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Abstract
Stress is a complex experience that carries both aversive and motivating properties. Chronic stress
causes an increase in the risk of depression, is well known to increase relapse of drug seeking
behavior, and can adversely impact health. Several brain systems have been demonstrated to be
critical in mediating the negative affect associated with stress, and recent evidence directly links the
actions of the endogenous opioid neuropeptide dynorphin in modulating mood and increasing the
rewarding effects of abused drugs. These results suggest that activation of the dynorphin/kappa opioid
receptor (KOR) system is likely to play a major role in the pro-addictive effects of stress. This review
explores the relationship between dynorphin and corticotropin releasing factor (CRF) in the induction
of dysphoria, the potentiation of drug seeking, and stress-induced reinstatement. We also provide an
overview of the signal transduction events responsible for CRF and dynorphin/KOR-dependent
behaviors. Understanding the recent work linking activation of CRF and dynorphin/KOR systems
and their specific roles in brain stress systems and behavioral models of addiction provides novel
insight to neuropeptide systems that regulate affective state.
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1.0 Introduction
Continuous exposure to stressful experience is well known to induce despair and escalate the
risk of mood disorders and drug abuse (Gold and Chrousos, 2002; Volkow and Li 2004; Koob
and Kreek, 2007). Two major families of stress neuropeptides that mediate these processes are
the corticotropin-releasing factor (CRF, also called corticotropin-releasing hormone, CRH)
peptides and the dynorphins (Bale et al., 2005; Nestler and Carlezon, 2006). The existence of
a CRF-like substance in hypothalamus was originally proposed in 1955, and CRF was isolated
and sequenced by Vale and colleagues (Vale et al., 1981). Contemporaneously, other groups
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including de Castiglione also identified CRF-related peptides sauvagine and urotensin
alongside CRF in the early 1980s (Erspamer et al., 1980; Rivier et al., 1983). Urocortin was
isolated and characterized in the mid 1990’s (Vaughan et al., 1995), and found to have a
sequence that was related to CRF peptides. CRF was first thought only to be critical for the
regulation of endocrine stress physiology by regulation of the hypothalamic pituitary axis
(HPA) and subsequent adrenocorticosteroid release. Later in adrenalectomized animals,
however, CRF and related neuropeptides were also demonstrated to maintain homeostasis in
response to stressful stimuli in behavioral models suggesting that CRF may have other effects
in addition to HPA activation (Velduis and De Wied, 1984), and CRF receptors are broadly
distributed in brain (Bale and Vale, 2004).

At around the time that CRF was isolated, the endogenous opioid peptide dynorphin A was
discovered by Goldstein and colleagues (Goldstein et al., 1979, 1981). Soon afterwards, other
forms of dynorphin (α-neo-endorphin, dynorphin A(1-8), and dynorphin B) were also
described (Seizinger et al., 1981; Weber et al., 1981; Cone et al., 1983). The effects of the
dynorphins were initially characterized in the peripheral nervous system including the guinea
pig ileum longitudinal muscle-myenteric plexus and mouse vas deferens tissue bath
preparations where opioid receptors strongly inhibit electrically evoked smooth muscle
contraction (Chavkin and Goldstein, 1981; Cox and Chavkin, 1982). Dynorphin was later
found to mediate antinociceptive responses (Herman and Goldstein, 1985; Spampinato et al.,
1985). Dynorphin has also been demonstrated to inhibit vasopressin release to cause diuresis
and reduce blood pressure (Leander 1983; Grossman and Rees, 1983). In the central nervous
system an extensive literature also described a role for dynorphin in the hippocampus (for
review see Drake et al., 2007). In the hippocampus, dynorphin has been shown to inhibit
glutamate release from mossy fiber terminals in the CA3 region and from perforant path
afferents to the dentate gyrus and thus block LTP induction (Wagner et al., 1993), and elevation
of dynorphin levels in hippocampus may contribute to aging-induced impairment of cognition
and spatial learning (Jiang et al., 1989). Hippocampal dynorphin also reduces pilocarpine-
induced seizure activity (Bausch et al., 1997), and elevated dynorphin in hippocampus is
believed to be involved in human temporal lobe epilepsy (Houser, 1992). Other effects of
dynorphin on brain function have been suggested by the actions of Salvinorin A, a highly
selective and potent kappa opioid receptor (KOR) agonist found in salvia divinorum sage (used
by natives in South America for thousands of years). Salvinorin A is strongly psychotomimetic
and produces hallucinations in humans (Roth et al., 2002). In addition, dynorphin A levels are
increased in the cerebrospinal fluid of some types of schizophrenic patients, and opioid
antagonists reverse hallucinations in schizophrenia (Gunne et al., 1977; Heikkilä et al.,
1990). These reports suggest an important role for dynorphin/KOR in cognition and perception.

Thus, dynorphin has been found to regulate neuronal excitability broadly in brain and can affect
learning, cognition, seizures, nociception, and endocrine function. Recently, activation of the
dynorphin/KOR system has also been shown to be necessary and sufficient for stress-induced
behavioral responses in animal models of anxiety, depression, and drug seeking behaviors.
This review will highlight the recently defined neurobehavioral interactions between CRF and
dynorphin, and discuss recent evidence that links these two systems in the modulation of mood
state.

