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Abstract
This review represents the focus of a symposium that was presented at the “Alcoholism and
Stress: A Framework for Future Treatment Strategies” conference in Volterra, Italy on May 3–6,
2011 and organized / chaired by Dr. Brendan M. Walker. The primary goal of the symposium was
to evaluate and disseminate contemporary findings regarding the emerging role of kappa-opioid
receptors (KORs) and their endogenous ligands dynorphins (DYNs) in the regulation of escalated
alcohol consumption, negative affect and cognitive dysfunction associated with alcohol
dependence, as well as DYN / KOR mediation of the effects of chronic stress on alcohol reward
and seeking behaviors. Dr. Glenn Valdez described a role for KORs in the anxiogenic effects of
alcohol withdrawal. Dr. Jay McLaughlin focused on the role of KORs in repeated stress-induced
potentiation of alcohol reward and increased alcohol consumption. Dr. Brendan Walker presented
data characterizing the effects of KOR antagonism within the extended amygdala on withdrawal-
induced escalation of alcohol self-administration in dependent animals. Dr. Georgy Bakalkin
concluded with data indicative of altered DYNs and KORs in the prefrontal cortex of alcohol
dependent humans that could underlie diminished cognitive performance. Collectively, the data
presented within this symposium identified the multifaceted contribution of KORs to the
characteristics of acute and chronic alcohol-induced behavioral dysregulation and provided a
foundation for the development of pharmacotherapeutic strategies to treat certain aspects of
alcohol use disorders.
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Alcohol use disorders, comprising alcohol abuse and dependence, are a pervasive problem,
with rates in the United States climbing from 7.41% in 1991–1992 to 8.5% in 2004 (Grant et
al., 2004) for person 18 years of age and older. Furthermore, factors related to alcohol
consumption have been shown to be the third leading cause of preventable death (Mokdad,
Marks, Stroup, and Gerberding, 2004) and societal costs associated with alcohol use
disorders have been estimated to be at least $148 billion per year (Harwood, Fountain, and
Livermore, 1998). Clearly, an impetus for research and treatment of alcohol use disorders
exists and progress in this area would be extremely beneficial to the society at large.

Acute alcohol stimulates the release of the endogenous opioid peptides β-endorphin
(βEND), enkephalin (ENK), and dynorphin (DYN; Gianoulakis et al., 1996; Marinelli et al.,
2003; Marinelli et al., 2004; Dai et al., 2005; Marinelli et al., 2005; Marinelli et al., 2006;
Lam et al., 2008; Jarjour et al., 2009) and nonselective antagonists for opioid receptors
reduce alcohol consumption in humans (Volpicelli et al., 1992; Mason et al., 1994) and
alcohol consumption and self-administration in rats (Gonzales and Weiss, 1998; Stromberg
et al., 2001; Coonfield et al., 2002; Shoemaker et al., 2002; Walker and Koob, 2008a;
Walker and Ehlers, 2009; Nealey et al., 2011). Selective antagonists of the μ- and δ-opioid
receptor (MOR and DOR, for which the endogenous ligands are βEND and ENK,
respectively) have been shown to reduce alcohol self-administration (Stromberg et al., 1998;
Hyytia and Kiianmaa, 2001), whereas antagonists selective for the κ-opioid receptor (KOR,
for which DYN is the endogenous ligand) generally show no effect on nondependent alcohol
self-administration (Williams and Woods, 1998; Doyon et al., 2006; Walker and Koob,
2008a; Logrip et al., 2008; Walker et al., 2010), but see Mitchell (2005). Thus, evidence
suggests that the MOR and DOR are viable targets to reduce the positive reinforcing effects
of alcohol in nondependent cohorts, whereas DYN / KOR systems do not appear to be
involved in the positive reinforcing effects of alcohol. However, evidence has been
accumulating that DYN / KOR systems contribute to the negative reinforcing effects of
alcohol (Walker and Koob, 2008b) based, in part, on the pro-depressive effects of DYN /
KOR system activation (Todtenkopf et al., 2004; Carlezon et al., 2005), the anti-depressant
properties of KOR antagonists (Pliakas et al., 2001; Mague et al., 2003; Carr et al., 2010)
and involvement of KORs with the dysphoria produced by stress (McLaughlin et al., 2003;
Land et al., 2008).

Because of the intricate relationship between alcohol and the endogenous opioid peptide
systems (EOS), it is extremely important to determine if the EOS is altered by chronic
alcohol exposure and, if so, whether those neuroadaptations contribute to the excessive
alcohol consumption (Rimondini et al., 2003; O’Dell et al., 2004; Walker and Koob, 2007),
increased negative affect (Brown and Schuckit, 1988; Schuckit et al., 1997a; Walker et al.,
2010) or dysregulated cognitive processing associated with decision-making and behavioral
control (Crews and Boettiger, 2009; Boettiger et al., 2009; Love et al., 2009) that are
characteristic of alcohol dependence. Of additional interest is whether the activation of
KORs following exposure to chronic stressors (either independent of, or associated with,
dependence) contributes to maladaptive behavioral responses such as increased drug reward
and drug-seeking behavior (McLaughlin et al., 2003; McLaughlin et al., 2006; Carey et al.,
2007; Valdez et al., 2007). In the present symposium, Drs. Walker, Valdez, Bakalkin and
McLaughlin present data that address these four lines of inquiry, respectively. Because the
effects of repeated stress could be a precipitating factor for excessive alcohol consumption
and hasten the transition to dependence or reflective of the repeated cycles of withdrawal
that are associated with dependence, this review will lead with Dr. Valdez and
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McLaughlin’s components, followed by Dr. Walker and Bakalkin’s data and interspersed
discussion related to chronic alcohol exposure and alcohol dependence.

