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Abstract
Elevated ethanol use during adolescence, a potentially stressful developmental period, is
accompanied by insensitivity to many aversive effects of ethanol relative to adults. Given
evidence that supports a role for stress and the kappa opioid receptor (KOR) system in mediating
aversive properties of ethanol and other drugs, the present study assessed the role of KOR
antagonism by norbinaltorphimine (nor-BNI) on ethanol-induced conditioned taste aversion
(CTA) in stressed (exposed to repeated restraint) and non-stressed male rats (Experiment 1), with
half of the rats pretreated with nor-BNI before stressor exposure. In Experiment 2, CTA induced
by the kappa agonist U62,066 was also compared in stressed and non-stressed adolescents and
adults. A highly palatable solution (chocolate Boost) was used as the conditioned stimulus (CS),
thereby avoiding the need for water deprivation to motivate consumption of the CS during
conditioning. No effects of stress on ethanol-induced CTA were found, with all doses eliciting
aversions in adolescents and adults in both stress conditions. However, among stressed subjects,
adults given nor-BNI before the repeated stressor displayed blunted ethanol aversion relative to
adults given saline at that time. This effect of nor-BNI was not seen in adolescents, findings that
support a differential role for the KOR involvement in ethanol CTA in stressed adolescents and
adults. Results from Experiment 2 revealed that all doses of U62,066 elicited aversions in non-
stressed animals of both ages that were attenuated in stressed animals, findings that support a
modulatory role for stress in aversive effects of KOR activation. Collectively, these results suggest
that although KOR sensitivity appears to be reduced in stressed subjects, this receptor system does
not appear to contribute to age differences in ethanol-induced CTA under the present test
circumstances.
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1
Experimentation with alcohol and other drugs is common during adolescence. Results from
the 2011 Monitoring the Future study revealed that over 40% of high school seniors have
smoked cigarettes or marijuana and 25% report having used other illicit drugs. Ethanol
consumption, however, is far more common: among 12th graders, 70% have tried ethanol at
least once, and 25% have been drunk within the past 30 days (Johnston et al., 2012).
Elevated levels of ethanol use during adolescence may be especially problematic, as early
ethanol use is a strong predictor of lifetime alcohol abuse and dependence (Grant and
Dawson, 1997).

Adolescence is often considered a stressful and challenging developmental period (Arnett,
1999; Casey et al., 2010). During this time, numerous neural, hormonal, and behavioral
alterations occur as individuals make the transition from youth to maturity (Spear, 2000;
2010). Increases in social behavior, impulsivity, risk-taking and novelty seeking are
frequently reported during this time (Hartup and Stevens, 1997; Primus & Kellogg, 1989;
Varlinskaya & Spear, 2008; Adriani et al., 1998; Laviola et al., 2003; Adriani and Laviola,
2003). Given the ethical constraints that limit such research in humans, animal models are
essential for research that aims to illuminate factors contributing to the elevated drug
experimentation and abuse that often occurs during adolescence. In rodents, early-mid
adolescence is estimated to range from postnatal days 28 to 42, with late
adolescence/”emerging adulthood” occurring during postnatal days 42–55 (Vetter-O’Hagen
and Spear, 2011). This period encompasses many of the adolescent-typical shifts in physical
and behavioral characteristics seen in other species (see Spear, 2000), including altered
sleeping habits, increased food consumption and accompanying growth spurt, as well as
pubertal maturation. Research conducted in rats and mice suggests that ethanol sensitivity
differs drastically across age. For example, adolescents are more sensitive to ethanol-
induced social facilitation (Varlinskaya and Spear, 2002) and less sensitive to ethanol’s
motor-impairing effects (White et al., 2002), aversive properties (Vetter-O’Hagen et al.,
2009; Anderson et al., 2010; Schramm-Sapyta et al., 2010), and withdrawal-induced anxiety
(Doremus et al., 2003). This pattern of sensitivity likely promotes elevated ethanol intake
during adolescence (for review, see Schramm-Sapyta et al., 2009; Spear, 2011), given that
the relative balance of rewarding and aversive effects of drugs of abuse appears to be an
important modulator of consumption (Riley, 2011).