2.0 Overview of the Pharmacology of CRF Receptors and Kappa Opioid
Receptors

Since the initial discovery of CRF, a large family of CRF-related ligands and receptors have
been discovered and pharmacologically characterized. The mammalian CRF family members
include CRF, urocortin 1, urocortin 2, and urocortin 3 (Vale and Bale, 2004). These peptide
ligands activate two different receptors in a variety of tissues. Both CRF receptors are class B,
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G-protein coupled receptors (GPCR) and to date, CRF1-R and CRF2-R receptor genes have
been identified, with a near 70% amino acid sequence homology between the two (Dautzenberg
and Hauger, 2002). CRF is more selective (about 10 fold) for CRF1 than CRF2 receptors,
whereas urocortin 1 is thought to bind both receptors with equal affinity (Perrin et al., 1998).
Both urocortin 2 and 3 are selective for the CRF2 over CRF1 receptor subtype (Bale and Vale,
2004). CRF1-R and CRF2-Rs have been demonstrated to activate the stimulatory G-protein,
Gs, and to stimulate adenylyl cyclase, although evidence for promiscuous coupling to other G-
proteins, including Gq/11 has been suggested in some systems (Dautzenberg et al., 2000;
Dautzenberg and Hauger, 2002). More recent data also suggest that CRF action at CRF1 and
CRF2 receptors can also initiate signaling through extracellular signal-regulated kinase (ERK
1/2) mitogen-activated protein kinase (MAPK) cascades (Brar et al., 2004).

The dynorphin-kappa opioid receptor (KOR) system has also been well characterized at the
pharmacological level. KOR is a GPCR, widely expressed throughout the brain, spinal cord,
and peripheral tissues. KOR is selectively activated by the potent endogenous opioid peptide
dynorphin (Chavkin et al., 1982), and each of the dynorphin opioids have structural features
conferring KOR selectivity (Chavkin and Goldstein, 1981). Many studies have shown that
KOR mediates signal transduction via coupling to the inhibitory G-protein, Gi. This results in
an inhibition of adenylyl cyclase through the alpha subunit of the G-protein. KOR activation
also causes increased potassium channel conductance and decreased calcium conductance via
the G-protein beta-gamma subunit (Dhawan et al., 1996). KOR modulation of these ion
channels on neurons is inhibitory resulting in decreased cell firing and neurotransmitter release.
Contemporary studies have also revealed a role for KOR in the activation of ERK, JNK, and
p38 MAPK signal transduction cascades (Bruchas et al., 2006, 2007; Belsheva et al., 1998;
Belsheva et al., 2005; McLennan et al., 2008). KOR-dependent activation of the ERK 1/2 signal
transduction cascade has been extensively characterized by the Coscia group, who have
demonstrated that KOR increases ERK phosphorylation via phosphoinositide 3-kinase,
PKCzeta, and Ca2+ mobilization (Belsheva et al., 2005). KOR-dependent ERK activation was
later shown by the same group to require the beta-gamma subunit of the G-protein, as well as
the signal-scaffold protein arrestin for the prolonged phase of ERK phosphorylation
(McLennan et al, 2008). The behavioral implications of KOR-induced ERK 1/2 activation are
unknown, although recent work has demonstrated that repeated swim stress causes KOR-
induced ERK 1/2 phosphorylation in the nucleus accumbens (Bruchas et al., 2008) suggesting
that activation of this pathway may mediate some of the stress-induced behaviors controlled
by KOR. KOR-dependent p38 activation has been demonstrated to require receptor
phosphorylation by G-protein coupled receptor kinase 3 (GRK3), and arrestin3 recruitment
(Bruchas et al., 2006). Furthermore, inhibition of p38 MAPK using the selective p38 inhibitor
SB203580 has been shown to block kappa-opioid induced behavioral responses including
conditioned place aversion (CPA) and stress-induced immobility (Bruchas et al., 2007). In both
CRF and KOR receptor systems, recent biochemical studies using in vivo behavioral models
have demonstrated how CRF and KOR activation ultimately leads to changes in behavioral
output, and further characterization of the receptor signal transduction pathways and the
behavioral consequences will be necessary.

3.0. Kappa Opioid System and Stress-induced Behaviors
Stress-induced opioid peptide release has been reported for all three opioid systems (e.g. β-
endorphin, enkephalin and dynorphin), and this release has been demonstrated to be associated
with stress-induced analgesic effects in rodent models. Forced swim stress (FSS) in mice has
been demonstrated to increase stress-induced analgesic responses in a mu-opioid dependent
manner (Rubinstein et al., 1996). In addition, delta-opioid receptor agonists reduce swim-stress
induced immobility in the FSS test in rats (Broom et al., 2002). The involvement of dynorphin
in stress-induced analgesia has also been demonstrated in both rats and mice (Takahashi et al.,
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1990, Watkins et al., 1992, McLaughlin et al., 2003). In recent reports exposure to forced swim
stress (acutely or subchronically) or social defeat stress in mice resulted in an increase in tail
withdrawal latency in the tail flick assay. This effect was blocked by the KOR antagonist
norBNI and is absent in dynorphin knockout mice (McLaughlin et al., 2003; McLaughlin et
al., 2006; Bruchas et al., 2007a). Furthermore, stress exposure has been shown to increase
dynorphin levels (Nabeshima et al., 1992). Together, these reports demonstrate that stress can
cause an increase in endogenous opioid peptide release, and dynorphin is one of the key opioid
peptides released in this response.

