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Abstract

The dynorphin-like peptides have profound effects on the state of the brain reward system and human

and animal behavior. The dynorphin-like peptides affect locomotor activity, food intake, sexual
behavior, anxiety-like behavior, and drug intake. Stimulation of kappa-opioid receptors, the
endogenous receptor for the dynorphin-like peptides, inhibits dopamine release in the striatum

(nucleus accumbens and caudate putamen) and induces a negative mood state in humans and animals.
The administration of drugs of abuse increases the release of dopamine in the striatum and mediates
the concomitant release of dynorphin-like peptides in this brain region. The reviewed studies suggest

that chronic drug intake leads to an upregulation of the brain dynorphin system in the striatum and
in particular in the dorsal part of the striatum/caudate putamen. This might inhibit drug-induced

dopamine release and provide protection against the neurotoxic effects of high dopamine levels. After
the discontinuation of chronic drug intake these neuroadaptations remain unopposed which has been
suggested to contribute to the negative emotional state associated with drug withdrawal and increased

drug intake. Kappa-opioid receptor agonists have also been shown to inhibit calcium channels.

Calcium channel inhibitors have antidepressant-like effects and inhibit the release of norepinephrine.
This might explain that in some studies kappa-opioid receptor agonists attenuate nicotine and opioid

withdrawal symptomatology. A better understanding of the role of dynorphins in the regulation of
brain reward function might contribute to the development of novel treatments for mood disorders
and other disorders that stem from a dysregulation of the brain reward system.
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1. Introduction

The brain reward system plays a critical role in guiding behavior in humans and animals. Mood

states have been shown to affect food intake, sexual activity, drug intake, and cognitive

processes (American Psychiatric Association, 2000; Brand et al., 1992; Gomez et al., 2006).
Many psychiatric and neurological disorders have been associated with a severe dysregulation
of the brain reward system. Prolonged episodes of depressed mood are common in patients
with schizophrenia, epilepsy, Parkinson’s disease, Alzheimer’s disease, and eating disorders
(Gucciardi et al., 2004; Kanner, 2003; Lyketsos and Olin, 2002; Reijnders et al., 2008). A
prolonged state of euphoria, which leads to increased risk taking behavior and hypersexuality,
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is one of the core symptoms of bipolar disorder (American Psychiatric Association, 2000).
Environmental factors and drugs of abuse can have profound acute and protracted effects on
the state of the brain reward system. Exposure to severe stressors may lead to a compromised
brain reward system and an enriched nurturing environment early in life protects against
depression (Levine, 2005; Plotsky et al., 2005). The administration of specific drugs of abuse
leads to euphoria which has been suggested to play an important role in the initiation of drug
intake (Koob et al., 1998). Prolonged drug intake induces neuroadaptations which can mediate
a severe acute and protracted negative emotional state upon the cessation of drug use
(Bruijnzeel and Gold, 2005; Koob and Le Moal, 2005). Neuropeptide systems have been shown
to play a critical role in the regulation of mood states and drugs of abuse can have a long term
effects on brain neuropeptide systems. For example, chronic administration of drugs of abuse
leads to a hyperactivity of brain corticotropin-releasing factor (CRF) systems which has been
associated with depression, drug withdrawal, and drug craving (Bruijnzeel and Gold, 2005;
Koob, 2008; Shaham et al., 2000; Sinha, 2001). Drugs that block CRF receptors have been
proposed as novel treatments for major depressive disorder and addiction (Stahl and Wise,
2008).

The brain dopaminergic system has been shown to play a critical role in signaling reward and
establishing stimulus reward associations (Fouriezos et al., 1978; Robbins and Everitt, 1982;
Spyraki et al., 1982; Spyraki et al., 1983; Wise et al., 1978). Food intake, drug intake, and
sexual behavior increase dopamine release in the striatum and dopamine receptor antagonists
prevent these behaviors (Church et al., 1987; Hernandez and Hoebel, 1988; Pfaus et al.,
1990; Wise, 2004). The striatum includes the the caudate putamen (dorsal striatum), the nucleus
accumbens (ventral striatum), and the olfactory tubercle (Heimer and Wilson, 1975). Although
the great majority of the studies have focused on the role of the nucleus accumbens in brain
reward function, evidence indicates that the caudate putamen also plays a critical role in
regulating the state of the brain reward system (Apicella et al., 1991; Koepp et al., 1998). It
has been demonstrated that dynorphin-like peptides and their receptors (i.e., the kappa-opioid
receptor) play a critical role in regulating the state of the brain reward system by modulating
dopamine release in the striatum (Di Chiara and Imperato, 1988b; Maisonneuve et al., 1994).
Dynorphin-like peptides inhibit the release of dopamine in the striatum and may therefore play
acritical role in the negative feedback regulation of dopamine release (Figure 1). Kappa-opioid
receptor antagonists stimulate the release of dopamine in the striatum and have antidepressant-
like effects (Beardsley et al., 2005; Pliakas et al., 2001; You et al., 1999). This suggests that
endogenous dynorphin-like peptides exert tonic inhibitory control over dopamine release in
the striatum. The aim of this review is to provide a detailed overview of the role of dynorphin-
like peptides in regulating brain reward function. First, an overview will be provided of the
expression patterns of the dynorphin-like peptides and the kappa-opioid receptors in the brain.
Then the behavioral and neurochemical effects of kappa-opioid receptor agonists and
antagonists will be discussed and an overview of the effects of drug of abuse on the expression
of dynorphin-like peptides will be provided. Finally, it will be discussed how drug-induced
changes in the expression of dynorphin-like peptides can contribute to the development of
prolonged negative mood states and drug addiction.

2. Dynorphin-like peptides

2.1 Dynorphin A and related peptides

The opioids in the brain are derived from three distinct prohormones: proopiomelanocortin
(POMC), proenkephalin, and prodynorphin. The expression of POMC is restricted to the
arcuate nucleus of the hypothalamus and the nucleus of the solitary tract (Nakanishi et al.,
1979). The enzymatic cleavage of POMC leads to the formation of melanocortins and
endorphins. The melanocortins include adrenocorticotropic hormone (ACTH), a-melanocyte
stimulating hormone (MSH), B-MSH, and y-MSH and play an important role in the control of
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the hypothalamic-pituitary-adrenal (HPA) axis, food intake, and skin and hair pigmentation
(de Wied, 1993; Fan et al., 1997). The endorphins include a-endorphin, B-endorphin, and y-
endorphin. Beta-endorphin has potent analgesic properties, potentiates brain reward function,
and is self-administered by animals (Amalric et al., 1987; Tseng et al., 1976; van Ree et al.,
1979). The central role of a-endorphin and y-endorphin is not completely understood yet. There
is some evidence to suggest that a-endorphin and y-endorphin have opposite effects on brain
reward function. De Wied and colleagues demonstrated that a-endorphin potentiated self-
stimulation of the ventral tegmental area/substantia nigra region and (Des-Tyr)-y-endorphin
inhibited self-stimulation in this region (Dorsa et al., 1979). (Des-Tyr)-y-endorphin is similar
to y-endorphin with the exception that the tyrosine at position one is removed. This finding
suggests that a-endorphin stimulates the brain reward system and y-endorphin inhibits the brain
reward system. The prohormone proenkephalin is widely expressed in the brain (Noda et al.,
1982). Proenkephalin positive neurons have been detected in the bed nucleus of the stria
terminalis, the central nucleus of the amygdala, the caudate putamen, and various hypothalamic
nuclei including the paraventricular hypothalamic nucleus (Sukhov etal., 1995). Proenkephalin
is enzymatically cleaved into leu-enkephalin, met-enkepahalin, and two carboxyl (C)-
terminally extended met-enkephalins: met-enkephalin-Arg8-Phe’ and met-enkephalin-Arg®-
Gly’-Leu8 (Comb et al., 1982; Hughes et al., 1975). The enkephalins have been suggested to
potentiate brain reward function and also mediate pro-inflammatory effects during the early
stage of an immunoresponse (Ignatov et al., 1981; Phillips and Lepiane, 1982; Salzet and
Tasiemski, 2001; Smith et al., 1982).