Stress, Alcohol Use Disorders and Negative Affect
There is significant comorbidity between alcohol use disorders / alcohol dependence and
affective disorders (Regier et al., 1990; Grant and Harford, 1995; Schuckit et al., 1997b),
with a substantial percentage of those classified as alcoholic also experiencing major
depression (Roy et al., 1991) or an anxiety disorder (Schuckit et al., 1997b). Indeed, it has
been suggested that some individuals may use alcohol to “self– medicate” symptoms of
anxiety and depression (Gilligan et al., 1987; Khantzian, 1990; Markou et al., 1998), which
can lead to escalated alcohol use and relapse behaviors. Importantly, symptoms of negative
affect can stem from different etiologies that may be alcohol independent or alcohol–
induced (Schuckit et al., 1997a; Hasin and Grant, 2002). These symptoms of negative affect
appear to be intensified depending on the presence of physiological signs of withdrawal (i.e.,
depending on the level of dependence) and can persist for extended periods after such
withdrawal has dissipated (Brown and Schuckit, 1988). However, there are currently no
pharmacological treatments for the negative affective consequences of excessive alcohol use
(Heilig and Koob, 2007), and antidepressant treatment has produced mixed results in
reducing alcohol consumption in dependent individuals (Torrens et al., 2005). Recent
evidence has implicated the DYN / KOR system involvement with negative affective
phenotypes (Todtenkopf et al., 2004; Carlezon et al., 2005) and the dysphoria produced by
stress (Land et al., 2008; McLaughlin et al., 2003).

The presence of physiological withdrawal symptoms can be indicative of an organism’s
level of dependence and differentiate the extent of certain negative affective characteristics
in alcohol dependent populations (Schuckit et al., 1997b). When modeling dependence in
animals, it follows that an ideal appraisal should assess multiple symptoms / behaviors in
order to establish the appropriate conditions for later comparisons. For example, it has been
shown that use of ethanol vapor exposure to induce dependence clearly produces
physiological withdrawal symptoms (Schulteis et al., 1995; Roberts et al., 1996), as well as
increased negative affective states resembling anhedonia, anxiety and depression (Baldwin
et al., 1991; Rassnick et al., 1993; Schulteis et al., 1995; Valdez et al., 2002; Zhao et al.,
2007; Walker et al., 2010). However, it must be noted that other animal models of alcohol
abuse that do not produce physiological withdrawal per se can show signs of altered
affective states that are characterized by anxiogenic responses when alcohol is unavailable
(e.g., Holter et al., 1998). One of the most common measures of anxiety-like behavior in
rodents is the elevated plus-maze (EPM), which examines exploration of an unfamiliar
environment as a conflict with a safe environment (Pellow et al., 1985; Pellow, 1986). Rats
chronically exposed to alcohol show decreased open arm exploration in the EPM, an
indication of an anxiety-like state, when tested during withdrawal (Baldwin et al., 1991;
Rassnick et al., 1993; Rasmussen et al., 2001; Valdez et al., 2002; 2004). However, the role
of DYN / KOR systems in regard to alcohol withdrawal-related stress has yet to be fully
characterized.

Dr. Valdez presented data indicating that kappa opioid mechanisms play a role in the
regulation of stress-related behavior due to withdrawal from alcohol (Valdez, unpublished
observations). Following chronic access to an alcohol liquid diet (average intake =14.6 +/
−1.3 g/kg for 28 days), rats received injections of the KOR antagonist norbinaltorphimine
(nor-BNI, 0.0, 10.0 or 20.0 mg/kg, i.p.) 24 hours prior to testing in the elevated plus maze.
Rats fed the alcohol diet showed a significant decrease in open arm exploration during acute
withdrawal, an effect attenuated by injections of nor-BNI when compared to control. Nor-
BNI did not affect total arm entries, an indication of locomotor behavior, suggesting that this
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effect was unlikely due to a general change in motor activity. A parallel study found that
nor-BNI (20 mg/kg) also reversed anxiety-like behavior in rats injected with the kappa
agonist (trans)-3,4-dichloro-N-methyl-N-[2- (1-pyrrolidinyl)-cyclohexyl]benzeneacet-amide
(U50,488, 10 mg/kg i.p.), suggesting that similar mechanisms are involved in the regulation
of alcohol withdrawal- and kappa agonist-induced changes in behavior. These data suggest
that the activation of kappa opioid receptors is involved in the regulation of stress-related
behavior during withdrawal.

In conclusion, anxiety and depression appear to be critical factors contributing to relapse in
many alcoholics. With regard to animal models, the reinstatement procedure has been used
in the field of drug abuse research for over 20 years and is considered to be a valid model of
relapse (Katz and Higgins, 2003). Exposure to a stressor such as footshock (Le et al., 2000;
Shaham et al., 2003; Liu and Weiss, 2002) or social defeat (Funk et al., 2005) has been
shown to reinstate alcohol-seeking behavior in rats. Although the role of kappa opioids in
alcohol consumption is already being investigated by Dr. Walker, the role of kappa opioids
in alcohol-seeking has yet to be fully explored. Recent evidence suggests that kappa opioids
may work via stress-related mechanisms to reinstate drug seeking (Valdez et al., 2007), and
decreasing kappa opioid activity may provide a novel method for preventing stress-induced
relapse.

Stress-Induced Potentiation of Alcohol Reward
Consistent with Dr. Valdez’ presentation, other recent evidence suggests that kappa opioids
may be a key mediator in the stress-related effects of drugs of abuse. For example, similar to
stress or cocaine, priming injections of kappa agonists induce reinstatement of cocaine
seeking in animals with previous cocaine experience (Beardsley, Howard, Shelton, and
Carroll, 2005; McLaughlin et al., 2006; Valdez et al., 2007). Continuing investigations
initiated in previously published work (Sperling et al., 2010), McLaughlin and colleagues
hypothesized that signaling involving the KOR contributes to forced swim stress (FSS)-
induced potentiation of alcohol reward and consumption, as well as reinstatement of
alcohol-seeking behavior.

To examine the hypothesis, male C57BL/6J and prodynorphin gene-disrupted (Dyn −/−) or
wild type littermate mice were exposed to repeated FSS. C57BL/6J mice were chosen for
this work because of established strong responses generally to swim stress (Lucki et al.,
2001) and drugs of abuse (Miner, 1997; Orsini et al., 2005), and the availability of
prodynorphin gene-disrupted mice on the C57BL/6J background to further these studies
(Carey et al., 2009). Biased alcohol conditioned place preference (CPP) and two-bottle free
choice (TBC) assays were used to measure the effects of stress-induced KOR signaling on
alcohol reward and self-administration, respectively. Additionally, the mediating effect of
KOR signaling on stress-induced reinstatement of extinguished alcohol-seeking behavior
was assessed with a modified conditioned place preference assay. To confirm the role of the
KOR in the resulting behaviors, the KOR agonists U50,488 (10 mg/kg) or Salvinorin A (3
mg/kg), and antagonist nor-BNI (10 mg/kg) were administered prior to parallel testing. Data
were then compared to salinetreated, control mice.

