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THE ONTOGENY OF ETHANOL AVERSION
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Abstract

Recent work has suggested separate developmental periods within the broader framework of
adolescence, with data suggesting distinct alterations and vulnerabilities within these intervals.
While previous research has suggested reduced sensitivity to the aversive effects of alcohol in
adolescence relative to adults, a more detailed ontogeny of this effect has yet to be conducted. The
adolescent brain undergoes significant transitions throughout adolescence, including in regions
linked with drug reward and aversion. The current study aimed to determine the ontogeny of
ethanol aversion by utilizing a conditioned taste aversion procedure at six different ages to test the
hypothesis that the transitions into, through, and out of adolescence are associated with
ontogenetic alterations in sensitivity to the aversive properties of ethanol. Non-deprived animals
given Boost® as the conditioned stimulus (CS) were used in Experiment 1, whereas Experiment 2
used water-restricted animals provided with a saccharin/sucrose solution as the CS. In both
experiments, an attenuated sensitivity to the aversive properties of ethanol was evident in
adolescents compared to adults, although more age differences were apparent in water deprived
animals than when a highly palatable CS was given to ad libitum animals. Overall, the data
suggest an attenuated sensitivity to the aversive properties of ethanol that is most pronounced
during pre- and early adolescence, declining thereafter to reach the enhanced aversive sensitivity
of adults.
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Introduction

Adolescence is an ontogenetic stage defined by age-specific alterations that are highly
conserved across species, including neural, hormonal, and physical transformations.
Changes in behavior are also noted, including adolescent-associated increases in social
activity, novelty seeking, and risk taking (See Spear, 2000 and 2010 for a review). These
and other age-typical behavioral characteristics of adolescence, including greater levels of
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alcohol consumption than are seen in adulthood, are evident across a variety of mammalian
species, (see Spear, 2000, 2010 for a review). Given such across-species similarities, rodent
models of adolescence have long been employed for the study of contributors to adolescent-
typical behavioral and cognitive functions. For example, based on relative timing of
biological, behavioral, and hormonal measures, the postnatal day (P) 25-P42 interval in rats
has been suggested to be roughly analogous to the early-mid adolescent period in human
(10-18 years), while P43-P55 mirrors approximately the age range from 18-25 years, or late
adolescence/emerging adulthood in humans (C. S. Vetter-O’Hagen & Spear, 2012a). When
puberty is indexed via vaginal opening (females) and balano preputial skinfold separation
and sperm in the seminiferous tubules (males), female rats exhibit pubertal maturation by
P36, with a majority of males exhibiting signs of maturation by P40 (C. S. Vetter-O’Hagen
& Spear, 2012b). Thus, although the terms adolescence and puberty are often used
synonymously, the two represent different transitions, with puberty classically referring to
the attainment of sexual maturation (Graber & Brooks-Gunn, 1998) which generally occurs
during early-mid adolescence, whereas adolescence encompasses the broader transition from
childhood to adulthood, thus encompassing a greater range of developmental alterations
(Blakemore, Burnett, & Dahl, 2010; Sisk & Foster, 2004).

Initiation of alcohol use commonly occurs among youth during adolescence (Faden, 2006).
This may be problematic given that earlier ages of drinking initiation predict later problems
with dependence (although this association is not necessarily causal — e.g. Dawson et al.,
2008). Given that marked elevations in per occasion alcohol consumption among
adolescents relative to adults are evident not only in humans (Hughes, 2010; Masten, Faden,
Zucker, & Spear, 2009), but in other mammalian species such as rodents (Doremus, Brunell,
Rajendran, & Spear, 2005; Vetter, Doremus-Fitzwater, & Spear, 2007), rodent models have
been used to investigate potential factors contributing to the elevated ethanol intake of
adolescence. Substantial alterations in activity of, and connectivity to, areas essential for
processing rewarding (e.g. NAc) and aversive (e.g. amygdala) stimuli during adolescence
(e.g. see Crews, He and Hodge, 2007 for a review) offer one possible framework
contributing to age-specific responses to drug stimuli. Indeed, studies have determined
adolescents to be relatively insensitive to many ethanol effects when compared to adults,
particularly to ethanol effects such as its aversive properties which likely serve as cues to
limit intake (for review, see Doremus-Fitzwater et al., 2010; Spear and Varlinskaya, 2005).
However, whereas adolescents show an attenuated sensitivity to ethanol-induced sedative
(Silveri & Spear, 1998), motor impairing (White et al., 2002), social disrupting (Varlinskaya
& Spear, 2002) and aversive (Anderson, Varlinskaya, & Spear, 2010) effects, they
conversely exhibit enhanced sensitivity to a few ethanol effects, including ethanol-induced
social facilitation (Varlinskaya & Spear, 2006), memory impairments (Markwiese, Acheson,
Levin, Wilson, & Swartzwelder, 1998), and its rewarding properties (Pautassi, Myers,
Spear, Molina, & Spear, 2008; Ristuccia & Spear, 2008). This pattern of reduced sensitivity
to aversive but increased sensitivity to rewarding properties is often associated with
elevations in ethanol intake (Green & Grahame, 2008).

