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Abstract

The endogenous kappa opioid system has primarily been shown to be involved with a state of
dysphoria and aversion. Stress and exposure to drugs of abuse, particularly alcohol, can produce
similar states of unease and anxiety, implicating the kappa opioid system as a target of stress and
alcohol. Numerous behavioral studies have demonstrated reduced sensitivity to manipulations of
the kappa opioid system in early-life relative to adulthood, and recent reports have shown that the
kappa opioid system is functionally different across ontogeny. Given the global rise in early-life
stress and alcohol consumption, understanding how the kappa opioid system responds and adapts
to stress and/or alcohol exposure differently in early-life and adulthood is imperative. Therefore,
the objective of this review is to highlight and discuss studies examining the impact of early-life
stress and/or alcohol on the kappa opioid system, with focus on the documented neuroadaptations
that may contribute to future vulnerability to stress and/or increase the risk of relapse. We first
provide a brief summary of the importance of studying the effects of stress and alcohol during
early-life (prenatal, neonatal/juvenile, and adolescence). We then discuss the literature on the
effects of stress or alcohol during early-life and adulthood on the kappa opioid system. Finally, we
discuss the few studies that have shown interactions between stress and alcohol on the kappa
opioid system and provide some discussion about the need for studies investigating the
development of the kappa opioid system.

Introduction

Mental disorders, particularly anxiety and depression, can manifest at various stages of life.
There are numerous factors that can contribute to the development of anxiety and
depression, including genetic predisposition (Craske & Stein, 2016), chronic stress and/or
trauma (Enoch, 2011), and alcohol exposure (Koob, 2014; Schmidt, Buckner, & Keough,
2007). While the onset of mental disorders in genetically predisposed individuals is difficult
to predict and prevent, there is growing evidence that stress and/or alcohol exposure during
early life can have more devastating and long-term effects than exposure in adulthood
(Enoch, 2011; Romeo, 2017; Tottenham & Galvan, 2016). Nevertheless, negative outcomes
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of stress and/or alcohol have been attributed to a multitude of neurobiological alterations in
humans and animal models (Enoch, 2011). There has been a recent rise in interest in the
kappa opioid system as a key target of stress and alcohol due to its role in aversion and
dysphoria, a common phenotype associated with exposure to stress and/or alcohol
(Anderson & Becker, 2017; Chavkin & Ehrich, 2014; Crowley & Kash, 2015; Schwarzer,
2009; Tejeda, Shippenberg, & Henriksson, 2012; Van’t Veer & Carlezon, 2013). However,
there have been a number of paradoxical effects reported following manipulations of the
kappa opioid system for which the underlying mechanisms have yet to be determined
[highlighted in these reviews (Crowley & Kash, 2015; Hang, Wang, He, & Liu, 2015)].
Importantly, age-dependent changes in kappa opioid system function have recently been
identified that may begin to explain some of these paradoxical effects of kappa opioid
receptor (KOR) activation. However, this potential link between kappa opioid system
function and differential age-dependent vulnerabilities to stress and/or alcohol has not been
exclusively examined. Based on these understudied interactions, this review will focus on
the impact of stress and/or alcohol on the kappa opioid system as a function of age. Since
there is a wealth of literature on stress and alcohol alone, we will only briefly describe the
importance of studying them from an ontogenetic perspective.

Early-life stress

Stress is an inevitable phenomenon that all organisms experience from /n utero through late-
stages of life. Depending on the type of stressor(s) (i.e. physical or psychological), stress can
result in numerous deleterious outcomes. While physical stressors, such as exhaustion from
exercise, may resolve relatively quickly, psychological stressors can result in life-long
consequences, such as various forms of mental illness, including anxiety, depression, and
drug/alcohol abuse (Lopez, Turner, & Saavedra, 2005; Low, Lee, Johnson, Williams, &
Harris, 2008; Rutledge & Sher, 2001; Schmidt et al., 2007). Additionally, the duration of
stress may also significantly contribute to long-term consequences (Lucassen et al., 2014).
Importantly, growing evidence indicates that age of exposure to stress can significantly
influence the neurodevelopmental trajectory of the organism, such that early-life stress may
be more detrimental and irreversible than stress exposure in adulthood (Enoch, 2011;
Romeo, 2017; Tottenham & Galvan, 2016). This is becoming increasingly evident as the
rates of anxiety (Merikangas et al., 2010), depression (Carrellas, Biederman, & Uchida,
2017), and alcohol use disorder (Patrick et al., 2013) in adolescents are steadily rising. The
kappa opioid system has been established as a primary target of stress and growing evidence
indicates that alterations in the kappa opioid system can arise from stress exposure through
the life-span, increasing the predisposition to future stress vulnerability, among other
psychopathologies.