C57BL/6J and wild-type mice exposed to repeated FSS 5 min prior to daily place
conditioning with alcohol (0.8 g/kg) demonstrated a potentiated alcohol-CPP and increased
the consumption of 10% (v/v) alcohol in the TBC assay in a nor-BNI sensitive manner (as
reported in Sperling et al., 2010). Dyn −/− mice did not demonstrate significant stress-
induced increases in alcohol consumption (Sperling et al., 2010). Additionally, preliminary
results presented suggested that exposure to FSS resulted in the reinstatement of an
extinguished alcohol CPP response that was prevented by nor- BNI pretreatment. Although
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the CPP paradigm has been widely used to measure drug reward in rodents (Carr et al.,
1989; Bardo et al., 1995; Tzschentke, 1998), early evidence suggested that the alcohol-
preferring C57BL/6 mouse demonstrated poor alcohol place conditioning (Cunningham et
al., 1992), similar to the situation originally encompassing alcohol place conditioning in rats
(for review, see Walker and Ettenberg, 2007). However, the use of a biased design (e.g.,
place conditioning in which the alcohol / environment pairing occurs in the initially non-
preferred environment) instead of an unbiased design (counterbalanced for initial
preference) has proved conducive for the establishment of alcohol place preferences,
possibly due to the ability to detect smaller preferences (Gremel, Gabriel, and Cunningham,
2006). A number of groups have now used this approach to obtain successful alcohol-CPP
with C57BL/6 mice. For example, Kelley (1997) produced significant alcohol CPP with two
daily place conditioning sessions in the initially non-preferred chamber. Similarly, Nocjar et
al. (1999) utilized a biased place conditioning design and an additional sixteen alcohol /
environment conditioning sessions to obtain a CPP response with C57BL/6 mice. The
successful use of a biased design was further confirmed in subsequent studies (Middaugh
and Bandy, 2000; Gremel et al., 2006; Sakoori and Murphy, 2008; Sperling et al., 2010).

Because the data presented by Dr. McLaughlin was specifically focusing on stress-induced
anxiogenic modalities, the use of a biased design (with an apparatus that was reported to be
unbiased) would seem to be particularly appropriate since these conditions lend themselves
to the removal of a negative state which is interpreted by the organism as a positive event
(analogous to negative reinforcement; Carr et al., 1989). Conversely, if one wanted to
evaluate the positive, euphorogenic, properties of alcohol (analogous to positive
reinforcement), they would be inclined to use an unbiased procedure which controls for
initial preference and avoids assigning subjects to alcohol / environment pairings in a
manner that would preferentially assess the removal of a negative state (Carr et al., 1989;
Walker and Ettenberg, 2007). Of interest to the biased / unbiased conditioning procedure
discussion is the fact that the ability to form place preferences using either of these subject
assignment procedures is dependent on the apparatus itself and whether it is biased or
unbiased (i.e., whether the subjects prefer the apparatus environments in an equal or a
skewed manner). Indeed, it has been shown that successful use of an unbiased conditioning
procedure requires an unbiased apparatus (e.g., Walker and Ettenberg, 2007), whereas a
biased design can be used with either an unbiased or biased apparatus (Cunningham et al.,
2003; Tzschentke, 2007). These reports support the further use of the CPP paradigm to study
the rewarding effects of alcohol and suggest that the ultimate goal / modality of interest
should provide the basis for the appropriate selection of the place preference experimental
design.

Pretreatment with U50,488 90 min prior to daily alcohol place conditioning substituted for
FSS exposure, resulting in a potentiation of alcohol-CPP, and increased alcohol
consumption (Sperling et al., 2010). This is admittedly paradoxical, given that acute KOR
activation prevents the rewarding effects induced by reinforcing drugs such as cocaine and
alcohol (Shippenberg and Herz, 1986; Herz, 1997; Shippenberg et al., 2007). Consistent
with established theory, acute KOR activation with U50,488 has been shown to decrease
alcohol self-administration (Lindholm et al., 2001) and alcohol- CPP (Logrip et al., 2009).
However, repeated KOR agonist treatment has been demonstrated to paradoxically enhance
the dopamine signaling associated with the perception of reward (Heidbreder et al., 1998;
Dalman and O’Malley, 1999; Thompson et al., 2000). Repeated KOR agonist treatment
produces a deficiency in dopamine transporter activity (Thompson et al., 2000; Collins et al.,
2001) without altering total expression levels of transporter protein (Thompson et al., 2000).
Notably, repeated administration of the KOR agonist U69,593 increased stimulated
extracellular levels of mesolimbic dopamine in the rat nucleus accumbens (Fuentealba et al.,
2006). These mechanistic findings are consistent with a behavioral report where repeated
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infusion of U50,488 produced a dose-dependent, nor-BNI sensitive leftward shift in the
cocaine-choice dose–effect curve of rhesus monkeys self-administering cocaine, but not
food (Negus, 2004). The author speculates that chronic activation of kappa opioid systems,
either from exogenous or endogenous sources, may enhance the relative reinforcing efficacy
of cocaine. This effect was directly observed with CPP studies demonstrating U50,488
administration which both suppressed and potentiated cocaine-CPP in a time-dependent,
nor-BNI-sensitive manner (McLaughlin et al., 2006). Overall, a growing set of evidence
suggests that KOR signaling may bi-directionally modulate the reinforcing effects of drugs
of abuse in a time-dependent manner, although the mechanism of the KOR-mediated
potentiation has yet to be fully determined.