Another factor that could affect the sensitivity and intake of alcohol is sex. Female rodents
demonstrate elevated ethanol intake relative to males beginning in late adolescence
(Lancaster et al., 1996; Truxell, Molina, & Spear, 2007) and continuing into adulthood
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(Doremus et al., 2005; Vetter et al., 2007; C. Vetter-O’Hagen et al., 2009). Gonadal
hormones may play a role in these differences, given that gonadectomy in males, either pre-
pubertally or in adulthood, induces female-typical patterns of ethanol intake (C. S. Vetter-
O’Hagen & Spear, 2011), with male-typical intake restored by testosterone replacement (C.
S. Vetter-O’Hagen, Sanders, & Spear, 2011). It is possible that sex differences in ethanol
sensitivity may occur around puberty that serve to promote emergence of sex differences in
intake. If so, differences in the timing of puberty between males and females may lead to
different ontogenetic patterns of ethanol sensitivity between males and females.

Reviews by Spear and Brake (1983) and Spear (2015) suggest the possibility of
developmental dissociations in drug sensitivity and vulnerability during ages leading up to
and continuing through adolescence into adulthood. Preadolescent/juvenile animals
sometimes have been found to display patterns of behavior and drug sensitivity more similar
to their adult counterparts than do adolescents, suggesting a developmental dissociation
specific to adolescence (see Spear and Brake, 1983 for a review). For example, this
ontogenetic dissociation, with adolescents being different than their younger or older
counterparts, has been seen in response to amphetamine, with preadolescent rats expressing
a pattern of taste aversion more similar to older animals than to adolescents (Infurna &
Spear, 1979). Whether such an ontogenetic dissociation would be evident with ethanol has
yet to be explored. Electrophysiological data from chronic exposure studies in animals have,
however, suggested separable sensitivities within adolescence, with more marked alterations
in the hippocampus following P30-40 ethanol exposure compared to P35-40 (Slawecki,
Betancourt, Cole, & Ehlers, 2001). Likewise, intermittent intraperitoneal (i.p.) ethanol
injections during P30-43, but not P45-57, resulted in later elevations in ethanol consumption
relative to control animals (Alaux-Cantin et al., 2013), further highlighting separate periods
of vulnerability within adolescence. These data are reminiscent of research showing higher
rates of alcohol dependence among individuals who initiated drinking prior to age 14
compared to those who began drinking after age 20 (Grant & Dawson, 1997), with the later
incidence of alcohol dependence greater for those first using alcohol at age 11-12 (15.9%)
than at 13-14 (9%), and rapidly declining thereafter to a 1% incidence rate in those who
began drinking age at 19 and older (DeWit, Adlaf, Offord, & Ogborne, 2000).