Evidence supports a role for the kappa opioid receptor (KOR) system in antagonizing the
reinforcing effects of many drugs of abuse, including ethanol (see Shippenberg et al., 2007;
Wee and Koob, 2010 for additional references and thorough review). Administration of the
KOR agonist U50,488 has been reported to decrease voluntary ethanol consumption in rats
(Lindholm et al., 2001) and to block ethanol-induced conditioned place preference (CPP)
(Logrip et al., 2009) whereas pretreatment with the KOR antagonist nor-binaltorphimine
(nor-BNI) has been reported to enhance ethanol-induced dopamine (DA) release in the
nucleus accumbens (Zapata and Shippenberg, 2006), to increase ethanol intake (Mitchell et
al., 2005), and to increase state-dependent ethanol CPP (Nguyen et al., 2012). Accordingly,
this system has gained attention as a potential target for treating alcohol use disorders (see
Walker et al., 2012). Previous research strongly suggests that the KOR system mediates
reward and aversion in the brain via regulation of DA release in reward pathway. Typically,
effects of KOR activation oppose effects of mu opioid receptor (MOR) activation (see Wee
and Koob, 2010). For example, whereas activation of MOR increases DA release in the
nucleus accumbens and elicits CPP, activation of KOR decreases DA release in this brain
region and precipitates conditioned place aversion (CPA) and conditioned taste aversion
(CTA) (Di Chiara and Imperato, 1988; Mucha and Herz, 1985).
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KOR sensitivity during adolescence has not been well-characterized. Although KORs are
detectable during gestation (Winzer-Serhan et al., 2003), reports on levels of KOR
expression across ontogeny and through adolescence are lacking. Prior work in our
laboratory examined aversions induced by the kappa agonist U62,066 (spiradoline) in both
the CTA and CPA paradigms (Anderson et al., under revision), as well as the impact of
KOR antagonism on ethanol consumption (Morales et al., under revision). In both studies,
adult males were more sensitive to KOR manipulations than adolescents: whereas adults
demonstrated conditioned aversions to the KOR agonist and demonstrated elevated ethanol
consumption following KOR antagonism, adolescents were insensitive to these effects.
These results have shaped our preliminary hypothesis that attenuated sensitivity to ethanol’s
aversive effects may reflect an insensitive KOR system during adolescence.

Importantly, the KOR system appears to modulate consequences of stressor exposure.
Dynorphins (DYN), the family of endogenous ligands for KOR (Chavkin et al., 1982), are
released in response to stressor exposure (Schwarzer, 2009). With the exception of a few
studies characterizing chronic mild stress models of anhedonia (e.g., Papp et al., 1991;
Valverde et al., 1997), stress is commonly reported to increase rewarding effects (assessed
via CPP) of many drugs of abuse. For example, forced swim stress potentiates nicotine and
cocaine CPP (Smith et al., 2012; Kreibich et al., 2009). Likewise, inescapable shock stress
enhances morphine-induced CPP (Rozeske et al., 2011; Will et al., 1998). Conditioned fear
stress has been shown to induce ethanol CPP in rats (Matsuzawa et al., 1998); similarly,
stress-induced potentiation of ethanol CPP has also been observed (Sperling et al., 2010).
One theoretical model for the reward-potentiating effects of stressor exposure posits that
prior stress activates the DYN system, producing a dysphoric state that subsequently
increases the relative reward valence of drugs (Bruchas et al., 2010). The inverse
interpretation of this model would presumably suggest that the dysphoric state induced by
stress would subsequently reduce the relative aversion induced by drugs. Indeed, stress has
also been demonstrated to decrease the aversive properties of ethanol: both foot shock and
social defeat stress have been reported to attenuate ethanol-induced CPA in adult male rats
(Funk et al., 2004). Administration of KOR agonists has been shown to mimic behavioral
effects of stressors, including often a potentiation of the rewarding properties of drugs of
abuse (e.g., McLaughlin et al., 2006; Sperling et al., 2010). This effect is typically absent in
DYN knock-out mice or subjects pretreated with the KOR antagonist nor-binaltorphimine
(nor-BNI).