Interestingly, treatment with the KOR agonist U50,488, but not Salvinorin A, induced
reinstatement of alcohol CPP. While the U50,488-induced reinstatement was prevented by
pretreatment with nor-BNI, the underlying mechanism mediating the difference in activity
between the two KOR agonists is less clear but potentially important. While both KOR
ligands are known to be full agonists (Chavkin et al., 2004), the present results are
potentially consistent with the ability of these KOR agonists to activate extracellular
regulated kinase (ERK) 1/2 mitogen-activated protein (MAP) kinase. Salvinorin A has been
shown to be ~40% less effective than U50,488 at inducing internalization and down-
regulation of the human KOR (Wang et al., 2005), suggesting a mechanistic basis for both
the difference in effect observed here and the potentiation effect described earlier. The
suggestion that distinct, equally potent, receptor ligands could have the capacity to recruit
one intracellular signaling pathway over the other, termed biased agonism, functional
selectivity, or differential agonism (Urban et al., 2007), has raised new possibilities for
distinguishing receptor ligands by the unique signaling properties that they may possess (see
Future Directions section for additional discussion). This work has been mostly limited to
demonstrations in cell culture, where KOR agonists are well known to activate MAP kinase
(Belcheva et al., 1998; Jordan et al., 2000). Collectively, however, these data help to
reconcile discrepancies in the effects of KOR ligands. For instance, some reports suggest
that KOR internalization is required for activation of p38 (Bruchas et al., 2006) and ERK1/2
(Ignatova et al., 1999) while others suggest KOR internalization is not required (Li et al.,
1999; Jordan et al., 2000), or that ERK1/2 MAP activation requires PKC (Belcheva et al.,
1998). Given the data obtained from studies of Gs-coupled GPCRS demonstrating two
distinct temporal mechanisms for the GPCR activation of ERK1/2 (Ahn et al., 2004; Shenoy
et al., 2006), it is feasible that a similar dual mechanism regulates the ERK1/2 MAP kinase
activation by KOR. As demonstrated by the present results, the signaling differences arising
from this dual mechanism may have significant behavioral consequences. Supporting this,
recent work in the opioid field has shown that ligand-directed trafficking of the delta-opioid
receptor resulted in distinct adaptive responses in tolerance to specific DOR agonist effects
in vivo (Pradhan et al., 2010). Likewise, a recent review concluded that KOR ligands may
differ in their ability to activate p38 MAP kinase in a manner that correlates with observed
differences in producing dysphoric or hallucinogenic effects behaviorally (Bruchas and
Chavkin, 2010). Despite this, surprisingly, there are few studies to date that have clearly
examined this possibility in regards to treating drug- or alcohol-seeking behaviors. Further
studies highlighting the importance of downstream signaling resulting from KOR activation,
e.g. p38 or ERK1/2 MAP kinase, using KOR agonists capable of agonist-selective signaling
or biased agonism, in mediating drug-seeking behavior, may suggest both additional insights
into the neurobiology of stress and alcoholism, and new therapeutic approaches for
treatment.

In conclusion, as many physiological and behavioral processes are modulated by the
endogenous KOR system, understanding and determining the importance of the precise
intracellular signaling proteins involved will be a major challenge, as not all drugs produce
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the same effects. Targeting the precise cascades of therapeutic drug action will be an
important task. For now, the ongoing goal is to acknowledge and investigate this diversity,
and assay its potential role in the development of effective therapeutics for drug and alcohol
dependence. From a therapeutic perspective, the results suggest that developing KOR
agonists that do not elicit a late phase-activation of ERK1/2 MAP kinase could eliminate the
unwanted side effect of paradoxical potentiation of cocaine reward.

Dependence-Induced Escalation in Operant Self-Administration
From a theoretical perspective, one approach to the analysis of behaviors and underlying
neuroadaptations associated with chronic alcohol exposure would be to apply the conceptual
framework of the Opponent–Process Theory of Motivation (Solomon and Corbit, 1974).
Essentially, this theory states that in order to maintain homeostasis, an increase in hedonic
state will be followed by a compensatory decrease in hedonic state. Furthermore, after
repeated stimulations, the positive hedonic state is reduced while the negative affective
component is enhanced to compensate for the continued perturbation of the affective system
produced by chronic alcohol exposure (see Figure 1). These opponent–processes have been
linked to allostatic mechanisms (Koob and Le Moal, 2001) and are hypothesized to reflect a
new set–point whereby an individual would be required to continue ingesting drugs of abuse
to maintain a normal emotional state. It follows that cessation of alcohol intake would result
in negative affective states as symptoms of withdrawal that could drive an organism to
excessively seek and use alcohol. Based on the neuroanatomical distribution of KORs in
motivational and affective circuitry, KOR agonists can oppose the effects of MOR agonists
(Di Chiara and Imperato, 1988). In accordance with the Opponent–Process Theory, if
alcohol-mediated MOR or DOR stimulation (Marinelli et al., 2004; 2005; Lam et al., 2008;
Jarjour et al., 2009) produces positive hedonic states (Amalric et al., 1987; Shippenberg et
al., 1987), then a compensatory mechanism could be increased DYN and/or function of
KORs, stimulation of which produces negative hedonic states (Mucha and Herz, 1985).
Under conditions of chronic alcohol use (see Figure 1), the predicted response of the EOS
would be attenuated MOR signaling and exacerbated DYN / KOR system activity, both of
which are supported in the literature (Gianoulakis et al., 1996; Przewlocka et al., 1997;
Turchan et al., 1999; Chen and Lawrence, 2000; Lindholm et al., 2000; Saland et al., 2004;
Saland et al., 2004; Lindholm et al., 2007). Alterations in the EOS following chronic drug
exposure have, in part, been associated with increased CREB-mediated transcriptional
genetic regulation (Carlezon et al., 1998; 2005). Therefore, if DYN systems were
upregulated or there was increased signaling via KORs following chronic alcohol exposure
sufficient to produce escalated alcohol self-administration (Roberts et al., 2000; O’Dell et
al., 2004; Walker and Koob, 2007), KOR antagonists should be able to reduce the negative
affective states associated with withdrawal and reduce the excessive alcohol self-
administration. Indeed, Dr. Walker previously demonstrated that both systemic and central
administration of a KOR antagonist was able to selectively reduce escalated operant self-
administration of alcohol in dependent Wistar rats while leaving nondependent alcohol self-
administration intact (Walker and Koob, 2008a; Walker et al., 2011). The selective effects of
KOR antagonism in dependent organisms strongly implicate the recruitment of DYN
systems during the transition to dependence, rather than DYN involvement with the acute
reinforcing effects of alcohol.