Early-life alcohol exposure

Alcohol consumption is socially accepted on a global scale, and although our awareness of
the deleterious consequences of alcohol has grown, there is still a significant issue with
excessive alcohol use worldwide. In the U.S, rates of heavy alcohol consumption in youth
are high, with an estimated 2% of adolescents (ages 12-17) meeting the criteria for
diagnosis of an alcohol use disorder ((SAMHSA)-1, 2016), and 50% of adolescents
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reporting consumption of alcohol before the age of 18 ((SAMHSA)-2, 2016). Furthermore,
in 2016, 57.1% of U.S. college students (ages 18-25) reported drinking alcohol in the
previous month; an additional 38.4% reported binge drinking (reaching a blood alcohol
concentration of 0.08 g/dL) and 10.1% reported heavy alcohol use (binge drinking on 5+
days in the past month) ((SAMHSA)-3, 2016). Equally staggering, the rate of fetal alcohol
spectrum disorders (FASDs) resulting from alcohol consumption during pregnancy is 2-5%
(May et al., 2009), which is likely an underestimate due, in part, to the stigma of disclosing
drinking habits during pregnancy (Corrigan et al., 2017). Hence, and relevant to this review,
exposure to alcohol early in development is decidedly prevalent, and can result in a
multitude of harmful effects to the developing central nervous system, as similarly noted
with early-life stress. Furthermore, there is a long-standing literature indicating that the
kappa opioid system is a major target of alcohol throughout ontogeny.

Kappa opioid system: a target of stress and ethanol

The kappa opioid system is one of three classical endogenous opioid systems in the central
nervous system (CNS). Dynorphin is the endogenous ligand for KORs (Chavkin, James, &
Goldstein, 1982), which are G-protein receptors that couple with G; (Bruchas et al., 2007),
although a few studies have also demonstrated coupling with Gq in cell culture lines from
various brain regions, including catecholaminergic cells from brainstem (Baraban, Lothman,
Lee, & Guyenet, 1995), hippocampus (Hampson, Mu, & Deadwyler, 2000), and dorsal root
ganglia (Shen & Crain, 1990a, 1990b, 1994). Historically, activation of KORs has been
shown to be involved in numerous functions, including learning and memory, emotional
control, stress response, and pain (Schwarzer, 2009). Although the mechanisms by which
KORs modulate cellular activity are important, discussion of these mechanisms are outside
of the scope of this review; however, for further information on this subject, see the excellent
review by Bruchas and colleagues (Bruchas et al., 2007).

Despite the various roles of KORs, it is well established that activation of the kappa opioid
system can produce dysphoric and aversive effects in humans (Pfeiffer, Brantl, Herz, &
Emrich, 1986) and animal models (Carlezon et al., 2006; Mague et al., 2003; Todtenkopf,
Marcus, Portoghese, & Carlezon, 2004). Given that stress and alcohol dependence also
result in dysphoria and aversion, there has been a surge in interest attempting to determine
whether the consequences of stress and alcohol dependence are mediated, in part, through
alterations in the kappa opioid system (Anderson & Becker, 2017; Bruchas, Land, &
Chavkin, 2010; Crowley & Kash, 2015; Knoll & Carlezon, 2010; Tejeda, Shippenberg, et
al., 2012; Van’t Veer & Carlezon, 2013; Walker, Valdez, McLaughlin, & Bakalkin, 2012;
Wee & Koob, 2010). However, despite the wealth of literature which has demonstrated that
activation of the kappa opioid system produces dysphoria and aversion in stress- and
alcohol-naive animals, there have been a number of studies that have reported the opposite
effect [see review (Hang et al., 2015)]. For example, several studies have shown that
systemic administration of KOR agonists can produce anxiolytic effects (Alexeeva,
Nazarova, & Sudakov, 2012; Bilkei-Gorzo et al., 2008; Braida et al., 2009; Kudryavtseva,
Gerrits, Avgustinovich, Tenditnik, & Van Ree, 2006; Privette & Terrian, 1995). Similar
anxiolytic effects have been reported following site-specific activation of KORs within the
infralimbic cortex (Wall & Messier, 2000b), while blockade of KORs within the infralimbic
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cortex with the KOR-selective antagonist nor-BNI produced anxiogenesis (Wall & Messier,
2000a). Various factors have been suggested to contribute to these paradoxical effects of the
kappa opioid system, such as species/strain, dose of KOR agonist/antagonist, timing of drug
administration, and behavioral test. However, while noted in a subset of studies, the
influence of age is largely ignored within this literature.

Although only few studies have examined the role of the kappa opioid system in early-life
(i.e. neonatal through adolescence), they have provided some interesting observations. In
one study, infant rats (~postnatal day (P) 0) exhibited increased appetitive responding for
water following KOR activation (Petrov, Nizhnikov, Varlinskaya, & Spear, 2006), an effect
opposite to what has been reported in adults (Bals-Kubik, Herz, & Shippenberg, 1989;
Shippenberg & Herz, 1986). While not directly testing age as a factor, anxiolytic effects of
KOR activation have also been reported in presumably younger animals (based on reported
weight — 170-210 grams) (Alexeeva et al., 2012; Privette & Terrian, 1995). Reduced
sensitivity to the aversive effects of KOR activation was also demonstrated in drug-naive
adolescents (P30-35) compared to adults (P72-77) (Anderson, Morales, Spear, &
Varlinskaya, 2014). Another study similarly found that adolescents (P28) did not show an
aversive response to KOR activation relative to nicotine-treated adults (P60), who exhibited
robust KOR-mediated aversion (Tejeda, Natividad, Orfila, Torres, & O’Dell, 2012).
Interestingly, KOR activation in juveniles (P21) reduced social play, although there was not
a direct comparison to adults (Vanderschuren, Niesink, Spruijt, & Van Ree, 1995). In
addition to behavioral evidence supporting ontogenetic differences in the kappa opioid
system, we and others have recently demonstrated functional evidence for age-dependent
changes in the kappa opioid system in brain regions associated with emotional processing
and drug addiction. Specifically, we found that KOR activation in the basolateral amygdala
increases GABA transmission in adolescents (P30-45), but not in adults (>P60), and this
age-dependent effect was not observed in the central amygdala where KOR activation
reduces GABA transmission (Przybysz, Werner, & Diaz, 2017). Another study has shown
that dynorphin-induced hyperpolarization in neurons of the paraventricular nucleus of the
thalamus increases through puberty (~4 weeks of age) followed by a return to levels similar
to those observed at 2 weeks of age (Chen et al., 2015). Interestingly, the previously
described study by Tejeda and colleagues found that although the KOR-mediated decrease in
dopamine levels in the nucleus accumbens was exacerbated in nicotine-treated adults relative
to saline controls, the KOR-mediated decrease in dopamine was not observed in adolescents
(Tejeda, Natividad, et al., 2012). While these studies provide compelling evidence for age-
dependent functions in the kappa opioid system across specific brain regions, it speaks to the
difficulty of interpreting results from systemic administration of KOR-selective drugs where
potentially opposing processes are engaged that may negate each other. Because of this,
there is a clear need to investigate the development of the kappa opioid system in other brain
structures and to understand how these systems may interact, particularly following
exposure to stress and/or alcohol.
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Impact of stress on kappa opioid system