Using an antibody directed at the specific phosphorylation site in KOR that mediates arrestin
activation and receptor desensitization (McLaughlin et al., 2004), we were recently able to
visualize sites of dynorphin action in the mouse brain following stress exposure, or CRF
injection (Bruchas et al., 2007a; Land et al., 2008). This antibody is targeted to an epitope of
KOR that is phosphorylated by G-protein coupled receptor kinase 3 at the serine 369 residue
(McLaughlin et al., 2003; 2004) following dynorphin release and subsequent receptor binding.
Using this approach, one is able to detect the brain structures and cell types where dynorphin
acts to modulate the stress response. In two recent studies (Land et al., 2008; Bruchas et al.,
2007a), we reported that both CRF and stress increase KORp-ir (phospho-KOR
immunoreactivity) in several key mouse brain structures previously demonstrated to be
involved in the stress response. The brain structures where stress-induced KORp labeling
occurs include the dorsal raphe nucleus, basolateral amygdala, hippocampus, ventral pallidum,
ventral tegmental area, nucleus accumbens, and bed nucleus of the stria terminalis (see Land
et al., 2008 for summary). CRF and stress-induced KORp-ir in these brain structures is a key
step in understanding potential sites of dynorphin action, and allows for discrete cell type and
brain structure resolution. Following stress, KOR agonist-, or CRF-induced KORp-ir has been
found to be colocalized with GAD positive (GABAergic), glial fibrillary acidic protein (GFAP,
astrocytes) positive, tyrosine hydroxylase positive (dopaminergic), and tryptophan
hydroxylase positive (serotonergic) cell types, suggesting that KOR has an important role in
the modulation of signaling in several neuronal and related cell types. It is important to note,
however, that the KORp antibodies cannot separately resolve the actions of the differently
processed forms of dynorphin neuropeptides, nor can this receptor phospho-labeling technique
be used for fine temporal resolution of dynorphin activity. The increase in immunoreactivity
will only occur at sites where KOR and G-Protein Receptor Kinase (GRK3) co-localize and
increase in KORp-ir is only evident if the phosphorylation persists prior to tissue fixation. The
sensitivity (i.e. how much receptor activation or occupancy is required) and selectivity of
antibodies (i.e. how well does the antibody distinguish phosphorylated from non-
phosphorylated states of the receptors) should always be considered when interpreting
anatomical data, and although KORp staining may not have been visualized, it is still plausible
that KOR activation may have occurred in structures that did not show significant increases in
KORp immunoreactivity.

In addition to the anatomical and biochemical evidence, the connection between stress-induced
dynorphin release and behavioral responses has been investigated. For instance, KOR
antagonism, KOR gene knockout, or prodynorphin gene disruption blocks swim-stress induced
immobility, a popular rodent model for evaluating the potential efficacy of anti-depressant-
like compounds (Newton et al., 2002; Shirayama et al., 2004; McLaughlin et al., 2003; Mague
et al., 2003). Furthermore, the over-expression of a cAMP response element binding protein
(CREB), which drives prodynorphin gene induction, produced an increase in immobility in
the FSS, and this effect was sensitive to KOR antagonism (Pliakas et al., 2001). Social defeat
stress, a paradigm developed in both rats and mice by Miczek et al. (2008), has been used to
determine a role for the dynorphin/KOR system in defeat behavior following inescapable
attacks by an aggressor animal. Mice lacking a functional dynorphin gene, or pretreated with
the KOR antagonist norBNI displayed less total time in defeat postures than their control
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counterparts (McLaughlin et al., 2006). This report implicates the dynorphin/KOR system in
both the psychological and physical properties of the stress response.

Recent work directly examined the dynorphin/KOR stress experience in mice using cue
associations (Land et al., 2008). These experiments were designed to quantify the motivational
effects of stress and the role of KOR in modulating those associated behaviors. Mice trained
to associate an odorant cue with forced swim stress, later show avoidance to that odorant when
presented in the distal arm of a T-maze in a following trial. This avoidance behavior was
blocked by dynorphin gene deletion or KOR antagonism (norBNI pretreatment). In addition,
footshock stress in a shuttle box assay was measured. Like the odorant aversion paradigm,
animals made strong associations with the context where they were shocked and avoided that
context later. Mice pretreated with norBNI, or lacking dynorphin, however appeared to be
insensitive to the aversive effects of these stressors and spend equal time on shock and non-
shock sides of the box. Together, these data suggest that dynorphin/KOR activity has a principal
role in the aversive stress experience. (See Table 1 for a summary of current literature).