Reward-potentiating effects of KOR agonists appear to be paradoxical, given that these
agonists have also been reported to antagonize rewarding effects of many drugs of abuse.
These opposing effects on drug reward have been attributed to the timing of agonist
administration: suppression of rewarding effects is typically seen shortly following
administration, whereas potentiation of rewarding effects is commonly reported after a
longer interval. For example, KOR agonists were reported to block ethanol- and cocaine-
induced CPP when administered 10–15 minutes prior to drug conditioning (Logrip et al.,
2009; McLaughlin et al., 2006). When administered 60–90 minutes prior to drug
conditioning sessions, KOR agonists potentiated CPP induced by ethanol and cocaine,
thereby mimicking effects of stressor exposure (McLaughlin et al., 2006; Sperling et al.,
2010). Similarly, nor-BNI can exert opposing effects on ethanol reward. In stressed subjects,
nor-BNI blocked potentiation of ethanol CPP (Sperling et al., 2010) whereas among non-
stressed subjects, nor-BNI has been reported to enhance ethanol CPP (Nguyen et al., 2012).

Exposure to stressors has different consequences during adolescence relative to adulthood.
Compared to adults, adolescents experience prolonged elevations in the stress hormone
corticosterone following acute restraint stress and greater peak corticosterone release in
response to repeated stress (Eiland and Romeo, 2012; Doremus-Fitzwater et al., 2009;
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Romeo and McEwen, 2006). Additionally, adolescents show greater stress-induced
reductions in body weight than adults (Eiland and Romeo, 2012; Doremus-Fitzwater et al.,
2009). Acute and chronic stressors have also been shown to influence ethanol sensitivity.
Following acute restraint, anxiolytic effects of ethanol were reported in adolescents but not
adults (Varlinskaya and Spear, 2012). Following repeated restraint, however, age-related
differences in the social consequences of ethanol were diminished, with stressor exposure
decreasing sensitivity to social inhibitory effects of ethanol and augmenting expression of
ethanol’s social facilitatory effects at both ages (Varlinskaya et al., 2010).

The over-arching goal for the present study was to characterize the role of the KOR/DYN
system in mediating aversion in stressed and non-stressed adolescent and adult rats.
Experiment 1 was designed to examine the effects of KOR blockade on expression of
ethanol-induced CTA in animals of both ages. Given interactions between stress and the
DYN/KOR system, and evidence that adolescence may be an especially stressful
developmental period, both stressed and non-stressed adolescent and adult subjects were
included. Finally, to follow up on the results of Experiment 1 and to further explore our
hypothesis that KOR sensitivity may be attenuated during adolescence, Experiment 2 was
designed to characterize stress effects on the CTA induced by KOR activation in adolescent
and adult rats. For both experiments, a highly palatable solution served as the drug-paired
conditioned stimulus in order to avoid the potentially stressful consequences of water-
deprivation and to more precisely assess the influence of the experimental stressor
manipulation.

2 Experimental Procedures
2.1 Subjects

A total of 320 male Sprague-Dawley rats bred in our colony at Binghamton University were
used in these experiments (128 in Experiment 1, 192 in Experiment 2). One day following
birth, on postnatal day (P)1, litters were culled to 8–10 pups, maintaining a ratio of 6 males
to 4 females whenever possible. Male offspring were weaned on P21 and pair-housed with a
same-sex littermate in a temperature-controlled vivarium on a 14:10 light/dark cycle (lights
on at 0700); females were assigned to other projects. All experimental animals remained
pair-housed for the duration of experimentation and were given ad libitum access to food
(Purina Rat Chow, Lowell, MA) and water. Subjects were at all times treated in accordance
with Binghamton University Institutional Animal Care and Use Committee protocols and
within guidelines established by the National Institute of Health (National Research Council,
2011). For both experiments, subjects were assigned to experimental condition via block
randomization; in order to avoid confounding litter effects, no more than one animal from a
given litter was assigned to the same experimental condition (see Zorilla, 1997; Holson and
Pearce, 1992).