Prenatal

While our understanding of the role of the kappa opioid system in early-life is limited,
studies that have examined the impact of early-life stress on this system are scarcer. To our
knowledge, only one study has examined the long-term neuroadaptations in the kappa opioid
system following prenatal stress. Peters and colleagues found that offspring from dams that
were stressed during the last week of gestation (gestational days (G) 14-20) showed robust
anxiety-like behavior on the elevated plus maze in adulthood, which was completely
abolished when adult offspring were pretreated with two novel short-acting KOR
antagonists, AZ-MTAB and LY-DMPF (Peters et al., 2011). Based on this study, it is
plausible that prenatal stress leads to hyper-activation of the kappa opioid system in adult
offspring; however, the mechanisms driving this potential hyper-activation have yet to be
determined.

It is surprising that the long-term neuroadaptations in the kappa opioid system following
early-life stress have not been studied given the well-established literature in adults
demonstrating stress-induced upregulation of kappa opioid function (Knoll & Carlezon,
2010). In addition to long-term alterations in the kappa opioid system following prenatal
stress, it is worth noting that dynorphin can induce release of adrenocorticotropin in the fetal
brain through opioid and non-opioid mechanisms (Szeto, 2003). Specifically, through the
classical opioid-dependent mechanism, dynorphin activation of hypothalamic KORs in the
fetal brain leads to release of corticotropin-releasing hormone (CRH) and arginine
vasopressin (AVP) which can trigger adrenocorticotropin release. In contrast, the non-opioid
mechanism involves NMDA receptors and prostaglandins. Interestingly, unlike the classical
opioid mechanism that is active throughout the lifespan, the non-opioid mechanism peaks a
few days prior to parturition and is only transiently active during the perinatal period. While
currently unknown, based on our knowledge of the impact of stress on the kappa opioid
system, these transient periods in kappa opioid function are likely highly vulnerable
developmental stages.

Early-life/ladolescence

Unlike research in the prenatal stress field, there has been a recent rise in studies
investigating the impact of early-life stress on the kappa opioid system. Models of neonatal
stress have revealed several interesting observations. Michaels and Holtzman demonstrated
that following maternal separation (P1-12), adult offspring exhibited attenuated KOR-
induced place aversion (Michaels & Holtzman, 2008). Conversely, another study using a
series of neonatal stressors from P5-9 (maternal separation, gavage feedings and/or hypoxia/
hyperoxia) found a reduction in cocaine conditioned-place preference, which was reversed
by a KOR agonist only in the stressed adult offspring, but not in the non-handled offspring
(Hays et al., 2012). These data suggest that neonatal stress may sensitize the kappa opioid
system, since the change in conditioned-place preference was reversed following KOR
activation only in the neonatally stressed animals. Therefore, it is possible that the ‘normal’
neurochemical balance is shifted following early-life stress, which can ultimately result in
brain dysfunction and psychopathology. Together, these demonstrate that early-life stress
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results in various long-term alterations in the kappa opioid system, but the location of these
effects within the brain, as well as the identity of the respective mechanisms contributing to
the observed behavioral alterations, are unknown. However, a study by Ploj and Nylander
examined KOR levels in adults that underwent maternal separation as neonates (age
unknown) and found that KOR levels were unchanged in all of the brain regions tested (Ploj
& Nylander, 2003), suggesting that neonatal stress may not alter KOR levels. It is possible,
though, that prenatal stress alters KOR function or dynorphin release, but this has yet to be
tested.

