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Abstract

Kappa opioid receptors (KORs) in the central nervous system have been known to be important
regulators of a variety of psychiatry illnesses, including anxiety and addiction, but their precise
involvement in these behaviors is complex and has yet to be fully elucidated. Here, we briefly
review the pharmacology of KORs in the brain, including KOR's involvement in anxiety,
depression, and alcohol addiction. We also review the known neuronal circuitry impacted by KOR
signaling, and interactions with corticotrophin-releasing factor (CRF), another key peptide in
anxiety-related illnesses, as well as the role of glucocorticoids. We suggest that KORs are a
promising therapeutic target for a host of neuropsychiatric conditions.
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Background: KORs in the Central Nervous System

Kappa opioid receptors (KORs) and their endogenous ligand, the peptide dynorphin
(Chavkin & Goldstein 1981a, Chavkin & Goldstein 1981b, Chavkin et al 1982) are at the
forefront of potential therapeutic targets for a range of health issues, including anxiety,
depression, and drug addiction (Bruchas et al 2010). Here, we outline current
neurobiological research of KORs, focusing on the discrete circuit elements that are
regulated by KOR signaling and their role in behavior.

Pharmacology

Kappa opioid receptors are seven transmembrane g-protein coupled receptors, coupled to
Gai/o, and are known to utilize a variety of signaling cascades (reviewed in detail, (Bruchas
& Chavkin 2010a)). KORs signal through both Ga and Gy subunits, and then activate a
host of downstream signaling molecules, thereby activating g-protein gated inwardly
rectifying potassium channels (GIRKSs), reducing calcium currents, and decreasing cyclic
AMP. KORs have been shown to activate both MEK/ERK (Belcheva et al 2005, Hahn et al
2010, Kivell et al 20144, Li et al 2012, McLennan et al 2008, Potter et al 2011, Yoshizawa
et al 2011) (although some groups do not see significant MEK/ERK activation following
KOR activation, see (Asensio et al 2006)) and MAPK signaling cascades, and in particular,
p38 (Bruchas et al 2006, Bruchas et al 2011, Hahn et al 2010, Y oshizawa et al 2011). This
KOR interaction with p38 is thought to be mediated by arrestin signaling; co-expression
with the dominant-mutant of B-arrestin prevents human KOR internalization in CHO cells
(Li et al 1999). The interaction between p38 and arrestin may mediate the dysorphia-like
side effects of KOR agonists (Bruchas et al 2007), possibly through a reduction in biogenic
amine levels (Chefer et al 2005, Spanagel et al 1994) such as serotonin, as shown in Bruchas
et al. The ability of KORs to signal through different GPCR signaling cascades may prove
useful in creating biased agonists at the KOR, allowing for therapeutic treatments for pain or
neuropsychiatric illnesses without the unwanted side effects, such as dysphoria and
psychomemetic effects observed in humans (Pfeiffer et al 1986). Interestingly, KORs can
utilize different signaling cascades in a single brain region (Hjelmstad & Fields 2003).
Notably, Hjelmstad & Fields demonstrated that while KOR activation inhibits GABA
release via a calcium dependent mechanism, it's inhibition of glutamate is calcium-
independent. Other groups have similarly demonstrated KOR-mediated inhibition of GABA
(Li et al 2012), but more in-depth assessments of biased KOR signaling in a single brain
region have not been conducted. Potent long acting inhibitors of KOR include norBNI
(Endoh et al 1992) and JDTic (Bruchas & Chavkin 2010b). More recently, short acting
antagonists such as LY2456302, and the tracer 11C-LY 2795050 developed by Eli Lilly and
Company have recently emerged (Lowe et al 2014, Zheng et al 2013). As KORs may utilize
different signaling cascades, understanding this divergent pharmacological mechanisms will
not only lead to greater understanding of the role KORs play in an assortment of behaviors
and conditions, it will also allow for greater tailoring of pharmacological treatments.
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The forced swim test (FST) is a classic screen for depressive phenotypes, and has been used
since the 1970s as a way to screen for novel antidepressive drugs (Porsolt et al 1977).
Porsolt et al. first described the FST as a measurement of behavioral despair, wherein
immobility indicates the animal is no longer attempting to escape the experimental
condition; antidepressants typically reverse this behavior (Castagné et al 2001) (however, it
should be noted that though the FST is effective as a screen for anti-depressants, it was not
originally intended as a measurement of an actual depressive phenotype in the rodent). KOR
antagonists produce antidepressant like effects in the FST, as measured by a decrease in
immobile behavior (Reindl et al 2008). A variety of studies have shown that administration
of the KOR antagonist norBNI leads to decreased immobility in the FST (Carr et al 2009,
Mague et al 2003). norBNI-induced decreases in immobility and increases in swimming are
observed in Wistar Kyoto rats, but not Sprague Dawleys, highlighting important strain
differences (Carr et al 2010). This effect was also seen when Carr et al. administered norBNI
directly into the piriform cortex. The KOR antagonist DIPPA prevented the adenosine-
mediated decrease in immobility time in the FST, highlighting how KORs' effect on
depressive-like behaviors may involve the moderation of other neurotransmitter systems
(Kaster et al 2007). Therefore, as the KOR system seems to produce a robust phenotype in
the FST, this behavioral test may function as a useful screen for future KOR antagonist
compound development.