During the 1980’s and early 1990’s the rat, mouse, porcine, and human prodynorphin genes
were cloned (Civelli et al., 1985; Gulya et al., 1993; Horikawa et al., 1983; Kakidani et al.,
1982). Northern blotting revealed high levels of prodynorphin mRNA in the hypothalamus,
striatum, hippocampus, and relatively low levels in the midbrain, nucleus of the solitary tract,
and the brainstem (Civelli et al., 1985). More recent studies demonstrated that prodynorphin
MRNA is expressed in both the caudate putamen and the nucleus accumbens (Di Benedetto et
al., 2004). Prodynorphin is enzymatically processed into a variety of neuropeptides (Table 1).
The partial amino acid sequence (Tyrl-Gly2-Gly3-Phe?-Leu®-Arg®-Arg’-1le8-Arg®-Prol0-
Lys!1-Leul2-Lys!3) of dynorphin was first described by Goldstein and colleagues (Goldstein
etal., 1979). This novel tridecapeptide was extremely potent in inhibiting electrically
stimulated muscle contractions in guinea pig ileum preparations compared to previously
discovered peptides such as leu-enkephalin and p-endorphin and was therefore named
dynorphin after the Greek word dynamis (power)(Goldstein et al., 1979). The complete amino
acid sequence of dynorphin (Tyrl-Gly2-Gly3-Phe?-Leu-Arg®-Arg’-1le8-Arg®-Prol0-Lysl1-
Leul2-Lys13-Trpl4-Aspl®-Asn16-GInl?) was described 2 years later by the same research
group (Goldstein et al., 1981). Dynorphin (1-17) is as potent as dynorphin (1-13) in the guinea
pig ileum bioassay, thus indicating that the four C-terminus amino acids do not contribute to
the potency of dynorphin (1-17) (Goldstein et al., 1981). Shortly after the discovery of
dynorphin (1-17), Fischli and colleagues described a 32-amino acid neuropeptide that
incorporates dynorphin (1-17) at the amino (N)-terminus and a novel 13-amino acid dynorphin-
like peptide at the C-terminus. The 13-amino acid peptide at the C-terminus was named
dynorphin B and the previously described dynorphin was now called dynorphin A (Fischli et
al., 1982). The 32-amino acid peptide that incorporates dynorphin A and dynorphin B was
called dynorphin (1-32) or big dynorphin. Minamino and colleagues isolated an 8-amino acid
peptide from the porcine hypothalamus, dynorphin A (1-8), that is comprised of the 8 N-
terminal amino acids of dynorphin A (Minamino et al., 1980). Two other peptides that are
processed from prodynorphin are a-neoendorphin and B-neoendorphin. Alpha necendorphin
was first isolated from porcine hypothalami and further chemical analyses revealed that this
was a 10-amino acid peptide that has the same 6 N-terminal amino acids as dynorphin A and
dynorphin B (Kangawa et al., 1981; Kangawa and Matsuo, 1979). Beta-neoendorphin has the
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same amino acid sequence as a-neoendorphin with the exception that it lacks the amino acid
lysine at position 10.

Numerous studies have investigated the expression profile of dynorphin A and a few studies
have investigated the expression profile of the other dynorphin family members. These studies
suggest that there is a strong overlap in the expression patterns of the dynorphin family
members and many dynorphin-like peptides are co-expressed in the same neurons (Weber et
al., 1981; Weber et al., 1982; Weber and Barchas, 1983). All the studies that investigated the
dynorphin A protein expression in the brain point toward a similar expression pattern. High
levels of dynorphin A have been detected in the medial forebrain bundle/lateral hypothalamic
area and substantia nigra. Somewhat lower levels of dynorphin A have been detected in the
hippocampus, nucleus accumbens, caudate putamen, lateral subnucleus of the paraventricular
hypothalamic nucleus, the supraoptic nucleus, and the nucleus of the solitary tract (Goldstein
and Ghazarossian, 1980; Khachaturian et al., 1982; Weber et al., 1982). High levels of
dynorphin B fibers and terminals have been detected in the substantia nigra, nucleus
accumbens, ventral pallidum, internal capsule, and the hippocampal formation. Somewhat
lower levels have been detected in the caudate putamen, central nucleus of the amygdala, bed
nucleus of the stria terminalis, and various hypothalamic nuclei including the paraventricular
hypothalamic nucleus and the supraoptic nucleus (Weber and Barchas, 1983). The latter study
points towards a somewhat more widespread distribution of dynorphin B compared to the
distribution of dynorphin A (Khachaturian et al., 1982; Weber et al., 1982; Weber and Barchas,
1983). It was suggested that the background staining with the dynorphin B antiserum is lower
than with dynorphin A antiserum and therefore a more widespread distribution of dynorphin
B might have been detected (Weber and Barchas, 1983). The distribution pattern of o-
neoendorphin and B-neoendorphin is similar to that of dynorphin A (Weber et al., 1982; Zamir
et al., 1984a). High levels of a-neoendorphin and B-neoendorphin have been detected in the
nucleus accumbens, caudate putamen, substantia nigra, ventral tegmental area, the amygdala
complex, bed nucleus of the stria terminalis, and various hypothalamic nuclei (Zamir et al.,
1984a; Zamir et al., 1984b).

2.2 Kappa-opioid receptors

Pharmacological studies conducted during the 1970’s provided evidence for the existence four
types of opioid receptors. Martin and colleagues identified three types of opioid receptors: the
mu (pn)-opioid receptor, the kappa («)-opioid receptor, and the sigma (c)-opioid receptor
(MARTIN et al., 1976). Lord and colleagues provided evidence for the existence of a fourth
opioid receptor which was called the delta (3)-opioid receptor (Lord et al., 1977). Follow-up
research suggested that the sigma receptor is not an opioid receptor as opioid receptor agonists
bind with an extremely low affinity to this receptor and drugs such as phencyclidine (PCP)
bind to this receptor (Chen et al., 1993; Quirion et al., 1981). The most recently discovered
opioid receptor is the ORL1 (opioid receptor like) receptor and the endogenous ligand for this
receptor is nociceptin/orphanin FQ (Meunier et al., 1995; Mollereau et al., 1994). It has been
suggested that the ORL1 receptor should be called the NOP1 receptor after the name of the
endogenous ligand for this receptor (nociceptin/orphanin FQ peptide) (Mogil and Pasternak,
2001).

Pharmacological studies have provided some evidence for the existence of multiple kappa-
opioid receptor subtypes, however, so far only one kappa-opioid receptor has been cloned and
the existence of multiple kappa-opioid receptors has been questioned (Connor and Kitchen,
2006; Traynor, 1989). The kappa-opioid receptor has been cloned from many species including
rat, mouse, guinea pig, and human (Meng et al., 1993; Simonin et al., 1995; Xie et al., 1994;
Yasuda et al., 1993; Zhu et al., 1995). Attali and colleagues described two types of kappa-
opioid receptors in the spinal cord of guinea-pigs. One of the kappa-opioid receptors binds the
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peptide (D-Ala2, D-Leu5)-enkephalin (DADLE) with a high affinity and the other kappa-
opioid receptor binds DADLE with a low affinity (Attali et al., 1982). Furthermore, evidence
has been provided for U-69593 sensitive high-affinity binding sites (k1) and U-69593
insensitive low affinity binding sites (k2) (Zukin et al., 1988). Jordan and Levi have provided
a possible explanation for the fact that pharmacological studies provide evidence for the
existence of multiple kappa-opioid receptors. They demonstrated that fully functional kappa-
opioid receptors and delta-opioid receptors can form heterodimers (Jordan and Devi, 1999).
The original kappa-opioid receptor has a high affinity for U-69593 and the kappa-delta receptor
heterodimer has a low affinity for U-69593. Despite that the kappa-delta heterodimer has a low
affinity for U-69593 it has a high affinity for the endogenous ligand dynorphin A. Thus, the
kappa-opioid receptor can form heterodimers with the delta-opioid receptor which leads to a
decrease in affinity for compounds such as U-69593. The existence of a third naloxone
benzoylhydrazone (NalBzoH) sensitive kappa-opioid receptor (k3) has been proposed (Clark
et al., 1989). More recent studies demonstrated that the putative k3 receptor agonist NalBzoH
is a partial mu, kappa, and delta-opioid receptor agonist and an ORL1/NOP1 receptor
antagonist (Olianas et al., 2006). Therefore, at this point in time there is not sufficient evidence
for the existence of the k3 receptor (Connor and Kitchen, 2006).

The anatomical distribution of the kappa-opioid receptors would suggest an important role for
the endogenous kappa-opioid receptor agonists in brain reward function. High levels of kappa-
opioid receptor mMRNA have been detected in the ventral tegmental area, substantia nigra,
nucleus accumbens, caudate putamen, claustrum, endoperiform nucleus, various hypothalamic
nuclei, and the amygdala of the rat brain (Meng et al., 1993). A similar expression profile has
been detected in the human brain (Simonin et al., 1995; Zhu et al., 1995). Overall there is a
strong overlap in the expression of mMRNA for the kappa-opioid receptor and binding sites for
the dynorphin-like peptides. Immunohistochemical and autoradiography studies indicate
relatively high levels of kappa-opioid receptors in the nucleus accumbens shell and core,
caudate putamen, claustrum, endoperiform nucleus, ventral pallidum, medial habenula, bed
nucleus of the stria terminals, amygdala, and relatively low levels in the ventral tegmental area
and substantia nigra (Mansour et al., 1987; Mansour et al., 1996). There is somewhat of a
discrepancy between kappa-opioid receptor MRNA and kappa-opioid receptor binding sites in
the ventral tegmental area and in the substantia nigra. The ventral tegmental area and substantia
nigra have relatively high levels of kappa-opioid receptor mRNA and low levels of kappa-
opioid receptor binding sites. Therefore, it has been suggested that the kappa-opioid receptors
are produced in the ventral tegmental area and substantia nigra and then transported to the
nucleus accumbens and caudate putamen where they are expressed on presynaptic terminals
and control the release of dopamine (Britt and McGehee, 2008; Mansour et al., 1995).