As previously discussed, adolescent stress has become a hot topic due to the increased
vulnerability to stress during that developmental stage. While not much work has been done
to investigate the effects of adolescent stress on the kappa opioid system, recently, a group
using a model of social isolation during adolescence has demonstrated robust and persistent
effects on various behaviors, including anxiety, fear conditioning, and ethanol consumption
(Butler, Ariwodola, & Weiner, 2014; Butler, Karkhanis, Jones, & Weiner, 2016).
Interestingly, it was found that social isolation from P28-110 leads to a hypodopaminergic
state in the nucleus accumbens that could be a result of increased KOR sensitivity (i.e. KOR-
mediated inhibition of dopamine release) (Karkhanis, Rose, Weiner, & Jones, 2016). It is
also possible that early-life stress permanently increases KOR levels, as a long-lasting
increase in KOR binding throughout the CNS of adults was shown following juvenile
isolation from P22-35 (Van den Berg, Van Ree, Spruijt, & Kitchen, 1999). Regardless of the
mechanisms that are engaged by early-life stress, since adolescence is a period when the
kappa opioid system is functionally changing in various brain regions (Chen et al., 2015;
Przybysz et al., 2017), studies aimed at better understanding potential neuroadaptations in
the kappa system following adolescent stress are warranted.

Most of our understanding of the effects of stress on the kappa opioid system is derived from
studies done in adults. While the alterations are vast and have been discussed numerous
times (Crowley & Kash, 2015; Hang et al., 2015; Knoll & Carlezon, 2010; Van’t Veer &
Carlezon, 2013), there are several consistent effects that have been reported following
exposure to stress in adulthood. Initially, stress induces release of dynorphin which activates
the HPA axis (Hayes & Stewart, 1985; lyengar, Kim, & Wood, 1986; Pascoe et al., 2008; Ur,
Wright, Bouloux, & Grossman, 1997), likely through both stimulation of CRH release in the
hypothalamus and CRH-independent mechanisms (Buckingham & Cooper, 1986; Carboni et
al., 2010; Nikolarakis, Almeida, & Herz, 1986). Given this effect, stress-induced increases in
corticosterone levels are blunted in animals injected with norBNI and prodynorphin
knockouts (Wittmann et al., 2009). Although this HPA axis-centered stress response is
important as a general marker of stress activation, we know that stress induces dynorphin
release throughout the CNS, not just within the hypothalamus. Based on this, it is
hypothesized that dynorphin activation of KORs can disinhibit brain areas involved in the
physiological and psychological manifestations of aversion, dysphoria, and anxiety (Van’t
Veer & Carlezon, 2013). Much of this work has demonstrated that KOR stimulation inhibits
dopamine release in the nucleus accumbens (Carlezon et al., 2006), thereby disinhibiting
medium spiny neurons. Recently, it was also shown that KORs differentially modulate
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synaptic glutamatergic and GABAergic inputs onto D1 and D2 dopamine receptor-
expressing medium spiny neurons (Tejeda et al., 2017). Furthermore, where dynorphin
release occurs within the nucleus accumbens can also differentially modulate circuits
involved in either reward or aversion (Al-Hasani et al., 2015). Similar mechanisms have
been suggested to occur in the basolateral amygdala, whereby a reciprocal interaction
between dynorphin and CRH has been reported (Bruchas, Land, Lemos, & Chavkin, 2009;
Land et al., 2008); however, although the specific neurophysiological consequences of these
interactions in the basolateral amygdala have not been examined, a potentially similar
mechanism in the central amygdala was recently investigated using KOR knockout mice
(Kang-Park, Kieffer, Roberts, Siggins, & Moore, 2015). Additionally, KORs within the
medial prefrontal cortex have been shown to gate inputs from the basolateral amygdala
(Tejeda et al., 2015), with a similar mechanism regulating basolateral amygdala, but not
prefrontal cortical, inputs into the bed nucleus of the stria terminalis (Crowley et al., 2016).
This suggests that stress could lead to neuroadaptations at various levels of neuronal
regulation that are associated with anxiety/depression and alcohol consumption.

Although stress exposure leads to acute activation of the kappa opioid system throughout the
CNS, an important question to consider is what the neuroadaptations in the kappa opioid
system are in adults following repeated stress exposure. This is particularly important as the
sustained consequences of stress are thought to be due, in part, to alterations in the kappa
opioid system. Several studies have attempted to block stress-induced anxiogenic and
prodepressive-like effects in adults through administration of KOR antagonists (Knoll,
Meloni, Thomas, Carroll, & Carlezon, 2007; McLaughlin, Conron, Koenen, & Gilman,
2010). However, these studies have primarily demonstrated that the long-lasting stress-
induced neuroadaptations of the kappa opioid system can be prevented by blocking KORs
before the exposure to stress. Therefore, while it is not clear whether kappa opioid system
function is upregulated following repeated exposure to stress based on behavioral studies,
we do know that the kappa opioid system continues to be activated following repeated
exposure to forced swim stress in the paraventricular nucleus (Lemos et al., 2012) or fear
conditioning in the basolateral amygdala (Knoll et al., 2011) in adulthood. This suggests that
hyper-activation of the kappa opioid system contributes to the long-term behavioral
consequences of stress (Knoll et al., 2011; Lemos et al., 2012). Taken together, it is highly
probable that different mechanisms are engaged acutely following stress than those that
result from chronic exposure to stress, a topic that is comprehensively covered by some of
the leaders in the field (Knoll & Carlezon, 2010). Although these elegant studies have
provided us an important basis regarding the neuroadaptations that the kappa opioid system
undergoes following exposure to stress, our current understanding of the relationship
between stress and KORs is still lacking.

