamine
neurons (Ungerstedt, 1971). This projection is strongly involved in
action selection, reinforcement, associative learning, motivation, and
regulating responses to stress and anxiety (Abercrombie et al., 1989;
Radke and Gewirtz, 2012; Saddoris et al., 2017, 2013). NAc-projecting
dopamine neurons are not modulated by somatodendritic KORs in rat
(Margolis et al., 2006). KORs, however, are prominently localized on
dopamine terminals in the NAc (Werling et al., 1988) and modulate
dopamine release and uptake (Britt and McGehee, 2008; Karkhanis
et al., 2016a, 2016b; Thompson et al., 2000, Fig. 2). Activation of KORs
on dopamine terminals inhibits dopamine release (Karkhanis et al.,
2016a, 2016b) via multiple downstream eﬀectors (Fig. 2). This KOR
induced inhibition of dopamine release in the NAc is stronger in male
than in female mice (Conway et al., 2018). Ex vivo voltammetric measurements show that the inhibitory eﬀects of KOR activation on dopamine release are greater during single pulse compared to multiple pulse
optogenetic stimulation in mice (Melchior and Jones, 2017). Moreover,
KORs aﬀect dopamine transmission in the NAc by interacting with the
dopamine transporter (DAT). DATs are the primary mechanism of

5.1.1. Subregions of the NAc
The NAc is divided into two major sub-regions, the shell and the
core. These sub-regions are distinguished in part by inputs, including
being innervated by diﬀerent dopamine neurons (Kelley, 2004; Lammel
et al., 2014; Saunders et al., 2018). There is clear evidence these regions
are functionally distinct (Bassareo et al., 2017, 2015; Biesdorf et al.,
2015; de Jong et al., 2018; Di Chiara et al., 2004; Saddoris et al., 2015;
Saunders et al., 2018) however there is no synthesizing consensus regarding the observed diﬀerences. For instance, evidence indicates the
5
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Fig. 2. Schematic of mechanisms through which
kappa opioid receptors regulate dopamine release in the nucleus accumbens. Activation of
kappa opioid receptors (KORs) on dopamine
terminals results in inhibition of dopamine release. This occurs via coupling of KORs with Gi/
o proteins activating one or more kinases (PKCβ,
JNK, or ERK) and hyperpolarizing the cell via
increasing K+ conductance or inhibition of Ca2+
channel function. Activation of KORs also increases p38 expression resulting in the activation of MAPK and further hyperpolarization of
the cell. Activation of KORs has also been shown
to increase DAT function, accelerating uptake.
Dynorphin, in the NAc, is released from D1R
containing medium spiny neurons and probably
from aﬀerents from the lateral hypothalamus.
KOR, kappa opioid receptor; D1R, dopamine
type 1 receptor; DAT, dopamine transporter;
Ca2+, calcium; K+, potassium; MAPK, mitogenactivated protein kinases; JNK, c-Jun N-terminal
kinases; pDYN, prodynorphin; cAMP, cyclic
adenosine monophosphate; CREB, cAMP response element-binding protein; BDNF, brain
derived neurotrophic factor; AC, adenylyl cyclase; PKC, protein kinase C.

suﬃcient to produce aversion, and decreases local dopamine release
(Bals-Kubik et al., 1993; Tejeda et al., 2013). This dopamine overﬂow
inhibition is attributed to KORs on dopamine terminals because deletion of KORs speciﬁcally in dopamine neurons in mice was suﬃcient to
prevent KOR agonist delivery into the mPFC from modulating dopamine release (Tejeda et al., 2013). It is unlikely that DAT plays a role in
this KOR induced decrease in dopamine as it is expressed at very low
levels in mPFC-projecting dopamine neurons, and KOR agonists did not
modify uptake in mPFC-derived synaptosomes (Tejeda et al., 2013).
Therefore, the mechanism by which KOR inhibits dopamine release in
the mPFC remains to be determined.
The sources of dynorphin that activate these mPFC KORs are also
largely unknown. One study showed that prodynorphin is localized in
the pyramidal neurons of rostral angular insular cortex (Evans et al.,
2007), and there are scattered neurons throughout cortex that express
mRNA for prodynorphin (Lein et al., 2007). These neurons may release
dynorphin through cortico-cortical connections; subcortical sources of
dynorphin have not yet been conﬁrmed, although one potential source
is the amygdala.
Like in the NAc, KOR activation also inhibits glutamate transmission
onto mPFC pyramidal neurons (Tejeda et al., 2013). At least some of
this inhibition is speciﬁcally of glutamatergic inputs arising from the
BLA (Tejeda et al., 2015). Whether the microcircuitry in the mPFC is
organized such that these eﬀects can indirectly alter local dopamine
release is unknown.

NAc shell mediates reinforcing eﬀects of psychostimulants and the relevant associative learning, while the NAc core is involved in the motor
expression of motivated and goal-directed behaviors and incentive bias
(Di Chiara et al., 1999; Ito et al., 2004; Larson et al., 2011). This is
consistent with the fact that even though both regions receive a strong
dopaminergic projection from the VTA, dopamine signaling during
speciﬁc behaviors is not homogenous across the two regions (Aragona
et al., 2009; de Jong et al., 2018; Saunders et al., 2018). KORs are
present in both sub-regions, but the expression of KORs is not uniform.
Behaviorally, KOR activation in the NAc shell facilitates acquisition and
escalation of drug self-administration in rats (Whitﬁeld et al., 2015).
While KOR activation inhibits dopamine release in both shell and core
in rats (Karkhanis et al., 2016a), these eﬀects are greater in the shell
compared to the core in mice (Melchior and Jones, 2017). This diﬀerence may be explained by slightly greater KOR expression levels in the
NAc shell compared to the core reported in rats (Mansour et al., 1995,
1994) and prairie voles (Resendez et al., 2016). Despite numerous
studies showing shell and core driven behavioral speciﬁcity, there is a
paucity of studies examining cell-type and region-speciﬁc expression of
KORs. New tools that are being developed should enable elucidation of
these issues (see Remaining Questions and Future Directions below).

5.2. Other projection areas of the VTA
5.2.1. Prefrontal cortex
Similar to the NAc, many cortical regions receive a dopamine projection from the VTA (Chandler et al., 2013; Weele et al., 2018). Unlike
NAc-projecting dopamine neurons, however, the VTA dopamine neurons composing the mPFC projection are inhibited by KOR activation
both in the somatodendritic region and at the terminals in rat (Margolis
et al., 2006; Tejeda et al., 2013). KOR activation in the mPFC is