2.2 Ethanol-induced CTA
2.2.1 Experiment 1a: KOR involvement in ethanol CTA in adolescents—On
experimental day 0 (P28), subjects were injected with either saline or nor-BNI (10 mg/kg,
subcutaneous [s.c.]). Nor-BNI is a long-lasting KOR antagonist that achieves peak effects
after 24 hours and blocks receptors for up to several weeks (see Metcalf and Coop, 2005).
This dose has been shown to produce behavioral effects in a variety of assays (Morales et
al., under revision; Sperling et al., 2010). Beginning on P29, animals in the stressed
condition were placed in size-adjusted restraint tubes for 90 minutes per day for five days
(experimental days 1–5). This restraint procedure has been previously characterized via
behavioral and hormonal assays in our laboratory (see Doremus-Fitzwater et al., 2009).
Restraint tubes were Plexiglas cylinders measuring 18 × 4.7 cm with a slot across the top
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and a sliding stopper for size adjustment (Tailveiner, Braintree Scientific, Braintree, MA).
Aside from being weighed on experimental days 1, 3, and 5, non-stressed animals were not
manipulated during this time. On the conditioning day (experimental day 6: P34), all
animals were weighed, and cagemates were separated from each other in the home cage with
a wire mesh divider. Subjects were given one hour of access to chocolate Boost® (Nestlé
HealthCare Nutrition, Fremont, MI) and their intake was recorded. Immediately after the
one-hour access period, subjects were injected intraperitoneally (i.p.) with either saline or
ethanol (1.5 or 2.0 g/kg, 18.9% v/v). These ethanol doses have previously been reported to
elicit taste aversion in adolescents (see Anderson et al., 2010). Injection volume rather than
concentration was adjusted in order to deliver varying ethanol doses (see Linakis and
Cunningham, 1979), and saline controls were injected with a volume equivalent to the
highest ethanol dose. On the test day (experimental day 7: P35/P75), cagemates were again
separated with a wire mesh divider and given two bottles: one containing Boost and one
containing water. Individual intakes were recorded after one hour of access.

2.2.2 Experiment 1b: KOR involvement in ethanol CTA in adults—As with
adolescents, adults were administered either saline or nor-BNI (10 mg/kg) on experimental
day 0 (P68). For stressor exposure (experimental days 1–5, beginning on P69) animals were
placed in restraint tubes measuring 23 × 8 cm for 90 min each day. The test session on day 7
was conducted as described for Experiment 1a. On the conditioning day (experimental day
6; P74), adults received either saline or ethanol (1.0 or 1.5 g/kg) following the one hour
access period to the chocolate Boost solution. These ethanol doses have previously been
reported to elicit taste aversion in adults (see Anderson et al., 2010). Ethanol was prepared
and injected as described for Experiment 1a.

2.2.3 Data Analysis—Intake values from the conditioning and test days were examined
for outliers, with data points greater than two standard deviations above or below group
means replaced with group means prior to analysis (a total of two adolescent and two adult
data points). Conditioning day Boost intake data (mls) were analyzed via a 2 pretreatment
(saline; nor- BNI) × 2 stress (restraint and non-manipulated) ANOVA for each age. Test day
Boost consumption data (mls) were analyzed via 2 pretreatment × 2 stress condition × 3
ethanol dose ANOVAs. Significant effects and interactions were further explored using
Bonferroni-corrected post-hoc tests, focusing on comparisons between animals given each
conditioning dose vs. saline control animals to index CTA within each age/stress/
pretreatment group.

2.3 Experiment 2: U62,066
2.3.1 Experimental Procedure—Beginning on P29 (adolescents) or P69 (adults),
animals in the stressed condition were placed in size-adjusted restraint tubes for 90 minutes
per day for five days (experimental days 1–5) as in Experiment 1. On the conditioning day
(experimental day 6: P34/P74), all animals were weighed, and cagemates were separated
from each other in the home cage with a wire mesh divider. Subjects were given one hour of
access to chocolate Boost and their intake was recorded. Immediately after bottles were
removed, animals were injected s.c. with saline or U62,066 (0.3, 0.4 or 0.5 mg/kg), with
mesh dividers removed approximately 10 min later. Doses of U62,066 were prepared from
stock solutions of 0.3, 0.4, and 0.5 mg/ml and administered at a volume of 1 ml/kg. The test
session on day 7 was conducted as described for Experiment 1.

2.3.2 Data Analysis—Intake values from the conditioning and test days were examined
for outliers, with data points greater than two standard deviations above or below group
means replaced with group means prior to analysis (a total of four adult data points).
Conditioning day Boost intake data (mls) were analyzed via a 2 age (adolescent, adult) × 2
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stress condition (restraint and non-manipulated) ANOVA. Test day Boost intake data (mls)
were analyzed via a 2 age × 2 stress × 4 U62,066 dose (0, 0.3, 0.4, 0.5 mg/kg) ANOVA. All
significant effects and interactions were further explored using Bonferroni-corrected post-
hoc tests, focusing on comparisons between animals given each conditioning dose vs. saline
control animals to index CTA within each age/stress group.