The kappa-opioid receptor is a G protein-coupled receptor and stimulation of the kappa-opioid
receptor leads to the inhibition of adenylyl cyclase (Attali et al., 1989; Konkoy and Childers,
1989; Prather et al., 1995). The kappa-opioid receptor also plays a role in the regulation of
calcium currents. The kappa-opioid receptor is coupled to an N-type calcium channel and
stimulation of the kappa-opioid receptor inhibits calcium currents (Tallent et al., 1994). N-type
calcium channels are expressed on presynaptic terminals and play a critical role in the release
of neurotransmitters (Evans and Zamponi, 2006). Therefore, dynorphin-like peptides may
inhibit the release of neurotransmitters by inhibiting N-type calcium channels. Furthermore,
kappa-opioid receptor agonists have been shown to stimulate inwardly rectifying (i.e., ion
conductance depends on membrane potential) potassium channels (Henry et al., 1995; Lewin
etal., 2007). The inward rectifying potassium current is a flow of potassium ions from the
outside to the inside of the cell (Lu, 2004). The potassium conductance increases when the
membrane potential becomes more negative and the potassium conductance decreases when
the membrane depolarizes. The inward rectifying potassium channels play an important role
in maintaining the resting potential of neurons (Lu, 2004).
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A variety of animal models have been used to investigate the effects of kappa-opioid receptor
agonists on brain reward function. Kappa-opioid receptor agonists have been intensively
investigated in place conditioning procedures. Place conditioning sessions consist of a pre-test,
a conditioning phase, and a post-test. During the pre-test the animals can freely explore the
multicompartment test apparatus and how much time the rats spend in each of the compartments
is assessed. During the conditioning sessions one of the compartments is paired with the drug
and the other compartment is paired with vehicle. During the post-test it is determined if the
preference for the drug-paired compartment has changed compared to the pre-test. Animals
that are being treated with a drug that induces a positive mood state often develop a preference
for the drug paired compartment (i.e., conditioned place preference). Conversely, animals will
avoid a compartment that has been paired with a drug that induces a negative mood state (i.e.,
conditioned place aversion). Accumulating evidence indicates that kappa-opioid receptor
agonists such as U-50488, U-69593, and salvinorin A induce conditioned place aversion in
rodents (lwamoto, 1985; Shippenberg and Herz, 1987; Suzuki et al., 1993; Zhang et al.,
2005). The place aversion induced by the kappa-opioid receptor agonists can be blocked by
pretreatment with the specific kappa-opioid receptor antagonist nor-binaltorphimine (nor-BNI)
(Zhang et al., 2005). Intracranial self-stimulation (ICSS) studies support the observation that
kappa-opioid receptor agonists induce a negative mood state. Kappa-opioid receptor agonists
elevate brain reward thresholds in rats (Carlezon, Jr. et al., 2006; Todtenkopf et al., 2004;
Tomasiewicz et al., 2008). This indicates that the kappa-opioid receptor agonists decrease the
sensitivity to rewarding electrical stimuli. An inability to experience pleasure (i.e., anhedonia)
is one of the core symptoms of depression (American Psychiatric Association, 2000).

The rat forced swim test is widely used to screen for novel antidepressant drugs. In this test
the rats are placed in a cylinder with water on two consecutive days (15 minutes first session
and 5 minutes second session) and the duration that the rats spend swimming, climbing, and
immobile is assessed on day 2. Antidepressant drugs that block the reuptake of noradrenaline
decrease immobility and increase climbing in this test and antidepressants that block the
reuptake of serotonin decrease immobility and increase swimming (Cryan et al., 2002).
Treatments that induce a negative mood state such as for example amphetamine withdrawal
increase immobility and decrease climbing in the forced swim test (Cryan et al., 2003). The
kappa-opioid receptor agonists U-69593 and salvinorin A increase immobility and decrease
swimming in the forced swim test (Carlezon, Jr. etal., 2006; Mague et al., 2003). This indicates
that kappa-opioid receptor agonists induce a behavioral response in the forced swim test that
is similar to that induced by amphetamine withdrawal and opposite to that of acute treatment
with an antidepressant drug. Furthermore, the kappa-opioid receptor agonist U-50488 has been
shown to decrease male sexual behavior in rats as indicated by a decrease in female directed
behavior, an increase in copulation and ejaculation latencies, and a decrease in the number of
ejaculations (Leyton and Stewart, 1992). Similar decreases in sexual motivation have been
reported in rats during amphetamine withdrawal, which is considered a model for depression,
and in humans during a major depressive episode (Barr et al., 1999; Kennedy et al., 1999).
Bals-Kubic and colleagues investigated the brain sites via which the kappa-opioid receptor
agonists might mediate the negative mood state (Bals-Kubik et al., 1993). It was shown that
the administration of U-50488 or the dynorphin A analog E-2078 into the ventral tegmental
area, nucleus accumbens, prefrontal cortex, and lateral hypothalamus induces conditioned
place aversion in rats. The administration of U-50488 or E-2078 into the substantia nigra or
the caudate putamen did not induce conditioned place aversion.

The acute effects of kappa-opioid receptor agonists have also been investigated in humans.
Pfeiffer and colleagues investigated the subjective effects of the kappa-opioid receptor agonist
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MR 2033 (Pfeiffer etal., 1986). Subjects treated with a low dose of MR 2033 reported increased
anxiety, racing thoughts, and discomfort. Subjects who were treated with higher doses of MR
2033 reported that this drug induced severe disturbances in the perception of time and space,
visual hallucinations, and depersonalization (Pfeiffer et al., 1986). Some subjects also
displayed loss of self-control. Follow-up studies have reported that other kappa-opioid receptor
agonists (e.g., enadoline and U-62066) also induce visual hallucinations, agitation, sedation,
and dysphoria (Rimoy et al., 1994; Walsh et al., 2001). Taken together, these studies suggest
that kappa-opioid receptor agonists induce a negative mood state in rodents and humans. A
recent study suggests that very low doses of kappa-opioid receptor agonists may induce positive
mood states and high doses of kappa-opioid receptor agonists induce negative mood states
(Braida et al., 2008). Braida and colleagues demonstrated that very low doses of salvinorin A
(0.1-40 ng/kg, sc) induced conditioned place preference in rats and a high dose of salvinorin
A (160 ng/kg, sc) induced conditioned place aversion. Salvinorin A-induced conditioned place
preference could be blocked by the kappa-opioid receptor antagonist nor-BNI. On a similar
note, rats self-administer low doses of salvinorin A (0.1 and 0.5 pg per infusion) and do not
self-administer a high dose of salvinorin A (1 pg per infusion) (Braida et al., 2008). These
findings suggest that additional studies are needed to investigate the effects of low doses of
kappa-opioid receptor agonists on the brain reward system. For example, Braida and colleagues
demonstrated that doses up to 40 pg/kg (sc) induce a positive mood state and higher doses are
ineffective or induce a negative mood state (Braida et al., 2008). The lowest dose tested by
Carlezon and colleagues in the forced swim test and ICSS procedure was 125 pg/kg (ip).
Therefore it cannot be ruled out that lower doses might have had an antidepressant-like effect
in the forced swim test or would have lowered brain reward thresholds in the ICSS procedure
(Carlezon, Jr. et al., 2006).

3.2 Behavioral effects of kappa-opioid receptor antagonists

The effects of kappa-opioid receptor antagonists have been investigated in animal models that
are widely used to screen for novel antidepressants (e.g., forced swim test and learned
helplessness paradigm) and anxiolytics (e.g., elevated plus maze test). Overall, these studies
indicate that the behavioral effects of the kappa-opioid receptor antagonists are opposite to
those of high doses of the kappa-opioid receptor agonists. Kappa-opioid receptor antagonists
decrease immobility in the forced swim test and increase swimming or climbing (Beardsley et
al., 2005; Mague et al., 2003). Similar behavioral effects have been observed in rats in the
forced swim test after the administration of antidepressants (Cryan et al., 2002). The
antidepressant-like effects of the kappa-opioid receptor antagonists have also been explored
in the learned helplessness paradigm. In this test the rats are exposed to inescapable footshocks
and are then tested for shock avoidance learning at a later time point. The rats exposed to the
inescapable footshocks display a deficit in shock avoidance learning and this effect can be
prevented by treatment with antidepressants prior to the shock avoidance learning session
(Leshner et al., 1979; Seligman and Beagley, 1975; Telner and Singhal, 1981). Similar to the
antidepressants, the kappa-opioid receptor antagonist nor-BNI decreases the number of escape
failures in the learned helplessness paradigm (Newton et al., 2002).