5.2.2. Amygdala and the extended amygdala
The amygdaloid complex is also widely implicated in aversive behaviors, and dopamine eﬀerents arising from the VTA terminate in the
BLA, CeA, and BNST (Fallon et al., 1978). These regions themselves are
interconnected, including by strong glutamatergic projections from the
6
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of KOR in the dorsal raphe nucleus of KOR knockout mice permits CPA
to systemic KOR agonist administration (Land et al., 2009). Whether
this dorsal raphe function is linked to or independent of the VTA has not
been determined. Additionally, while the VTA can be conceptualized as
both directly and indirectly upstream from the extended amygdala,
dopamine's role in behaviors controlled by this circuitry that have an
aversive component, including pain and anxiety- and depression-like
behaviors, has only just begun to be investigated (Luo et al., 2018).
As we have pointed out here, dopamine neurons do not act in a
vacuum. Brain regions that receive inputs from dopamine neurons are
innervated by many other aﬀerents, and in most cases, dopamine appears to modulate synaptic transmission at these other inputs.
Importantly, while we describe “dopamine” neurons here, in fact most
VTA dopamine neurons also release one or more of glutamate, GABA,
and various neuropeptides (Morales and Margolis, 2017; Poulin et al.,
2014). KORs may diﬀerentially control release of these transmitters and
modulators: for example in the NAc, there is anatomical segregation
between dopamine and glutamate release sites along a single axon
(Zhang et al., 2015), which could enable inhibition of release to be
speciﬁc to a particular synapse along the axon arborization.
KOR function at diﬀerent ages and in females is just starting to be
investigated in the brain circuits discussed here. It is clear that some
KOR eﬀects, including in the dopaminergic circuits, are sexually dimorphic (Conway et al., 2018). It is imperative to examine age related
changes in greater detail as well. For example, one study has shown age
dependent diﬀerential modulation of GABA and glutamate transmission
in the BLA (Przybysz et al., 2017). Aversive experiences, during which
dynorphin is likely released, can cause long term changes in neural
circuits, including KOR function (Lemos et al., 2012). For instance,
chronic and continuous stress exposure during adolescence leads to
KOR hyperfunction and reduces tonic dopamine levels in the NAc
(Karkhanis et al., 2016b). Understanding such diﬀerences and changes
will improve the selection of when and how to target the KOR system
therapeutically.
Another question that often arises when studying the KOR system is:
are the changes we observe strictly related to alterations in KOR expression or due to changes in the eﬃcacy or eﬀectors of the receptor?
The functional outcome may or may not be identical. Secondly, are the
reported changes due to perturbed receptors, changes in the availability
of the endogenous ligand, or both? Direct dynorphin detection has
proved to be diﬃcult. While studies have reported dynorphin levels, it
is often using techniques that do not allow real time resolution or
peptide release analysis. It is important to note that there have been
some advances in the ﬁeld to detect dynorphin in vivo over time (Al
Hasani et al., 2018).
Other new tools and techniques are actively being developed to
facilitate interrogation of the KOR/dynorphin system. For example,
animals expressing ﬂuorescently tagged KORs enable improved receptor localization in neurons (Erbs et al., 2015; Huang et al., 2013).
Various methods are also being developed that will permit the detection
of endogenous opioid peptide release including peptide recovery from
microdialysis samples (Al-Hasani et al., 2018), fast scan cyclic voltammetry for peptides (Schmidt et al., 2014), and imaging of G protein
coupled receptor based optical sensors (Patriarchi et al., 2018). Novel
PET ligands are also now being used in human studies to indirectly
estimate receptor occupancy (Martinez et al., 2019; Vijay et al., 2018).
With the current rate of tool development, it is likely that in the near
future novel techniques will enable researchers in the ﬁeld to pinpoint
dynorphin dynamics and receptor mechanisms at the brain region, and
even neuron phenotype, level. These advances will enable a profound
leap forward in our understanding of these systems in both normal
brain function and in disorders that involve maladaptive changes to
aversive signaling in the KOR/dynorphin system.

BLA to the CeA and BNST. While at least some VTA dopamine cell
bodies that project to the amygdala are directly inhibited by KOR activation (40% in mice, Ford et al., 2006; > 80% in rats, Margolis et al.,
2008), it is unknown whether KORs also control dopamine release at
these terminals (Fig. 1).
On the other hand, the dynorphin/KOR system control of glutamate
and GABA neurotransmission in these regions is well-studied. Similar to
other brain areas, KOR activation in the CeA results in inhibition of
GABA transmission, in both adolescent and adult rats (Przybysz et al.,
2017). Surprisingly, activation of KORs in the BLA does not aﬀect GABA
or glutamate transmission in adult control rats, but facilitates GABA
transmission in the BLA of adolescent rats (Przybysz et al., 2017). In
adolescent mice, KOR activation attenuates excitatory local ﬁeld potentials and blocks long-term potentiation (Huge et al., 2009). KOR
activation in the BNST also presynaptically inhibits GABA release (Li
et al., 2012).
These brain regions are enriched in neurons that express KORs or
prodynorphin or both. While agonist binding levels in the CeA are relatively low (Mansour et al., 1994), KORs are expressed throughout the
CeA and prodynorphin is expressed in the medial and central regions of
the lateral CeA (Marchant et al., 2007). KORs and prodynorphin are
expressed in the BLA (Mansour et al., 1994). In the BNST, which receives a strong glutamatergic input from the BLA, prodynorphin has
been detected in the anterolateral, dorsolateral, oval, and rhomboid
regions, while KOR expression was found in the dorsomedial, intrafascicular, and rhomboid regions (Crowley et al., 2016; Marchant
et al., 2007; Poulin et al., 2009). Selective, optogenetic stimulation of
prodynorphin BNST neurons in acute brain slices is suﬃcient to induce
an inhibition of electrically evoked glutamate release which is blocked
by a KOR antagonist, indicating these neurons locally release dynorphin
and this dynorphin is suﬃcient to depress glutamatergic synaptic
transmission within the BNST (Crowley et al., 2016).
While the roles of KOR and dynorphin in the extended amygdala in
aversive behavioral states is well established (e.g. Crowley et al., 2016;
Kallupi et al., 2013; Lowery-Gionta et al., 2018), whether or not dopamine plays a role here remains to be determined.
6. Remaining questions and future directions
While the behavioral evidence is strong that KOR activation in dopamine neurons is both necessary and suﬃcient to produce an aversive
behavioral state, many of the critical details of the circuits involved are
still unknown. Further, exceptions to both the proposals that decreases
in dopamine are aversive and that activation of dynorphinergic neurons
or KORs is aversive have been reported. One possibility is that each of
these systems serve multiple purposes which vary with the engaged
circuit and behavioral state of the animal, such that no single behavioral construct is suﬃcient to explain all of their functions. A second
possibility is that the experimental approaches used to probe these
systems thus far have interrogated an insuﬃcient subset of the full
behavioral repertoire engaged by dopamine circuits and the KOR/dynorphin system to enable a unifying hypothesis of function to be generated.
For instance, there remain questions regarding how KOR activation
in the VTA generates aversion. In rats KOR activation in the VTA inhibits dopamine projections to the mPFC and amygdala, but not the
NAc; is a decrease in dopamine release in either the mPFC or the
amygdala suﬃcient to produce aversion? Because direct dopamine receptor antagonism rarely produces aversion (Tzschentke, 2007, 1998),
it seems unlikely that an acute decrease in dopamine release alone is
suﬃcient to generate the aversive response. Here, clariﬁcation of the
causal or permissive contribution of dopamine neural activity to the
processing of aversive stimuli and responses to cues that predict aversive outcomes is required.
Further, KOR control of dopamine neurons is not the only site of
action that is suﬃcient for KOR agonist induced aversion. Re-expression
7