3 Results
3.1 Experiment 1a: Adolescents

A significant effect of stress emerged in the analysis of conditioning day Boost intake
[F(1,85) = 5.1, p < .03], with stressed adolescents consuming less than their non-stressed
counterparts (see Figure 1A). Analysis of the test day data revealed a main effect of ethanol
dose [F(2,77) = 91.7, p < .0001], with adolescent subjects given 1.5 and 2.0 g/kg ethanol
demonstrating CTAs (see Figure 1B). No significant effects of stress or nor-BNI
pretreatment emerged.

3.2 Experiment 1b: Adults
Analysis of conditioning day Boost intake revealed a main effect of stress, with stressed
adults consuming less than their non-stressed counterparts [F(1,91) = 7.3, p < .01]. Data are
shown in Figure 1C. Analysis of test day data revealed a main effect of ethanol dose
[F(2,83) = 45.5, p < .0001] in addition to a 3-way interaction of pretreatment × stress ×
ethanol dose [F(2,83) = 3.9, p < .03]. Among adults pretreated with saline, both the 1.0 and
1.5 g/kg doses of ethanol produced CTAs, regardless of stress condition. Similarly, among
non-stressed adults pretreated with nor-BNI, both ethanol doses elicited aversions. However,
neither ethanol dose produced an aversion among stressed adults pretreated with nor-BNI
(see Figure 1D).

3.3 Experiment 2
Analysis of conditioning day Boost intake revealed main effects of age [F(1,125) = 16.6, p
< .001] and stress [F(1,125) = 10.5, p < 0.01], with adults consuming more Boost than
adolescents and non-stressed rats consuming more than stressed rats (see Figure 2A).
Analysis of test day intake revealed main effects of dose [F(3,113) = 8.7, p < .001] and a
dose × stress interaction [F(3,113) = 3.5, p < .02]. Collapsed across age, all doses of
U62,066 elicited CTAs among non-stressed subjects whereas no aversions were seen among
stressed subjects (see Figure 2B).

4. Discussion
The present series of experiments was conducted using a novel model of CTA in non water-
deprived subjects to characterize the involvement of the DYN/KOR system in ethanol’s
aversive effects in stressed and non-stressed adolescent and adult rats. Results from
Experiment 1 revealed no direct effects of stress on ethanol CTA, although nor-BNI
pretreatment attenuated aversion to ethanol only in stressed adults. This finding supports a
role for the KOR system in mediating ethanol’s aversive effects in these subjects. The KOR
system does not appear to modulate the aversive effects of ethanol in adolescents.
Experiment 2 was designed to serve as a more general follow-up on KOR sensitivity in
stress and non-stressed adolescents and adults. The results demonstrated that restraint stress
attenuates U62,066-induced CTA, regardless of age.

4.1 Stress does not modulate ethanol-induced CTA
Results from Experiment 1 provide no evidence of restraint stress effects on CTA to 1.5 or
2.0 g/kg ethanol in adolescent rats or to 1.0 or 1.5 g/kg ethanol in adult rats. Although the
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present study included only two ethanol doses per age (in addition to other procedural
differences), these results are in agreement with our previous study in which we reported no
effects of restraint stress on ethanol-induced CTA in water-deprived subjects (Anderson et
al., 2010). It is possible that aversive properties of lower ethanol doses may be modulated by
stress. Indeed, multiple stressors have been previously reported to attenuate aversion to 1.0
g/kg ethanol in a CPA procedure (Funk et al., 2004).

Stress effects on ethanol’s rewarding properties have also been previously reported in a
place conditioning procedure: Matsuzawa and colleagues found that conditioned fear stress
induced CPP to 0.15 and 0.3 g/kg ethanol doses (1998) and Sperling and colleagues found
that forced swim stress immediately prior to place conditioned potentiated ethanol CPP in
mice (2010). Given that stress effects have been reported using both CPP and CPA, it may
be possible that place conditioning models are more sensitive to stress modulation than taste
conditioning models. Testing a full ethanol dose response in stressed and non-stressed
subjects would also provide more conclusive evidence regarding the role of stress in
ethanol-induced CTA.