Conflicting findings have been reported with regard to the brain sites by which nor-BNI
mediates its antidepressant-like effects in the learned helplessness paradigm. Shirayama and
colleagues reported that the administration of nor-BNI into the dentate gyrus of the
hippocampus, the CA3 region of the hippocampus, the nucleus accumbens shell, and the
nucleus accumbens core decreases the number of escape failures in the learned helplessness
paradigm (Shirayama et al., 2004). In contrast, Newton and colleagues reported that the
administration of nor-BNI into the nucleus accumbens, but not into the dentate gyrus of the
hippocampus, decreases the number of escape failures in the learned helplessness paradigm
(Newton et al., 2002). It is unlikely that this discrepancy was due to the doses of nor-BNI used
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as in both studies the same dose of nor-BNI was administered into the dentate gyrus (2.5 pg/
side). The discrepancy in the effectiveness of nor-BNI administered into the dentate gyrus to
attenuate learned helplessness might be due to the location of the injection sites. Shirayama
administered the nor-BNI anterior posterior (AP) —3.8 mm, medial lateral (ML) = 2.0 mm,
dorsal ventral (DV) —3.2 mm from dura, which is the location of the dentate gyrus (Paxinos
and Watson, 1998). In contrast, Newton administered the nor-BNI at AP —3.8 mm, ML = 2.0
mm, DV —6.5 mm from skull (Newton et al., 2002). The latter injection site is about 2 mm
ventral of the dentate gyrus and a histological reconstruction of the injection sites was not
provided (Paxinos and Watson, 1998). Therefore, these findings suggest that blockade of
kappa-opioid receptors in the dentate gyrus leads to an antidepressant-like effect in the learned
helplessness paradigm (Shirayama et al., 2004).

Evidence indicates that kappa-opioid receptor antagonists also have anxiolytic-like effects.
The kappa-opioid receptor antagonists nor-BNI and JDTic increase the percentage of time in
the open arms and the number of open arm entries in the elevated plus maze test (Knoll et al.,
2007). The same kappa-opioid receptor antagonists also decrease conditioned fear in the fear
potentiated startle paradigm without affecting baseline startle or shock reactivity (Knoll et al.,
2007). Stressors can induce a negative mood state in humans and chronic exposure to stressors
can lead to the development of anxiety and depressive disorders (Bolger et al., 1989). The
negative mood state associated with exposure to stressors can be paired with a specific physical
context or other environmental cues such as smells. Recent evidence suggests that stress-
induced negative mood states are at least partly mediated by the release of dynorphins. Chavkin
and colleagues paired the smell of an imitation almond extract with a forced swim experience
in mice. When the mice were subsequently tested in a T-maze with a Nestlett with the almond
extract on one of the arms the mice avoided the arm with the Nestlett (Land et al., 2008). Neither
the mice that were pretreated with nor-BNI prior to the forced swim sessions, nor the
prodynorphin knockout mice displayed an aversion to the Nestletts with the almond extract.
Onasimilar note, mice pretreated with nor-BNI and prodynorphin knockout mice did not avoid
a compartment in which they had received footshocks (Land et al., 2008). The administration
of nor-BNI to mice or genetic deletion of the prodynorphin gene decreases the amount of time
spent in a submissive social defeat posture after the mice have been place in the home cage of
an aggressive male mouse (McLaughlin et al., 2006). The latter finding confirms that blockade
of dynorphin signaling protects against the effects of a severe stressful experience. The
neuropeptide CRF has been suggested to play an important role in psychiatric disorders such
as depression and drug addictions (Bruijnzeel and Gold, 2005; Koob, 2008; Shaham et al.,
2000; Sinha, 2001). The administration of CRF to rodents leads to increased anxiety-like
behavior and a negative mood state as reflected by CRF-induced place aversion and elevations
in brain reward thresholds in the ICSS procedure (Cador et al., 1992; Macey et al., 2000).
Interestingly, CRF does not induce place aversion in mice pretreated with nor-BNI or in
prodynorphin knockout mice (Land et al., 2008). This suggests that the CRF-induced negative
mood state is at least partly mediated by the endogenous release of dynorphin-like peptides.

3.3 Neurochemical effects of kappa-opioid receptor ligands

Dopamine signaling has been suggested to play an important role in mediating the acute
rewarding effects of drugs of abuse and natural reinforcers such as food and sex (Church et al.,
1987; Koob, 2009; Malmnas, 1976; Robbins and Everitt, 1982; Wise et al., 1978). The
mesolimbic dopaminergic system is compromised of dopaminergic projections from the
ventral tegmental area to the nucleus accumbens, amygdala, hippocampus, and the medial
prefrontal cortex. Drugs of abuse and natural reinforcers have been shown to increase dopamine
levels in the projection areas of the ventral tegmental area (Church et al., 1987; Hernandez and
Hoebel, 1988; Pfaus et al., 1990; Wise, 2004). In contrast, drug withdrawal, which leads to a
negative mood state, has been associated with decreased dopamine levels in the nucleus

Brain Res Rev. Author manuscript; available in PMC 2010 December 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bruijnzeel

Page 9

accumbens (Weiss et al., 1992; Weiss et al., 1996). Extensive evidence points toward an
important role for the dynorphin/kappa opioid receptor system in the regulation of dopamine
release. The subcutaneous administration of the kappa-opioid receptor agonists U-50488,
bremazocine, and tifluadome decreases extracellular dopamine levels in the nucleus
accumbens (Di Chiara and Imperato, 1988b). In contrast, the subcutaneous administration of
the kappa-opioid receptor antagonist nor-BNI leads to increased dopamine levels in the nucleus
accumbens (Maisonneuve et al., 1994). Distinct groups of ventral tegmental area neurons
project to the nucleus accumbens and the prefrontal cortex (Fallon, 1981; Swanson, 1982). It
is interesting to note that the ventral tegmental area dynorphin/kappa-opioid receptor system
plays a differential role in the regulation of neurons that project to the nucleus accumbens and
the prefrontal cortex. Electrophysiological studies indicate that the kappa-opioid receptor
agonist U-69593 inhibits dopaminergic neurons in the ventral tegmental area that project to
the medial prefrontal cortex and does not inhibit neurons that project to the nucleus accumbens
(Margolis et al., 2006). In addition, the administration of U-69593 into the ventral tegmental
area decreases dopamine levels in the medial prefrontal cortex and does not affect dopamine
levels in the nucleus accumbens (Margolis et al., 2006). This indicates that dopamine release
in the medial prefrontal cortex, but not in the nucleus accumbens, is regulated by kappa-opioid
receptors in the ventral tegmental area. Extensive evidence indicates that dopamine release in
the nucleus accumbens is regulated by kappa-opioid receptors on presynpatic terminals in this
brain site (Meshul and McGinty, 2000). The kappa-opioid receptor agonist U-50488 inhibits
the electrically evoked release of [3H]dopamine from superfused nucleus accumbens slices
(Heijna et al., 1990). In addition, the administration of the kappa-opioid receptor agonists
U-69593 and U-50488 into the nucleus accumbens lowers extracellular dopamine levels in this
brain site (Donzanti et al., 1992; Spanagel et al., 1992).

The great majority (~ 90%) of the neurons in the nucleus accumbens are GABAergic medium
spiny neurons (Gerfen, 2004). In addition to the medium spiny neurons the nucleus accumbens
contains populations of GABAergic interneurons, cholinergic interneurons, and nitric oxide
synthase (NOS) containing interneurons (Nicola et al., 2000). The GABAergic medium spiny
neurons and interneurons in the nucleus accumbens receive extensive glutamatergic input from
the amygdala, hippocampus, and prefrontal cortex (Floresco et al., 2001; Groenewegen et al.,
1987; Pennartz et al., 1994). Dysregulation of glutamatergic and GABAergic transmission in
the nucleus accumbens has been associated with negative mood states. For example, the opioid
receptor antagonist naloxone induces a potent, 300%, increase in glutamate levels in the
nucleus accumbens of morphine dependent animals and does not affect glutamate levels in the
accumbens of control animals (Nicola et al., 2000). Opioid receptor antagonists induce a
negative mood state in opioid dependent animals and do not affect mood states in drug-free
control animals (Bruijnzeel et al., 2006; Schulteis et al., 1994). Furthermore, the administration
of glutamate into the nucleus accumbens decreases swimming in the rat forced swim test and
the administration of the N-methyl-D-aspartate (NMDA) antagonists dizocilpine or 2-amino-5-
phosphonovalerate in the same brain site increases swimming in the rat forced swim test (Rada
et al., 2003). The observation that the administration of NMDA receptor antagonists into the
nucleus accumbens increases swimming in the forced swim test suggests that these compounds
have an antidepressant-like effects when administered into this brain site. Morphine and
cocaine withdrawal has been associated with an increased release of GABA in the nucleus
accumbens, which suggests that elevated levels of GABA in the nucleus accumbens might
mediate negative mood states (Chieng and Williams, 1998; Xi et al., 2003). Taken together,
these studies suggest that increased GABAergic and glutamatergic transmission in the nucleus
accumbens can contribute to negative mood states. Therefore, it is somewhat surprising to note
that kappa-opioid receptor agonists, which induce negative mood states, decrease GABA and
glutamate levels in the nucleus accumbens (Hjelmstad and Fields, 2001; Hjelmstad and Fields,
2003; Rawls and McGinty, 1998). At this point in time, extensive evidence points toward a
role for the dynorphin-like peptides, GABA, and glutamate in the nucleus accumbens in the
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regulation of brain reward function. It is, however, not known how the simultaneous release
of these neurotransmitters affects brain reward function. Future studies are needed to delineate
the complex interactions between the dynorphin-like peptides, GABA, and glutamate in the
nucleus accumbens in regulating brain reward function.