Neurochemistry International 129 (2019) 104504

E.B. Margolis and A.N. Karkhanis

Acknowledgements

Neurosci. 34, 4239–4250. https://doi.org/10.1523/JNEUROSCI.4458-13.2014.
Chandler, D.J., Lamperski, C.S., Waterhouse, B.D., 2013. Identiﬁcation and distribution of
projections from monoaminergic and cholinergic nuclei to functionally diﬀerentiated
subregions of prefrontal cortex. Brain Res. 1522, 38–58. https://doi.org/10.1016/j.
brainres.2013.04.057.
Chartoﬀ, E.H., Papadopoulou, M., MacDonald, M.L., Parsegian, A., Potter, D., Konradi, C.,
Carlezon, W.A., 2009. Desipramine reduces stress-activated dynorphin expression
and CREB phosphorylation in NAc tissue. Mol. Pharmacol. 75, 704–712. https://doi.
org/10.1124/mol.108.051417.
Chavkin, C., Koob, G.F., 2016. Dynorphin, dysphoria, and dependence: the stress of addiction. Neuropsychopharmacology 41, 373–374. https://doi.org/10.1038/npp.
2015.258.
Chavkin, C., James, I.F., Goldstein, A., 1982. Dynorphin is a speciﬁc endogenous ligand of
the kappa opioid receptor. Science 215, 413–415.
Chefer, V.I., Bäckman, C.M., Gigante, E.D., Shippenberg, T.S., 2013. Kappa opioid receptors on dopaminergic neurons are necessary for kappa-mediated place aversion.
Neuropsychopharmacology 38, 2623–2631. https://doi.org/10.1038/npp.2013.171.
Chou, T.C., Lee, C.E., Lu, J., Elmquist, J.K., Hara, J., Willie, J.T., Beuckmann, C.T.,
Chemelli, R.M., Sakurai, T., Yanagisawa, M., Saper, C.B., Scammell, T.E., 2001.
Orexin (hypocretin) neurons contain dynorphin. J. Neurosci. 21 RC168–RC168.
Cohen, J.Y., Haesler, S., Vong, L., Lowell, B.B., Uchida, N., 2012. Neuron-type-speciﬁc
signals for reward and punishment in the ventral tegmental area. Nature 482, 85–88.
https://doi.org/10.1038/nature10754.
Coizet, V., Dommett, E.J., Redgrave, P., Overton, P.G., 2006. Nociceptive responses of
midbrain dopaminergic neurones are modulated by the superior colliculus in the rat.
Neuroscience 139, 1479–1493. https://doi.org/10.1016/j.neuroscience.2006.01.
030.
Conway, S.M., Puttick, D., Russell, S., Potter, D., Roitman, M.F., Chartoﬀ, E.H., 2018.
Females are less sensitive than males to the motivational- and dopamine-suppressing
eﬀects of kappa opioid receptor activation. Neuropharmacology. https://doi.org/10.
1016/j.neuropharm.2018.12.002.
Crowley, N.A., Bloodgood, D.W., Hardaway, J.A., Kendra, A.M., McCall, J.G., Al-Hasani,
R., McCall, N.M., Yu, W., Schools, Z.L., Krashes, M.J., Lowell, B.B., Whistler, J.L.,
Bruchas, M.R., Kash, T.L., 2016. Dynorphin controls the gain of an amygdalar anxiety
circuit. Cell Rep. 14, 2774–2783. https://doi.org/10.1016/j.celrep.2016.02.069.
de Jong, J.W., Afjei, S.A., Pollak Dorocic, I., Peck, J.R., Liu, C., Kim, C.K., Tian, L.,
Deisseroth, K., Lammel, S., 2018. A neural circuit mechanism for encoding aversive
stimuli in the mesolimbic dopamine system. Neuron. https://doi.org/10.1016/j.
neuron.2018.11.005.
Deutch, A.Y., Lee, M.C., Gillham, M.H., Cameron, D.A., Goldstein, M., Iadarola, M.J.,
1991. Stress selectively increases fos protein in dopamine neurons innervating the
prefrontal cortex. Cerebr. Cortex 1, 273–292.
Devine, D.P., Leone, P., Pocock, D., Wise, R.A., 1993a. 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.
Devine, D.P., Leone, P., Wise, R.A., 1993b. Mesolimbic dopamine neurotransmission is
increased by administration of mu-opioid receptor antagonists. Eur. J. Pharmacol.
243, 55–64. [pii]. https://doi.org/10.1016/0014-2999(93)90167-G.
Di Chiara, G., 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.
Di Chiara, G., Tanda, G., Bassareo, V., Pontieri, F., Acquas, E., Fenu, S., Cadoni, C.,
Carboni, E., 1999. Drug addiction as a disorder of associative learning. Role of nucleus accumbens shell/extended amygdala dopamine. Ann. N. Y. Acad. Sci. 877,
461–485.
Di Chiara, G., Bassareo, V., Fenu, S., De Luca, M.A., Spina, L., Cadoni, C., Acquas, E.,
Carboni, E., Valentini, V., Lecca, D., 2004. Dopamine and drug addiction: the nucleus
accumbens shell connection. Neuropharmacology 47 (Suppl. 1), 227–241. https://
doi.org/10.1016/j.neuropharm.2004.06.032.
Donahue, R.J., Landino, S.M., Golden, S.A., Carroll, F.I., Russo, S.J., Carlezon, W.A.,
2015. Eﬀects of acute and chronic social defeat stress are diﬀerentially mediated by
the dynorphin/kappa-opioid receptor system. Behav. Pharmacol. 26, 654–663.
https://doi.org/10.1097/FBP.0000000000000155.
Ebner, S.R., Roitman, M.F., Potter, D.N., Rachlin, A.B., Chartoﬀ, E.H., 2010. Depressivelike eﬀects of the kappa opioid receptor agonist salvinorin A are associated with
decreased phasic dopamine release in the nucleus accumbens. Psychopharmacology
(Berlin) 210, 241–252. https://doi.org/10.1007/s00213-010-1836-5.
Ehrich, J.M., Messinger, D.I., Knakal, C.R., Kuhar, J.R., Schattauer, S.S., Bruchas, M.R.,
Zweifel, L.S., Kieﬀer, B.L., Phillips, P.E., Chavkin, C., 2015. Kappa opioid receptorinduced aversion requires p38 MAPK activation in VTA dopamine neurons. J.
Neurosci. 35, 12917–12931. https://doi.org/10.1523/JNEUROSCI.2444-15.2015.
Erbs, E., Faget, L., Scherrer, G., Matifas, A., Filliol, D., Vonesch, J.L., Koch, M., Kessler, P.,
Hentsch, D., Birling, M.C., Koutsourakis, M., Vasseur, L., Veinante, P., Kieﬀer, B.L.,
Massotte, D., 2015. A mu-delta opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks. Brain Struct. Funct. 220, 677–702. https://doi.org/
10.1007/s00429-014-0717-9.
Evans, J.M., Bey, V., Burkey, A.R., Commons, K.G., 2007. Organization of endogenous
opioids in the rostral agranular insular cortex of the rat. J. Comp. Neurol. 500,
530–541. https://doi.org/10.1002/cne.21197.
Fallon, J.H., 1981. Collateralization of monoamine neurons: mesotelencephalic dopamine
projections to caudate, septum, and frontal cortex. J. Neurosci. 1, 1361–1368.
Fallon, J.H., Moore, R.Y., 1978. Catecholamine innervation of the basal forebrain. IV.
Topography of the dopamine projection to the basal forebrain and neostriatum. J.
Comp. Neurol. 180, 545–580. https://doi.org/10.1002/cne.901800310.
Fallon, J.H., Koziell, D.A., Moore, R.Y., 1978. Catecholamine innervation of the basal