Alcohol Dependence and Extended Amygdala KORs
The extended amygdala (Alheid and Heimer, 1988) is a network of functionally
interconnected nuclei related to motivation and emotion that includes areas such as the
nucleus accumbens shell (AcbSh) and the central nucleus of the amygdala (CeA).
Substantial evidence supports the concept of chronic alcohol–induced alterations in DYN or
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KOR expression that can impact areas such as the AcbSh and CeA. Chronic alcohol–
exposed animals have increased prodynorphin mRNA levels in the nucleus accumbens (Acb
et al., 1997), increased expression of DYN B in the Acb (Lindholm et al., 2000), altered
KOR mRNA expression in the Acb and ventral tegmental area (Rosin et al., 1999), as well
as decreased indices of dopaminergic function in the Acb (Carroll et al., 2006; Healey et al.,
2008). KORs are neuroanatomically positioned on dopamine (DA) terminals in the AcbSh
(Di Chiara and Imperato, 1988) so as to reduce DA release. In an elegant study measuring
DA release within the Acb of naive and chronic alcohol– treated animals following
pharmacological challenges with selective KOR antagonists (Lindholm et al., 2007), it was
shown that only the chronic alcohol–treated animals showed increased DA release following
administration of a selective KOR antagonist. This implied that the chronic alcohol–treated
animals had upregulated DYN transmission that was exposed by treatment with the
antagonist. Chronic alcoholinduced KOR-mediated attenuation of dopaminergic function is
not inconsequential, as deficiencies in dopaminergic transmission in limbic areas have been
posited to be the neurobiological basis of depression (Nestler and Carlezon, 2006). Support
for the CeA as a potential site of DYN action comes from evidence showing that dense
populations of KORs are in the CeA (Mansour et al., 1987) and, in support of the Opponent
Process Theory, acute alcohol administration initially increases βEND, which is then
followed by a significant increase in DYN A (Lam et al., 2008). This pattern of EOS release
has also observed in the ventral tegmental area (the source of mesocorticolimbic DA) in
which alcohol increased βEND thirty min after the administration, but that increase in
βEND dissipated and was followed by an increase in DYN A two hr following the alcohol
administration (Jarjour et al., 2009).

To functionally assess the hypothesis that neuroadaptations in the EOS of the extended
amygdala contribute to escalated operant alcohol self-administration in dependent Wistar
rats, Dr. Walker presented data on the effects of KOR, MOR, DOR, and general opioid
receptor antagonism (i.e., nalmefene) in the AcbSh (Nealey et al., 2011) and KOR
antagonism in the CeA (Walker, unpublished results) on alcohol self-administration in
nondependent and alcohol-dependent rats. One caveat to consider is that nalmefene’s
binding affinity is higher for KOR and MOR than DOR (for review, see Walker and Koob,
2008). Consistent with previous research (June et al., 1998; Hyytia and Kiianmaa, 2001;
June et al., 2004), intra-accumbens MOR / DOR antagonism (using a CTOP / naltrindole
cocktail) and nalmefene showed efficacy for reducing ethanol self-administration in
nondependent animals. In dependent animals, KOR antagonism (nor- BNI) in both the
AcbSh (Nealey et al., 2011) and CeA (Walker, unpublished results) selectively reduced
dependence-induced excessive self-administration and nalmefene was shown to be
significantly more potent, but there were no changes in the response to CTOP / naltrindole.
Taken together, a KOR mechanism was implicated in the increased potency of nalmefene,
however it is extremely important to understand that this interpretation is not stating that
MOR / DOR antagonism was ineffective in dependent animals, as the MOR / DOR
antagonists were able to dose-dependently reduce self-administration. Instead, the KOR
mechanism was identified as a pharmacotherapeutic target with a theoretically distinct basis
that putatively involves negative reinforcement mechanisms rather than positive
reinforcement mechanisms as the MOR / DOR does (Walker and Koob, 2008a; Nealey et
al., 2011).

Negative Reinforcement in Alcohol-Dependent Populations
As alcoholism is considered to be a chronic relapsing disorder, it is critical that the
distinction between the positive and negative reinforcing effects of alcohol is understood
(although positive reinforcement is well understood, the term negative reinforcement is
often misused, see below). Negative reinforcement specifically refers to the removal of a
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negative state that is interpreted as a reinforcing event (i.e., the removal of bad is good). In
dependence, alcohol can remove a negative withdrawal state (hypothesized to include
upregulated DYN producing increased KOR stimulation) which leads to an increased
probability of alcohol use when in withdrawal. Within this context, KOR stimulation would
be considered a punisher (i.e., the application of a negative stimulus), not a negative
reinforcer as some have posited (Shippenberg et al., 2007). It is the hypothesized removal of
the DYN / KOR-induced negative affect that makes alcohol a negative reinforcer and a
dependent individual more likely to excessively consume alcohol. Furthermore, because
KOR antagonists appear to attenuate the negative affective states characterizing withdrawal,
they too can be considered negative reinforcers and it is the negative reinforcing properties
of KOR antagonists that will likely lead to their acceptance by alcohol-dependent
populations and result in dramatically increased medication compliance (i.e., people should
want to take the medication because it will be able to remove a negative state). However,
unlike alcohol, the use of KOR antagonists is not positively reinforcing and does not
produce euphoria. Thus, targeting the KOR with antagonists or functional antagonists (see
below) will result in removal of the negative aspects of dependence without the production
of positive, euphorogenic states that could themselves lead to abuse.

The precise nature of the changes that occur during the transition to an alcohol dependent
state remain to be established. As determined by the results presented by Dr. Walker,
antagonism of KORs in the AcbSh and CeA functionally impacts ethanol-dependent animals
in an exclusive manner. The AcbSh contains terminal regions of the mesolimbic DA system
which have been implicated as a signaling system for biologically relevant information
through which natural reinforcers (e.g., see Hull et al., 1999; Carelli, 2002; Kelley et al.,
2002; Kelley, Baldo, Pratt, and Will, 2005) and drugs of abuse (see Koob, 2000;
Maldonado, 2003; Di Chiara et al., 2004; Ikegami and Duvauchelle, 2004) exert their
behavioral effects. Dysregulation of mesolimbic DA system functioning has been posited as
a basis for disorders of affect, such as depression (Nestler and Carlezon, 2006) and self-
medication of disorders of affect has been hypothesized to be a major contributor to
excessive alcohol and drug use and relapse (Markou et al., 1998). Considerable work has
focused on KOR modulation of DA transmission, but KORs within the AcbSh can
presynaptically modulate other neurotransmitters (e.g., glutamate, GABA and serotonin;
Fields et al., 2007; Land et al., 2009). Therefore, the specific neurotransmitter system(s) that
would be impacted by upregulated DYN or increased KOR signaling remain to be
established.