The nigrostriatal dopaminergic system consists of dopaminergic projections from the
substantia nigra to the caudate putamen. The nigrostriatal dopaminergic systems plays an
important role in movement control and the loss of dopaminergic neurons in the substantia
nigra leads to Parkinson’s disease (Jellinger, 2007; Lewitt, 2008). The loss of the dopaminergic
neurons in the substantia nigra has also been suggested to lead to depression (Lemke, 2008).
The dynorphin/kappa opioid receptor system plays an important role in the regulation of
dopamine release in the caudate putamen. Subcutaneous administration of the kappa-opioid
receptor agonists decreases extracellular dopamine levels in the caudate putamen (Di Chiara
and Imperato, 1988b; Zhang et al., 2005). You and colleagues performed a detailed
investigation into the role of kappa-opioid receptors in the caudate putamen and substantia
nigra in the regulation of dopamine release in the caudate putamen (You et al., 1999). They
demonstrated that the administration of the kappa-opioid receptor agonist U-50488 into the
substantia nigra or the caudate putamen decreases extracellular dopamine levels in the caudate
putamen. The administration of nor-BNI into the substantia nigra or caudate putamen increases
dopamine release in the caudate putamen. Overall, these findings suggest that dopamine release
in the caudate putamen is regulated by the endogenous release of dynorphin-like peptides in
the caudate putamen and the substantia nigra. Dynorphin-like peptides in the caudate putamen
might attenuate the release of dopamine in this brain site via two distinct mechanisms. First,
the dynorphin-like peptides might bind to the presynaptic kappa-opioid receptors on
dopaminergic terminals and thereby decrease the release of dopamine. Second, the release of
dynorphin-like peptides into the caudate putamen might reduce the release of dopamine in this
brain site via the activation of a negative feedback pathway. This is supported by the
observation that the administration of the kappa-opioid receptor agonist U-50488 into the
caudate putamen inhibits the firing of dopaminergic neurons in the substantia nigra (Walker
etal., 1987). The effects of the administration of kappa-opioid receptor agonists into the caudate
putamen on the firing rate of substantia nigra neurons are opposite to those of the effects of
dopamine and mu-opioid receptor agonists. The administration of dopamine, haloperidol, and
morphine into the caudate putamen has been shown to increase the spontaneous firing of
neurons in the substantia nigra and thereby stimulate dopamine release in the caudate putamen
(Chesselet et al., 1981; Finnerty and Chan, 1979; Iwatsubo and Clouet, 1977).

3.4 Kappa-opioid receptor ligands and natural reinforcers

Extensive preclinical evidence indicates that kappa-opioid receptors play an important role in
food intake. Kappa-opioid receptor agonists have been shown to increase the intake of regular
lab chow and highly palatable foods (sweetened milk, sucrose pellets, sucrose solution) in
hungry and sated rats (Badiani et al., 2001; Cooper et al., 1985; Locke et al., 1982; Morley and
Levine, 1981; Ruegg et al., 1997). In contrast, the kappa-opioid receptor antagonist nor-BNI
decreases food intake and prevents food intake induced by kappa-opioid receptor agonists
(Beczkowska et al., 1992; Levine et al., 1990). These findings suggest that stimulation of
kappa-opioid receptors increases feeding irrespective of the satiety status and the palatability
of the available food source. Relatively little research has been conducted in order to investigate
the neuronal substrates via which dynorphin-like peptides increase food intake. At this point
in time, two brain sites have been identified by which the dynorphin-like peptides may increase
food intake. The administration of dynorphin A into the medial hypothalamus and the ventral
tegmental area has been shown to increase food intake in rats (Gosnell, 1988) (Hamilton and
Bozarth, 1988). Dynorphin A (1-13) binds with a high affinity to kappa-opioid receptors but
also with a low affinity to mu-opioid receptors and therefore the dose-response curves of
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dynorphin A (1-13) and the mu-opioid receptor agonist morphine were compared. It was shown
that dynorphin A (1-13) was about 50,000 times more potent than morphine in eliciting feeding
behavior, which suggests that the effects of dynorphin A (1-13) were mediated via the
activation of the kappa-opioid receptor. Nencini and Stewart reported that the administration
of a kappa-opioid receptor agonist, U-50488, in the ventral tegmental area does not stimulate
food intake (Nencini and Stewart, 1990). There was, however, a major difference between
these two studies in the way the food intake was measured. Hamilton and Bozarth recorded
feeding behavior during the first 15 minutes after the administration of dynorphin A (1-13)
(Hamilton and Bozarth, 1988). In contrast, Nencini and Steward recorded the amount of food
consumed after 2 hours and 5 hours (Nencini and Stewart, 1990). Therefore, it might be possible
that the activation of kappa-opioid receptors in the ventral tegmental area induces a short burst
of food intake which cannot be detected when food intake is investigated over a 2 or 5 hour
time period.

Some evidence suggests that the effects of dynorphin-like peptides on food intake depend on
the emotional state of the animal. Mild tail pinches have been shown to increase food intake
in sated rats (Antelman and Caggiula, 1977). Tail pinch-induced food intake is at least partly
mediated by the release of dopamine in the dorsal striatum and the endogenous release of
opioids. This is supported by the observation that lesioning of the dopaminergic nigrostriatal
bundle or the administration of the nonspecific opioid receptor antagonist naloxone inhibits
tail pinch-induced food intake in rats (Antelman and Szechtman, 1975; Morley and Levine,
1980). Very little research has been conducted to investigate the role of dynorphin-like peptides
in tail pinch-induced food intake. However, tail pinch stress has been shown to decrease
dynorphin A (1-13) levels in the cortex but not in the hypothalamus (Morley et al., 1982).
Additional studies are needed to investigate if the tail pinch-induced release of dynorphin-like
peptides in the cortex affects tail pinch-induced food intake. In contrast to the mild tail pinch
stressor, more severe stressors such as restraint stress decrease food intake in rats (Harris et
al., 1998). The effects of restraint stress on food intake are at least partly mediated by the
endogenous release of CRF. The CRF receptor antagonist a-helical CRF(g_41) prevents restraint
stress-induced hypophagia and weight loss (Smagin et al., 1999). The administration of CRF
into the lateral ventricles has been shown to decrease food intake in rats (Britton et al., 1982).
CRF has also been shown to suppress dynorphin A (1-13) induced feeding in rats (Levine et
al., 1983). The observation that CRF inhibits dynorphin A (1-13)-induced food intake is in line
with previous observations that indicate that CRF is an extremely potent inhibitor of food
intake. CRF has been shown to inhibit feeding induced by the GABA type A agonist muscimol,
norepinephrine, insulin, and severe, 30 hours, of food deprivation (Levine et al., 1983; Morley
and Levine, 1982). Taken together, these findings suggest that CRF counteracts the effects of
dynorphin-like peptides on food intake.