4.0 Dynorphin/KOR and Drug Seeking
Building on this prior work and early evidence that implicated a role for the KOR in producing
dysphoric responses in humans (Pfeiffer et al., 1986), studies using neurochemical and
electrophysiological methods demonstrated that KOR activation in mesolimbic structures
including the ventral tegmental area and nucleus accumbens decreased dopamine transmission
(Werling et al, 1998; Margolis et al., 2003). Co-administration of KOR agonists with cocaine
also inhibited the induction of cocaine conditioned place preference (Shippenberg et al.,
1996; Shippenberg et al., 2007) in rat models. Using microdialysis, these reports were
fundamental in establishing the concept that KOR can modulate monoaminergic systems and
allowed for quantification of KOR-mediated suppression of dopamine release. Given that
dopamine is thought to be a key neurotransmitter that regulates reward and modulates drug
seeking (Wise, 2008), these reports led to the hypothesis that the dynorphin/KOR system might
play a role in drug abuse behaviors.

Early theories in establishing a role for the dynorphin/KOR system in drug abuse behavior
centered around the idea that because administration of KOR agonists immediately before
conditioning decreased cocaine reward and dynorphin mRNA was increased following
repeated cocaine injection; it was proposed that the dynorphin/KOR system must therefore act
as a “brake” to oppose reward processing. In contrast, our group has presented evidence for a
different model of dynorphin/KOR role in drug abuse behavior in which stress induced release
of dynorphin mediates the increased rewarding effects of cocaine (McLaughlin et al., 2003;
Redila and Chavkin, 2008). In the process of investigating a role for the dynorphin/KOR system
in stress-responses, McLaughlin et al (2003) determined that prior activation of KOR via
agonist (60 minutes before cocaine conditioning) or via stress-induced dynorphin release
caused a potentiation (doubling) of cocaine conditioned place preference score in the stressed
group, that was blocked by KOR antagonism or dynorphin gene disruption (McLaughlin et al.,
2003). These results initially seemed to support the ‘brake’ hypothesis whereby stress induces
dynorphin release subsequently causing KOR phosphorylation, receptor desensitization and
internalization of KOR. According to this concept, the inactivation of KOR by repeated
exposure to endogenous dynorphin action would remove the ‘brake’ caused by dynorphin, and
the absence of dynorphin action would increase the rewarding effects of cocaine. Although
plausible, further experiments gave results that were inconsistent with this concept;
specifically, neither KOR antagonism nor dynorphin gene disruption alone potentiate cocaine
conditioned place preference (McLaughlin et al., 2003). KOR inactivation would be expected
to produce the same release of the ‘brake’ as KOR desensitization. This data suggests that the
removal of the brake is unlikely to be the primary mechanism mediating potentiation of cocaine
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reward. The alternative explanation of these data is that prior stress exposure causes a dysphoric
state encoded by dynorphin release and subsequent KOR activation and that the resulting
dysphoria enhances the rewarding valence of cocaine (Figure 1, and Section 7.0). Furthermore,
the time dependence of KOR activation on different signaling networks to alter behavior should
be noted along with potential differences between cocaine, other psychostimulants, and opiates
on the kinetic parameters effecting CPP potentiation. It will be important to parallel the cocaine
CPP studies with other drugs including nicotine, amphetamine, and morphine since it has been
reported that stress effects on CPP to opiates and psychostimulants can vary (Der-Avakian et
al., 2007). However, in modulating pro-addictive behavior dynorphin/KOR has also recently
been implicated in dependence-induced ethanol self administration as well as acquisition of
nicotine self-administration in both rats and mice (Walker and Koob, 2008; Galeote et al.,
2009) suggesting a conserved role for KOR in other drug abuse related behaviors. Further study
with other drugs of abuse besides cocaine will be critical in our understanding of how KOR
activation mediates behavioral effects.

This role of dynorphin/KOR in drug abuse behavior was further expanded to investigate stress-
induced reinstatement to drug seeking. Using three separate animal behavioral models (mice,
rats, and squirrel monkeys), it has been found that stress-induced dynorphin release and direct
stimulation of kappa-receptors with selective agonist can cause a dynorphin/KOR-dependent
reinstatement of extinguished cocaine CPP or drug self-administration (Beardsley et al.,
2005; Redila and Chavkin, 2008, Valdez et al., 2007, Carey et al., 2007). Of note are the
findings that KOR antagonism and dynorphin gene disruption only block stress-induced
reinstatement but not cocaine prime-induced reinstatement, corroborating the critical role of
the dynorphin/KOR system in the stress response. While these studies are compelling, more
work on KOR in rat reinstatement paradigms is needed as in one study (Valdez et al., 2007)
KOR-agonists caused reinstatement yet these effects were not blocked by the selective KOR
antagonist norBNI. The reasons for this are unclear but may be due to the pharmacology of the
KOR agonists used (enadoline and spiradoline) and the collateral agonist-like long-lasting
pharmacology of KOR antagonists (Bruchas et al., 2007b). Additionally, norBNI seems to
have increased priming induced reinstatement in one report (Beardsley et al., 2005) however
this norBNI effect on prime-induced reinstatement was not observed by our group (Redila and
Chavkin, 2008).