Certain properties of the ligands mentioned above should be made apparent in this review
and will hopefully clarify some of the confusion that currently exists in the literature. The
first relates to the classification of nalmefene as a general opioid receptor antagonist.
Hormonal and intracellular signaling data established with nalmefene have led to the
suggestion that nalmefene could be a partial agonist at the KOR (Bart et al., 2005). In
regards to the results presented by Dr. Walker, if nalmefene was determined to be a partial
agonist at the KOR, based on the fact that DYN levels have been shown to be upregulated
following chronic ethanol exposure, then nalmefene could still serve as a functional
antagonist at the KOR due to competition with endogenous DYN and, if bound, would
produce less of an effect than DYN itself. Thus, the net effect would be decreased signaling
via the KOR. Partial agonists at the KOR, as opposed to antagonists, could be of special
importance in the alcohol dependence field because of evidence showing that withdrawal in
alcohol dependent individuals can be characterized by increased seizure probability and that
KOR stimulation in the hippocampus protects against the production of certain types of
seizures (Loacker et al., 2007; Schunk et al., 2010)
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The second relates to the appropriate pretreatment times when using nor-BNI and revolve
around controversial specificity of nor-BNI for the KOR immediately following
administration. Evidence from mice tested in nociceptive assays has suggested that nor-BNI
has mild affinity for the MOR immediately after administration that appears to last at least 2
h (Broadbear et al., 1994), but has dissipated within 24 hrs. Because of this, some
researchers posit the use of an extended nor-BNI pretreatment duration; however, the
transient MOR affinity of nor-BNI that has been observed in mice (e.g., Broadbear et al.,
1994) was not replicated using rats (Picker et al., 1996). Furthermore, Dr. Walker’s data
using Wistar rats has confirmed that there are no observed differences in the effects of nor-
BNI when administered immediately or 24 hours prior to ethanol self-administration
sessions in nondependent and ethanol-dependent rats (Walker and Koob, 2008a; Walker et
al., 2011). Specifically, if nor-BNI has MOR affinity that is functionally-relevant to alcohol
consumption when assessing motivational circuitry and behaviors, then one would predict
that nondependent ethanol self-administration should be impacted if nor-BNI treatment
occurred immediately prior to self-administration sessions. However, as observed using a
central route of administration (Walker and Koob, 2008a), infusions of nor-BNI
immediately prior to self-administration sessions did not impact nondependent ethanol self-
administration. That lack of acute nor-BNI effects in nondependent animals following ICV
infusion was confirmed in animals receiving site-specific AcbSh (Nealey et al., 2011) and
CeA (Walker, unpublished results) nor-BNI infusions and additionally supported by the fact
that subtype-selective antagonists targeting the MOR / DOR did reduce nondependent self-
administration of alcohol. Thus, following systemic, ICV, intra-AcbSh and intra-CeA
infusions at two separate test locations (i.e., The Scripps Research Institute, La Jolla, CA
and Washington State University, Pullman, WA), there were no behavioral indications that
the effects of nor-BNI involved a MOR mechanism of action in Wistar rats. One
consideration related to this issue is the differential EOS peptide and receptor expression
found in various rodent strains (Jamensky and Gianoulakis, 1997; e.g., Gieryk et al., 2010)
that could subserve the presence or absence of MOR-related effects following acute nor-BNI
administration. For example, the dose-response curve for morphine conditioned place
preference is shifted to the right in Wistar rats when compared to another commonly used
strain of outbred rats (Shoaib et al., 1995), the basis of which could be interpreted as a
differential MOR expression patterns. Taken together, statements positing ubiquitous
pharmacological effects of nor-BNI, irrespective of genetic differences in the EOS, should
be made with caution and could unnecessarily complicate pharmacotherapeutic development
efforts to treat alcohol use disorders.

The contribution of the EOS to alcohol reinforcement and consumption has been evaluated
through targeted mutations of genes (i.e., knockouts) coding for the peptide precursors of
βEND (proopiomelanocortin; Pomc), ENK (proenkephalin; Penk) and DYN (prodynorphin;
Pdyn) and their associated receptors (MOR (Oprm1), DOR (Oprd1) and KOR (Oprk1),
respectively). Although recent human studies have identified important associations between
human PDYN and OPRK1 genes and alcohol dependence (Xuei et al., 2006; Edenberg et
al., 2008), knockout (KO) studies focusing on DYN / KOR systems that have been
conducted using C57BL/6 mice (Kovacs et al., 2005; e.g., Blednov et al., 2006; Sperling et
al., 2010; Femenia and Manzanares, 2011), while confirming that DYN / KOR systems are
involved in alcohol reinforcement and reward, have produced inconsistent results thus far.
For example, Pdyn KO mice have been shown to consume less (Blednov et al., 2006; similar
to KOR KO mice, Kovacs et al., 2005), more (Femenia and Manzanares, 2011), or the same
amount of alcohol (Sperling et al., 2010) than wild-type controls which make comparisons
to KOR agonist / antagonist effects difficult. These discrepant results parallel those seen in
studies targeting Pomc / Oprm1 genes (e.g., Grisel et al., 1999; Roberts et al., 2000).
Interpretation of data involving developmental KO mice is made difficult by the possibility
of long-term compensatory responses to missing, yet critical, components of the EOS and
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the fact that Pdyn-derived peptides include ENK, as well as DYN (Brownstein, 1980). This
is exemplified by a recent study that measured EOS gene regulation in response to Pdyn KO
(Femenia and Manzanares, 2011). Behaviorally, the study observed enhanced alcohol intake
and CPP with altered expression patterns for genes coding for tyrosine hydroxylase,
dopamine transporter, Oprk1, Oprm1 and Oprd1 in alcohol reward-related areas of the brain.
The wide-ranging alterations in EOS gene expression patterns produced by Pdyn KO
complicates the attribution of specific genes to altered alcohol consumption profiles and
highlights the complex interplay of factors within the EOS. However, it is notable that,
consistent with the effect of KOR antagonists on FSS-induced potentiation of alcohol CPP,
Dr. McLaughlin’s group did not observe the potentiating effects of repeated FSS on alcohol
reward and consumption in Pdyn KO mice (Sperling et al., 2010). In addition, the results
presented by Drs. Walker, McLaughlin and Valdez are consistent with each other both
theoretically and experimentally, with the identification of methodological differences
providing substantial insight into those studies that do prove to be inconsistent (e.g., the
difference in timing of KOR agonist administration providing a basis for either suppression
or potentiation of alcohol CPP). Future studies using various strategies to conditionally
modify a gene of interest with enhanced systems-level specificity will allow for normal
development, provide the basis for restricted excision or overexpression of genes in adult
rodents and may allow for enhanced convergence of pharmacological and genetic
manipulations.