In addition to it's effects on the FST model of depression, KORs are also involved in
depressive like states following drug withdrawal. Work from Chartoff et al. has
demonstrated that though norBNI alone had no effect on latency to immobility in the FST,
norBNI was able to block the cocaine-withdrawal induced decrease in time to immobility
(Chartoff et al 2012). Like norBNI, JDTic has been shown to decrease immobility in the
FST, and JDTic also decreased stress-induced reinstatement of cocaine responding
(Beardsley et al 2005). In other behavioral assays related to depression, site specific infusion
of the KOR antagonist norBNI in to either the hippocampus and nucleus accumbens was
able to prevent the depressive phenotype seen in a learned helplessness paradigm
(Shirayama et al 2004). Consistent with these results, KOR agonists also increase
intracranial self-stimulation (ICSS) thresholds, indicating a potential depressive-like
phenotype (Todtenkopf et al 2004).

Much of the animal literature has focused on KOR-modulation of anxiety related behaviors.
A common test for rodent anxiety, the elevated plus maze (EPM), involves letting the rodent
explore an apparatus with both closed arms and open exposed arms, with more time spent
exploring the open arms being indicative of an anxiolytic phenotype (Pellow & File 1986).
Knoll et al. showed that administration of the KOR antagonist norBNI resulted in an
anxiolytic phenotype in the EPM (Knoll et al 2011). KOR antagonists can also reverse the
anxiogenic effects of stress in the EPM (Peters et al 2011), and similarly, KOR antagonists
can reverse the anxiogenic effects of a KOR agonist (Valdez & Harshberger 2012). These
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experiments would point to an anxiogenic effect of KOR agonists, and an anxiolytic effect
of KOR antagonists. However, some contradictory literature has emerged: administration of
the KOR agonist Salvinorin-A increases both open arm time and entries into the open arm of
the EPM (Braida et al 2009). In addition, the KOR agonist U50,4888 can produce anxiolytic
effects in the EPM at low doses (10-100ug/kg) (Privette & Terrian 1995). These
discrepancies may be driven by two important points: first, in the Braida et al., study,
Salvinorin-A was used. Salvinorin-A has been shown to utilize the ERK1/2 signaling
cascade (Kivell et al 2014b), and this biased ligand may produce differential behavioral
effects as compared to those of other KOR agonists (this hypothesis of differential effects by
some KOR agonists is supported by work demonstrating that ICV administration of low, but
not high, doses of Salvinorin produces a robust conditioned place preference (Braida et al
2008)). Similarly, the global anxiogenic effect of KOR agonists may be dose dependent; the
conditioned place preference seen by Braida et al., as well as the anxiolytic effect in the
EPM seen by Privette & Terrian, were seen at lower doses of KOR agonists that typically
used. This may indicate that KOR agonists do have the potential to be used for therapeutic
purposes, but much more research is needed.

Taken together, the literature on KORs and both depression and anxiety provides a mixed
and muddled picture at best. Future experiments will need to address the nuances of
behavioral effects (such as comparing multiple KOR agonists, and importantly, detailed
dose response curves) in order to thoroughly understand the relationship between the
dynoprhin/KOR signaling system and depression and anxiety. In addition, circuit and site-
specific manipulations, discussed below, provide some clarity as to the convoluted effect
seen with systemic administration of KOR agonists. This provides key important
information as to how KOR modulation can be used to shift anxiety-related behaviors: both
low doses of KOR agonists, as well as KOR antagonists, may prove to be effective.

KORs have been shown to be involved in the consumption, withdrawal, and escalation of a
variety of drugs of abuse, such as alcohol (Zhou et al 2013) heroin (Schlosburg et al 2013,
Sedki et al 2014) and cocaine (Al-Hasani et al 2013, Trifilieff & Martinez 2013b). Despite
an abundance of literature showing KORs to be a promising therapeutic target for the
treatment of drug addiction (Hasebe et al 2004, Wee & Koob 2010) few drugs impacting the
KOR system have been taken to the level of human clinical trials. The KOR antagonist
JDTic did reach stage 1 clinical trials for the treatment of cocaine dependence, but the
research was terminated due to adverse effects (RTI-International May 9, 2012). The
antagonist LY 2456302 has upcoming phase 1 and phase 2 clinical trials for treatment
resistant depression, anxiety disorders, and has completed phase 1 clinical trials for alcohol
dependence (Massachusetts General Hospital July 30, 2013). The existing animal literature
on KORs and addiction, discussed below, should encourage further clinical investigations.

Work on the KOR system and cocaine has shown that activation of KORs can reduce
cocaine self-administration (Glick et al 1995), and the utility of mixed mu/kappa opioid
receptor agonists have been shown for the treatment of cocaine dependence (Bidlack 2014).
Administration of both a KOR agonist and cocaine blocks sensitization to the conditioned
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rewarding properties of cocaine using a conditioned place preference model (Shippenberg et
al 1996). Freeman and colleagues used experimental manipulations in non-human primates
to support the hypothesis that this suppression of self-administration and rewarding
properties of cocaine may be due to the ability of KOR agonists to punish responding for
cocaine (Freeman et al 2014). In these experiments, monkeys decreased operant responding
for either cocaine or remifentanil when paired with the KOR agonist Salvinorin A,
highlighting the potential role of the KOR system to curtail drug self-administration. The
hypothesized mechanism for KOR-induced changes in cocaine administration and
dependence is fairly well established, as KORs are present on dopaminergic terminals and
can inhibit dopamine release (Trifilieff & Martinez 2013a). However, Ehrich, Phillips, and
Chavkin (2014) found that KOR activation can potentiate cocaine-induced increases in
evoked dopamine release, depending on the timing of KOR activation and cocaine
administration (Ehrich & Phillips 2014). This study emphasizes that while KORs may be a
promising target for drug addiction, for cocaine in particular and likely for other drugs as
well, timing of the intervention may be crucial. If KOR activation can both increase and
decrease drug self-administration based on timing, it is unlikely to be useful for treating
addiction (to those particular drugs) in the real world.