Kappa Opioid Receptors and Ethanol

Ethanol and the kappa opioid system have a bidirectional relationship, such that ethanol
exposure activates and alters the kappa opioid system, while manipulation of KORs alters
responding for ethanol. For example, studies have shown that acute ethanol leads to release
of dynorphin in several brain regions of adult animals (Jarjour, Bai, & Gianoulakis, 2009;
Lam, Marinelli, Bai, & Gianoulakis, 2008; Marinelli, Lam, Bai, Quirion, & Gianoulakis,
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2006). Additionally, manipulations of the kappa opioid system have been shown to influence
ethanol intake in studies using KOR agonists/antagonists and KOR/dynorphin knockout
animals (Blednov, Walker, Martinez, & Harris, 2006; Femenia & Manzanares, 2012; Kovacs
et al., 2005; Miranda-Morales, Nizhnikov, & Spear, 2014; Morales, Anderson, Spear, &
Varlinskaya, 2014). The KOR system also plays a role in the reinforcing properties of
ethanol, although the results from available studies indicate that this may only occur
following ethanol dependence (Wee & Koob, 2010). Given the complex interactions
between the kappa opioid system in the ethanol-naive versus the ethanol-exposed brain (Wee
& Koob, 2010), a critical consideration is that ethanol exposure at certain developmental
points may differentially alter the function of the kappa opioid system. This is further
supported by our increasing knowledge of developmental regulation of the kappa opioid
system, as previously discussed, in the absence of exposure to ethanol. Interestingly, KOR
activation has been shown to facilitate expression of appetitive ethanol reinforcement in
ethanol-naive infant pups (P14-15) (Pautassi, Nizhnikov, Acevedo, & Spear, 2012) and
adults (8-12 weeks old) (Sperling, Gomes, Sypek, Carey, & McLaughlin, 2010). However,
prenatal ethanol exposure may result in different effects than adult exposure. For example,
Diaz-Cenzano et al. recently demonstrated that prenatal ethanol exposure on G19-20 likely
activates the kappa opioid system in the fetus, resulting in increased palatability for ethanol
on P14. Specifically, when prenatal ethanol was administered along with the KOR
antagonist, nor-BNl, the increased palatability for ethanol was not observed (Diaz-Cenzano,
Gaztanaga, & Gabriela Chotro, 2014), implicating an association with prenatal ethanol and
activation of the kappa opioid system /n utero. However, blocking of KORs during prenatal
ethanol treatment did not affect ethanol intake, as both the prenatal ethanol-exposed group
and the nor-BNI-paired group had increased ethanol intake compared with controls, with no
difference between these two experimental groups (Diaz-Cenzano et al., 2014). Similar
findings were found with prenatal ethanol exposure on G19-20 (Gaztanaga, Aranda-
Fernandez, & Chotro, 2015). Thus, understanding the ontogenetic regulation of the kappa
opioid system has important implications for the role that ethanol exposure plays in further
altering its function, especially during developmental periods in which shifts in function of
the kappa opioid system may occur. Here, we review the available information about the
effects that ethanol exposure at different developmental points has on the kappa opioid
system.

Prenatal Ethanol Exposure

While an abundance of work has been dedicated to investigating changes to the KOR system
following ethanol exposure in adulthood (to be discussed later), very few studies have
examined the consequences of early life ethanol exposure. This is surprising, given that a
study in 2006 examining human post-mortem brain tissue from aborted fetuses at mid-
gestation found significant alterations in KOR mRNA in various brain structures involved
with anxiety/depression and alcohol consumption (i.e. amygdala, striatum, and
hippocampus) following prenatal alcohol exposure (Wang, Dow-Edwards, Anderson,
Minkoff, & Hurd, 2006). In animal models, most of the work investigating the effects of
prenatal ethanol exposure has been limited to exposure during gestational days 17-20, a time
at which the kappa opioid system is already functional (De Vries, Hogenboom, Mulder, &
Schoffelmeer, 1990) and during which transient processes involving the kappa opioid system
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occur (Szeto, 2003). However, ethanol exposure during this short prenatal window
nevertheless alters the expression of KORs, as well as their associated proteins and genes, in
specific brain regions similar to what has been reported in humans. For instance, following
exposure to 1 or 2 g/kg ethanol on G17-20, KOR and prodynorphin mRNA and protein
levels were differentially affected in the ventral tegmental area, nucleus accumbens, and
hypothalamus, with a specific reduction in KOR protein in the nucleus accumbens at P14
(Bordner & Deak, 2015). The timing of this reduction is consistent with another study
within the same gestational exposure period, which shows that KOR protein is reduced in
the amygdala, nucleus accumbens, and hippocampus on P14 (Nizhnikov et al., 2014),
although no other neonatal points were examined. Another study extended their investigation
of the effects of prenatal ethanol exposure on gestational days 17-20 to mid-late adolescence
(P35-39), and found that while prenatal ethanol exposed animals have higher ethanol intake,
there were no differences in KOR mRNA in the nucleus accumbens, infralimbic cortex, or
ventral tegmental area (Fabio, Macchione, Nizhnikov, & Pautassi, 2015), suggesting that
alterations in the kappa opioid system may be transient. Nevertheless, it is clear that prenatal
ethanol exposure alters the development of the kappa opioid system and that the timing of
these neuroadaptations is brain region-dependent and may be ontogenetically unique.