Consistent with the concept that dynorphin/KOR modulate pro-addictive behaviors is recent
data showing dynorphin/KOR-dependent maintains drug seeking in cocaine and ethanol
dependence. These studies found that blockade of dynorphin/KOR receptors selectively
decreases ethanol and cocaine dependence (Walker and Koob, 2008; Carlezon et al., 1998).
Together these reports reveal a critical role for dynorphin/KOR activity in stress-induced
reinstatement and acute withdrawal symptoms (Summarized in Table 1).

5.0. CRF and Drug Seeking
One of the primary mechanisms for relapse to drug seeking in humans is stress exposure (Kreek
et al., 2009). In addition, the neuronal systems involved in stress-regulation undergo changes
and alterations in response to the presence of the drug of abuse, which can later affect the
persistence to drug taking by the individual (Koob and LeMoal, 2008). For instance, the CRF-
regulated hypothalamic-pituitary axis and the central brain stress circuits lose equilibrium
following chronic drug exposure. Due to these factors, several animal models have investigated
the role of the CRF system in regulating stress-induced reinstatement and withdrawal behaviors
(for a complete review see Shalev et al., 2009; Papaleo et al., 2007). Acute withdrawal releases
CRF, adrenocorticotropic hormone (ACTH), and corticosterone for all most major classes of
abused drugs (Kreek and Koob, 1998). In ethanol-dependent rats CRF receptor antagonists

Bruchas et al. Page 6

Brain Res. Author manuscript; available in PMC 2011 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



block both drug and alcohol self-administration in substance-dependent animals (Funk et al.,
2006; Greenwell et al., 2007) supporting a role for CRF systems in drug dependence.

CRF has also been implicated in stress-induced relapse to drug taking. It is believed that stress/
CRF may modulate a state change distinguished by anxiety-like and dysphoria-like negative
mood states. (Koob, 2008; Shaham et al., 2000). In animal models of drug abuse, CRF and
adrenergic mechanisms have been shown to mediate stress-induced relapse (Erb et al., 2001;
Erb and Stewart, 1998; Le et al., 2000). The CRF antagonist D-Phe-CRF, infused locally into
the bed nucleus of the stria terminalis (BNST) is able to reduce footshock-induced but not
cocaine-induced reinstatement (Erb et al., 2001). Local infusion of CRF into the ventral
tegmental area causes reinstatement (Wang et al., 2005a), More specifically, CRF1-R activity
has been suggested to be involved in reinstatement to drug-seeking behavior and aversion-
induced by acute withdrawal (Shaham et al., 1998; Contarino and Papaleo, 2005). Recent
circuit analysis using slice electrophysiology has revealed that the pharmacological role of
CRF1-R and CRF2-R in excitatory synaptic transmission is altered following cocaine exposure,
further emphasizing a dynamic process whereby drug taking can alter stress/CRF physiology
(Liu et al., 2005). In total, these reports define a clear role of CRF in drug seeking behavior,
and have led our group and others (Koob et al., 2008) to hypothesize that the similarities
between CRF and dynorphin/KOR in these models suggests a plausible direct connection
between the two systems.

6.0. The CRF-Dynorphin/KOR Connection
Early reports established a potential serial relationship of CRF-induced dynorphin release
between the two systems, in vivo (Nikolarakis et al., 1986; Song and Takemori, 1992). Using
spinal cord preparations coupled with radioimmunoassay these two reports were the first to
show that CRF induces dynorphin release. Recent evidence has demonstrated that dynorphin/
KOR signaling occurs downstream of CRF release because the KOR-antagonist norBNI blocks
CRF-induced conditioned place aversion, and CRF-induced anxiety-like behaviors (Land et
al., 2008; Bruchas et al., in review). Land et al. (2008) also reported that blockade of CRF2-
Rs, with the selective CRF2-R antagonist, antisauvagine-30 (ASV-30) does not prevent kappa-
agonist-induced conditioned place aversion. Furthermore, Contarino and Papaleo (2005)
demonstrated that in CRF1-R (-/-) animals, conditioned place aversion to KOR agonist is still
intact. Whereas urocortin 3, the selective CRF2-R agonist, induced CPA that was blocked by
pretreatment with norBNI (Land et al., 2008), and CRF2-R knockout animals do not show
CRF-induced CPA (unpublished observations). In another report, CRF1-R-dependent anxiety-
like behavior was determined to be sensitive to norBNI, and KORp-ir in the amygdala was
evaluated via a CRF1-R-dependent mechanism following CRF injection. Together these
reports have cemented the relationship between both the CRF1 and CRF2-receptor systems and
the dynorphin/KOR systems in the modulation of anxiety-like and dysphoria-like behavioral
events. Additionally, these data support the unidirectional nature of CRF-to-dynorphin/KOR
activation in the brain and argue that stress stimulates CRF/Urocortin 3, which then functions
to increase dynorphin release and subsequent activation of the kappa-opioid system in specific
stress circuits.