KORs have also been implicated in morphine abuse, by interacting with morphine's ability
to potentiate dopamine release in the nucleus accumbens via its actions at the mu opioid
receptor (MOR) in the ventral tegmental area (Vander Weele et al 2014). Supporting this
hypothesis, MOR and KOR agonists have opposing effects on dopamine release, with the
former potentiating and the latter attenuating dopamine release (Di Chiara & Imperato
1988). Administration of the KOR agonist U50,488 is capable of blocking morphine
conditioned place preference (Funada et al 1993). Dynorphin-A levels are altered during the
development of morphine dependence, with levels increased in the hippocampus and
hypothalamus (Wan et al 1998). Interestingly, strains of mice with higher pro-dynorphin
expression appear to be morphine insensitive, hinting at a mechanism by which the
dynorphin/KOR system may protect against the abuse-potential of drugs activating the MOR
system (Gieryk et al 2010). Taken together, the existing literature on KOR/MOR
interactions suggests the dynorphin system may be a promising target for intervening in
MOR-related drugs of abuse, such as morphine.

Research regarding KORs and alcohol addiction has become more prevalent in the last
decade, with a greater emphasis being placed on the molecular role of the dynorphin system
(Faisal et al 2014) and its potential therapeutic role in alcoholism (Heilig & Schank 2014,
Nutt 2014, Walker et al 2012). Leeman et al. discussed in depth how various animal models
can appropriately recapitulate human studies, and importantly, the authors highlight the role
alcohol consumption and abstinence (as well as heavy drinking) can play in informing the
human literature (Leeman et al 2010). In the human population, genetic variants in the KOR
gene OPRK1 modulate alcohol consumption (Li & Zhang 2013, Wang et al 2014) (though
note that this effect is not replicated in all populations; see (Cupic et al 2013)). KOR
antagonists can prevent alcohol self-administration in alcohol preferring rat lines (Cashman
& Azar 2014). Interestingly, administration of KOR agonists can also attenuate responding
for alcohol in an operant paradigm (Henderson-Redmond & Czachowski 2014). KORs are
required for alcohol-induced increases in brain-derived neurotrophic factor (BDNF) in the
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striatum (Logrip et al 2008). Targeting KORs with U50,488 blocks the rewarding effects of
ethanol during conditioning, importantly, this was seen with sub-anxiogenic doses of the
KOR agonist (Logrip et al 2009). Mice lacking KORs show decreased alcohol self-
administration (Kovacs et al 2005), and alcohol self-administration leads to an upregulation
of dynorphin in the central amygdala, a region of the extended amygdala (D'Addario et al
2013). Mice lacking dynorphin show increased alcohol preference; however, in contrast to
control littermates, they do not show increased alcohol consumption following a mild
stressor (Racz et al 2013). Therefore, it seems that both antagonist and agonists of KORs
may play a promising therapeutic role in treating alcohol addiction, but much like the
cocaine, depression, and anxiety literature, the timing and nature of intervention and state of
the individual may be crucial.

Alcohol consumption, however, is only one part of the spectrum of alcohol addiction.
Reinstatement models (as reviewed in detail in (Le & Shaham 2002) allow for critical
assessment of another component of addiction, relapse. Though it can be difficult to model
alcohol relapse in a rodent (as noted in Leeman et al. 2009), reinstatement provides relevant
information on this topic. In addition to effects on alcohol consumption, KORs appear to
play an important role in withdrawal from alcohol and further alcohol seeking.
Administration of the KOR agonist U50,488 reinstated alcohol seeking in a norBNI-
dependent manner (Funk et al 2014). In addition, Funk and colleagues found that norBNI
pretreatment 2 hours before the session blocked yohimbine-induced reinstatement of alcohol
seeking, further elucidating the KOR/stress interactions in alcohol seeking behaviors.
Schank and colleagues similarly demonstrated that the KOR antagonist JDTic attenuates
both alcohol seeking behaviors and withdrawal (Schank et al 2012). Berger et al. has
demonstrated that norBNI dose-dependently decreased post-alcohol ultrasonic vocalizations,
an indicator of negative affective state; in addition, norBNI altered cue induced alcohol
consumption. (Berger et al 2013). However, Morales and colleagues demonstrated that the
KOR antagonist norBNI increased alcohol self-administration in male rats, while decreasing
self-administration in females, highlighting key differences in KOR-mediated alcohol
phenotypes (Morales et al 2014).

This relationship between alcohol and KORs may be bi-directional: mice exposed to alcohol
prenatally had altered KOR systems, and displayed an appetitive response to KORs
(Nizhnikov et al 2014). Interestingly, prenatal exposure to alcohol increases ethanol intake
later, and this effect is partially blocked by KOR antagonists (Diaz-Cenzano et al 2014).
And, despite the abundance of this behavioral evidence, little has been done to investigate
the mechanism of interaction between alcohol and KORs, and most of the existing literature
focuses in the central amygdala (Gilpin et al 2014, Kang-Park et al 2013, Kissler et al 2014).