Conditioned taste aversion (CTA) is a method often used to measure the dysphoric effects of
ethanol. In this procedure, ingestion of a novel flavor (CS) is paired with the effects of a
specific drug (unconditioned stimulus, US). When the animals are later given an opportunity
to consume the CS, the degree to which the animal avoids the solution is used to index the
relative dysphoria experienced to the US during the CS/US pairing(s). Our laboratory has
previously demonstrated a relative insensitivity to ethanol induced CTA in adolescents, with
a higher dose (Anderson et al., 2010; C. Vetter-O’Hagen et al., 2009) or more CS-US
pairings (Anderson et al., 2010) needed to produce attenuated intake of the CS in
adolescents than adults. Given that the overall hedonic value of a drug is thought to be a
function of the balance between its rewarding and aversive effects (Riley, 2011; M.
Schuckit, Smith, Pierson, Danko, & Beltran, 2006; M. A. Schuckit et al., 2009; Verendeev
& Riley, 2012), the relative insensitivity of adolescents to the aversive effects of ethanol
may contribute to the enhancement of ethanol intake at this time.
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While there is convincing evidence from both our laboratory and others that mid-adolescents
are less sensitive to CTA to ethanol than are adults (Anderson et al., 2010; Holstein, Spanos,
& Hodge, 2011; Schramm-Sapyta et al., 2010; C. Vetter-O’Hagen et al., 2009), the precise
ontogeny of these aversive properties has yet to be identified. The purpose of the current
study was to determine whether the insensitivity of adolescents to ethanol CTA relative to
adults reflects a developmental dissociation or merely an ontogenetic increase in sensitivity
to ethanol’s aversive consequences. Thus, in this study, CTA to a range of ethanol doses was
assessed across a broad age range-- at ages chosen to represent pre-adolescents/juveniles
(P23-25), early (P28-30), mid (P35-37), and late (P42-44) adolescents, “emerging adults”
(P52-54), and adults (P72-74), based on prior literature showing discrete developmental
windows within adolescence (e.g. Vetter-O’Hagen et al., 2012; Spear, 2015). Both males
(Experiments 1 and 2a) and females (Experiment 2b) were examined.

General Methods

Sprague-Dawley male and female rats bred and reared in our colony at Binghamton
University were used in this study. The day after birth, all litters were culled to 8-10 pups
and housed with their dams until weaning on P21, at which time animals were pair-housed
with same-sex littermates. Animals were maintained in a temperature controlled (20-22° C)
vivarium on a 12-/12-h light/dark cycle (lights on at 0700) with ad libitum access to food
(Purina Rat Chow, Lowell, MA) and tap water. All procedures were conducted in
accordance with guidelines established by the National Institutes of Health using protocols
approved by the Binghamton University Institutional Animal Care and use Committee.

Experiment 1

Design

Procedure

The design of this experiment was a 6 Age (pre-adolescent/juvenile (pre: P23-25), early
(P28-30), mid (P35-37), late (P42-44) adolescent, emerging adult (emerging: P52-54) and
adult (P72-74)) X 6 ethanol Dose (0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 g/kg) factorial. Initial
sample sizes were 8-10 male rats per group. Animals were assigned to groups randomly,
with the constraint that no more than one animal from any given litter was placed in a
particular test group to avoid confounding litter with treatment effects (Zorrilla, 1997).

CTA testing was conducted using procedures designed and adapted in our lab to minimize
stress. Two days prior to conditioning, each animal was pair-housed with a same age and
sexed animal from a different litter to permit housing pairs to be assigned the same dose
condition. All CTA conditioning and test procedures were conducted in a novel testing cage,
with the same cage used for conditioning and testing. Chocolate Boost® was used as the
conditioned stimulus (CS), with adolescents on ad lib food and water readily consuming the
solution (unpublished data), thereby removing the need for water deprivation. Prior to the
onset of each 60-minute conditioning session, animals were weighed and each housing pair
separated in a novel-cage with a wire-mesh divider for 15 minutes before exposure to
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tastant. Separating the animals in this way allowed for measurement of individual
consumption without the stress of isolate housing, and has been used previously in our
laboratory (e.g. Anderson, Varlinskaya and Spear, 2010; Saalfield and Spear, 2015). At the
onset of training on conditioning day, each animal was provided with one bottle containing
chocolate Boost®. Immediately following the 60-minute access to Boost®, the bottle was
removed and the animal was injected with the designated dose of ethanol via intraperitoneal
(i.p.) administration of a 20% (v/v) solution in physiological saline, with the 0 dose controls
injected with 0.9% saline isovolumetric to the highest dose of ethanol administered. Each
housing pair received the same drug challenge, and remained separated by the wire-mesh
divider for an additional 15 minutes post-injection, after which they were returned to their
homecage. Testing occurred two days after conditioning. For testing, cage mates were again
separated in the same novel cage with a wire mesh divider used during conditioning, and 15
min later, provided with a bottle of Boost® for a one-hour test period.

Data Analysis

Results

Intake of the CS in mls on both conditioning and test day were determined. Animals that
consumed less than 1 ml of the CS on conditioning day were excluded from analysis, as
were animals whose measured consumption was = 2 standard deviations (S.D.) from the
mean either during conditioning or testing (and hence likely to reflect bottle leakage). In
total, data from 17 animals were excluded (13 animals for failing to consume 1 mL on
conditioning day, and 4 for consumption greater than 2 S.D. above the mean, likely
reflecting bottle leakage), with no more than 2 animals excluded per group, resulting in a
final n of 7-10 per group.