The literature regarding functional alterations in the kappa opioid system following prenatal
ethanol exposure is also limited, but consistently demonstrates that prenatal alcohol
exposure either activates or leads to alterations in the kappa opioid system. One study by
Nizhnikov et al. found that prenatal ethanol exposure on gestational days 17-20 results in
alterations in the kappa opioid system associated with increased ethanol intake in pre-
weanlings. Specifically, while blocking KORs in control animals increases intake, blocking
KORs in prenatal ethanol-exposed animals reduces ethanol intake, presumably as a result of
decreased KOR protein expression in the above mentioned brain regions (Nizhnikov et al.,
2014). Furthermore, KOR activation in control animals results in conditioned place aversion,
while ethanol-exposed animals exhibit conditioned place preference (Nizhnikov et al.,
2014). However, the potential effects of prolonged prenatal ethanol exposure, whether or not
these alterations persist beyond juvenility, and the outcomes resulting from these alterations
have yet to be investigated.

Adolescent Ethanol Exposure

As with the lack of studies examining the impact of prenatal alcohol exposure on this
system, there is also a lack of studies that have examined interactions between ethanol and
the kappa opioid system during adolescence. This is particularly shocking considering 1)
adolescence is a period of significant neural development and maturation, 2) the kappa
opioid system plays a role in stress and anxiety, which are typically high during adolescence,
and 3) adolescence is the period during which experimentation with ethanol often begins and
when ethanol use is high (Spear, 2000, 2014). Interestingly, one study found that while
systemic inhibition of KORs with norBNI increases ethanol intake (limited access to 10%
ethanol/supersaccarin solution every other day) in adult males and decreases intake in adult
females (P70-80), there was no effect of norBNI on ethanol intake in adolescents (P28-38)
of either sex (Morales et al., 2014). While this study provides additional evidence for an
ontogenetic difference in function of the kappa opioid system, it is unknown why
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adolescents are unresponsive to norBNI, given that adolescents have functional KORs in
brain regions involved in modulating ethanol intake, such as the basolateral and central
amygdala (Przybysz et al., 2017) and the paraventricular nucleus (Chen et al., 2015). One
potential explanation is that since KOR activation has opposing effects in inter-connected
brain structures (i.e. KOR activation T GABA in the basolateral and ¢ GABA in the central
amygdala (Przybysz et al., 2017)), systemic blockade of KORs may result in no net effect.
However, since other brain regions are also involved in mediating ethanol consumption, this
is likely not the primary contribution to the observed lack of effect in adolescents. Another
possibility is that there may be little to no tonic release of dynorphin in the adolescent brain,
particularly during ethanol consumption. In contrast, in the adult brain, ethanol consumption
and/or a history of ethanol intake may induce a tonic release of dynorphin whose response is
attenuated by norBNI. These are just a few examples of questions that demonstrate the need
for further research investigating the neurobiological mechanisms that underlie insensitivity
to inhibition of the kappa opioid system in adolescents, particularly in the context of ethanol.

Acute & Chronic Ethanol Exposure in Adulthood

As has been emphasized, the majority of work investigating ethanol-induced alterations to
the kappa opioid system has been done in adults. Studies have repeatedly shown that acute
ethanol administration elevates dynorphin levels, particularly in the ventral tegmental area
(Jarjour et al., 2009), central amygdala (Lam et al., 2008), nucleus accumbens (Marinelli et
al., 2006), and paraventricular nucleus (Chang et al., 2007). Additionally, prodynorphin gene
expression was also shown to be upregulated in the prefrontal cortex and amygdala
following a single exposure to ethanol (D’ Addario et al., 2013).

As alluded to earlier, several studies have examined whether manipulations of the kappa
opioid system can alter ethanol consumption in adults. Systemic administration of a KOR
agonist has consistently been shown to decrease ethanol consumption (Henderson-Redmond
& Czachowski, 2014; Lindholm, Werme, Brene, & Franck, 2001; Logrip, Janak, & Ron,
2009; Morales et al., 2014), although see (Anderson, Lopez, & Becker, 2016). Based on this
general observation, the proposed hypothesis is that KOR-mediated dysphoria results in an
aversion to consume ethanol. Along the same lines, blocking KORs in non-dependent adults
increases ethanol consumption (Mitchell, Liang, & Fields, 2005), as this relieves KOR-
dependent dysphoria. Interestingly, in alcohol preferring strains, such as the Alko Alcohol
(AA) rat, activation of ventral pallidal KORs does not affect ethanol self-administration
(Kemppainen, Raivio, Suo-Yrjo, & Kiianmaa, 2012). Conversely, manipulation of the kappa
opioid system in ethanol-dependent animals produces the opposite effect of that seen in non-
dependent animals. For example, KOR blockade significantly reduces voluntary drinking
(Kissler et al., 2014; Nealey, Smith, Davis, Smith, & Walker, 2011; Walker & Koob, 2008;
Walker, Zorrilla, & Koob, 2011). Other studies have also demonstrated that during
withdrawal from chronic ethanol exposure, a period that is highly vulnerable to relapse
(Burish, Maisto, Cooper, & Sobell, 1981; Heilig, Egli, Crabbe, & Becker, 2010; Sinclair,
1972), KOR agonists potentiate ethanol intake (Holter, Henniger, Lipkowski, & Spanagel,
2000), while KOR antagonists decrease anxiety-like behavior (Valdez & Harshberger, 2012).
Interestingly, these findings are similar to the previously discussed effects seen following
prenatal exposure to alcohol, whereby KOR activation in ethanol-exposed pups results in
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conditioned place preference for ethanol (Nizhnikov et al., 2014). Taken together, these
studies demonstrate that chronic ethanol exposure induces changes in the kappa opioid
system that, when engaged, promote further ethanol consumption associated with increased
anxiety-like behavior. Importantly, this suggests that the organism’s perception of an
activated kappa opioid system changes from non-dependence to dependence.