Paradoxical Effects

The KOR system has been shown to be involved in numerous psychiatric-disease related
behaviors, including depression, stress, and addiction. Important studies using modern
genetic approaches have highlighted the multiple ways that KORs effect behavior, and
paradoxical effects have emerged when manipulating the dynorphin system. For example,
researchers found that when dynorphin was genetically deleted globally, mice showed
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enhanced cue-dependent fear conditioning (Bilkei-Gorzo et al 2012) as well as enhanced
social partner recognition (Bilkei-Gorzo et al 2014). In addition, these dynorphin knock out
(KO) mice showed decrease c-fos immunoreactivity in key limbic brain regions. In another
paper, the authors demonstrated that dynorphin KO mice show subtle alterations in anxiety,
most notably increased startle amplitude in the startle response test (Bilkei-Gorzo et al
2008). These results would conclude that dynorphin KO mice show increased fear and
anxiety, and increased pro-social behaviors. In contrast to this finding, administration of
norBNI or JDTic increases open arm time in the elevated plus maze (EPM), with no effect
on general locomotor behavior in rats (Knoll et al 2007), thought to be representative of an
anxiolytic phenotype (other examples of behavioral studies consistent with Knoll et al. are
outlined below). Though this work by Bilkei-Gorzo et al. may at first seem contradictory to
the dogmatic perspective of dynoprhin as a stress and anxiety peptide, it importantly
highlights the mixed role that dynorphin and KORs may play throughout the brain. While
KOR activation in regions such as the hippocampus may have protective effects, activation
in regions such as those involved in anxiety-related behaviors (amygdala, prefrontal cortex)
may have negative effects, as discussed below. In addition, key differences between the
work of the Bilkei-Gorzo et al. and Knoll et al. studies include timepoint of manipulation of
the KOR system; importantly, those where dynorphin is knocked out from birth, and
compensatory mechanisms may come on board, versus those with site-specific dynorphin
manipulations. The work from the Zimmer group may highlight that when KORs are
globally excised from birth, other compensatory mechanisms may regulate anxiety and fear
related behaviors. Equally important, the work by Bilkei-Gorzo et al. (2008, 2012, 2014)
was conducted in dynorphin KO mice maintained on a C57BI/6J background; Knoll et al.
used Sprague-Dawley rats, highlighting what may be important species differences in
mammalian models of anxiety related behaviors. In addition, an important study by Chefer
and Shippenberg provided some clarify to the perplexing effects sometimes seen with
dynorphin KO mice (Chefer & Shippenberg 2006). The authors find that developmental
compensations following dynorphin KO may lead to changes in the endogenous dopamine
system; specifically, dynorphin KO mice shown decreased extracellular dopamine in the
nucleus accumbens, resulting in a decreased responsiveness to cocaine. Thus, global
manipulation of the KOR/dynorphin system may prove to be problematic as a tool to
develop treatments for disorders related to the mesolimbic dopamine system, such as
anxiety, depression, and addiction, and must be pursued with caution. It may be more
fruitful to use pharmacological versus genetic manipulations of the dynorphin KOR system
when developing therapeutic lines of research.

Key brain regions have emerged as major players in the actions of KORs — notably, the
dorsal raphe (DR) nucleus, the ventral tegmental area (VTA), the nucleus accumbens
(NAC), the prefrontal cortex (PFC), the amygdala and extended amygdala, and the
hippocampus (HIPP). Novel technological approaches, including genetically modified mice,
optogenetics, and other site-specific manipulations, have allowed for a more in-depth
analysis of these crucial brain regions, further informing potential therapeutic targets.
Importantly, this approach has allowed researchers to parse apart discrepancies seen with
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classic behavioral pharmacology approaches, and provide a more detailed picture into the
roles of the KOR dynoprhin system.

Dorsal Raphe Nucleus

The DR contains the majority of the brain's serotonergic neurons (Lowery-Gionta et al
2014), and is involved in established KOR mediated behaviors, such as dysphoria (Lemos et
al 2012, Maier & Watkins 2005), and alcohol addiction (Tomkins et al 1994). Site-specific
administration of the KOR agonist U50,488 into the DR decreased extracellular serotonin by
approximately 30% (Tao & Auerbach 2005). Behaviorally, KORs in the DR have been
shown to be necessary for stress related behaviors. In recent years, work from Chavkin and
colleagues has thoroughly investigated KORs in the DR and their relationship to stress.
They demonstrated (Land et al 2009) that administration of the KOR antagonist norBNI into
the DR blocked not only aversive effects of the KOR agonist U50,488, but also blocked
stress-induced reinstatement of CPP. In addition, Land and colleagues further elucidated that
this phenotype is dependent on DR projections to the nucleus accumbens. In follow-up
studies, they (Bruchas et al 2011) demonstrated that stress regulates the serotonin transporter
via a p38 MAPK dependent mechanism, and that deletion of p38 from serotonin neurons in
the DR prevents the development of stress-induced avoidance behavior, as well as a host of
other stress-related phenotypes; this p38 mediated translocation of the SERT appears to be
KOR-mediated.