We would like to thank Benjamin T. Saunders for helpful comments
on the manuscript. This work was supported by the National Institutes
of Health, grant numbers R01 DA030529 to E.B.M. and K01 AA023874
to A.N.K.; funds were also provided by the State of California for
medical research on alcohol and substance abuse through the State of
California to E.B.M and by New York State through the Empire
Innovation Program through the New York State to A.N.K.
References
Morrow, B.A., Elsworth, J.D., Lee, E.J., Roth, R.H., 2000. Divergent eﬀects of putative
anxiolytics on stress-induced fos expression in the mesoprefrontal system of the rat.
Synapse 36, 143–154. https://doi.org/10.1002/(SICI)1098-2396(200005)36:2%
3c143::AID-SYN7%3e3.0.CO;2-H.
Abercrombie, E.D., Keefe, K.A., DiFrischia, D.S., Zigmond, M.J., 1989. Diﬀerential eﬀect
of stress on in vivo dopamine release in striatum, nucleus accumbens, and medial
frontal cortex. J. Neurochem. 52, 1655–1658.
Ableitner, A., Herz, A., 1989. Limbic brain structures are important sites of κ-opioid receptor-mediated actions in the rat: a [14C]-2-deoxyglucose study. Brain Res. 478,
326–336. https://doi.org/10.1016/0006-8993(89)91513-8.
Al-Hasani, R., McCall, J.G., Shin, G., Gomez, A.M., Schmitz, G.P., Bernardi, J.M., Pyo,
C.O., Park, S.I., Marcinkiewcz, C.M., Crowley, N.A., Krashes, M.J., Lowell, B.B., Kash,
T.L., Rogers, J.A., Bruchas, M.R., 2015. Distinct subpopulations of nucleus accumbens
dynorphin neurons drive aversion and reward. Neuron 87, 1063–1077. https://doi.
org/10.1016/j.neuron.2015.08.019.
Al-Hasani, R., Wong, J.-M.T., Mabrouk, O.S., McCall, J.G., Schmitz, G.P., Porter-Stransky,
K.A., Aragona, B.J., Kennedy, R.T., Bruchas, M.R., 2018. In vivo detection of optically-evoked opioid peptide release. Elife 7. https://doi.org/10.7554/eLife.36520.
Aragona, B.J., Day, J.J., Roitman, M.F., Cleaveland, N.A., Wightman, R.M., Carelli, R.M.,
2009. Regional speciﬁcity in the real-time development of phasic dopamine transmission patterns during acquisition of a cue-cocaine association in rats. Eur. J.
Neurosci. 30, 1889–1899. https://doi.org/10.1111/j.1460-9568.2009.07027.x.
Badrinarayan, A., Wescott, S.A., Vander Weele, C.M., Saunders, B.T., Couturier, B.E.,
Maren, S., Aragona, B.J., 2012. Aversive stimuli diﬀerentially modulate real-time
dopamine transmission dynamics within the nucleus accumbens core and shell. J.
Neurosci. 32, 15779–15790. https://doi.org/10.1523/JNEUROSCI.3557-12.2012.
Bals-Kubik, R., Ableitner, A., Herz, A., Shippenberg, T.S., 1993. Neuroanatomical sites
mediating the motivational eﬀects of opioids as mapped by the conditioned place
preference paradigm in rats. J. Pharmacol. Exp. Ther. 264, 489–495.
Bassareo, V., Cucca, F., Frau, R., Di Chiara, G., 2015. Diﬀerential activation of accumbens
shell and core dopamine by sucrose reinforcement with nose poking and with lever
pressing. Behav. Brain Res. 294, 215–223. https://doi.org/10.1016/j.bbr.2015.08.
006.
Bassareo, V., Cucca, F., Frau, R., Di Chiara, G., 2017. Changes in dopamine transmission
in the nucleus accumbens shell and core during ethanol and sucrose self-administration. Front. Behav. Neurosci. 11, 71. https://doi.org/10.3389/fnbeh.2017.00071.
Biesdorf, C., Wang, A.-L., Topic, B., Petri, D., Milani, H., Huston, J.P., de Souza Silva,
M.A., 2015. Dopamine in the nucleus accumbens core, but not shell, increases during
signaled food reward and decreases during delayed extinction. Neurobiol. Learn.
Mem. 123, 125–139. https://doi.org/10.1016/j.nlm.2015.06.002.
Breton, J.M., Charbit, A.R., Snyder, B.J., Fong, P.T.K., Dias, E.V., Himmels, P., Lock, H.,
Margolis, E.B., 2019. Relative contributions and mapping of ventral tegmental area
dopamine and GABA neurons by projection target in the rat. J. Comp. Neurol. 527,
916–941. https://doi.org/10.1002/cne.24572.
Brischoux, F., Chakraborty, S., Brierley, D.I., Ungless, M.A., 2009. Phasic excitation of
dopamine neurons in ventral VTA by noxious stimuli. Proc. Natl. Acad. Sci. U. S. A.
106, 4894–4899. https://doi.org/10.1073/pnas.0811507106.
Britt, J.P., McGehee, D.S., 2008. Presynaptic opioid and nicotinic receptor modulation of
dopamine overﬂow in the nucleus accumbens. J. Neurosci. 28, 1672–1681. https://
doi.org/10.1523/JNEUROSCI.4275-07.2008.
Bromberg-Martin, E.S., Matsumoto, M., Hikosaka, O., 2010. Dopamine in motivational
control: rewarding, aversive, and alerting. Neuron 68, 815–834. https://doi.org/10.
1016/j.neuron.2010.11.022.
Bruchas, M.R., Chavkin, C., 2010. Kinase cascades and ligand-directed signaling at the
kappa opioid receptor. Psychopharmacology (Berlin) 210, 137–147. https://doi.org/
10.1007/s00213-010-1806-y.
Budygin, E.A., Park, J., Bass, C.E., Grinevich, V.P., Bonin, K.D., Wightman, R.M., 2012.
Aversive stimulus diﬀerentially triggers subsecond dopamine release in reward regions. Neuroscience 201, 331–337. https://doi.org/10.1016/j.neuroscience.2011.10.
056.
Cachope, R., Mateo, Y., Mathur, B.N., Irving, J., Wang, H.L., Morales, M., Lovinger, D.M.,
Cheer, J.F., 2012. Selective activation of cholinergic interneurons enhances accumbal
phasic dopamine release: setting the tone for reward processing. Cell Rep. 2, 33–41.
https://doi.org/10.1016/j.celrep.2012.05.011.
Carlezon, W.A., Haile, C.N., Coppersmith, R., Hayashi, Y., Malinow, R., Neve, R.L.,
Nestler, E.J., 2000. Distinct sites of opiate reward and aversion within the midbrain
identiﬁed using a herpes simplex virus vector expressing GluR1. J. Neurosci. 20,
RC62.
Castro, D.C., Berridge, K.C., 2014. Opioid hedonic hotspot in nucleus accumbens shell:
mu, delta, and kappa maps for enhancement of sweetness “liking” and “wanting. J.