Along similar lines, several studies have very elegantly demonstrated some of the
neuroadaptations in the kappa opioid system arising from chronic ethanol exposure in
adulthood [for more information, see (Anderson & Becker, 2017)]. Following induction of
ethanol dependence, dynorphin A immunoreactivity was shown to increase in the central
amygdala, as did dynorphin A-stimulated coupling of KORs (Kissler et al., 2014), consistent
with our proposed potential mechanism of increased tonic dynorphin release following a
history of ethanol exposure. Increased cFos immunoreactivity was also observed in the
paraventricular nucleus, and this was demonstrated to be mediated by the kappa opioid
system using prodynorphin knock-out animals (Racz, Markert, Mauer, Stoffel-Wagner, &
Zimmer, 2013). Additionally, after 7 days of repeated intra-gastric administration of 40%
ethanol, increased dynorphin release in the hippocampus was detected which was
accompanied by deficits in learning and memory (Kuzmin et al., 2013). The relationship
between the kappa opioid system and dopamine is also altered by chronic ethanol exposure,
such that KOR-induced decrease in dopamine release in the nucleus accumbens is
augmented in animals chronically exposed to ethanol (Karkhanis, Huggins, Rose, & Jones,
2016; Rose et al., 2016). Given the differential role of KOR modulation of dopamine in
various parts of the nucleus accumbens in regulating reward and aversion (Al-Hasani et al.,
2015), this may have the potential to influence and alter the perception of the rewarding
properties of ethanol.

In total, ethanol exposure at every stage in life can impact both the expression and function
of the kappa opioid system. However, the direction and long-term impact of ethanol on the
kappa opioid system may differ across ontogeny. Given potential developmental switches in
KOR function, it is important to highlight and address the lack of attention paid to ethanol
exposure during early life and its impact on the kappa opioid system. Furthermore, it is
important to note that nearly all of the studies that have examined the interactions between
ethanol and the kappa opioid system have used males. Interestingly, Morales and colleagues
further expanded their research to include tests of females (which have been largely ignored
in the field), and found the opposite effect, with non-dependent adult females drinking more
ethanol following administration of the KOR agonist — males showed decreased drinking
(Morales et al., 2014). These findings suggest that, besides age-dependent differences in
kappa opioid function, there are likely sex-differences that should be further investigated. In
support of this, the few studies that have examined alcohol- and stress-naive females have
consistently shown that adult females are less sensitive to KOR agonists (Rasakham and
Liu-Chen 2011, Chartoff and Mavrikaki 2015). Whether or not young females will be
similarly insensitive has yet to be determined.
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Stress and alcohol interactions on kappa system

The interactions between stress and alcohol are highly complex, given that exposure to stress
can increase alcohol consumption, while alcohol exposure itself, and particularly withdrawal
from alcohol, can also be a stressor. As we have discussed, the kappa opioid system is a
target of both stress and alcohol; how this system increases vulnerability to future stress or
produces a predisposition to consume more alcohol, particularly following pre-exposure to
either one in early-life, is of significant importance given the high societal prevalence of
early-life exposure to stress and/or alcohol. Equally important to understand are the
interactions of these exposures (stress and alcohol) in adulthood. Studies have begun to
elucidate these interactions and have demonstrated somewhat consistent findings, as
described below.

Early-life/adolescence

A few studies have examined the interactions between early-life stress and alcohol on the
kappa opioid system using maternal separation as a model of early-life stress. One of these
studies found that, although maternally separated offspring exhibit potentiated ethanol-
induced locomotor activity and sedation as infants (P15), systemic KOR antagonism has
similar effects in both maternally separated (P1-13) and control offspring (Fernandez et al.,
2014). In contrast, another study found that maternally separated offspring (age unknown)
show increased ethanol intake that is negatively correlated with KOR binding in the nucleus
accumbens (Ploj & Nylander, 2003). Additionally, a different study found that a single two-
hour session of voluntary ethanol drinking is sufficient to increase dynorphin B
immunoreactivity in the hippocampus and amygdala of adult animals that underwent
maternal separation from P0-21 (Palm, Daoura, Roman, & Nylander, 2013). These studies
demonstrate the complexity of the kappa opioid system and the various ways in which early-
life manipulations can alter this system.