Also worthy of consideration is the possibility that dynorphin/KOR initiates CRF release which
then mediates stress-induced behavioral responses. Recent work has shown that KOR agonist-
induced reinstatement to cocaine seeking in primates is blocked by selective CRF1-R
antagonists (Valdez et al., 2007). This report is interesting given that it suggests an opposing
directional nature of the CRF-KOR connection, distinct from those in the early work by Song
and Takemori (1992), and recent work by Land et al. (2008). The reasons for this discrepancy
are unclear, but could be due to several factors including the concept of a KOR-to-CRF pathway
in the Valdez study being attributed to the inherent changes induced by cocaine exposure. As
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previously mentioned (Liu et al., 2005), cocaine is well known to alter stress neurocircuitry in
a number of model systems.

Since CRF and KOR induce HPA activation it is also important to consider the role of
glucocorticoids in dynorphin/KOR-mediated behavior (Iyengar et al. 1986; Howell and
Muglia, 2006). Corticosterone has been implicated in stress-induced increases in drug self
administration (Piazza et al. 1990; Shalev et al., 2003) but other studies find that corticosterone
is not involved or indirectly plays a part in these behaviors (Shaham et al., 1997; Erb et al.
1998). Some data suggest that Dynorphin/KOR activity may be linked to corticosterone levels
because they found that corticosterone increases at a faster rate following stress in mice lacking
dynorphin (Belikei-Gorzo et al., 2008), yet this group found no differences in absolute
corticosterone levels following stress or non-stressed conditions between wild type and
dynorphin knockout animals. Furthermore, stress-induced corticosterone levels were not
sensitive to dynorphin gene disruption or KOR antagonism (McLaughlin et al., 2006) in another
report. In behavioral assays corticosterone itself does not induce a conditioned place aversion
(Dietz et al., 2007; Cador et al., 1992), supporting the idea that stress-activated neuroendocrine
systems act in different ways in the central and peripheral nervous system. Corticosterone itself
is well known to mediate central effects of stress (Howell and Muglia, 2006), however it is
unlikely to be mediating the aversive properties of the stress. Further study to determine if CRF
and KOR can regulate one another in a feedback loop reminiscent of many other
neuroendocrine peptide systems would be useful to resolve these ideas.

The behavioral reports describing interaction between CRF and dynorphin neuropeptide
circuits are integral in our understanding of how the stress response is coded. The implication
that the primary stress neuropeptide CRF causes dynorphin release to fine-tune mood-like
states in the behaving animal is of particular interest to a number of lines of research, including
drug addiction and depression-related research fields.

7.0 Dynorphin/KOR and the Allostatic Model of Addiction
One of the leading views in understanding the conceptual framework for how the mammalian
brain becomes addicted includes the notion that the brain strives to maintain equilibrium (Koob
and LeMoal, 2008). This concept is defined as allostasis, or stability through reorganization
(McEwen, 1998). Allostatic processes are believed to be responsible for altering homeostatic
processes via changing baseline conditions to such levels that a disease pathology arises.
Examples of this include the development of drug craving in response to abstinence from a
rewarding drug of abuse. Over time the individual develops a compensatory transformation in
their valence for a rewarding drug. Due to this alteration the individual no longer seeks drug
for its intrinsic rewarding properties, but rather for the goal of reaching a new baseline hedonic
value. (See Figure 1 for summary schematic). This continued pursuit of drug becomes the key
driving force or motivation to maintain drug seeking behavior over a period of time.

One key player in this allostatic process following drug exposure is the dynorphin/KOR system.
Drugs of abuse have been demonstrated to activate the transcription factor cAMP-response
element binding protein (CREB); which several studies have linked to anhedonia-like effects,
increased immobility in forced swim stress tests (a model for antidepressant-like activity) and
aversive responses (Carlezon et al., 2005). These effects of CREB have been associated with
the modulatory increases in dynorphin and subsequent dysphoria-like behaviors due to KOR
activation (Carlezon et al., 2005). Furthermore, recent work has also demonstrated that stress-
induced dynorphin/KOR-dependent p38 mitogen-activated protein kinase activity is necessary
for swim-stress immobility and conditioned place aversion (Bruchas et al., 2007). Stress and
drugs of abuse cross-modulate dynorphin-dependent molecular pathways, indicating that
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stress-induced dynorphin release and KOR activation represent a major class of neuropeptide
systems involved in the allostatic remodeling that occurs in depression and substance abuse.