Further enhancing our understanding of KORs in the DR, Lemos et al. (2012) also
investigated KOR effects using slice electrophysiology. KOR activation in the DR produces
an inhibition of evoked glutamatergic transmission onto DR serotonergic neurons, as well a
decrease in miniature excitatory post synaptic current frequency (Lemos et al 2012).
Interestingly, Lemos and colleagues did not see changes in GABAergic transmission
(evoked and miniature), indicating KOR regulation of the serotonergic system may be
largely through inhibition of excitatory inputs onto serotonin neurons. However, no
published work to date has looked at KOR modulation onto other DR neuron subtypes, such
as the dopaminergic population; other neurons may also be inhibited by KOR, effectively
shutting down DR communication. In addition, KORs increase post-synaptic G-protein-
gated inwardly rectifying potassium channels (GIRK) currents in the DR; this KOR-
activated GIRK is reduced following exposure to a two day forced swim stress procedure
while the effects of KORs on glutamate transmission remain unaltered following stress. This
work was complementary to previous published work (Pinnock 1992) that demonstrated
KOR activation inhibited excitatory post-synaptic potentials (EPSPS) in the DR. However,
Pinnock did not see any effects on membrane potential with the KOR agonist CI-977. In
contrast to the GIRK-mediated effects of U69593 shown by Lemos et al. Pinnock did not
have access to cell-type specific recording techniques; in addition, Pinnock's study was
conducted in rats while Lemos et al.'s was conducted in mice, possibly explaining the
differences in the two publications.

Ventral Tegmental Area

Kappa opioid receptors have been studied in the VTA for their role in the inhibitory
modulation of dopamingeric neurons (Shippenberg et al 1993), both on the cell bodies

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowley and Kash

Page 9

within the VTA and downstream dopamine targets, such as the medial prefrontal cortex
(Tejeda et al 2013). KORs have been demonstrated to co-express with the dopamine
transporter (Svingos et al 2001), and KORs located on dopaminergic neurons are necessary
for conditioned place aversion (Chefer et al 2013). Chefer et al. demonstrated that when
KORs are selectively deleted from dopamine neurons, mice do not display conditioned place
aversion to a systemic KOR agonist, as their control counterparts do. This work is consistent
with previously published studies demonstrated that microinjection of a KOR agonist
directly into the VTA produce conditioned place aversion (Bals-Kubik et al 1993), and is
consistent with slice electrophysiology experiments demonstrating that postsynaptic KORs
directly inhibit dopamine neurons (Margolis et al 2003). There are likely KORs located on
other neurons within the VTA as well, such as on the gabaergic populations synapsing onto
dopamine neurons (Graziane et al 2013). Graziane et al. demonstrated that an acute stressor
blocks GABAergic long-term potentiation (LTP) in the VTA, but this LTP is rescued when
a KOR antagonist is administered prior to exposure to the stressor. In addition, slice
experiments have demonstrated that KORs inhibit glutamate transmission onto VTA
neurons (Margolis et al 2005) (notably, a previous study did not see KOR inhibition of
glutamate transmission in the VTA (Manzoni & Williams 1999); however, as noted in the
Margolis et al., paper, Manzoni & Williams did see a high degree of variability in their KOR
agonists effects, and an inhibition may have emerged if parsed apart by cell type
characteristics. For example, (Margolis et al 2006) demonstrate that KORs selectively
inhibit PFC projecting dopamine neurons in the VTA, and to the amygdala (Margolis et al
2008), but not those that project to the NAC. Importantly, interactions with other
neuropeptides have recently been discovered; dynorphin projections to the VTA also co-
express with orexin, and orexin can facilitate reward in ICSS by blocking KOR-mediated
effects (Muschamp et al 2014). Taken together, work on KORs in the VTA shows a
surprisingly consistent and concise effect on dopamine neurons and local circuitry, as well
as conditioned place aversion and addiction, but much work is left to be done in order to
understand how this local circuit interacts with inputs to the VTA. Importantly, KORs also
modulate the major downstream target of the VTA, the NAC, discussed below.

Nucleus Accumbens

Dynorphin and KORs are known to be important regulators of NAC circuitry; KOR
activation inhibits glutamate transmission in the NAC, and is abolished during cocaine
withdrawal (Mu et al 2011). Using microdialysis, Spanagel et al. (Spanagel et al 1992)
demonstrated that activation of KORs by the KOR agonist U69593 inhibited dopamine
release (and complementary, the antagonist norBNI enhanced dopamine release).
Interestingly, the main dopaminergic projection to the NAC, arising from the ventral
tegmental area (VTA) is also inhibited by KOR activation (Margolis et al 2003). The
Berridge lab (Castro & Berridge 2014) recently published a comprehensive study of opioids
in the NAC: activation of KORs (as well as the u- and delta- opioid receptors) in the NAC
“hotspot”, the rostrodorsal quadrant of the medial shell, was found to positively regulate
“liking” and “wanting” responses. Castro & Berridge similarly discovered a “coldspot” for
hedonic responses in the NAC. This work very importantly, and interestingly, indicates that
not just KORs, but the location of KORs, may be integral to their much-researched
regulation of stress and anxiety related behaviors.
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Stress increased prodynorphin mRNA in the NAC, possibly through a CREB dependent
mechanism (Chartoff et al 2009). Following resident intruder stress, dynorphin mRNA in
the NAC dorsal and medial shell is increased, which, in conjunction with other experiments,
the authors hypothesize promotes maladaptive behavioral responses following stress
(Berube et al 2013). Similarly, dynorphin mRNA in the NAC was altered following
protracted withdrawal from repeated immaobilization stress (Lucas et al 2011). Following a
forced swim stress procedure, Bruchas et al. found increased phosphorylation of ERK1/2 in
the NAC, which was blocked by the KOR antagonist norBNI and absent in KOR knockout
mice (Bruchas et al 2008). Stress similarly causes a dynorphin-dependent increase in KOR
activation in the NAC, as well as the basolateral amygdala, HIPP, DR, and basolateral
amygdala, all discussed in detail in other sections of this review (Land et al 2008).