Analyses of variance (ANOVAS) of baseline intake revealed age differences in intake on
conditioning day in all studies. Because of these differences, along with apparent age
differences in ‘neophobia’ and its habituation [indexed via baseline-to-test day intake of
saline animals], the data were analyzed in two ways. Test day intake from animals at each
age was converted into a percent saline control of animals at that age ([individual intake/
mean intake of the age-appropriate saline group]*100), with simple effects analyses using
one-way ANOVAs at each age and subsequent Dunnett’s post-hoc tests to determine
effective doses at each age for producing CTA, and Fisher’s tests to assess differences in
aversion across age at each dose. Raw intake data were also analyzed by a 6 Age by 4 Dose
X 2 (conditioning versus test) Day repeated measures ANOVA to explore changes in
consumption after conditioning on a within-subject basis, with Fisher’s post-hoc tests used
to explore interactions and determine doses that induced decreased intake on test day
relative to conditioning day at each age. Findings were considered significant at p < 0.05.

Baseline Intake (Table 1)

The ANOVA of baseline intake revealed a main effect of Age (F[5,278] = 12.99, p < 0.001),
with late adolescent, emerging adulthood, and adult animals consuming significantly more
mls of the CS compared to the three youngest ages; when intakes were converted to ml/kg
body weight, these age differences, not surprisingly, were reversed.
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Test Intake (Figure 1)

The ANOVA of % saline intake during the test session revealed a Dose X Age interaction
(F[25,278] = 1.54, p = 0.05). Dunnett’s planned comparisons revealed two distinct patterns
of ethanol consumption, with the 3 youngest ages (pre-adolescence, early and mid
adolescence) displaying an attenuated sensitivity to the aversive properties of ethanol (i.e.
greater Boost® consumption) compared to the 3 older age groups (late adolescence,
emerging adulthood and adults), with CTAs not emerging until 2 g/kg and 1.5 g/kg between
these groupings, respectively. Fisher post hoc analysis revealed adults consumed more
Boost® at test than all other groups following of 0.5 g/kg ethanol, while the late animals
consumed more Boost® than the pre- and early-groups at 1 g/kg ethanol. In contrast, the late
animals consumed significantly less than the early and mid groups after 1.5 g/kg ethanol.

The repeated measures ANOVA conducted on conditioning versus test day intake revealed a
significant interaction between Day, Age, and Dose (F25, 279) = 2.45, P < 0.001). Fisher pot
hoc tests found that pre animals decreased their intake following conditioning with only the
highest ethanol dose (2.5 g/kg), while early and mid animals decreased intake following
conditioning with both 2 and 2.5 g/kg ethanol, late and emerging animals after doses of 1.5,
2 and 2.5 g/kg, and adults after 2 and 2.5 g/kg.

Experiment 2

In Experiment 1, in contrast to much of the CTA literature (Anderson et al., 2010; Morales
& Spear, 2013; Saalfield & Spear, 2015; Schramm-Sapyta et al., 2010), few notable age
differences emerged, with animals at all ages exhibited relatively high baseline intake of the
CS even though animals were not fluid restricted, likely due to the highly palatable and
caloric nature of the CS, Boost® (see Table 1). It is possible that this high CS palatability
could have influenced the ontogenetic patterns observed. Specifically, the finding that adult
animals did not display CTA following administration of 1 g/kg ethanol, an effect
consistently seen in our lab (Anderson et al., 2010; C. Vetter-O’Hagen et al., 2009) was
concerning, as was the possibility of diminished sensitivity using this CS, given relatively
moderate age differences. Consequently, Experiment 2 was conducted to extend the results
to more typical fluid deprivation conditions using procedures common to our laboratory for
CTA testing. Methods were identical to Experiment 1 except “supersaccharin” (SS) was
used as the CS, animals were 50% water deprived overnight prior to conditioning and test to
promote adequate intake of the CS, and the lowest (0.5 g/kg) and highest (2.5 g/kg) doses
were excluded based on findings from Experiment 1 showing the same response across all
ages to each of these doses. Both males (Experiment 2a) and females (Experiment 2b) were
examined to assess the ontogeny of ethanol CTA in each sex. These experiments were
conducted sequentially at separate times, and hence were analyzed and are presented
separately.