4.2 KOR antagonism attenuates ethanol CTA only in stressed adults
The results from Experiment 1b suggest the KOR system is involved in ethanol’s aversive
properties among adult animals when the system is already activated by stress (and thus,
potentially more susceptible to KOR antagonism). Among adolescent animals, however,
KOR antagonism had no effect on ethanol-induced aversion. These findings suggest age
differences in the neural mechanisms involved in ethanol-induced CTA following stress
exposure. Given that nor-BNI’s effects are long-lasting, the drug may have affected the
outcome of Experiment 1 by either counteracting effects of stressor exposure or by reducing
the aversive effects of ethanol. Because nor-BNI pretreatment did not block the stress-
induced reduction of Boost intake on the conditioning day in animals of either age, but did
attenuate expression of ethanol-induced CTA in stressed adults, the results of the present
study support a role for KOR antagonism in reducing the aversive effects of ethanol—but
only in stressed adults.

At least one prior study has reported no effect of KOR antagonism on ethanol-induced CTA
in non-stressed adult Fischer and Lewis rats (Roma et al., 2008). On the other hand, the
DYN/KOR system has been shown to mediate ethanol reward (indexed by place
conditioning) in stressed subjects, although not all experimental findings are consistent. For
instance, one study revealed that stress-induced activation of the KOR system potentiated
CPP to ethanol in mice, an effect successfully blocked by nor-BNI (Sperling et al., 2010),
suggesting that stress-induced activation of the DYN/KOR system increases the reward
value of ethanol in mice. In contrast, results from another study found activation of the
DYN/KOR system to enhance the aversive properties of ethanol in the stressed animals.
Specifically, ethanol CPP induced by conditioned fear stress in rats was enhanced by nor-
BNI and attenuated by U50,488 (Matsuzawa et al., 1999). Effects of nor-BNI and U50,488
on ethanol place conditioning in non-stressed controls were not assessed in this study.
Clearly, more studies are needed for a better understanding of the role this neural system
plays in the reinforcing properties of ethanol under basal conditions and following exposure
to different stressors. Binding studies and assays of receptor expression under control and
stress-exposed conditions may be particularly enlightening.

Whereas taste and place conditioning studies provide more direct assessments of ethanol
reward and aversion, data from ethanol self-administration studies can also provide evidence
for a role of the DYN/KOR system in ethanol’s motivational properties. Although some
studies have reported no effects of KOR manipulation on ethanol intake (e.g., Doyon et al.,
2006; Holter et al., 2000), substantial effects of KOR antagonists and agonists have been
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found as well. Nor-BNI has been shown to increase 24-hr home cage consumption for
isolate-housed adult males (Mitchell et al., 2005). These results are similar to those of our
recent study that examined effects of nor-BNI on home cage limited access ethanol intake in
isolate-housed rats: we found that nor-BNI administration increased ethanol consumption in
adult male rats while having no effects in adolescent animals (Morales et al., under
revision). Subjects in both studies were isolate-housed, a condition that was likely stressful.
The pattern of results seen in these studies suggests that nor-BNI is blocking or reducing the
aversive properties of ethanol, thereby promoting enhanced consumption, an effect seen in
adults but not adolescents.

This hypothesis is supported by findings of the suppressant effects of the KOR agonist
U50,488 on home cage ethanol consumption in adult rats (Lindholm et al., 2001). However,
increases in ethanol intake following administration of the same agonist have been reported
as well (Holter et al., 2000; Sperling et al., 2010). One study comparing operant self-
administration in ethanol-dependent and non-dependent rats found that nor-BNI actually
suppressed self-administration among dependent rats following ethanol withdrawal while
exerting no effects on control rats (Walker and Koob, 2008), suggesting that the DYN/KOR
system is involved in withdrawal-induced dysphoria and, hence, plays a role in the
negatively reinforcing, presumably anxiolytic effects of ethanol.