Much of the work on KORs in the NAC has been done in the context of drug addiction,
particularly cocaine, allowing greater clarity as to how KORs modulate the reward system.
The Shippenberg group (Gehrke et al 2008) demonstrated that KORs enhance cocaine-
evoked dopamine overflow. Similarly, the Chavkin lab (Ehrich & Phillips 2014) showed
that KOR activation can enhance cocaine-induced increases in dopamine release. Erich and
colleagues explain the time dependence of KOR agonist/cocaine administration: when
KORs are activated in close proximity to cocaine administration,a dysphoric effect occurs,
as the KOR activation has blocked cocaine's rewarding properties; however, when they are
activated at greater time differences (over 20 minutes apart), the KOR activation leads to a
greater enhancement of the cocaine's effects, possibly to overcome the dysphoric effect of
the KOR activation. Previously, the Chavkin lab (McLaughlin et al 2006) similarly
demonstrated that KORs effects on cocaine conditioned place preference (CPP) were time
dependent; in addition, forced swim stress induced cocaine CPP was unaltered in KOR(-/-)
mice as compared to WT controls, and the effect in WTs was blocked by the KOR
antagonist norBNI (also see (McLaughlin et al 2003)). These findings provide important
insight into the time dependents of KOR-mediate stressors and the development of drug
addiction; blocking KORs during stress may help prevent the development of further
cocaine use.

Modulation of KORs has potential therapeutic benefits for other drugs of abuse as well. The
Koob lab (Schlosburg et al 2013) found that pretreatment with norBNI prevented escalation
in heroin intake seen in a long-access paradigm in rats, while also reducing anxiety-like
behavior seen with withdrawal. This decrease in heroin self-administration was also seen
when norBNI was administered site-specifically into the NAC shell (however,
administration into the NAC core increased heroin self-administration, but not the escalation
of intake).

Prefrontal Cortex

Though much work has been done looking at the role of KORs the main nuclei of the
mesolimbic dopamine system (the NAC and VVTA), other downstream dopaminergic
projections, such as the PFC. KORs are known to be located presynaptically in the PFC
(Svingos & Colago 2002), and recently Tejeda and colleagues looked at this putative
pathway in-depth. Tejeda and colleagues (Tejeda et al 2013) demonstrated that systemic
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administration of the KOR agonist U50,488 decreased extracellular dopamine levels in the
medial PFC (without altering reuptake). Interestingly, they also demonstrated KORs
presynaptically inhibit glutamate release onto pyramidal neurons. This provides a putative
circuit for Bals-Kubik et al.'s (Bals-Kubik et al 1993) findings that administration of a KOR
agonist directly into the PFC causes a conditioned place aversion, possibly through
inhibition of dopaminergic and glutamateric drive onto PFC neurons.

The Amygdala and Extended Amygdala

The basolateral amygdala (BLA) and its downstream nuclei, the central nucleus of the
amygdala (CeA) and bed nucleus of the stria terminalis (BNST) are enriched with both KOR
and dynorphin, and thus are of increasing interest. The Carlezon group (Knoll et al 2011)
demonstrated that fear conditioning upregulated KOR mRNA in the BLA (but not CeA),
and that site-specific administration of the KOR antagonist JDTic decreased conditioned
fear (effective fear conditioning was associated with a reduction of KOR mRNA in the
BLA). Interestingly, administration of JDTic to the BLA (but not CeA) produced an
anxiolytic phenotype in the elevated plus maze (EPM), a common anxiety test. The Chavkin
Lab (Bruchas et al 2009) previously published a similar anxiolytic effect of BLA KORs;
they found site specific administration of norBNI blocked a forced swim- or CRF- induced
stress phenotype in the EPM. It has also been found that activation of KORs by U50,488
decreased synaptic local field potentials, as well as blocked high-frequency-induced long
term potentiation (Huge et al 2009). However, the mechanism of KORs in the BLA has not
been investigated further.

Dynorphin containing neurons have been demonstrated in the CeA, where they occasionally
co-express with CRF (Marchant et al 2007). Following alcohol intake, sardinian alcohol
preferring (SP) rats show increased preprodynorphin levels in the CeA as compared to both
alcohol naive- SP rats and alcohol naive- non preferring rats (Zhou et al 2013). Work by
Koob et al. and Roberto et al. has focused extensively on characterizing KORs here, and
their interactions with alcohol. Gilpin and colleagues (Gilpin et al 2014) demonstrated that
KOR activation by dynorphin decreased GABAergic transmission in the CeA, while the
antagonist norBNI enhanced GABAergic transmission, indicating the presense of a tonic
dynorphin tone. In addition, Gilpin et al. showed that KOR activation partially blocked the
effects of ethanol at these synapses. This effect was complementary to results published the
previous year (Kang-Park et al 2013) demonstrated that KOR activation decreased
GABAergic transmission in the CeA, and also demonstrating tonic activation of KORs,
through a presynaptic mechanism. Interestingly, previous studies have shown that KOR
activation decreased GABAergic transmission in naive rats, consistent with Gilpin et al.,
while it increased GABAergic transmission in rats exposed to a long-access cocaine
paradigm (Kallupi et al 2013). They also found that site-specific administration of norBNI
blocked cocaine-induced locomotor sensitization, as well as decreased withdrawal related
behaviors. KORs in the CeA may prove to be an interesting target for the manipulation and
treatment of alcohol consumption.