Extensive evidence points toward a role of kappa-opioid receptor signaling in male sexual
behavior. Kappa-opioid receptor agonists have been shown to decrease sexual behavior in male
rats, rabbits, and newts (Agmo et al., 1994; Deviche and Moore, 1987; Leyton and Stewart,
1992). Very little research has been done to investigate the neurobiological substrates that
mediate the decrease in sexual behavior induced by kappa-opioid receptor agonists. Some
evidence suggests that endogenous dynorphin-like peptides may decrease sexual behavior by
stimulating kappa-opioid receptors in the ventral tegmental area, the nucleus accumbens, and
the medial preoptic area (Leyton and Stewart, 1992). The administration of the kappa-opioid
receptor antagonist nor-BNI into the ventral tegmental area, nucleus accumbens, or medial
preoptic area increases female-directed behavior (Leyton and Stewart, 1992). In addition, the
administration of nor-BNI in these brain sites prevented some of the sexual inhibitory effects
(e.g, decreased female directed behavior, decreased number of ejaculations, increased
copulation and ejaculation latencies) that were observed after the systemic administration of
the kappa-opioid receptor agonist U-50488.
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The noncontingent administration of drugs of abuse and the self-administration of drugs of
abuse leads to increased extracellular dopamine levels in the mesolimbic and the nigrostriatal
dopaminergic system (Cadoni and Di, 1999; Paulson and Robinson, 1995; Yoshida et al.,
1993). The drug-induced dopamine release in the nucleus accumbens has been suggested to
play an important role in the initiation and maintenance of drug self-administration and
establishing stimulus—reward associations (Fouriezos et al., 1978; Robbins et al., 1989;
Robbins and Everitt, 1982; Spyraki et al., 1982; Spyraki et al., 1983; Spyraki et al., 1987; Wise
et al., 1978). Although the great majority of the studies have focused on the role of dopamine
in the nucleus accumbens in brain reward function, accumulating evidence suggests that the
caudate putamen also plays an important role in signaling reward. Schultz and colleagues
investigated the effects of the presentation of a liquid-reward in a go-nogo task on the activity
of neurons in the nucleus accumbens and the caudate putamen of monkeys (Apicella et al.,
1991). They demonstrated that the presentation of the liquid reward increased the activity of
neurons in the caudate putamen and the nucleus accumbens. A positron emission tomography
(PET) study demonstrated that playing video games for a monetary incentive increased
dopamine transmission in the caudate putamen and the nucleus accumbens (Koepp et al.,
1998). Furthermore, when test subjects in a functional Magnetic Resonance Imaging (fMRI)
study were shown pictures of people with whom they were intensely in love they displayed
increased activity in the ventral tegmental area and the caudate nucleus (Aron et al., 2005).

Drugs of abuse induce feelings of euphoria and a dramatic release of dopamine in the
mesolimbic and nigrostriatal dopaminergic systems. The drug induced release of dopamine in
the brain is much greater than that induced by any natural reinforcer. For example, dopamine
levels in the nucleus accumbens are 1000% of those of baseline levels after the administration
of amphetamine and dopamine levels in the same brain site are 140% of baseline levels after
sex in male rats (Di Chiara and Imperato, 1988a; Fiorino and Phillips, 1999). High levels of
dopamine have neurotoxic effects as indicated by a degeneration of dopaminergic terminals
and apoptosis in the striatum (Krasnova and Cadet, 2009). Extensive evidence indicates that
drugs of abuse induce the release of dynorphin-like peptides (Sivam, 1989; Smiley et al.,
1990), which might be a compensatory response to prevent highly elevated dopamine levels
and the accompanying neurotoxic effects. This is supported by the observation that kappa-
opioid receptor agonists protect against some of the neurotoxic effects of methamphetamine.
The administration of methamphetamine to mice (10 mg/kg, 4 time in 1 day) leads to a long-
term decreased methamphetamine and potassium-induced dopamine release in the caudate
putamen (El Daly et al., 2000), which is likely caused by the neurotoxic effects of high levels
of dopamine (Krasnova and Cadet, 2009). The administration of the kappa-opioid receptor
agonist U-69593 prior to two of the four methamphetamine injections prevented the
methamphetamine-induced effects on dopamine transmission. Recent evidence indicates that
kappa-opioid receptor agonists may also prevent some of the molecular effects of drugs of
abuse. Drugs of abuse and dopamine increase the phosphorylation of DARPP-32 (dopamine-
and cyclic AMP-regulated phosphoprotein, Mr = 32,000) at threonine-34 and decrease the
phosphorylation at threonine-75 via a dopamine D1 receptor dependent mechanism
(Hemmings, Jr. et al., 1984b; Hemmings, Jr. et al., 1984a; Nishi et al., 2000; Svenningsson et
al., 2000). The phosphorylation and dephosphorylation of DARPP-32 has been shown to affect
many of the behavioral, neurochemical, and electrophysiological effects of drugs of abuse
(Borgkvist and Fisone, 2007; Fienberg and Greengard, 2000). In a recent study it was shown
that cocaine increases the phosphorylation of DARPP-32 at threonine-34 in the caudate
putamen, prefrontal cortex, and the hippocampus. Pretreatment with the kappa-opioid receptor
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agonist U-69593 prevents the cocaine-induced phosphorylation of DARPP-32 at threonine-34
in these brain sites (D’ Addario et al., 2007).

It is interesting to note that a majority of the studies indicate that chronic cocaine increases
dynorphin-like peptide levels in the nigrostriataldopaminergic system but not in the mesolimbic
dopaminergic system. Cocaine self-administration in rats and monkeys increases prodynorphin
mRNA in the caudate putamen but not in the nucleus accumbens (Daunais et al., 1993; Daunais
etal., 1995; Fagergren et al., 2003; Schlussman et al., 2005). In contrast to the aforementioned
studies, Schlussman and colleagues demonstrated that cocaine self-administration in rats leads
to an increase in dynorphin mRNA levels in the nucleus accumbens and the caudate putamen
(Hurd etal., 1992). The difference between these studies might be due to differences in cocaine
administration schedules, rat strains, and inconsistencies in the selection of brain sections. In
addition to cocaine, the administration of alcohol, amphetamine, methamphetamine, morphine,
and MDMA (3,4-methylenedioxymethamphetamine) has been shown to increase dynorphin
levels in the nigrostriatal dopaminergic system (Gulya et al., 1993; Hanson et al., 1987; Hanson
etal., 1988; Singh et al., 1991; Trujillo and AKkil, 1990). Trujillo and Akil compared the effects
of chronic morphine and chronic amphetamine on the expression of dynorphin-like peptides
in the nucleus accumbens and the caudate putamen (Trujillo and Akil, 1990). Chronic
amphetamine increased dynorphin A (1-8), dynorphin A (1-17), dynorphin B (1-13), and a-
neoendorphin levels in the caudate putamen. Chronic amphetamine did not induce significant
increases in the levels of these peptides in the nucleus accumbens. Chronic morphine
significantly increased dynorphin A (1-8) and a-neoendorphin levels in the caudate putamen
and also induced a non-significant increase in dynorphin A (1-17), 52%, and dynorphin B
(1-13), 45%, in this brain site. Chronic morphine did not affect the dynorphin-like peptide
levels in the nucleus accumbens. These findings suggest that psychostimulants and opioids
might have similar effects on dynorphin-like peptide levels in the caudate putamen. A recent
study demonstrated that a single injection of nicotine increases dynorphin B (1-13) and
prodynorphin mRNA levels in mice. It was shown that dynorphin B (1-13) levels in the nucleus
accumbens and the caudate putamen were increased 1 hour and 18 hours after the
administration of nicotine (Isola et al., 2009). The prodynorphin mRNA levels were increased
in the nucleus accumbens and the caudate putamen 3 hours after the administration of nicotine.
A detailed analysis of the effects of nicotine on prodynorphin mRNA levels in the caudate
putamen indicated that a single injection of nicotine increased prodynorphin mRNA levels in
the caudate putamen for about 24 hours.

Drug abuse also leads to increased dynorphin levels in the human brain. Hurd and Herkenham
investigated the effects of cocaine abuse on prodynorphin mRNA levels in the nucleus
accumbens and caudate putamen (Hurd and Herkenham, 1993). It was shown that cocaine
abuse leads to a significant increase in prodynorphin mRNA levels in the putamen, but not in
the caudate or the nucleus accumbens. There was a trend toward an increase in prodynorphin
mRNA levels in the putamen of subjects with a history of cocaine abuse. In a more recent study
the effects of cocaine abuse on dynorphin A (1-17) levels in the nucleus accumbens and caudate
putamen of subjects with a history of cocaine abuse was investigated (Frankel et al., 2008). It
was demonstrated that chronic cocaine abuse leads to an increase in dynorphin A (1-17) levels
in the caudate, but not in the putamen or the nucleus accumbens. There was, however, a trend
towards an increase in dynorphin A (1-17) in the putamen of cocaine abusers. These studies
with human brain samples suggest that chronic cocaine abuse leads to an increase in dynorphin
production in the caudate putamen but not in the nucleus accumbens. Increased prodynorphin
MRNA levels have been detected in the caudate nuclei of suicide victims compared to those
of normal controls and patients with schizophrenia (Hurd et al., 1997). Therefore, the cocaine-
induced hyperactivity of the dorsal striatal dynorphin system could possibly contribute to the
high suicide rate among cocaine abusers (Marzuk et al., 1992).
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Cocaine abuse also leads to a dramatic increase in dynorphin A levels in the ventral pallidum
(Frankel et al., 2008). The dynorphin A (1-17) level in the ventral pallidum of chronic cocaine
abusers was about 450% of that of controls while the dynorphin A (1-17) level in the caudate
of chronic cocaine abusers was about 200% of that of controls (Frankel etal., 2008). The ventral
pallidum is a ventral extension of the globus pallidus and has been suggested to play an
important role in regulating brain reward function (Noback et al., 2005; Smith et al., 2009).
Dopaminergic neurons from the ventral tegmental area project to the ventral pallidum and the
administration of a dopamine D1 receptor agonist into the ventral pallidum increases the firing
rate of a majority, 69%, of the neurons in this brain site (Klitenick et al., 1992; Maslowski and
Napier, 1991). Drugs of abuse such as alcohol and cocaine increases the release of dopamine
in the ventral pallidum (Melendez et al., 2003; Sizemore et al., 2000). In addition, the
administration of cocaine or amphetamine into the ventral pallidum induces conditioned place
preference (Gong et al., 1996). Furthermore, 6-hydroxydopamine-induced lesioning of
dopaminergic terminals in the ventral pallidum prevents the development of cocaine-induced
conditioned place preference (Gong et al., 1997). Taken together, these findings indicate that
drug-induced dopamine release in the ventral pallidum plays a critical role in signaling the
rewarding effects of drugs of abuse. It is suggested here that the increase in dynorphin levels
in the ventral pallidum of chronic cocaine abusers might be an adaptive response to attenuate
the cocaine-induced dopamine release in this brain site (Frankel et al., 2008). The
administration of heroin to rats has also been shown to induce a strong increase in dynorphin
B levels in the globus pallidus (Weissman and Zamir, 1987). This suggests that opioids might
have similar effects on dynorphin-like peptide levels in the globus pallidus/ventral pallidum
complex as psychostimulants. Taken together, the above discussed literature indicates that
drugs of abuse increase the release of dopamine in the mesolimbic and nigrostriatal
dopaminergic systems. The concomitant release of the dynorphin-like peptides in the caudate
putamen and to a lesser degree in the nucleus accumbens might act as negative feedback loop
to decrease dopamine release.