Experiment 2a

Design

The design of this experiment was a 6 Age X 4 ethanol dose (0.0, 1.0, 1.5, and 2.0 g/kg)
factorial. Eight to 10 males were assigned to each group.
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Two days prior to conditioning, each pair of animals was 50% water restricted. To calculate
water restriction, water intake for each pair of animals over the previous 24-hour period was
measured and half of this amount provided for the following 24-hours. Twenty-four hours
after the onset of the water restriction period, the conditioning session occurred. All
conditioning, testing and analysis procedures were the same as Experiment 1, with the
exception that a solution of supersaccharin (SS) (3% sucrose, 0.125% saccharin in water;
modified from Ji et al., 2008; see Morales et al., 2014) replaced Boost® as the CS.
Following the conditioning session, each pair of animals was provided with ad libitum
access to a fresh bottle of water. The following day, animals again began 24 hours of 50%
water restriction, with the test session occurring the following day.

Data Analysis

Results

All data analysis procedures were identical to those in Experiment 1. Seven animals were
removed from analysis due to failure to consume 1 ml of the CS on conditioning day,
resulting in a final n of 7-10 per group.

Experiment 2a (males)

Baseline Intake (Table 1)—The ANOVA of baseline intake in mls revealed a main
effect of Age (F[5,167] = 20.77, p < 0.001), with pre adolescent males consuming the least
amount of the CS, and late adolescent, emerging adulthood, and adult males consuming
significantly more of the CS compared to early and mid adolescents.

Test Intake (Figure 2)—The ANOVA of % saline intake during the test session revealed
a Dose X Age interaction (F[15,163] =2.39, p = 0.004). Dunnett’s planned comparisons
revealed that early adolescents did not show significant CTA at any dose, whereas pre-
adolescents exhibited CTA at only the 2.0 g/kg dose, with a trend (p < 0.07) for CTA at the
1.5 g/kg dose. Older animals were more sensitive to ethanol CTA, with mid, late and
emerging adults displaying a significant CTA at doses of 1.5 g/kg and above and adults
showing CTA at all doses. Fisher post hoc analysis revealed that early adolescent males had
significantly higher intakes than pre and mid males at the 1 and 1.5 doses, and greater intake
than late, emerging and adult males at all 3 doses. Similar patterns of sensitivity were seen
between emerging and adult males, with both of these groups showing significantly greater
attenuations in intake than all younger groups.

Similar findings were obtained from the repeated measure ANOVA of the intake data on
conditioning and test days. Fisher’s post-hoc analyses to explore the locus of the the
significant interaction between Day, Age, and Dose (F(15, 160) = 2.83, P < 0.001) revealed
that pre and early adolescent males failed to develop CTA following any of the administered
doses, whereas mid, late and emerging males developed CTA following conditioning with
1.5and 2 g/kg. Adult males displayed the greatest sensitivity, with significant decreases in
intake on test day after conditioning with all doses of ethanol (1, 1.5 and 2 g/kg).

Physiol Behav. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saalfield and Spear

Page 8

Experiment 2b (Females)

Methods

Design—The design of this experiment was the same as Experiment 2a, a 6 Age X 4
ethanol dose (0.0, 1.0, 1.5, and 2.0 g/kg) factorial, with eight to 10 females assigned to each

group.

Procedure—The procedure of Experiment 2b was identical to that of Experiment 2a.
Following testing, a vaginal smear was collected from each female to estimate stage of
estrous cycle.

Data Analysis

All data analysis procedures were identical to those in Experiment 1. Five animals were
removed from analysis due to failure to consume 1 ml of the CS on conditioning day,
resulting in a final n of 7-10 per group

Baseline Intake (Table 1)—The ANOVA of baseline intake in mls revealed a main
effect of Age (F[5,168] = 22.3, p < 0.001), with pre- and early adolescent females
consuming significantly less of the CS when compared to the four oldest ages.

Test Intake (Figure 3)—The ANOVA of % saline intake during the test session revealed
a Dose X Age interaction (F[15,167] =2.32, p = 0.005). Dunnett’s planned comparisons
revealed that early and pre-adolescent females exhibited CTA at only the 2.0 g/kg dose.
Older females were more sensitive to ethanol CTA, with mid, late and emerging females
displaying significant CTA at doses of 1.5 g/kg and above and adult females showing CTA
at all doses. Fisher post hoc analyses revealed that adult females showed greater intake
suppression than females at all other ages at the 1 g/kg dose, whereas both late and emerging
females showed significantly greater intake suppression than pre and early females at the 1.5
g/kg dose.