In conclusion, KORs in the extended amygdala are involved in the escalated self-
administration indicative of dependence. Furthermore, KOR antagonists or partial agonists
could be of great utility as a treatment for alcohol dependence. Understanding the precise
role of KORs through pharmacological and genetic manipulations within different brain
circuitry will help to delineate the behavioral domains that should be focused on when
tailoring treatment plans in clinical settings and additionally provide a basis for future
investigations designed to understand the molecular basis of escalated self-administration
and negative affect associated with alcohol dependence.

Alcohol Dependence, Cognitive Dysfunction and Behavioral Dysregulation
Several lines of evidence demonstrate the critical role of the EOS in alcohol dependence.
Pharmacological and genetic manipulations with the opioid receptors alter alcohol drinking
in animals. In clinics, naltrexone, the non-selective opioid antagonist reduces alcohol
drinking and relapse rates in subgroups of alcoholics. Polymorphisms in OPRK1 and PDYN
genes that give rise to DYNs, the endogenous KOR ligands (Chavkin et al., 1982), are
associated with alcohol dependence (Xuei et al., 2006; Edenberg et al., 2008).

Besides regulation of neurotransmission in reward circuits, the EOS may have a role in
specific cognitive processes relevant for control of addictive behavior including craving,
decision-making and impulsivity (O’Malley et al., 2002; Bencherif et al., 2004; Boettiger et
al., 2009; Love et al., 2009; Koob and Volkow, 2010). In alcoholics, effects of naltrexone in
response to alcohol cues, and during decision-making involve the orbitofrontal cortex (OFC;
O’Malley et al., 2002; Myrick et al., 2008; Love et al., 2009; Koob and Volkow, 2010),
while MOR binding in the dorsolateral prefrontal cortex (dl- PFC) is functionally related to
alcohol craving (Bencherif et al., 2004). Processes relevant for motivated behavior such as
reward pursuit, and risk taking and the development of substance use disorders are related to
functions of the EOS. Several impulse-control disorders including pathological gambling
and binge eating may be relieved by naltrexone, suggesting a role of endogenous opioids in
impulsivity (Boettiger et al., 2009). Thus, the molecular dysregulation of the EOS system
may contribute to impaired neurocognitive function and reduced regulation of alcohol / drug
seeking and consumption.
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Dr. Bakalkin focused on two primary questions. First, does the EOS undergo molecular
adaptations in the brains of human alcoholics? Second, what are the molecular mechanisms
through which these adaptations may alter brain function and alcohol-associated behaviors?
To characterize the molecular adaptations underlying alcohol dependence, Dr. Bakalkin’s
group analyzed brain tissue from human alcohol-dependent subjects for the expression of
EOS genes coding for both the receptors (OPRM1, OPRD1 and OPRK1) and precursor
peptides (POMC, PENK and PDYN) in the dl-PFC (Brodmann area 9), OFC (Brodmann
area 47) and the hippocampus (dentate gyrus); areas involved in cognitive control of
addiction (Taqi et al., 2011b; Taqi et al., 2011a; Bazov et al., 2011). The motor cortex (MC)
was included as a control area not involved in alcohol dependence. Postmortem human
samples were collected from 14 alcoholics and 14 controls at the Tissue Resource Center,
University of Sydney (http://www.braindonors.org;
http://rp-host.www.pathology.med.usyd.edu.au/trc/index.php; Sheedy et al., 2008).
Alcoholics met DSM-4 criteria and consumed greater than 80 g of alcohol per day for the
majority of their adult lives. Controls had either abstained from alcohol or were social
drinkers who consumed less than 20 g of alcohol per day. Cases with a history of poly-drug
abuse or with neurological complications were excluded. Of six opioid genes studied,
POMC was expressed at low levels and was excluded from further analysis.

The comparison of alcoholics and controls demonstrated a significant increase for PDYN
mRNA in the dl-PFC, and OPKK1 mRNA in the OFC in alcoholics (Bazov et al., 2011;
Taqi et al., 2011b). The levels of the other opioid mRNAs did not differ significantly
between alcoholics and controls. Analysis of dynorphins by RIA confirmed the expression
data. Levels of both dynorphin A (DYN A) and dynorphin B (DYN B) were significantly
elevated in the dl-PFC and hippocampus of alcoholics. Changes in the MC were not
significant. Importantly, the levels of PDYN mRNA significantly correlated with those of
DYN peptides. Analysis of age, postmortem interval, brain pH, storage time, agonal factor
score, RNA quality index and smoking history as covariates failed to influence differences
between the two groups. Preliminary experiments demonstrated that DYNs are also
upregulated in the insula, another cortical area, whereas not affected in the caudate and
putamen, all three brain areas involved in alcohol dependence.

Analysis of between-area associations of EOS parameters that were significantly altered in
alcoholics identified high significant correlation between the dl-PFC DYN A and OFC
OPRK1 in the control group, but not in alcoholics, and significant differences between the
groups in the correlation coefficient (Bazov et al., 2011). The correlation suggests a
functional DYN / KOR - mediated link between these two areas under normal but not
pathological conditions. This speculation is consistent with the hypothesis that the proper
functioning of the cerebral cortex requires the successful dynamic interactions between
distributed cortical networks of dl-PFC and OFC, and that disrupted dynamics of the dl-PFC
- OFC interaction contributes to addictive disorders (Moghaddam and Homayoun, 2008).
Mechanistically, the PDYN expressing dl-PFC neurons may project to the OFC where
released DYNs may regulate KOR expression. This is in line with animal data showing that
KOR expression may be regulated through activation of this receptor (D’Addario et al.,
2004; Collins et al., 2001).

Thus the DYN / KOR system including PDYN mRNA and DYNs in the dl-PFC, DYNs in
the hippocampus, and OPRK1 mRNA in the OFC, was found to be upregulated in human
alcoholics (Bazov et al., 2011; Taqi et al., 2011b; Taqi et al., 2011a). These alterations were
observed in brain regions involved in cognitive control of addictive behavior and may
represent molecular adaptations developed after many years of alcohol exposure and
withdrawal. No significant differences between alcoholics and controls in expression of
OPRM1, OPRD1 and PENK genes were evident. In the dl-PFC, hippocampus and insula,
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DYNs may have a role in regulation of executive and intellectual functions, learning and
memory, and emotions in alcoholics, hereas their elevation may impair these cognitive
processes. While this hypothesis has not been addressed yet, several studies indirectly
support this view (Jiang et al., 1989; Nguyen et al., 2005; Sandin et al., 1998b). In
pharmacological experiments, spatial learning and memory were impaired by synthetic
DYN B administered into hippocampus (Sandin et al., 1998a). Aged mice and rats perform
worse in learning and memory tests, and have higher Pdyn expression and DYN levels than
young animals (Jiang et al., 1989). Deletion of Pdyn increases the acquisition and retention
of spatial performance in the aged mutant mice compared to wild-type animals (Nguyen et
al., 2005). Consistently, postmortem human study found elevated DYN A levels in the PFC
of patients with Alzheimer’s disease, and a correlation between these levels and
neuropathological scores (Yakovleva et al., 2007).