Some studies have tested the effects of adolescent stress or ethanol exposure on subsequent
stress and/or ethanol responding and the role of the kappa opioid system. One of these
studies used restraint stress on adolescent and adult rats to test ethanol consumption and
found that, while stress does not alter conditioned taste aversion (CTA) to ethanol at either
age, KOR antagonism blunts CTA in stressed adults compared to control adults (P72-77), an
effect not observed in stressed adolescents (P30-35) (Anderson, Agoglia, Morales,
Varlinskaya, & Spear, 2013). However, another study (that only reported rat weight but not
age) showed that in Sprague Dawley rats weighing 170-220 g (presumably mid-late
adolescents), a KOR agonist dose-dependently reduced ethanol conditioned-place
preference, and the dose-response curve was shifted to the left in fear-conditioned rats
(Matsuzawa, Suzuki, Misawa, & Nagase, 1999), suggesting hyperactive kappa opioid
modulation of ethanol response following adolescent stress. As previously mentioned, males
have primarily been used for these studies; however, a recent study found that stress
differentially alters ethanol intake in adolescent (P30-34) and adult (P70-74) females
(Wille-Bille et al., 2017). Specifically, stress leads to increased ethanol intake in adolescent
females, but decreased ethanol intake in adult females, and the effect of stress on ethanol
intake in adolescents is blocked by the KOR antagonist. While some of these findings are
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consistent with reduced KOR function in naive adolescents, others suggest that the
commonly used measures/tests may not be sufficient to unmask an equally important role
for the kappa opioid system in adolescence. Nonetheless, these studies do not directly
address the neurobiological effects of stress and/or alcohol on the kappa opioid system
during adolescence. Only a couple of studies have begun to assess the neuroadaptations in
the kappa opioid system that link stress and alcohol interactions following early-life
perturbations. For instance, using social isolation to model stress, Palm and Nylander found
that, while dynorphin levels are reduced in the amygdala of adolescents (isolation began on
P21 or P28) and adults (isolation began on P70) and in the nucleus accumbens of socially
isolated-adults, ethanol consumption restores dynorphin to control (group-housed) levels
(Palm & Nylander, 2014). Interestingly, dynorphin levels are unaffected by social isolation
in the nucleus accumbens of adolescents, and ethanol consumption has no additional effect
(Palm & Nylander, 2014). This study indicates the importance of examining different brain
structures, as they could be differentially affected by stress and/or alcohol.

Surprisingly, there are also few studies examining the interactions between stress and
alcohol and its impact on the kappa opioid system in adults. A recent study by Anderson and
colleagues demonstrated that forced swim stress increases ethanol intake in animals with a
history of chronic ethanol exposure, and this effect is blocked by the pre-treatment with a
KOR antagonist (Anderson et al., 2016). Similarly, another study found that yohimbine-
induced ethanol reinstatement is blocked by a KOR antagonist (Funk, Coen, & Le, 2014).
Interestingly, forced swim stress-induced potentiation of ethanol place preference is
attenuated with a KOR antagonist, and a KOR agonist mimics the influence of forced swim
stress (Sperling et al., 2010).

Conclusion

Overall, the studies reviewed here clearly converge on the kappa opioid system as a target
for stress and alcohol interactions regardless of age. While some similarities have been
found between early-life and adult exposure to stress and/or alcohol, there are numerous
specified differences, particularly in the context of ethanol. Given the number of studies
discussed, we have constructed a diagram summarizing the main effects (aversive/
anxiogenic, non-aversive/anxiolytic, upregulated from baseline, or downregulated from
baseline) reported in these various studies, separated by relative age (early-life or adulthood)
(Fig. 1). Overall, it is apparent that in naive animals during early life, KOR activation is
either anxiolytic or non-aversive, whereas in adults it is aversive and/or anxiogenic.
Surprisingly, regardless of when stress exposure occurs (early-life or adulthood), the kappa
opioid system is upregulated and KOR activation produces aversion and/or anxiogenesis,
with the exception of one study that found reduced conditioned-place aversion following
maternal separation (Michaels & Holtzman, 2008). Strikingly and in contrast to stress,
ethanol exposure during early-life appears to result in downregulation of the kappa opioid
system and associated anxiolytic effect or a lack of effect in response to KOR activation.
However, ethanol exposure in adulthood produces similar effects to stress, in that the kappa
opioid system is upregulated and KOR activation is aversive and/or anxiogenic.
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Unfortunately, due to the limited number of studies systemically utilizing subjects at both
ages, there is a clear gap in our current understanding of both the short- and the long-term
consequences on the kappa opioid system across ontogeny. Additionally, the means by
which these potential ontogenetic differences in vulnerability to stress and/or alcohol
influence subsequent exposure to either is still to be determined. This lack of information is
particularly critical given the abundance of work indicating the rise in stress-related
neuropathologies and alcohol use in early-life.

It is worth noting that while preclinical studies have clearly demonstrated the involvement of
the kappa opioid system in stress and alcohol use, human clinical trials have not been as
successful (Buda, Carroll, Kosten, Swearingen, & Walters, 2015; Chavkin & Martinez,
2015). One evident issue is that the pharmacological tools that are used in animal models
have been shown to exert variable effects, depending on timing of drug administration
relative to testing. Additionally, some of the effects of commonly used KOR antagonists,
such as nor-BNI, appear to be long-lasting, up to 20-30 days and may initially have actions
on mu opioid receptors. Several reports have suggested that these effects result from shared
signaling pathways between KOR agonists and antagonists (Bruchas et al., 2010; Melief et
al., 2011). Although this issue/topic is not directly the focus of this review [but see review by
(Anderson & Becker, 2017) for further discussion on this topic], an important consideration
that this current review raises is the age of when stress or alcohol use began, as the timing of
exposure may differentially alter the kappa opioid system (Fig. 1).
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Highlights
The kappa opioid system is a primary target of stress and alcohol
Age may contribute to paradoxical effects of kappa opioid system

Stress and/or alcohol alter the kappa opioid system differently across
ontogeny
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Figure 1.

Summary of the role of the kappa opioid system in early-life and adulthood at baseline

Stress Exposure

Ethanol Exposure

(naiive) and in response to stress or ethanol exposure. Within each bar are citations for the
studies demonstrating the reported effects.
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