4.2 Kappa-opioid receptor ligands and drug reward

Evidence indicates that kappa-opioid receptor agonists attenuate the behavioral effects of
psychostimulants. The effects of kappa-opioid receptor agonists have been more thoroughly
evaluated on the rewarding and locomotor effects of cocaine than on the effects of nicotine,
amphetamine, or other psychostimulants. The kappa-opioid receptor agonists U-69593 and
U-50488 have been shown to prevent the acute locomotor effects of cocaine (Heidbreder et
al., 1995). In addition, pretreatment with the kappa-opioid receptor agonists prevents the
development of cocaine-induced locomotor sensitization (Heidbreder et al., 1993; Heidbreder
et al., 1995). Kappa-opioid receptor agonists reduce the self-administration of cocaine in rats,
mice, and rhesus monkeys (Glick et al., 1995; Kuzmin et al., 1997; Negus et al., 1997; Schenk
et al., 1999). In addition, pretreatment with kappa-opioid receptor agonists prevents the
development of cocaine-induced conditioned place preference in mice and rats (Suzuki et al.,
1992; Zhang et al., 2004). Finally, cocaine lowers the brain reward thresholds of rats in the
ICSS procedure. A lowering of brain reward thresholds in the ICSS procedure is indicative of
a potentiation of brain reward function. Pretreatment with kappa-opioid receptor agonists
prevents the cocaine-induced lowering in brain reward thresholds (Tomasiewicz et al., 2008).
Taken together, these findings indicate that kappa-opioid receptor agonists prevent the
locomotor and the rewarding effects of cocaine. Some evidence has been provided to suggest
that kappa-opioid receptor agonists attenuate the behavioral effects of amphetamine and
nicotine. Gray and colleagues demonstrated that amphetamine induces a strong increase in
activity in rats (e.g., locomotion, rearing, grooming) and this effect was partially blocked by
pretreatment with the kappa-opioid receptor agonist U-69593 (Gray et al., 1999). Furthermore,
pretreatment with the kappa-opioid receptor agonists U-50488, U-69593, and CI-977 prevents
the nicotine-induced increase in locomotor activity in rats (Hahn et al., 2000). At this point in
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time, it is not known if the kappa-opioid receptor agonists attenuate the rewarding effects of
nicotine, amphetamine, and other psychostimulants. Stimulation of kappa-opioid receptors has
also been reported to attenuate some of the behavioral effects of the mu-opioid receptor agonist
morphine. Morphine has been shown to induce hyperactivity in mice and this effect can be
prevented by pretreatment with the kappa-opioid receptor agonist TRK-820 (Tsuji et al.,
2001). Kappa-opioid receptor agonists have also been shown to decrease the self-
administration of morphine in rats and mice at doses that do not affect the self-administration
of water (Glick et al., 1995; Kuzmin et al., 1997). In addition, low doses of kappa-opioid
receptor agonists that do not induce place aversion alone prevent morphine-induced
conditioned place preference in rats and mice (Bolanos et al., 1996; Funada et al., 1993). Thus,
the aforementioned studies indicate that low, non-aversive doses of kappa-opioid receptor
agonists decrease the rewarding effects of morphine in rats and mice.

4.3 Kappa-opioid receptor ligands and drug withdrawal

Drug withdrawal leads to a severe negative emotional state and has been associated with a
decreased release of dopamine in the brain (Parsons et al., 1991; Paulson and Robinson,
1996; Weiss et al., 1992). It is hypothesized here that a continued increased production and
release of dynorphin-like peptides during the withdrawal phase contributes to the decreased
dopamine release and the negative affective state associated with drug withdrawal. Extensive
evidence points toward an increased production and release of dynorphin-like peptides during
the acute and protracted drug withdrawal phase. Isola and colleagues investigated the effects
of nicotine withdrawal in mice on dynorphin B (1-13) protein levels and prodynorphin mRNA
in the striatum (nucleus accumbens and caudate putamen combined). The dynorphin B (1-13)
levels were decreased from 4 to 72 hours after the discontinuation of nicotine administration.
A decrease in dynorphin B (1-13) levels is indicative of an increased release of dynorphin B
(1-13). The prodynorphin mRNA levels were increased from 8 hours until at least 96 hours
after the discontinuation of nicotine administration. It is interesting to note that the decrease
in dynorphin B (1-13) levels parallels the deficit in brain reward function associated with
nicotine withdrawal (Bruijnzeel et al., 2007). In a previous study we reported that the brain
reward thresholds of rats are elevated from 3-96 hours after discontinuation of nicotine
administration (Bruijnzeel et al., 2007). Prodynorphin mRNA levels in the nucleus accumbens
are also increased during acute alcohol withdrawal (Przewlockaet al., 1997). The prodynorphin
MRNA levels were increased 24 and 48 hours post alcohol administration in rats and were
returned to baseline levels 96 hours post alcohol administration (Przewlocka et al., 1997).
Lindholm and colleagues reported that the dynorphin B (1-13) levels are also increased in the
nucleus accumbens of rats 21 days after a period of chronic alcohol administration (Lindholm
et al., 2000). The increased dynorphin B (1-13) levels in the nucleus accumbens might
contribute to the protracted negative affective state associated with the discontinuation of
chronic alcohol intake (Rylkova et al., 2008). Discontinuation of chronic cocaine
administration also leads to increased prodynorphin mRNA levels in the lateral hypothalamus
of rats (Zhou et al., 2008). Therefore, a hyperactivity of dynorphin systems in the hypothalamus
might contribute to the negative emotional state associated with cocaine withdrawal.

A hyperactivity of the dynorphin systems might also play a role in alcohol intake in alcohol
dependent patients. Rodents self-administer alcohol and the alcohol intake is greatly increased
when the rats have been chronically exposed to alcohol vapor (O’Dell et al., 2004). Walker
and Koob demonstrated that the kappa-opioid receptor antagonist nor-BNI decreases the self-
administration of alcohol in alcohol dependent animals which have been chronically exposed
to alcohol vapor and does not affect alcohol self-administration in non-dependent animals
(Walker and Koob, 2008a). The same investigators proposed that chronic alcohol intake leads
to a hyperactivity of the brain dynorphin systems. After the discontinuation of alcohol intake
the increased release of dynorphin may lead to a negative emotional state, craving, and high
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levels of alcohol intake when alcohol becomes available. Blockade of the kappa-opioid
receptors may decrease alcohol intake by attenuating the negative emotional state associated
with alcohol withdrawal (Walker and Koob, 2008a; Walker and Koob, 2008Db).