The pattern of results obtained from the repeated measures ANOVA of conditioning and test
day intake in these females revealed similar findings, although the pre and early adolescent
females were found to be even less sensitive to ethanol CTA in these analyses. A significant
interaction between Day, Age, and Dose (F(15, 167) = 4.73, p < 0.001) emerged in this
repeated measure ANOVA, with Fisher post hoc analyses revealing that pre and early
adolescent females failed to develop CTA following any of the doses administered, whereas
mid and emerging females developed an aversion following the 1.5 and 2 g/kg doses. Late
adolescent females displayed decreased intake following 1.5 g/kg although the 2.0 g/kg dose
failed to reach signifcance (p=0.1), likely due to the large variability within that group.
Adult females developed an aversion to all doses of ethanol (1, 1.5 and 2 g/kg).

Estrous Cycle—The effect of estrus cycle on test day intake was analyzed using a 5 Age
X 4 estrous cycle (proestrus, estrus, metestrus, and diestrus) ANOVA. Pre-adolescents were
excluded from analysis due to no animals having reached age of vaginal opening. No
significant effects emerged in this analysis (F(5, 177) = 1.28, p = 0.27).
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Discussion

Across both experiments, adolescents were less sensitive to the aversive effects of ethanol
compared to their adult counterparts. In experiment 1, only modest age differences were
observed, with younger animals being generally less sensitive to the aversive effects of
ethanol than their more mature counterparts. Due to the highly palatable and caloric nature
of the CS (Boost®) used in Experiment 1, a second study was conducted to expand upon
these results using a ‘supersac’ solution as the CS in 50% water restricted males and
females. Preliminary data from our lab has shown both adolescents (P25, P32, P42) and
adults (P70) to readily consume Boost® without any water deprivation, whereas less than 1
ml is consumed, on average, in animals of these ages when given SS in their natural, non-
deprived state. In Experiments 2a and b, pre and early adolescent males and females either
failed to develop CTA or showed it only at the highest dose, distinguishing these ages as the
most resistant to the aversive effects of ethanol. Post hoc analysis revealed that in males,
early adolescents consumed significantly more of the CS at test compared to pre and mid
males at the 1 and 1.5 doses, and than late, emerging and adult males at all 3 doses, with
emerging and adult animals displaying the greatest sensitivity to ethanol CTA. Post hoc
analyses across age revealed that in females, the 3 youngest ages (pre, early, and mid) did
not differ significantly in their sensitivity to ethanol CTA, but all consumed more of the CS
after ethanol conditioning than the 3 older ages (late, emerging, and adult). Both
experiments confirm prior findings that adolescents are less sensitive overall than mature
animals to the aversive properties of ethanol as indexed via CTA (Anderson et al., 2010; C.
Vetter-O’Hagen et al., 2009), while expanding these data to define pre and early
adolescence as the period of least sensitivity to these aversive effects.

It should be noted that the insensitivity of adolescents to ethanol’s aversive properties is not
only evident with ethanol, but extends to CTAs assessed with other drugs of abuse as well,
including cocaine (Schramm-Sapyta, Morris, & Kuhn, 2006), tetrahydrocannabinol (THC)
(Schramm-Sapyta et al., 2007), and nicotine (Shram, Funk, Li, & Le, 2006). Together, these
data suggest that adolescents show a general reduction in sensitivity to drug-induced CTA
across a variety of drug classes, suggesting that adolescents may generally process aversive
stimuli differently when compared to their adult counterparts. An alternative explanation is
that animals of this age may less effectively associate the aversive properties of a drug with
the CS with which it was paired. This possibility seems unlikely, however, given data
showing that within the same experimental series, adolescents exhibited weaker CTA to
nicotine than adults, but greater sensitivity to its rewarding properties as indexed via
nicotine-induced conditioned place preference (Shram et al., 2006). There is additional
literature showing greater Pavlovian conditioning to the rewarding properties of drugs such
as nicotine and cocaine in adolescents (Badanich, Adler, & Kirstein, 2006; Brenhouse &
Andersen, 2008; Shram et al., 2006; Torres, Tejeda, Natividad, & O’Dell, 2008; Zakharova,
Leoni, Kichko, & Izenwasser, 2009; Zakharova, Wade, & Izenwasser, 2009). Another
alternative explanation of the developmental differences observed in the present study is that
they may reflect age differences in non-specific effects of ethanol exposure (e.g., ethanol-
induced shift in taste sensitivity, habituation of taste neophobia, circadian rhythms, etc.).
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This possibility could have been addressed with inclusion of a non-paired control group that
was not included in these studies.