8

Neurochemistry International 129 (2019) 104504

E.B. Margolis and A.N. Karkhanis

Lammel, S., Lim, B.K., Ran, C., Huang, K.W., Betley, M.J., Tye, K.M., Deisseroth, K.,
Malenka, R.C., 2012. Input-speciﬁc control of reward and aversion in the ventral
tegmental area. Nature 491, 212–217. https://doi.org/10.1038/nature11527.
Lammel, S., Lim, B.K., Malenka, R.C., 2014. Reward and aversion in a heterogeneous
midbrain dopamine system. Neuropharmacology 76 (Pt B), 351–359. https://doi.
org/10.1016/j.neuropharm.2013.03.019.
Land, B.B., Bruchas, M.R., Lemos, J.C., Xu, M., Melief, E.J., Chavkin, C., 2008. The dysphoric component of stress is encoded by activation of the dynorphin kappa-opioid
system. J. Neurosci. 28, 407–414. https://doi.org/10.1523/JNEUROSCI.4458-07.
2008.
Land, B.B., Bruchas, M.R., Schattauer, S., Giardino, W.J., Aita, M., Messinger, D., Hnasko,
T.S., Palmiter, R.D., Chavkin, C., 2009. Activation of the kappa opioid receptor in the
dorsal raphe nucleus mediates the aversive eﬀects of stress and reinstates drug
seeking. Proc. Natl. Acad. Sci. U. S. A. 106 19168–73. https://doi.org/10.1073/pnas.
0910705106.
Larson, E.B., Graham, D.L., Arzaga, R.R., Buzin, N., Webb, J., Green, T.A., Bass, C.E.,
Neve, R.L., Terwilliger, E.F., Nestler, E.J., Self, D.W., 2011. Overexpression of CREB
in the nucleus accumbens shell increases cocaine reinforcement in self-administering
rats. J. Neurosci. 31, 16447–16457. https://doi.org/10.1523/JNEUROSCI.3070-11.
2011.
Lein, E.S., Hawrylycz, M.J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe, A.F.,
Boguski, M.S., Brockway, K.S., Byrnes, E.J., Chen, Lin, Chen, Li, Chen, T.-M., Chin,
M.C., Chong, J., Crook, B.E., Czaplinska, A., Dang, C.N., Datta, S., Dee, N.R., Desaki,
A.L., Desta, T., Diep, E., Dolbeare, T.A., Donelan, M.J., Dong, H.-W., Dougherty, J.G.,
Duncan, B.J., Ebbert, A.J., Eichele, G., Estin, L.K., Faber, C., Facer, B.A., Fields, R.,
Fischer, S.R., Fliss, T.P., Frensley, C., Gates, S.N., Glattfelder, K.J., Halverson, K.R.,
Hart, M.R., Hohmann, J.G., Howell, M.P., Jeung, D.P., Johnson, R.A., Karr, P.T.,
Kawal, R., Kidney, J.M., Knapik, R.H., Kuan, C.L., Lake, J.H., Laramee, A.R., Larsen,
K.D., Lau, C., Lemon, T.A., Liang, A.J., Liu, Y., Luong, L.T., Michaels, J., Morgan, J.J.,
Morgan, R.J., Mortrud, M.T., Mosqueda, N.F., Ng, L.L., Ng, R., Orta, G.J., Overly,
C.C., Pak, T.H., Parry, S.E., Pathak, S.D., Pearson, O.C., Puchalski, R.B., Riley, Z.L.,
Rockett, H.R., Rowland, S.A., Royall, J.J., Ruiz, M.J., Sarno, N.R., Schaﬀnit, K.,
Shapovalova, N.V., Sivisay, T., Slaughterbeck, C.R., Smith, S.C., Smith, K.A., Smith,
B.I., Sodt, A.J., Stewart, N.N., Stumpf, K.-R., Sunkin, S.M., Sutram, M., Tam, A.,
Teemer, C.D., Thaller, C., Thompson, C.L., Varnam, L.R., Visel, A., Whitlock, R.M.,
Wohnoutka, P.E., Wolkey, C.K., Wong, V.Y., Wood, M., Yaylaoglu, M.B., Young, R.C.,
Youngstrom, B.L., Yuan, X.F., Zhang, B., Zwingman, T.A., Jones, A.R., 2007. Genomewide atlas of gene expression in the adult mouse brain. Nature 445, 168–176. https://
doi.org/10.1038/nature05453.
Leitl, M.D., Onvani, S., Bowers, M.S., Cheng, K., Rice, K.C., Carlezon, W.A., Banks, M.L.,
Negus, S.S., 2014. Pain-related depression of the mesolimbic dopamine system in
rats: expression, blockade by analgesics, and role of endogenous κ-opioids.
Neuropsychopharmacology 39, 614–624. https://doi.org/10.1038/npp.2013.236.
Lemos, J.C., Roth, C.A., Messinger, D.I., Gill, H.K., Phillips, P.E.M., Chavkin, C., 2012.
Repeated stress dysregulates κ-opioid receptor signaling in the dorsal raphe through a
p38α MAPK-dependent mechanism. J. Neurosci. 32, 12325–12336. https://doi.org/
10.1523/JNEUROSCI.2053-12.2012.
Leshan, R.L., Opland, D.M., Louis, G.W., Leinninger, G.M., Patterson, C.M., Rhodes, C.J.,
Münzberg, H., Myers, M.G., 2010. Ventral tegmental area leptin receptor neurons
speciﬁcally project to and regulate cocaine- and amphetamine-regulated transcript
neurons of the extended central amygdala. J. Neurosci. 30, 5713–5723. https://doi.
org/10.1523/JNEUROSCI.1001-10.2010.
Li, S., Zhu, J., Chen, C., Chen, Y.W., Deriel, J.K., Ashby, B., Liu-Chen, L.Y., 1993.
Molecular cloning and expression of a rat kappa opioid receptor. Biochem. J. 295 (Pt
3), 629–633.
Li, C., Pleil, K.E., Stamatakis, A.M., Busan, S., Vong, L., Lowell, B.B., Stuber, G.D., Kash,
T.L., 2012. Presynaptic inhibition of gamma-aminobutyric acid release in the bed
nucleus of the stria terminalis by kappa opioid receptor signaling. Biol. Psychiatry 71,
725–732. https://doi.org/10.1016/j.biopsych.2011.11.015.
Liu, S.S., Pickens, S., Burma, N.E., Ibarra-Lecue, I., Yang, H., Xue, L., Cook, C., Hakimian,
J.K., Severino, A.L., Lueptow, L., Komarek, K., Taylor, A.M.W., Olmstead, M.C.,
Carroll, F.I., Bass, C.E., Andrews, A.M., Walwyn, W., Trang, T., Evans, C.J., Leslie, F.,
Cahill, C.M., 2019. Kappa opioid receptors drive a tonic aversive component of
chronic pain. J. Neurosci. https://doi.org/10.1523/JNEUROSCI.0274-19.2019.
Lowery-Gionta, E.G., Crowley, N.A., Bukalo, O., Silverstein, S., Holmes, A., Kash, T.L.,
2018. Chronic stress dysregulates amygdalar output to the prefrontal cortex.
Neuropharmacology 139, 68–75. https://doi.org/10.1016/j.neuropharm.2018.06.
032.
Luo, R., Uematsu, A., Weitemier, A., Aquili, L., Koivumaa, J., McHugh, T.J., Johansen,
J.P., 2018. A dopaminergic switch for fear to safety transitions. Nat. Commun. 9,
2483. https://doi.org/10.1038/s41467-018-04784-7.
Mamaligas, A.A., Cai, Y., Ford, C.P., 2016. Nicotinic and opioid receptor regulation of
striatal dopamine D2-receptor mediated transmission. Sci. Rep. 6, 37834. https://doi.
org/10.1038/srep37834.
Mansour, A., Fox, C.A., Meng, F., Akil, H., Watson, S.J., 1994. Kappa 1 receptor mRNA
distribution in the rat CNS: comparison to kappa receptor binding and prodynorphin
mRNA. Mol. Cell. Neurosci. 5, 124–144. https://doi.org/10.1006/mcne.1994.1015.
Mansour, A., Hoversten, M.T., Taylor, L.P., Watson, S.J., Akil, H., 1995. The cloned mu,
delta and kappa receptors and their endogenous ligands: evidence for two opioid
peptide recognition cores. Brain Res. 700, 89–98.
Mantz, J., Thierry, A.M., Glowinski, J., 1989. Eﬀect of noxious tail pinch on the discharge
rate of mesocortical and mesolimbic dopamine neurons: selective activation of the
mesocortical system. Brain Res. 476, 377–381.
Marchant, N.J., Densmore, V.S., Osborne, P.B., 2007. Coexpression of prodynorphin and
corticotrophin-releasing hormone in the rat central amygdala: evidence of two distinct endogenous opioid systems in the lateral division. J. Comp. Neurol. 504,

forebrain. II. Amygdala, suprarhinal cortex and entorhinal cortex. J. Comp. Neurol.
180, 509–532. https://doi.org/10.1002/cne.901800308.
Fallon, J.H., Leslie, F.M., Cone, R.I., 1985. Dynorphin-containing pathways in the substantia nigra and ventral tegmentum: a double labeling study using combined immunoﬂuorescence and retrograde tracing. Neuropeptides 5, 457–460.
Fields, H.L., Margolis, E.B., 2015. Understanding opioid reward. Trends Neurosci. 38,
217–225. https://doi.org/10.1016/j.tins.2015.01.002.
Ford, C.P., Mark, G.P., Williams, J.T., 2006. Properties and opioid inhibition of mesolimbic dopamine neurons vary according to target location. J. Neurosci. 26,
2788–2797.
Ford, C.P., Beckstead, M.J., Williams, J.T., 2007. Kappa opioid inhibition of somatodendritic dopamine inhibitory postsynaptic currents. J. Neurophysiol. 97, 883–891.
https://doi.org/10.1152/jn.00963.2006.
Gear, R.W., Miaskowski, C., Gordon, N.C., Paul, S.M., Heller, P.H., Levine, J.D., 1996.
Kappa-opioids produce signiﬁcantly greater analgesia in women than in men. Nat.
Med. 2, 1248–1250.
Goldstein, A., Tachibana, S., Lowney, L.I., Hunkapiller, M., Hood, L., 1979. Dynorphin-(113), an extraordinarily potent opioid peptide. Proc. Natl. Acad. Sci. U. S. A. 76,
6666–6670.
Graziane, N.M., Polter, A.M., Briand, L.A., Pierce, R.C., Kauer, J.A., 2013. Kappa opioid
receptors regulate stress-induced cocaine seeking and synaptic plasticity. Neuron 77,
942–954. https://doi.org/10.1016/j.neuron.2012.12.034.
Hampson, R.E., Mu, J., Deadwyler, S.A., 2000. Cannabinoid and kappa opioid receptors
reduce potassium K current via activation of G(s) proteins in cultured hippocampal
neurons. J. Neurophysiol. 84, 2356–2364. https://doi.org/10.1152/jn.2000.84.5.
2356.
Harris, G.C., Aston-Jones, G., 2003. Critical role for ventral tegmental glutamate in preference for a cocaine-conditioned environment. Neuropsychopharmacology 28,
73–76. https://doi.org/10.1038/sj.npp.1300011.
Harris, G.C., Wimmer, M., Byrne, R., Aston-Jones, G., 2004. Glutamate-associated plasticity in the ventral tegmental area is necessary for conditioning environmental stimuli with morphine. Neuroscience 129, 841–847. https://doi.org/10.1016/j.
neuroscience.2004.09.018.
Hjelmstad, G.O., Fields, H.L., 2001. Kappa opioid receptor inhibition of glutamatergic
transmission in the nucleus accumbens shell. J. Neurophysiol. 85, 1153–1158.
https://doi.org/10.1152/jn.2001.85.3.1153.
Hjelmstad, G.O., Fields, H.L., 2003. Kappa opioid receptor activation in the nucleus accumbens inhibits glutamate and GABA release through diﬀerent mechanisms. J.
Neurophysiol. 89, 2389–2395. https://doi.org/10.1152/jn.01115.2002.
Hollerman, J.R., Schultz, W., 1998. Dopamine neurons report an error in the temporal
prediction of reward during learning. Nat. Neurosci. 1, 304–309. https://doi.org/10.
1038/1124.
Huang, P., Chiu, Y.-T., Chen, C., Wang, Y., Liu-Chen, L.-Y., 2013. A G protein-coupled
receptor (GPCR) in red: live cell imaging of the kappa opioid receptor-tdTomato
fusion protein (KOPR-tdT) in neuronal cells. J. Pharmacol. Toxicol. Methods 68,
340–345. https://doi.org/10.1016/j.vascn.2013.07.002.
Huge, V., Rammes, G., Beyer, A., Zieglgänsberger, W., Azad, S.C., 2009. Activation of
kappa opioid receptors decreases synaptic transmission and inhibits long-term potentiation in the basolateral amygdala of the mouse. Eur. J. Pain 13, 124–129.
https://doi.org/10.1016/j.ejpain.2008.03.010.
Ito, R., Robbins, T.W., Everitt, B.J., 2004. Diﬀerential control over cocaine-seeking behavior by nucleus accumbens core and shell. Nat. Neurosci. 7, 389–397. https://doi.
org/10.1038/nn1217.
Iyer, M., Essner, R.A., Klingenberg, B., Carter, M.E., 2018. Identiﬁcation of discrete, intermingled hypocretin neuronal populations. J. Comp. Neurol. 526, 2937–2954.
https://doi.org/10.1002/cne.24490.
Kallupi, M., Wee, S., Edwards, S., Whitﬁeld, T.W., Oleata, C.S., Luu, G., Schmeichel, B.E.,
Koob, G.F., Roberto, M., 2013. Kappa opioid receptor-mediated dysregulation of
gamma-aminobutyric acidergic transmission in the central amygdala in cocaine addiction. Biol. Psychiatry 74, 520–528. https://doi.org/10.1016/j.biopsych.2013.04.
028.
Karkhanis, A.N., Huggins, K.N., Rose, J.H., Jones, S.R., 2016a. Switch from excitatory to
inhibitory actions of ethanol on dopamine levels after chronic exposure: role of kappa
opioid receptors. Neuropharmacology 110, 190–197. https://doi.org/10.1016/j.
neuropharm.2016.07.022.
Karkhanis, A.N., Rose, J.H., Weiner, J.L., Jones, S.R., 2016b. Early-life social isolation
stress increases kappa opioid receptor responsiveness and downregulates the dopamine system. Neuropsychopharmacology 41, 2263–2274. https://doi.org/10.1038/
npp.2016.21.
Karkhanis, A., Holleran, K.M., Jones, S.R., 2017. Dynorphin/kappa opioid receptor signaling in preclinical models of alcohol, drug, and food addiction. Int. Rev. Neurobiol.
136, 53–88. https://doi.org/10.1016/bs.irn.2017.08.001.
Kauﬂing, J., Girard, D., Maitre, M., Leste-Lasserre, T., Georges, F., 2017. Species-speciﬁc
diversity in the anatomical and physiological organisation of the BNST-VTA pathway.
Eur. J. Neurosci. 45, 1230–1240. https://doi.org/10.1111/ejn.13554.
Kelley, A.E., 2004. Ventral striatal control of appetitive motivation: role in ingestive
behavior and reward-related learning. Neurosci. Biobehav. Rev. 27, 765–776.
https://doi.org/10.1016/j.neubiorev.2003.11.015.
Kivell, B., Uzelac, Z., Sundaramurthy, S., Rajamanickam, J., Ewald, A., Chefer, V.,
Jaligam, V., Bolan, E., Simonson, B., Annamalai, B., Mannangatti, P., Prisinzano, T.E.,
Gomes, I., Devi, L.A., Jayanthi, L.D., Sitte, H.H., Ramamoorthy, S., Shippenberg, T.S.,
2014. Salvinorin A regulates dopamine transporter function via a kappa opioid receptor and ERK1/2-dependent mechanism. Neuropharmacology 86, 228–240.
https://doi.org/10.1016/j.neuropharm.2014.07.016.
Koob, G.F., 2013. Addiction is a reward deﬁcit and stress surfeit disorder. Front.
Psychiatry 4, 72. https://doi.org/10.3389/fpsyt.2013.00072.