Stress-induced excitation of the mesolimbic reward circuit through CRF activity increases the
potential for relapse to drug seeking. In addition, dynorphin/KOR signaling is required for
stress-induced reinstatement (Beardsley et al., 2005; Redila and Chavkin, 2008, Valdez et al.,
2007, Carey et al., 2007). Together the CRF and KOR-dependent reinstatement to drug seeking
suggests that these systems work in concert to modulate the valence associated with a drug of
abuse or rewarding substance, because activation of these systems compels the animal to restart
lever pressing for drug or motivates an animal to spend more time in a drug paired environment
as measured by place preference (Beardsley et al., 2005; Redila and Chavkin, 2008; Carey et
al., 2007). Additional evidence for an increase in negative affective state (via stress, CRF, and
dynorphin/KOR activation) increasing the positive valence of rewarding drugs stems from
work showing that stress potentiates cocaine conditioned place preference in a dynorphin/
KOR-dependent manner (McLaughlin et al., 2003, 2006a, 2006b). In these experiments it was
demonstrated that animals pretreated with norBNI, or lacking dynorphin still show normal
conditioned responses to cocaine through place preference. However, stressed animals or
animals pretreated with KOR agonists prior to the conditioning session double (potentiate)
their place preference score in a dynorphin/KOR-dependent fashion. These results coupled
with data showing that stimulation of KOR through stress or injection with a selective agonist
can cause reinstatement to drug seeking suggest that the stress experience changes the potential
rewarding value of a previously associated rewarding drug. The mechanism for this is likely
due to the animal having a greater total negative valence to overcome due to the aversive
qualities of the stress experience (Figure 1). Dynorphin as a mediator of dysphoria-like
behavior implicates activity of this system as one of the primary mediators of the anti-reward
system following drug withdrawal, drug craving, and relapse to drug seeking (See Figure 1 for
conceptualization). It is important to note, however, that dynorphin/KOR activation may also
be involved in the differential temporal aspects of reward behavior to drugs of abuse. For
instance, in a recent study the direct effects of KOR manipulation of reward were investigated
using the intracranial self-stimulation (ICSS) approach. They found that U69,593, the selective
KOR agonist blocked the facilitating properties of cocaine on ICSS threshold responses at the
15 minute time point (Tomasiewwicz et al. 2008) in conjunction to the 15 minute prior injection
of U50, 488 causing a block of CPP in other studies (McLaughlin et al., 2006b); however at
the 60 minute time point following U50,488 injection the animals show potentiation of cocaine
place preference. Since place preference paradigms require an associative learning component
that could be modified by stress it will be important to distinguish KOR-dependent short-term
and long term (chronic) behavioral responses in future investigations. Together, these studies
suggest that understanding the mechanisms, brain structures, and cell types by which
dynorphin/KOR mediates dysphoria-like behaviors may provide new insights and
understanding of drug addiction.

8.0. Future Investigations Arising
The mounting evidence demonstrating that stress induces dynorphin release and KOR
activation, as a consequence of activation by the CRF system is only the beginning of a long
series of investigations required to dissect the mechanisms governing these effects. In the
Bruchas et al. (2007a) report and Land et al., (2008) study, it was demonstrated that stress and
CRF cause KOR activation in several key brain structures associated with reward, stress, and
pathologies such as addiction and depression. The process by which KOR acts in these
structures to modulate affect is a critical question. KOR action in the mesolimbic dopamine
circuit is well characterized, however other monoamines and neuropeptide systems are also
likely to be involved in KOR-mediated behaviors. This includes a circuit analysis to identify
key sites of dynorphin release and KOR activation in the brain and the cell types where KOR
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mediates its dysphoria-like behavioral effects. Brain areas of obvious interest include the
central sites of dopamine action, but are not limited to the ventral tegmental area, nucleus
accumbens, and frontal cortical structures. However, it is important to consider alternative
brain areas that we identified using the KORp-ir anatomical approach regarding the KOR
system. Areas of particular interest include the basolateral amygdala, hypothalamus, locus
coeruleus, and dorsal raphe nucleus.

The reasons for examining these other systems and brain structures as they related to stress-
induced behaviors comes from the anatomical and physiological evidence for a function of
KOR outside the context of the mesolimbic dopamine circuit. For example, dynorphin and
hypocretin are colocalized in the hypothalamus (Chou et al., 2001). In the hypothalamus
dynorphin has been demonstrated to inhibit postsynatic hypocretin/orexin neurons in the
hypothalamus via hyperpolarization and increased G-protein gated inwardly rectifying K+
channel current (Li and van den Pol 2006). Like the dynorphin/KOR system the hypocretin/
orexin system has also been implicated in stress-induced reinstatement of drug-seeking (Aston-
Jones et al., 2009) suggesting a potential interplay between these two systems in the mediation
of stress-induced behaviors. Further analysis of these two neuropeptides in concert is required
in order to better understand the behavioral consequences of this dynorphin-mediated
hyopcretin regulatory activity. Very recent anatomical and physiological evidence has shown
that dynorphin/KOR activity at noradrenergic sites, acting presynaptically in the locus
coeruleus (LC), may inhibit afferent signaling to the LC (Kreibich et al., 2008; Reyes et al.
2009). Future studies examining the behavioral mechanisms for these physiological effects in
the LC is needed. Furthermore, KOR is expressed in the dorsal raphe (Land et al. 2008) and
has been shown to modulate serotonin systems by reducing dorsal raphe and nucleus
accumbens serotonin (5-HT) efflux (Werling et al., 1989; Tao and Auerbach, 2002; Tao and
Auerbach, 2005; Tao et al., 2007). The consequences of KOR modulation of norepinephrine
and 5-HT is unknown and behavioral data linking these two systems is limited.

Additional investigations of the molecular and physiological properties of stress-induced KOR
activation will require biochemical analysis of the downstream signal transduction cascades
and electrophysiology to investigate the biophysical properties of KOR activation following
stress. It is well established that opioid receptors can modulate potassium and calcium channels
via activation of the beta/gamma subunit of the G-protein; however in a temporal sense only
recent studies have examined the long term effects of KOR activation on signal transduction.
Some of this work has described an arrestin-dependent p38 MAPK activation that is required
for KOR-mediated aversive behavior (Bruchas et al., 2007), although further study is needed
to understand the substrate of this KOR signaling partner.