PDYN gives rise to α-neoendorphin, DYN A and DYN B (cleaved from big dynorphin), all
of which are endogenous KOR ligands (Merg et al., 2006). In addition, DYN A can induce
effects that are not blocked by opioid antagonists (Faden and Jacobs, 1983; Dubner and
Ruda, 1992; Caudle and Mannes, 2000; Singh et al., 2003; Lai et al., 2001; Tan-No et al.,
2001; Tan-No et al., 2005; Hauser et al., 2005; Lai et al., 2006). These non-canonical non-
opioid effects are generally excitatory, may lead to neurodegeneration and pathological
behavior such as chronic pain and paralysis. The non-opioid effects were observed in cell
culture toxicity and in vivo animal models. Incubation of cultured mouse striatal neurons
with DYN A caused significant activation of proapoptotic caspase-3 and the subsequent
death of neurons (Singh et al., 2003) that was not blocked by naloxone. Thus, DYN A is
intrinsically neurotoxic peptide which actions are not mediated through opioid receptors.

Much of the knowledge about the function of genes and proteins in human brain has come
from analysis of a small number of rare mutations. Mutations that cause a disease may
represent entry points into novel signaling pathways and molecular mechanisms. Such
mutations in the human PDYN gene have been discovered in our recent study, thus
providing the first human evidence for pathogenic effects of DYNs (Bakalkin et al., 2010).
Spinocerebellar ataxia, or SCA, is a dominant genetic neurodegenerative disorder (Bakalkin
et al., 2010; Verbeek et al., 2004). Four missense mutations that cause SCA 23, a new type
of SCA, have been identified. Remarkably, three of them including L211S, R212W and
R215C are located in the pathogenic DYN A (see Figure 2) and at least two of the mutations
can result in a 10–20 fold elevation of DYN A production in recombinant cell lines
expressing either wild-type or mutant Pdyn. This may occur due to slower conversion of
mutant peptides to ENK or enhancement of the intrinsic neurotoxicity of DYN A as evident
from the time lapse imaging analysis of their effects on viability of striatal neurons in
culture. Because a subset of the SCA23 subjects are heterozygotes (they carry one wild-type
and one mutant PDYN allele), the DYN A mutants are dominant over the wild-type peptide.
Generalized pathological changes in the SCA23 subjects demonstrate a fundamental role of
DYNs in regulation of neuronal functions and neurodegeneration in the human brain. This
role has not been previously established with opioid agonists and antagonists, and Pdyn
mutant animals.

Large-scale pathological changes induced by mutant peptides suggest that wild type DYNs
upregulated in alcoholics may cause dysfunctions or even neurodegeneration of neuronal
networks in which these peptides are expressed. Indeed, DYNs are selectively elevated in
the areas characterized by substantial cell loss and / or decrease in gray matter volume
including dl-PFC, insula, and hippocampus in alcoholics (Bakalkin et al., 2010; Verbeek et
al., 2004; Kril et al., 1997; Harper et al., 1985; Sullivan and Pfefferbaum, 2005).
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The overall conclusions from Dr. Bakalkin’s presentation were that the EOS undergoes
adaptive changes associated with alcohol dependence in human brain (Bazov et al., 2011;
Taqi et al., 2011b; Taqi et al., 2011a). The most consistent changes are observed for the
PDYN gene and its peptide products DYNs. DYNs were upregulated in the dl-PFC,
hippocampus and insula may contribute to impairment of cognitive control of alcohol
consumption. Analysis of the dominant genetic neurodegenerative disorder SCA23,
identified mutations in DYN A that cause this neurological disease by inducing profound
neurodegeneration in the human brain (Bakalkin et al., 2010). Based on these findings we
hypothesize that both the opioid-receptor mediated and non-opioid neurodegenerative
mechanisms may underlie the behavioral effects of upregulated DYNs in alcoholics. It is
essential to develop pharmacological tools to block these non-canonical pathogenic DYN
effects, and to apply these tools for further analysis of the DYN A-driven non-opioid
neurotoxic mechanism in alcoholism. Because PDYN polymorphism is associated with
alcoholism (Xuei et al., 2006), it is important to establish whether genetic variations in this
gene contribute to cognitive impairment associated with alcohol dependence and abuse, and
associated neurodegeneration.

Conclusions
Drs. Valdez, McLaughlin, Walker and Bakalkin presented data regarding the multifaceted
role of DYN and the KOR as a basis for conditions associated with alcohol use disorders,
especially alcohol dependence. A number of emerging targets were presented in the
symposium that included the KOR as a mediator of negative affect associated with
withdrawal and the effects of repeated stress, as well as dependence-induced escalation of
responding and neurocognitive deficits (some of which appear to be opioid receptor
independent). Furthermore, the emerging concept of biased agonism could become
increasingly important and has raised new possibilities for distinguishing receptor ligands by
the unique signaling properties that they may possess. Collectively, the data presented in this
symposium highlight the increasingly important role of the KOR as a pharmacotherapeutic
target for the treatment of alcoholism and identify a number of important directions for
future research.
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Figure 1. Opioidergic Compensatory Responses Prior to and Following Chronic Alcohol
Exposure
In non-dependent organisms, alcohol-induced μ-opioid receptor-related positive affective
states precede compensatory κ-opioid receptor mediated negative affective states. Following
chronic alcohol exposure, μ-opioid receptor signaling is attenuated and through multiple
mechanisms, κ-opioid receptor signaling is increased; both of which can combine to
produce a phenotype indicative of negative motivational and affective states.
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Figure 2. Human PDYN missense mutations
PDYN exons 3 and 4 encode PDYN, which gives rise to the opioid peptides α-neoendorphin
(α-NE), dynorphin A (Dyn A), dynorphin B (Dyn B), and big dynorphin (Big Dyn; which
encompasses Dyn A and Dyn B). Analysis of DNA sequencing identified four missense
mutations, two of which resulted in mutations of Dyn A that were associated with altered
Dyn A production.
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