The mixed findings on the effect of KOR manipulations on ethanol intake suggest two
possible explanations for a role of the KOR system in ethanol’s motivational effects. KOR
activation may increase consumption by inducing a dysphoric state and making ethanol
more attractive for its anxiolytic properties (Holter et al., 2000; Sperling et al., 2010, Walker
and Koob, 2008). Alternatively, pharmacological blockade of KOR may also increase
drinking behavior by blocking ethanol’s aversive properties (Mitchell et al., 2005; Morales
et al., under revision). Although these two hypotheses are not mutually exclusive, the current
findings are consistent with the idea that activation of the DYN/KOR system mediates
aversive responses and dysphoric states. Further research is needed to examine the effect of
stress and pharmacological manipulations of KOR on ethanol self-administration in order to
better explore the relationship between these two alternative hypotheses.

4.3 Stress modulates KOR-induced CTA
No significant age differences were apparent in our assessment of stress and KOR agonist-
induced CTA. All three doses of U62,066 elicited taste aversions in non-stressed adolescents
and adults, aversions that were absent in stress-exposed animals of both ages. Attenuation of
CTA to the selective KOR agonist following repeated stress in the present study is likely
associated with the effects of stress on the DYN/KOR system, in that stress exposure itself
elicits a dysphoric state related to DYN release and subsequent activation of KOR (Bruchas
et al., 2010; Nabeshima et al., 1992; Shirayama et al., 2004). The KOR system, already
activated by stress, may become insensitive to the activating effects of the exogenously
administered KOR agonists, thus resulting in attenuated aversions to the selective kappa
agonist.

A previous study conducted in our laboratory using water-deprived subjects found that
adolescents were less sensitive to U62,066-induced CTA relative to adults (Anderson et al.,
under revision). However, lower doses of U62,066 (0.1–0.3 mg/kg) were tested in the
previous study, results that suggest that age differences might have emerged if lower doses
had been assessed in the present study. Alternatively, the findings from Experiment 2 may
suggest that adolescents were more stressed by water deprivation than adults in the earlier
study, a possibility that offers an explanation for the age differences in sensitivity to the
aversive effects of kappa agonists we initially reported.
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Results from Experiment 2 showing that stressed subjects were less sensitive to U62,066 are
in opposition to a previous study that reported enhanced sensitivity to U50,488-induced
CPA in rats subjected to conditioned fear stress relative to non-stressed controls (Matsuzawa
et al., 1999). However, the rats in the earlier study were exposed to fear stress (i.e.,
placement in a context previously paired with foot shocks) immediately prior to each
conditioning session, whereas the five days of restraint stress used in our study occurred
before induction of CTA. Along with these procedural differences, the varying stressors
used may have contributed to the dissimilar results obtained across these studies, given that
different stressors produce distinct behavioral changes (Mercier et al., 2003) and neural
alterations (Dayas et al., 2001; Bowers et al., 2008).

4.4 Stress effects on ethanol sensitivity across age
The present findings may help explain the relationship between stress and drug-taking
behaviors. It has been hypothesized that stress induces a dysphoric state that enhances the
reward value of drugs of abuse, thereby contributing to increased drug-taking behaviors
(Wee and Koob, 2010). The results of Experiment 2 suggest a direct modulation of the
aversive properties of KOR activation by stressor exposure. Since restraint stress attenuates
the aversion associated with KOR activation, stress may directly promote drug-taking
behavior by reducing the KOR-mediated aversive and/or dysphoric properties of drugs of
abuse. However, our findings from Experiment 1 do not support a role for stress in
modulation of ethanol’s aversive properties, but instead suggest a differential role for DYN/
KOR system in stressed relative to non-stressed adults, with this system becoming involved
in ethanol aversion following stress exposure. Aversive properties of ethanol do not appear
to be modulated by the KOR system in adolescents, regardless of stress condition. The
extent to which stress-induced KOR activation may mediate aversive and rewarding effects
of other drugs of abuse differentially across age remains to be tested.