Recent evidence in GPCR drug discovery and specifically opioid receptor pharmacology
suggest that receptor-selective agonists can vary in their ability to induce MAPK activation
(Bruchas et al., 2006; 2007b) or cause internalization and down regulation (Wang et al.,
2005b). Taking advantage of these findings may provide conformation-selective KOR partial
agonists that produce analgesic effects by stimulation of KOR, but that do not cause dysphoria,
do not activate p38, and do not result in receptor internalization. In addition, the findings that
implicate KOR in depression/dysphoria-like behavioral responses along with drug addiction
intimate the need for the further development of KOR antagonist compounds for the potential
alleviation of mood-related disorders. In human studies, KOR antagonists have been
demonstrated to be effective in the treatment of opioid dependence (Rothman et al., 2000).

The role of CREB in modulating dynorphin is also being widely pursued by several groups.
Recent work has determined that CREB regulates stress-induced reinstatement, depression,
and sensitivity to reward and aversion (Kreibich and Blendy, 2004; Blendy 2006; Dinieri et
al., 2009), as well as the relationship of dopamine to KOR activation. Building on the additional
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evidence showing that KOR is linked to the modulation of other monoaminergic systems
including serotonin and norepinephrine (Tao and Auerbach, 2002; Werling et al., 1989;
Kreibich et al., 2008; Reyes et al., 2009) will also provide new insight into how KOR regulates
mood state. In any case, the dynorphin/KOR system is widely expressed in the mammalian
brain on numerous cell types and in several brain structures many of which have yet to be
investigated at the molecular and systems levels. Dynorphin has been a noted as one of the
most highly conserved neuropeptides throughout primate evolution (Rockman et al., 2005) so
it is clear that more investigation and study of the dynorphin/KOR system is warranted.

9.0. Summary
A chief tenant of addiction is the development of negative emotional responses during drug
abstinence. The neuropharmacology underlying these processes is only now being evaluated,
but is believed to be due to a reduction in reward circuits and an increase in anti-reward systems
including dynorphin/KOR. Two major neuropeptide systems that mediate these effects are
CRF and dynorphin. Recent work has demonstrated a direct causal connection between stress-
induced CRF release initiating dynorphin release and KOR activation, therefore implicating
these two systems as critical mediators of the stress-induced relapse to drug seeking. The
vulnerability associated with addiction, and reinstatement to drug seeking is likely to involve
dynorphin/KOR regulation of anti-reward processes. The culmination of this work suggests
that blockade of KOR receptors with selective antagonists may be a useful and powerful
therapeutic treatment for protecting individuals from depression, and relapse to drug abuse.
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Figure 1. Theoretical Framework of Activation of Dynorphin/KOR mediated Hedonic Processes
before and after stress
The hedonic response (mood state) in a normal animal carries a total potential reward value
Δm (for change in mood) after rewarding drug. The stressed animal has a larger Δm because
the activation of dynorphin/KOR causes an increase in dysphoria, shifting the moods state
negatively and thus increasing the amplitude of Δm. The reward (drug of abuse) now has as a
larger potential positive valence so that the animal experiences more rewarding effects of the
drug.
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Table 1
Studies Reporting Stress-ralated Behaviors mediated by the Dynorphin-Kappa Opioid
Receptors System

Stimulus Behavior Species Reference

Stress Swim-stress immobility Mouse/Rat Pliakas et al., 2001; McLauglin et al., 2003;
Shiriyama et al., 2004; Mague et al. 2003

Social Defeat Stress Mouse McLaughlin et al., 2006

Potentiation of Cocaine CPP Mouse McLaughlin et al., 2003; McLaughlin et al., 2006

Stress-induced Reinstatement Mouse/Rat Beardsley et al., 2005; Redila and Chavkin,
2008; Carey et al., 2007

Monkey Valdez et al., 2007

Novel Object Recognition Mouse Carey et al., 2009

Stress-induced Avoidance Mouse Land et al., 2008

KOR Conditioned Place Aversion Mouse/Rat Bals-Kubik et al. 1993; Land et al., 2008;
Contarino and Papeleo et al., 2005; Kim et al.,
2004; Shippenberg and Herz 1986; Bruchas et al.,
2007

Potentiation of Cocaine CPP Mouse McLaughlin et al., 2003; McLaughlin et al., 2006

Intracranial Self Stimulation Rat Tomasiewicz et al., 2008

Anxiety-like behavior Mouse/Rat Knoll et al., 2007; Wittman et al., 2009

Reinstatement to Drug Seeking Mouse/Monkey Redila and Chavkin, 2008; Valdez et al., 2007

Locomotor Activity Rat Heidbreder et al., 1993

CRF-R Conditioned Place Aversion Mouse Land et al., 2008

Anxiety-like Behavior Mouse Wittman et al., 2009, Beliki-Gorzo et al., 2008
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