9

Neurochemistry International 129 (2019) 104504

E.B. Margolis and A.N. Karkhanis

Resendez, S.L., Keyes, P.C., Day, J.J., Hambro, C., Austin, C.J., Maina, F.K., Eidson, L.N.,
Porter-Stransky, K.A., Nevárez, N., McLean, J.W., Kuhnmuench, M.A., Murphy, A.Z.,
Mathews, T.A., Aragona, B.J., 2016. Dopamine and opioid systems interact within the
nucleus accumbens to maintain monogamous pair bonds. Elife 5. https://doi.org/10.
7554/eLife.15325.
Roitman, M.F., Wheeler, R.A., Wightman, R.M., Carelli, R.M., 2008. Real-time chemical
responses in the nucleus accumbens diﬀerentiate rewarding and aversive stimuli. Nat.
Neurosci. 11, 1376–1377. https://doi.org/10.1038/nn.2219.
Root, D.H., Mejias-Aponte, C.A., Qi, J., Morales, M., 2014. Role of glutamatergic projections from ventral tegmental area to lateral habenula in aversive conditioning. J.
Neurosci. 34, 13906–13910. https://doi.org/10.1523/JNEUROSCI.2029-14.2014.
Rose, J.H., Karkhanis, A.N., Chen, R., Gioia, D., Lopez, M.F., Becker, H.C., McCool, B.A.,
Jones, S.R., 2016. Supersensitive kappa opioid receptors promotes ethanol withdrawal-related behaviors and reduce dopamine signaling in the nucleus accumbens.
Int. J. Neuropsychopharmacol. 19. https://doi.org/10.1093/ijnp/pyv127.
Saddoris, M.P., Sugam, J.A., Cacciapaglia, F., Carelli, R.M., 2013. Rapid dopamine dynamics in the accumbens core and shell: learning and action. Front Biosci (Elite Ed) 5,
273–288.
Saddoris, M.P., Cacciapaglia, F., Wightman, R.M., Carelli, R.M., 2015. Diﬀerential dopamine release dynamics in the nucleus accumbens core and shell reveal complementary signals for error prediction and incentive motivation. J. Neurosci. 35,
11572–11582. https://doi.org/10.1523/JNEUROSCI.2344-15.2015.
Saddoris, M.P., Sugam, J.A., Carelli, R.M., 2017. Prior cocaine experience impairs normal
phasic dopamine signals of reward value in accumbens shell.
Neuropsychopharmacology 42, 766–773. https://doi.org/10.1038/npp.2016.189.
Saunders, B.T., Richard, J.M., Margolis, E.B., Janak, P.H., 2018. Dopamine neurons create
Pavlovian conditioned stimuli with circuit-deﬁned motivational properties. Nat.
Neurosci. 21, 1072–1083. https://doi.org/10.1038/s41593-018-0191-4.
Schattauer, S.S., Kuhar, J.R., Song, A., Chavkin, C., 2017. Nalfuraﬁne is a G-protein
biased agonist having signiﬁcantly greater bias at the human than rodent form of the
kappa opioid receptor. Cell. Signal. 32, 59–65. https://doi.org/10.1016/j.cellsig.
2017.01.016.
Schmidt, A.C., Dunaway, L.E., Roberts, J.G., McCarty, G.S., Sombers, L.A., 2014. Multiple
scan rate voltammetry for selective quantiﬁcation of real-time enkephalin dynamics.
Anal. Chem. 86, 7806–7812. https://doi.org/10.1021/ac501725u.
Schoﬀelmeer, A.N., Hogenboom, F., Mulder, A.H., 1997. Kappa1- and kappa2-opioid
receptors mediating presynaptic inhibition of dopamine and acetylcholine release in
rat neostriatum. Br. J. Pharmacol. 122, 520–524. https://doi.org/10.1038/sj.bjp.
0701394.
Schultz, W., 2017. Reward prediction error. Curr. Biol. 27, R369–R371. https://doi.org/
10.1016/j.cub.2017.02.064.
Schultz, W., Dayan, P., Montague, P.R., 1997. A neural substrate of prediction and reward. Science 275, 1593–1599.
Schultz, W., Stauﬀer, W.R., Lak, A., 2017. The phasic dopamine signal maturing: from
reward via behavioural activation to formal economic utility. Curr. Opin. Neurobiol.
43, 139–148. https://doi.org/10.1016/j.conb.2017.03.013.
Shen, K.F., Crain, S.M., 1994. Nerve growth factor rapidly prolongs the action potential of
mature sensory ganglion neurons in culture, and this eﬀect requires activation of Gscoupled excitatory kappa-opioid receptors on these cells. J. Neurosci. 14, 5570–5579.
Shippenberg, T.S., Bals-Kubik, R., 1995. Involvement of the mesolimbic dopamine system
in mediating the aversive eﬀects of opioid antagonists in the rat. Behav. Pharmacol.
6, 99–106.
Shippenberg, T.S., Herz, A., 1987. Place preference conditioning reveals the involvement
of D1-dopamine receptors in the motivational properties of mu- and kappa-opioid
agonists. Brain Res. 436, 169–172.
Shippenberg, T.S., Herz, A., 1988. Motivational eﬀects of opioids: inﬂuence of D-1 versus
D-2 receptor antagonists. Eur. J. Pharmacol. 151, 233–242.
Shippenberg, T.S., Bals-Kubik, R., Herz, A., 1993. Examination of the neurochemical
substrates mediating the motivational eﬀects of opioids: role of the mesolimbic dopamine system and D-1 vs. D-2 dopamine receptors. J. Pharmacol. Exp. Ther. 265,
53–59.
Shirayama, Y., Ishida, H., Iwata, M., Hazama, G.-I., Kawahara, R., Duman, R.S., 2004.
Stress increases dynorphin immunoreactivity in limbic brain regions and dynorphin
antagonism produces antidepressant-like eﬀects. J. Neurochem. 90, 1258–1268.
https://doi.org/10.1111/j.1471-4159.2004.02589.x.
Spanagel, R., Herz, A., Shippenberg, T.S., 1990. The eﬀects of opioid peptides on dopamine release in the nucleus accumbens: an in vivo microdialysis study. J. Neurochem.
55, 1734–1740.
Spanagel, R., Herz, A., Shippenberg, T.S., 1992. Opposing tonically active endogenous
opioid systems modulate the mesolimbic dopaminergic pathway. Proc. Natl. Acad.
Sci. U. S. A. 89, 2046–2050.
Steinberg, E.E., Keiﬂin, R., Boivin, J.R., Witten, I.B., Deisseroth, K., Janak, P.H., 2013. A
causal link between prediction errors, dopamine neurons and learning. Nat. Neurosci.
16, 966–973. https://doi.org/10.1038/nn.3413.
Sugita, S., Johnson, S.W., North, R.A., 1992. Synaptic inputs to GABAA and GABAB receptors originate from discrete aﬀerent neurons. Neurosci. Lett. 134, 207–211.
Swanson, L.W., 1982. The projections of the ventral tegmental area and adjacent regions:
a combined ﬂuorescent retrograde tracer and immunoﬂuorescence study in the rat.
Brain Res. Bull. 9, 321–353.
Taylor, S.R., Badurek, S., Dileone, R.J., Nashmi, R., Minichiello, L., Picciotto, M.R., 2014.
GABAergic and glutamatergic eﬀerents of the mouse ventral tegmental area. J. Comp.
Neurol. 522, 3308–3334. https://doi.org/10.1002/cne.23603.
Tejeda, H.A., Bonci, A., 2018. Dynorphin/kappa-opioid receptor control of dopamine
dynamics: implications for negative aﬀective states and psychiatric disorders. Brain
Res. https://doi.org/10.1016/j.brainres.2018.09.023.
Tejeda, H.A., Counotte, D.S., Oh, E., Ramamoorthy, S., Schultz-Kuszak, K.N., Bäckman,