Though dynorphin and KORs are known to be present throughout the BNST (Poulin et al
2009), very little work has been conducted in this region. In 2010, the Kash Lab (Li et al

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crowley and Kash

Page 12

2012) demonstrated that activation of KORs produced a robust inhibition of GABA
transmission from the CeA, and that this inhibition was presynaptic and MEK/ERK
signaling dependent. Despite this promising avenue of investigation, no systematic work has
been conducted to further assess KORs in the BNST, either at the pharmacological or
behavioral level.

Hippocampus

KORs play an essential role in HIPP circuitry (Chavkin et al 1985) Dynorphin has been
shown to control glutamate transmission in the hippocampus (Wagner et al 1993, Weisskopf
et al 1993), as well as increase cell excitability in dentate gyrus granule cells (McDermott &
Schrader 2011). Dynorphin is released from granule cells in the HIPP, and acts as a
retrograde transmitter to inhibit excitatory inputs in the HIPP (Drake et al 1994); for further
reading see (Chavkin 2000). In addition, Dynorphin activates an inwardly rectifying
potassium channel as well as voltage gated potassium channels (Wimpey & Chavkin 1991),
including functioning to inhibit M current, a voltage-dependent potassium current, in CAl
neurons (Madamba et al 1999). Administration of the KOR antagonist norBNI directly into
the HIPP reversed ethanol-induced changes in glutamate transmission (Kuzmin et al 2013).
Bilkei-Gorzo et al. showed that mice lacking dynorphin show increased partner recognition;
in addition, when exposed to object or social recognition paradigms, mice showed increased
Dynorphin-A immunoreactivity in the hippocampus, central amygdala, and basolateral
amygdala (Bilkei-Gorzo et al 2014). They have also demonstrated that mice lacking
dynorphin show enhanced fear conditioning, known to involve the hippocampus (Bilkei-
Gorzo et al 2012) (however note differences between the effects seen by the Carlezon group
with systemic administration of norBNI, discussed above). This work seems to indicate a
potential protective effect of KORs in the HIPP. In addition, stress causes both KOR and
p38 activation in a variety of brain regions, including the hippocampus, and this was not
seen in KOR-/- mice (Bruchas et al 2007). Similar experiments have shown that a single
immobilization stress results in increased Dynorphin-A immunoreactivity in the
hippocampus as well as the nucleus accumbens (Shirayama et al 2004). Shiryama et al. also
demonstrated that infusion of the KOR antagonist norBNI directly into CA3 produced
antidepressant effects. Recently, investigators have begun to elucidate some of the
mechanism of KOR induced alterations in the HIPP. Previous work demonstrated that
dynorphin was upregulated in the HIPP following inhibition of NMDA receptors, in a
pCREB-dependent manner (Rittase et al 2014), and others have shown that dynorphin
inhibition of NMDA receptors appears to be pH dependent (Kanemitsu et al 2003).
Interestingly, KORs and dynorphin in the HIPP have also been heavily investigated for their
potential role in epilepsy (Clynen et al 2014, Dobolyi et al 2014). Dynorphin levels are
elevated in the HIPP following a kainic acid induced seizure in rats (Rocha & Maidment
2003). proDynorphin knockout mice show decreased seizure threshold and faster seizure
onset (Loacker et al 2007). Administration of a KOR agonist prevents drug-induced seizures
in mice, possibly indicating the presence of a regulatory dynorphin ton in the HIPP (Solbrig
et al 2006). In the clinical population, prodynorphin transcription is upregulated in patients
with temporal lobe epilepsy (Pirker et al 2009). In line with this information, researchers
have speculated that KOR activation may be a potential treatment for seizures, treating
abhorrent dynorphin release/KOR activation in the hippocampus (Bortolato & Solbrig
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2007). This exciting line of hippocampal KOR research provides a promising therapeutic
outcome for KOR drugs.

Interactions with other signaling molecules

Corticotrophin-releasing factor

It is difficult to discuss the role of KORs in brain functioning without discussing its
interactions with the closely related peptide corticotropin-releasing factor (CRF). The
interactions between the KOR and CRF systems have been investigated heavily (Koob 2013,
Land et al 2008, Tejeda et al 2010). The KOR and CRF systems have long been thought to
interact in order to orchestrate anxiety-like responses. Like Dynorphin, CRF is a
neuropeptide released in response to stress (Koob 1999). Dynorphin and CRF are co-
expressed in the periventricular nucleus of the hypothalamus (Roth et al 1983) as well as the
hypothalamic supraoptic nucleus (Meister et al 1990). Axon terminals in the locus coeruleus
coexpress dynorphin and CRF, most likely arising for the Dynorphin-CRF co-expressing
neurons in the central amygdala (Reyes et al 2008). In addition to this anataomical overlay
between the two peptidergic systems, behavioral experiments have hinted at their
interactions as well. For example, the KOR antagonist JDTic attenuates CRF-mediated
performance errors in a five choice serial reaction time task (Van't Veer et al 2012).