Additional support for a role of dynorphin in drug withdrawal is provided by the observation
that kappa-opioid receptor knockout mice display fewer naloxone-precipitated somatic
withdrawal signs (body tremor, ptosis, jumping sniffing, and diarrhea) than wild-type controls
(Simonin et al., 1998). The above discussed studies suggest that a hyperactivity of the brain
dynorphin systems at least partly mediates some of the somatic and affective drug withdrawal
signs. It should be noted, however, that there is evidence to suggest that kappa-opioid receptor
agonists could potentially attenuate opioid and nicotine withdrawal. For example, the kappa-
opioid receptor agonists U-50488 and TRK-820 have been reported to prevent mecamylamine-
induced conditioned place aversion in nicotine dependent animals (Ise et al., 2002). The latter
study seems to be in conflict with other studies that demonstrated that kappa-opioid receptor
agonists induce conditioned place aversion (Mucha and Herz, 1985; Zhang et al., 2005). Mucha
and Herz reported that 1 mg/kg of U-50488 induces conditioned place aversion and Ise and
colleagues reported that the same dose of U-50488 completely prevented nicotine withdrawal-
induced conditioned place aversion (Ise et al., 2002; Mucha and Herz, 1985). It might be
possible that in the aforementioned studies U-50488 mediated its effects in control animals
and animals withdrawing from nicotine via a distinct molecular mechanism. Kappa-opioid
receptor antagonists are potent calcium channel inhibitors (Macdonald and Werz, 1986; Tallent
et al., 1994; Werz and Macdonald, 1984). Calcium channel inhibitors have been shown to
attenuate mecamylamine-precipitated somatic withdrawal signs in rats (Biala and Weglinska,
2005). Furthermore, calcium channel inhibitors have also been shown to possess antidepressant
and anxiolytic-like properties and inhibit alcohol, morphine, and benzodiazepine withdrawal
(Pucilowski, 1992). Therefore, the kappa-opioid receptor agonist U-50488 might have
prevented nicotine withdrawal induced place aversion by inhibiting calcium channels. Kappa-
opioid receptor agonists also inhibit dopamine release in the nucleus accumbens and caudate
putamen of drug free animals (Di Chiara and Imperato, 1988b). Decreased dopamine levels in
the striatum have been associated with negative emotional states and therefore the kappa-opioid
receptor agonist U-50488 might have induced place aversion in the drug free animals by
inhibiting dopamine release in the nucleus accumbens and caudate putamen. Future studies are
needed to investigate if chronic drug administration alters the neurochemical response to
kappa-opioid receptor agonists. For example, it is not known if chronic drug administration
affects the coupling of kappa-opioid receptors to calcium channels and if kappa-opioid receptor
agonists inhibit the release of dopamine in the striatum of drug dependent animals to a similar
degree as in drug naive animals.

The stimulation of kappa-opioid receptors has been suggested to decrease opioid withdrawal
signs. Tulunay and colleagues reported that dynorphin B (1-13) suppresses spontaneous
jumping in morphine withdrawing mice (Tulunay et al., 1981). In addition, the intravenous
administration of dynorphin B decreases heroin withdrawal symptoms (yawning, diarrhea,
running nose, etc) in humans (Wen et al., 1984; Wen and Ho, 1982). In contrast, the kappa-
opioid receptor antagonist nor-BNI potentiates naloxone-induced place aversion in morphine
dependent rats and increases the number of naloxone-induced somatic withdrawal signs
(Spanagel et al., 1994). Taken together, these findings suggest that stimulation of kappa-opioid
receptors ameliorates opioid withdrawal signs. The affective and somatic opioid withdrawal
signs are at least partly mediated by an increased release of norepinephrine in the brain (Delfs
et al., 2000; Gold et al., 1978). It is hypothesized here that kappa-opioid receptor agonists
attenuate opioid withdrawal by decreasing the opioid withdrawal induced release of
norepinephrine. The kappa-opioid receptor is coupled to an N-type calcium channel and
activation of the kappa-opioid receptors inhibits N-type calcium currents (Tallent et al.,
1994). Drugs that block the N-type calcium channels have been shown to block norepinephrine
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release from sympathetic neurons (Hirning et al., 1988). This is in line with the observation
that dynorphin A (1-13) and the kappa-opioid receptor agonist ethylketocyclazocine decrease
the potassium evoked release of [3H]noradrenaline from guinea pig cortical slices (Kinouchi
etal., 1989). In addition, the kappa-opioid receptor agonist U-50488 has been shown to inhibit
norepinephrine release from brain slices (Werling et al., 1988). Future studies are needed to
investigate if the kappa-opioid receptor agonists prevent norepinephrine release in the brain
associated with opioid withdrawal (Done et al., 1992; Rossetti et al., 1993). The stimulation
of the kappa-opioid receptors has also been shown to prevent alcohol withdrawal-induced
seizures. Beadles-Bohling and Wiren investigated the effects of the kappa-opioid receptor
antagonist nor-BNI and the kappa-opioid receptor agonist U-50488 on handling-induced
convulsions in alcohol withdrawing mice. It was shown that U-50488 reduced handling-
induced convulsions and nor-BNI increased handling-induced convulsions (Beadles-Bohling
and Wiren, 2006). Alcohol withdrawal-induced seizures are at least partly mediated by an
increased glutamate release in the brain and stimulation of kappa-opioid receptors has been
shown to decrease glutamate release (Hjelmstad and Fields, 2003; Tsai et al., 1995; Tsai and
Coyle, 1998). Therefore, kappa-opioid receptor agonists might prevent alcohol withdrawal-
induced seizures by decreasing glutamatergic transmission.

5. Concluding remarks

The reviewed studies unequivocally indicate that the dynorphin-like peptides play an important
role in regulating the state of the brain reward system. Overall these studies indicate that
stimulation of kappa-opioid receptors leads to a negative emotional state by inhibiting the
release of dopamine in the striatum. The same mechanism might play a critical role in protecting
the brain from the neurotoxic effects of drugs of abuse such as methamphetamine. The
behavioral and neurochemical effects of kappa-opioid receptor agonists are opposite to those
of kappa-opioid receptor antagonists. Kappa-opioid receptor antagonists have been shown to
have potent antidepressant-like effects and prevent stress-induced negative emotional states
(Land etal., 2008; Mague etal., 2003; Pliakas et al., 2001). The studies discussed in this review
suggest that chronic drug intake induces neuroadaptations in the brain dynorphin system that
inhibit drug-induced dopamine release. The increased production of dynorphin-like peptides
may initially counteract the effects of drugs of abuse but might induce a negative emotional
state when drug intake ceases and these adaptations remain unopposed. It should be noted,
however, that there is evidence that suggests that kappa-opioid receptor agonists attenuate drug
withdrawal. Kappa-opioid receptor agonists have been shown to regulate ion channels and
glutamatergic, GABAergic, and noradrenergic transmission (Hirning et al., 1988; Hjelmstad
and Fields, 2003; Kinouchi et al., 1989; Tallent et al., 1994). Therefore, kappa-opioid receptor
agonists may attenuate drug withdrawal symptomatology by decreasing glutamatergic,
GABAergic, or noradrenergic transmission in the brain. It cannot be ruled out that the effects
of kappa-opioid receptor agonists/antagonists are brain site specific. For example, it could be
hypothesized that the administration of kappa-opioid receptor antagonists into the striatum
prevents drug withdrawal by increasing dopamine levels. In contrast, kappa-opioid receptor
agonists could prevent drug withdrawal by inhibiting glutamatergic, GABAergic, or
noradrenergic transmission in brain sites that mediate negative mood states such as the central
nucleus of the amygdala or the bed nucleus of the stria terminalis.

It is interesting to note that the drug induced adaptations in the dynorphin system are most
pronounced in brain areas such as the caudate putamen, globus pallidus, and the ventral
pallidum (Daunais et al., 1995; Frankel et al., 2008; Weissman and Zamir, 1987). It was
originally thought that the role of these brain areas was limited to controlling motor function.
However, accumulating evidence demonstrates that these areas play a pivotal role in regulating
mood states. Future studies are needed to investigate the role of the dynorphin-like peptides in
the caudate putamen, globus pallidus, and ventral pallidum in regulating the state of the brain
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reward system. The dynorphin-like peptides have also been shown to play a critical role in
regulating dopamine release in the nucleus accumbens. Therefore they may play a critical role
in preventing the development of drug addictions by attenuating the rewarding effects of drugs
of abuse. Taken together, these studies would advocate investigating the role of dynorphin-
like peptides and their receptors in the basal ganglia in regulating the state of the brain reward
systems. A better understanding of the role of the dynorphin system might contribute to the
development of novel treatments for mood disorders, drug addictions, and other disorders that
stem from a dysregulation of the brain reward system.
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Experimentingwith drugs of abuse

Increased dynorphin releasein
the striatum to counteractthe
effects of drugs of abuse on the
brain reward system

Dynorphin levels remain elevated
and mediate persistentnegative
mood state

Increasein drugintake to prevent
negative mood state

Drug addiction

Figure 1.

Role of dynorphin-like peptides in the development of drug addiction. This diagram indicates
that drug abuse induces counteradaptive processes such as an increased release of dynorphin
in the striatum to limit the effects of drugs of abuse on the brain reward system. Persistent
elevated dynorphin levels may lead to a further increase in drug intake (i.e., negative
reinforcement) to temporarily diminish the negative mood mediated by dynorphin. The
perpetual cycle of negative mood states and drug intake to prevent negative mood states may
lead to the development of a drug addiction (i.e., compulsive drug use and loss of control over
drug intake).
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