702–715. https://doi.org/10.1002/cne.21464.
Margolis, E.B., Hjelmstad, G.O., Bonci, A., Fields, H.L., 2003. Kappa-opioid agonists directly inhibit midbrain dopaminergic neurons. J. Neurosci. 23, 9981–9986. [pii].
https://doi.org/10.1523/jneurosci.23-31-09981.2003.
Margolis, E.B., Hjelmstad, G.O., Bonci, A., Fields, H.L., 2005. Both kappa and mu opioid
agonists inhibit glutamatergic input to ventral tegmental area neurons. J.
Neurophysiol. 93, 3086–3093. [pii] 10.1152/jn.00855.2004. https://doi.org/10.
1152/jn.00855.2004.
Margolis, E.B., Lock, H., Chefer, V.I., Shippenberg, T.S., Hjelmstad, G.O., 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.
Margolis, E.B., Mitchell, J.M., Ishikawa, J., Hjelmstad, G.O., Fields, H.L., 2008. Midbrain
dopamine neurons: projection target determines action potential duration and dopamine D(2) receptor inhibition. J. Neurosci. 28, 8908–8913. https://doi.org/10.
1523/JNEUROSCI.1526-08.2008.
Margolis, E.B., Mitchell, J.M., Hjelmstad, G.O., Fields, H.L., 2011. A novel opioid receptor-mediated enhancement of GABAA receptor function induced by stress in
ventral tegmental area neurons. J. Physiol. 589, 4229–4242. https://doi.org/10.
1113/jphysiol.2011.209023.
Martinez, D., Slifstein, M., Matuskey, D., Nabulsi, N., Zheng, M.-Q., Lin, S., Ropchan, J.,
Urban, N., Grassetti, A., Chang, D., Salling, M., Foltin, R., Carson, R.E., Huang, Y.,
2019. Kappa-opioid receptors, dynorphin, and cocaine addiction: a positron emission
tomography study. Neuropsychopharmacology 1. https://doi.org/10.1038/s41386019-0398-4.
Massaly, N., Copits, B.A., Wilson-Poe, A.R., Hipólito, L., Markovic, T., Yoon, H.J., Liu, S.,
Walicki, M.C., Bhatti, D.L., Sirohi, S., Klaas, A., Walker, B.M., Neve, R., Cahill, C.M.,
Shoghi, K.I., Gereau, R.W., McCall, J.G., Al-Hasani, R., Bruchas, M.R., Morón, J.A.,
2019. Pain-induced negative aﬀect is mediated via recruitment of the nucleus accumbens kappa opioid system. Neuron. https://doi.org/10.1016/j.neuron.2019.02.
029.
Matsumoto, M., Hikosaka, O., 2009. Two types of dopamine neuron distinctly convey
positive and negative motivational signals. Nature 459, 837–841. https://doi.org/10.
1038/nature08028.
Melchior, J.R., Jones, S.R., 2017. Chronic ethanol exposure increases inhibition of optically targeted phasic dopamine release in the nucleus accumbens core and medial
shell ex vivo. Mol. Cell. Neurosci. 85, 93–104. https://doi.org/10.1016/j.mcn.2017.
09.007.
Meng, F., Xie, G.X., Thompson, R.C., Mansour, A., Goldstein, A., Watson, S.J., Akil, H.,
1993. Cloning and pharmacological characterization of a rat kappa opioid receptor.
Proc. Natl. Acad. Sci. U.S.A. 90, 9954–9958.
Mohebi, A., Pettibone, J.R., Hamid, A.A., Wong, J.-M.T., Vinson, L.T., Patriarchi, T., Tian,
L., Kennedy, R.T., Berke, J.D., 2019. Dissociable dopamine dynamics for learning and
motivation. Nature. https://doi.org/10.1038/s41586-019-1235-y.
Morales, M., Margolis, E.B., 2017. Ventral tegmental area: cellular heterogeneity, connectivity and behaviour. Nat. Rev. Neurosci. https://doi.org/10.1038/nrn.2016.165.
Morrell, J.I., Schwanzel-Fukuda, M., Fahrbach, S.E., Pfaﬀ, D.W., 1984. Axonal projections
and peptide content of steroid hormone concentrating neurons. Peptides 5 (Suppl. 1),
227–239.
Murphy, M.J.M., Deutch, A.Y., 2018. Organization of aﬀerents to the orbitofrontal cortex
in the rat. J. Comp. Neurol. 526, 1498–1526. https://doi.org/10.1002/cne.24424.
Navratilova, E., Ji, G., Phelps, C., Qu, C., Hein, M., Yakhnitsa, V., Neugebauer, V.,
Porreca, F., 2019. Kappa opioid signaling in the central nucleus of the amygdala
promotes disinhibition and aversiveness of chronic neuropathic pain. Pain 160,
824–832. https://doi.org/10.1097/j.pain.0000000000001458.
Omelchenko, N., Bell, R., Sesack, S.R., 2009. Lateral habenula projections to dopamine
and GABA neurons in the rat ventral tegmental area. Eur. J. Neurosci. 30,
1239–1250. https://doi.org/10.1111/j.1460-9568.2009.06924.x.
Pasternak, G.W., 1980. Multiple opiate receptors: [3H]ethylketocyclazocine receptor
binding and ketocyclazocine analgesia. Proc. Natl. Acad. Sci. U.S.A. 77, 3691–3694.
Patriarchi, T., Cho, J.R., Merten, K., Howe, M.W., Marley, A., Xiong, W.-H., Folk, R.W.,
Broussard, G.J., Liang, R., Jang, M.J., Zhong, H., Dombeck, D., Zastrow, M. von,
Nimmerjahn, A., Gradinaru, V., Williams, J.T., Tian, L., 2018. Ultrafast neuronal
imaging of dopamine dynamics with designed genetically encoded sensors. Science
360 eaat4422. https://doi.org/10.1126/science.aat4422.
Polter, A.M., Kauer, J.A., 2014. Stress and VTA synapses: implications for addiction and
depression. Eur. J. Neurosci. 39, 1179–1188. https://doi.org/10.1111/ejn.12490.
Poulin, J.-F., Arbour, D., Laforest, S., Drolet, G., 2009. Neuroanatomical characterization
of endogenous opioids in the bed nucleus of the stria terminalis. Prog.
Neuropsychopharmacol. Biol. Psychiatry 33, 1356–1365. https://doi.org/10.1016/j.
pnpbp.2009.06.021.
Poulin, J.-F., Zou, J., Drouin-Ouellet, J., Kim, K.-Y.A., Cicchetti, F., Awatramani, R.B.,
2014. Deﬁning midbrain dopaminergic neuron diversity by single-cell gene expression proﬁling. Cell Rep. 9, 930–943. https://doi.org/10.1016/j.celrep.2014.10.008.
Przybysz, K.R., Werner, D.F., Diaz, M.R., 2017. Age-dependent regulation of GABA
transmission by kappa opioid receptors in the basolateral amygdala of SpragueDawley rats. Neuropharmacology 117, 124–133. https://doi.org/10.1016/j.
neuropharm.2017.01.036.
Qi, J., Zhang, S., Wang, H.L., Barker, D.J., Miranda-Barrientos, J., Morales, M., 2016. VTA
glutamatergic inputs to nucleus accumbens drive aversion by acting on GABAergic
interneurons. Nat. Neurosci. 19, 725–733. https://doi.org/10.1038/nn.4281.
Radke, A.K., Gewirtz, J.C., 2012. Increased dopamine receptor activity in the nucleus
accumbens shell ameliorates anxiety during drug withdrawal.
Neuropsychopharmacology 37, 2405–2415. https://doi.org/10.1038/npp.2012.97.
Redmond, A.J., Morrow, B.A., Elsworth, J.D., Roth, R.H., 2002. Selective activation of the
A10, but not A9, dopamine neurons in the rat by the predator odor, 2,5-dihydro2,4,5-trimethylthiazoline. Neurosci. Lett. 328, 209–212.