Adolescence has widely been defined as a broad developmental period bridging the gap
between childhood and adulthood. More recently, adolescence has been partitioned into
separate periods of vulnerability (See Spear, 2015 for a review). The current data support
this developmental dissociation, and extend prior research by highlighting early adolescence
(and the interval leading into adolescence) as a time of particularly reduced sensitivity to
ethanol’s aversive effects. Among both males and females, adolescent resistance to the
aversive effects of ethanol was most marked during the pre adolescence/juvenile and early
adolescent periods. These findings complement prior data on human youth showing early
adolescence to be a particularly vulnerable period (e.g. Grant and Dawson, 1997), with for
instance individuals who begin drinking prior to age 13 being especially likely to express
later binge (>5 drinks) and extreme (>10 drinks/occasion) drinking (Hingson & Zha, 2009).
In rodent studies as well, early adolescence appears to be a time of particular vulnerability to
lasting effects of ethanol (see Spear, 2015), with, for example, repeated ethanol exposure
early in adolescence resulting in persistence of adolescent-like sensitivities to ethanol in
adulthood, alterations not evident in those exposed late in adolescence (e.g. Varlinskaya,
Truxell, & Spear, 2014; see Spear, 2015 for review). Although alternative measures of
ethanol’s aversive properties (conditioned place aversion (CPA)) have suggested late
adolescence as a period of diminished sensitivity (Philpot, Badanich, & Kirstein, 2003),
multiple studies have suggested that CTA paradigms are more readily able to detect a
substance’s aversive qualities than CPA (Risinger & Cunningham, 2000) or that the two
tests do not comparably measure aversion (Gore-Langton, Flax, Pomfrey, Wetzell, & Riley,
2015).

Similar, but somewhat different results were obtained between Experiments 1 and 2a, with
water restriction being a major difference between studies. Deprivation has long been known
to affect CTA development (see Grigson et al., 2009 for references). Food deprivation has
been shown to result in attenuated CTA to amphetamine and chlordiazepoxide (Bell, Thiele,
Seeley, Bernstein, & Woods, 1998) when compared to free-feeding animals. Furthermore,
the suppressive effects of drugs of abuse in water replete animals have been reported to
result in either reduced (morphine: Grigson, Lyuboslavsky, Tanase, and Wheeler, 1999) or
comparable (heroin: Grigson, Twining and Carelli, 2000) suppression of CS intake when
compared with water restricted animals. In agreement with these findings, ethanol-induced
CTA was attenuated at some ages in the non-deprived males of Experiment 1 relative to the
water-restricted males in Experiment 2a. CTA, however, in deprived subjects can also be
affected by the caloric nature of the CS, with suppression of intake being greater when using
a non- or low caloric CS, as the CS would not be offsetting the deprivation state. The caloric
value of our two CSs differed greatly between our experiments, with Boost® (1.01
calories/ml) being much more calorically dense than SS (0.12 calories/ml); therefore, the
increased intake at test seen in our adolescent animals was likely due to a reduced sensitivity
to the aversive properties, rather than a biological drive to continue consuming the solution
due to the low caloric value of SS. As water restriction was only used with SS in Experiment
2, and since the CS was not held constant across the two experiments, it is impossible to
decipher whether the reduced caloric nature of the CS or the water restriction per se led to
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the expression of more age effects among males in Experiment 2a than 1. With the growing
ethanol-induced CTA literature utilizing water deprivation as a way to ensure adequate
intake of the CS on conditioning day, it may be beneficial for future work to directly
compare water-replete and water-restricted animals for ethanol CTA under circumstances of
calorically different CSs to determine the effect of these variables on ethanol CTA.