Stressed subjects consumed less Boost than non-stressed on the conditioning day for both
experiments (see Figure 1A, 1C, 2A), a result that is consistent with stress-induced
anhedonia (Papp, 2012; Willner, 1997) and suggests that the repeated restraint procedure
was a significant stressor at both ages. However, an unexpected pattern of test-day Boost
consumption emerged in saline-injected control subjects. For Experiment 2, a trend for
reduced consumption among stressed subjects (p = .08) was still evident on the test day in
saline-injected adolescents and adults. In Experiment 1, this stress reduction was lost, with
adolescents and adults in the saline/saline condition consuming similar amounts of Boost
regardless of stress condition. Adults in the nor-BNI/saline group, however, appeared to
maintain a similar stress pattern on the conditioning day (although this effect did not reach
significance). It is possible that saline/saline control subjects in Experiment 1 may have been
more stressed by the i.p. injection on the conditioning day than saline control animals from
Experiment 2 who received s.c. saline. As a consequence of this acute stress, these animals
may have consumed more Boost on the test day for purposes of stress relief (for discussion
of the stress-buffering effects of palatable food/drink consumption, see Foster et al., 2009;
Ulrich-Lai et al., 2007; 2010). Accordingly, nor-BNI pretreatment may have blocked this
effect in adult controls, with adolescents again insensitive to the effects of the KOR
antagonist. Clearly, this suggestion is speculative and requires further investigation.
Nevertheless, regardless of the factors influencing the persistence or absence of stress-
related decreases in conditioned stimulus consumption in animals challenged with saline on
the test day, it should be noted that, for all experiments in the present study, attenuated taste
aversions were apparent only in groups where the stressed saline controls tended to consume
less Boost on the test day.

Given that social interaction has been shown to attenuate ethanol’s aversive effects (e.g.,
Gauvin et al., 1994), the possible influence of social context should be considered when
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interpreting our results. Our laboratory has previously shown that ethanol-induced CTA is
attenuated in adolescent males given access to a social partner after ethanol administration
relative to males that remained isolated (Vetter-O’Hagen et al., 2009). No effects of peer
exposure were evident in adults, suggesting a unique social buffering effect on ethanol’s
aversive properties among adolescents. Pair housing may have contributed to the lack of
stress effects on ethanol’s aversive effects reported in the present study (and those reported
in Anderson et al., 2010). Further exploration of social buffering effects on stress in
adolescents relative to adults could address this possibility directly.

Dramatic age differences in adolescent and adult sensitivity to numerous drugs of abuse in a
CTA paradigm have been consistently reported and are often accompanied by reports of
increased sensitivity to rewarding effects as indexed by greater CPP in adolescents relative
to adults (see Badanich et al., 2006; Torres et al, 2008; Philpot et al., 2003), results that
corroborate the age differences demonstrated in CTA studies. The adolescent-typical
enhanced sensitivity to drug reward may be associated with heightened stress sensitivity
during adolescence. Indeed, adolescence is a period of development during which many
individuals experience stressors that may result in stress-related activation of the DYN/KOR
system (Bruchas et al., 2010; Tejeda et al., 2012). This activation, resulting in dysphoria,
could enhance the rewarding value of drugs of abuse and foster higher levels of drug
consumption. The present study, however, does not support the involvement of the DYN/
KOR system in ethanol’s aversive effects.
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Highlights

1. Stress had no effect on ethanol-induced CTA in adolescents or adults.

2. Among stressed adults only, kappa antagonism attenuated ethanol-induced
CTA.

3. Stressed adolescents and adults were less sensitive to kappa agonist-induced
CTA.
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Fig 1. Ethanol-induced conditioned taste aversion
(A) Adolescent conditioning day Boost intake. Non-stressed rats consumed more Boost than
stressed rats (indicated by +), regardless of pretreatment condition. (B) Adolescent test day
Boost intake. Both doses of ethanol elicited aversions (indicated by *), regardless of stress
or pretreatment condition. (C) Adult conditioning day Boost intake. Non-stressed rats
consumed more Boost than stressed rats (indicated by +), regardless of pretreatment
condition. (D) Adult test day Boost intake. Among non-stressed rats, both doses of ethanol
elicited conditioned taste aversions regardless of pretreatment condition (indicated by *).
Among stressed adults, saline-pretreated rats demonstrated aversions to both ethanol doses
(indicated by *) whereas rats pretreated with nor-BNI did not exhibit aversions to any
ethanol doses.
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Fig 2. U62,066-induced conditioned taste aversion
(A) Conditioning day Boost intake. Non-stressed rats consumed more Boost than stressed
rats (indicated by +), with adults consuming more Boost than adolescents (indicated by #).
(B) Test day Boost intake. Regardless of age, all doses of U62,066 elicited conditioned taste
aversions in non-stressed subjects (indicated by *) whereas no aversions were evident in
stressed animals.
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