10

Neurochemistry International 129 (2019) 104504

E.B. Margolis and A.N. Karkhanis

nor-binaltorphimine reduces dependence-induced excessive alcohol self-administration in rats. Addict. Biol. 16, 116–119. https://doi.org/10.1111/j.1369-1600.2010.
00226.x.
Wee, S., Koob, G.F., 2010. The role of the dynorphin-kappa opioid system in the reinforcing eﬀects of drugs of abuse. Psychopharmacology (Berlin) 210, 121–135.
https://doi.org/10.1007/s00213-010-1825-8.
Weele, C.M.V., Siciliano, C.A., Tye, K.M., 2018. Dopamine tunes prefrontal outputs to
orchestrate aversive processing. Brain Res. https://doi.org/10.1016/j.brainres.2018.
11.044.
Wells, A.M., Ridener, E., Bourbonais, C.A., Kim, W., Pantazopoulos, H., Carroll, F.I., Kim,
K.-S., Cohen, B.M., Carlezon, W.A., 2017. Eﬀects of chronic social defeat stress on
sleep and circadian rhythms are mitigated by kappa-opioid receptor antagonism. J.
Neurosci. 37, 7656–7668. https://doi.org/10.1523/JNEUROSCI.0885-17.2017.
Werling, L.L., Frattali, A., Portoghese, P.S., Takemori, A.E., Cox, B.M., 1988. Kappa receptor regulation of dopamine release from striatum and cortex of rats and Guinea
pigs. J. Pharmacol. Exp. Ther. 246, 282–286.
Whitﬁeld, T.W., Schlosburg, J.E., Wee, S., Gould, A., George, O., Grant, Y., ZamoraMartinez, E.R., Edwards, S., Crawford, E., Vendruscolo, L.F., Koob, G.F., 2015. κ
Opioid receptors in the nucleus accumbens shell mediate escalation of methamphetamine intake. J. Neurosci. 35, 4296–4305. https://doi.org/10.1523/JNEUROSCI.
1978-13.2015.
Xie, J.Y., De Felice, M., Kopruszinski, C.M., Eyde, N., LaVigne, J., Remeniuk, B.,
Hernandez, P., Yue, X., Goshima, N., Ossipov, M., King, T., Streicher, J.M.,
Navratilova, E., Dodick, D., Rosen, H., Roberts, E., Porreca, F., 2017. Kappa opioid
receptor antagonists: a possible new class of therapeutics for migraine prevention.
Cephalalgia 37, 780–794. https://doi.org/10.1177/0333102417702120.
Zhang, S., Qi, J., Li, X., Wang, H.L., Britt, J.P., Hoﬀman, A.F., Bonci, A., Lupica, C.R.,
Morales, M., 2015. Dopaminergic and glutamatergic microdomains in a subset of
rodent mesoaccumbens axons. Nat. Neurosci. 18, 386–392. https://doi.org/10.1038/
nn.3945.

C.M., Chefer, V., O'Donnell, P., Shippenberg, T.S., 2013. Prefrontal cortical kappaopioid receptor modulation of local neurotransmission and conditioned place aversion. Neuropsychopharmacology 38, 1770–1779. https://doi.org/10.1038/npp.
2013.76.
Tejeda, H.A., Hanks, A.N., Scott, L., Mejias-Aponte, C., Hughes, Z.A., O'Donnell, P., 2015.
Prefrontal cortical kappa opioid receptors attenuate responses to amygdala inputs.
Neuropsychopharmacology 40, 2856–2864. https://doi.org/10.1038/npp.2015.138.
Tejeda, H.A., Wu, J., Kornspun, A.R., Pignatelli, M., Kashtelyan, V., Krashes, M.J., Lowell,
B.B., Carlezon, W.A., Bonci, A., 2017. Pathway- and cell-speciﬁc kappa-opioid receptor modulation of excitation-inhibition balance diﬀerentially gates D1 and D2
accumbens neuron activity. Neuron 93, 147–163. https://doi.org/10.1016/j.neuron.
2016.12.005.
Thompson, A.C., Zapata, A., Justice, J.B., Vaughan, R.A., Sharpe, L.G., 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.
Threlfell, S., Lalic, T., Platt, N.J., Jennings, K.A., Deisseroth, K., Cragg, S.J., 2012. Striatal
dopamine release is triggered by synchronized activity in cholinergic interneurons.
Neuron 75, 58–64. https://doi.org/10.1016/j.neuron.2012.04.038.
Tzschentke, T.M., 1998. Measuring reward with the conditioned place preference paradigm: a comprehensive review of drug eﬀects, recent progress and new issues. Prog.
Neurobiol. 56, 613–672.
Tzschentke, T.M., 2007. Measuring reward with the conditioned place preference (CPP)
paradigm: update of the last decade. Addict. Biol. 12, 227–462. https://doi.org/10.
1111/j.1369-1600.2007.00070.x.
Ungerstedt, U., 1971. Stereotaxic mapping of the monoamine pathways in the rat brain.
Acta Physiol. Scand. Suppl. 367, 1–48.
Vijay, A., Cavallo, D., Goldberg, A., Laat, B. de, Nabulsi, N., Huang, Y., Krishnan-Sarin, S.,
Morris, E.D., 2018. PET imaging reveals lower kappa opioid receptor availability in
alcoholics but no eﬀect of age. Neuropsychopharmacology 43, 2539. https://doi.org/
10.1038/s41386-018-0199-1.
Walker, B.M., Zorrilla, E.P., Koob, G.F., 2011. Systemic κ-opioid receptor antagonism by

11