Though much of the literature on stress-related effects focuses on the CRF-1R, an emerging
importance has been shown for CRF-2R as well (Gysling 2012), indicating the two receptors
may have differing interactions with the KOR system (CRF-1R and CRF-2R are commonly
thought to mediate opposing responses, possibly through different locations in the synapse,
see (Fu & Neugebauer 2008)). In the basolateral amygdala, CRF-1 mediated anxiety-like
behaviors are dependent on the KOR system (Bruchas et al 2009). Importantly, CRF-1R
antagonists can block KOR-dependent reinstatement of cocaine seeking (Valdez et al 2007),
and antalarmin, a CRF-1R antagonist, blocked KOR-agonist induced reinstatement of
alcohol seeking (Funk et al 2014), highlighting not only how KOR-CRF systems interact in
relation to stress and anxiety, but addiction as well. Other work has highlighted the
importance of the CRF-2R. Activation of CRF receptors in the CeA increased dynorphin
levels as measured by microdialysis; acute alcohol administration also increased dynorphin
levels, but this was blocked by a CRF-2R antagonist (a CRF-1R antagonist had no effect)
(Lam & Gianoulakis 2011). In addition, injection of CRF produces a KOR-dependent place
aversion, which was blocked by a CRF-2 antagonist but not a CRF-1R antagonist (Land et al
2008). Supporting this, CRF-1R -/- mice still show KOR-dependent place aversion
(Contarino & Papaleo 2005), although this study did not assess CRF-2R -/- mice.

Taken together, CRF-1Rs may interact with KORs to mediate anxiety (and anxiety related to
drug withdrawal and relapse), while CRF-2Rs may interact with KORs in a more nuanced
manner, possibly related to aversion. This potential interaction between CRF and KOR
systems provides further information for the development of therapeutic targets for stress
and addiction related disorders, as the two peptidergic systems can be targeted
simultaneously. Further work is necessary to elucidate the causal nature of the KOR-CRF
systems (for example, KOR activation may induce CRF release, see (Valdez et al 2007)), to
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better understand their relationship (KOR-CRF, CRF-KOR, or bidirectional, and the
importance of CRF-1Rs versus CRF-2Rs).

Glucocorticoids

A smaller literature has emerged looking at interactions between glucocorticoids and KORs.
In non-rodent models, KOR agonists have been shown to bind to glucocorticoid receptors
(Evans et al 2000), and KORs are known to interaction with the hypothalamic pituitary
adrenocortical (HPA) axis (lyengar et al 1986, lyengar et al 1987). Prodynorphin mRNA in
the hippocampus was decreased in adrenalectomized (ADX) mice, and the effect was
rescued with dexamethasone (Thai et al 1992); similar results were seen with aldosterone
(Watanabe et al 1995). This initial work points towards the interaction between
glucocorticoids and the KOR dynorphin system, although much work is left to be done
(particularly, studies should address this relationship outside of the hippocampus, in other
regions related to the HPA axis, such as the extended amygdala)

Conclusion: Role of KORs in stress and anxiety, potential as a novel
therapeutic target

Despite the implication that KORs are involved in a wide range of psychiatric conditions,
ranging from maladaptive disorders such as addiction and anxiety, to basal states such as

social interaction and learning and memory, their use as therapeutics in the clinic has thus
far been limited.

In addition, though classic behavioral pharmacology literature has focused on the aversive or
the anxiogenic properties of KOR agonists, the invention of novel and advanced techniques
to probe the site-specific and molecular interactions with KORs may soon add much needed
nuance this global statement. Importantly, we hypothesize that is unlikely that KORs in any
single region work in isolation to modulate any given condition, such as anxiety. More
likely, is that KORs throughout the brain function to modulate interactions between key
brain regions involved in anxiogenic phenotypes (such as the interactions between the PFC,
HIPP, and NAC). This point is further supported by differences seen in experiments using
global dynorphin KOs and systemic administration of the KOR antagonist norBNI: the
dynorphin KOR system may function in discrete brain regions to regulate the anxiogenic-
anxiolytic spectrum of behaviors by keeping behavioral responses in an optimal range;
neither global deletion nor global blockade of components of the KOR system will function
properly to modulate behavior. As KORs modulate many of the major circuits involved in
psychiatric behaviors (Figure 1), they may be functioning to dampen or enhance
communication between key circuits involved in anxiety, as opposed to just taking offline a
single nucleus. As further work probes these questions, it may emerge that dynorphins and
KORs, in some cases, serve anxiolytic purposes depending on the functional status of the
circuit

While KOR antagonists have been at the forefront of treatment options for psychiatric
illnesses, they are also implicated in a medley of other physiological disorders, including salt
consumption (Nascimento et al 2012), epilepsy and hypertension (though hypertension is
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not discussed here, see(Wright & Ingenito 2001, Wright & Ingenito 2003, Wright et al 2000)
for further reading). This brings together the importance of the “whole body” perspective
when considering KOR drugs as therapeutic treatment for brain-related diseases.
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Figure 1. Kappa Opioid Receptors modulate the interactions between major circuits involved in
stress responses, anxiety, and addiction

KORs are found in many key brain regions known to be involved in a variety of diseases,
such as anxiety and addiction. It has been found that KORs do not only mediate aversive or
anxiogenic responses (red circles); literature has shown that KORs (red and white circles)
can also be reinforcing, such as in the nucleus accumbens. In addition, dynorphin knockout
mice show increased fear conditioning. Key: Orbital frontal cortex (OFC); Pre frontal cortex
(PFC); Nucleus accumbens (NAC); Amygdala and extended amygdala (AMG);
Hippocampus (HIPP); Ventral Tegmental Area (VTA); Dorsal Raphe Nucleus (DR); Kappa
Opioid Receptor (K).
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