Experiment 2b examined females to assess whether similar ontogenetic patterns of aversion
were observed in females as in males. Prior research has reported both attenuated
(Chambers, Sengstake, Yoder, & Thornton, 1981; Sherrill, Berthold, Koss, Juraska, &
Gulley, 2011) and enhanced (Morales et al., 2014; Morales & Spear, 2013) sensitivity to
aversive effects of drugs of abuse in adolescent and adult females when compared to their
male counterparts. Current data support generally similar ontogenetic patterns of ethanol
aversion, with early adolescents displaying reduced CTA compared to older animals in both
sexes. It is possible that the rise of gonadal hormones could have increased sensitivity to
ethanol’s aversive effects. If the aversive properties of ethanol were puberty-dependent,
however, it might be anticipated that a developmental shift in ethanol aversion would have
continued in late adolescent animals concurrent with the continued rise in gonadal hormones
(see Vetter O’Hagen & Spear, 2012b), an effect not seen in the current data. Further support
for the notion that gonadal hormones may not exert notable effects on ethanol’s aversive
effects are data showing that removal of the gonads during adolescence had no impact on
CTA acquisition in adulthood in either males or females (Kim and Spear, 2015).

Another possible contributor to the ontogenetic difference in ethanol CTA is the
considerable maturational changes in the brain that occurs throughout adolescence (e.g. see
Spear, 2000 for a review). Prominent developmental alterations include ontogenetic
increases in control of subcortical regions by the prefrontal cortex (Crews et al., 2007), as
well as maturational changes in connectivity between subcortical regions critical for
processing rewarding (e.g., nucleus accumbens) and aversive (e.g., the amygdala) stimuli
during adolescence, with such regions shown, under certain circumstances, to exhibit greater
reactivity to rewarding and emotional/affective stimuli than evident in adulthood (see Spear,
2011). It is possible that the maturational changes in reward and aversion neurocircuitry may
contribute to increased alcohol intake in adolescence, as the overall hedonic value of a drug
is thought to be a function of the balance between its rewarding and aversive effects (Riley,
2011; M. Schuckit et al., 2006; M. A. Schuckit et al., 2009; Verendeev & Riley, 2012). The
specific ontogenetic patterns of neuronal activation in brain areas linked to ethanol reward
and aversion, however, are still largely unknown, and would lead to a better understanding
of the impact of developmental alterations in the brain on adolescent drug and alcohol use.

The current study demonstrates the robustness of the adolescent insensitivity to the aversive
effects of ethanol, with this effect evident regardless of the caloric nature of the CS or
whether or not animals are fluid deprived. Among both males and females, general
ontogenetic increases in ethanol’s aversive effects were observed, with adolescent resistance
to the aversive effects of ethanol most marked leading into and during early adolescence.
Nevertheless, the relative insensitivity of young adolescents to the aversive effects of
ethanol, possibly coupled with an increased sensitivity to its rewarding effects, may act as
permissive factors contributing to the initiation and maintenance of drinking during
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development. This general resistance to the aversive effects of drugs, when coupled with
other adolescent-typical behaviors (e.g. increased novelty seeking and risk-taking, see Spear,
2000, 2010 for review), may contribute to the initiation and persistence of drug and alcohol
use during adolescence. Drug abuse is thought to be associated with the relative balance
between the rewarding and aversive properties of the drug, with attenuated sensitivity to
aversive effects often associated with increased drug use (see Riley, 2011 for a review),
perhaps more strongly so than an enhanced sensitivity to its rewarding effects per se (at least
in the case of ethanol — see Green & Grahame, 2008 among others). Overall, pre- and early
adolescents display a marked insensitivity to ethanol’s aversive properties, highlighting this
time as a crucial period for early prevention efforts.
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Highlights
« Early adolescents are relatively insensitive to ethanol’s aversive properties.
»  Similar ontogenetic increases in ethanol CTA were seen in males and females.

» Fewer age differences were seen using a highly palatable CS in non-deprived
animals.
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Figure 1.
In males given Boost® as the CS, the 3 youngest age groups required a higher ethanol dose

(2 g/kg) to express CTA when compared to the 3 older ages (1.5 g/kg).
*denotes significant difference from age-matched saline control
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Figure 2.
In males given SS as the CS, notable age differences across age were evident in ethanol

CTA, with early adolescents failing to develop a CTA, preadolescents displaying significant
CTA at only the 2 g/kg dose, and CTA expressed among older adolescents beginning at 1.5
g/kg, and among adults at all doses.

* denotes significant difference from age-matched saline control
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Figure 3.
In females given SS as the CS, early and preadolescents displayed significant CTA at only

the 2 g/kg dose, older adolescents beginning at a dose of 1.5 g/kg, and adults at all doses. *
denotes significant difference from age-matched saline control
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