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Abstract

Adolescent humans and rodents have been shown to consume more alcohol than their adult
counterparts. Given that corticosterone (CORT) has been shown to be related to intake of several
drugs of abuse, this study assessed ontogenetic effects of low-moderate doses of ethanol on CORT
increases and recovery. Despite no significant differences in baseline (home-cage) CORT levels,
CORT responses to ethanol were greater in females than in males, and in adult females than
adolescent females; males, however, showed less marked age differences in CORT levels
following ethanol. Adolescent BECs were lower than those of adults, although these BEC
differences appear insufficient to account for the ontogenetic differences in CORT levels.
Collectively, these findings suggest that it is unlikely that age differences in CORT elevations
provide a major contribution to the ontogenetic differences in alcohol intake seen between
adolescents and adults.
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Introduction

During adolescence, many neurochemical, behavioral, and hormonal changes may
contribute to the elevated ethanol consumption levels that are often seen in adolescents
relative to adults in both humans and rodents (see Spear, 2000 for review). These age-related
consumption differences may be related in part to ontogenetic alterations in sensitivity to
many of ethanol’s effects. For example, adolescent rodents have been reported to be less
sensitive to ethanol-induced sedation, motor impairment, locomotor sensitization,
hypothermia, anxiolysis and dysphoria than adults (Anderson et al., 2010; Hefner and
Holmes, 2007; Silveri and Spear, 1998; Stevenson et al., 2008; Swartzwelder et al., 1998;
Varlinskaya and Spear, 2002; Vetter-O’Hagen et al., 2009). In contrast, adolescents have
been found to be more sensitive than their adult counterparts to ethanol-induced social
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facilitation, spatial memory impairment, and locomotor activation (Markwiese et al., 1998;
Quoilin et al., 2010; Stevenson et al., 2008; Spear and Varlinskaya, 2005; Swartzwelder et
al., 1995; Varlinskaya and Spear, 2002, 2006, 2008), with reports of both increases (Pautassi
et al., 2008; Ristuccia and Spear, 2008) and decreases (Dickinson et al., 2009) in ethanol-
related reward sensitivity among adolescents relative to adults.

Administration of ethanol, like many drugs of abuse, activates the hypothalamus-pituitary-
adrenal (HPA) axis (see Ellis, 1966; Thiagarajan et al., 1989), resulting in elevated
corticosterone (CORT) release in adulthood (e.g. Ellis, 1966; Ogilvie and Rivier, 1996;
1997; Patterson-Buckendahl et al., 2005; Rivier, 1993; Silveri and Spear, 2004; Spencer and
McEwan, 1997) following acute ethanol administration intraperitoneally, intragastrically, or
via vapor inhalation (Lee and Rivier, 2003; Ogilvie et al., 1997). Such ethanol-induced
increases in CORT may be important given that CORT has been shown to modulate
voluntary ethanol intake (Fahlke et al., 1994a,b). For example, animals subjected to
adrenalectomy demonstrated decreased ethanol intake that was reversed following
administration of CORT (Fahlke et al., 1994a), effects that appeared more pronounced in
ethanol-preferring strains and lines (Fahlke et al., 1994b). In adult rats, females have been
shown not only to ingest significantly more ethanol than their male counterparts (Doremus
et al., 2005; Lancaster et al., 1996; Vetter-O’Hagen et al, 2009), but also to have higher
basal CORT levels (Critchlow et al., 1963) and to release more CORT than adult males in
response to stressors (Duchesne et al., 2009) or an acute ethanol challenge (Ogilvie and
Rivier, 1996; 1997; Rivier, 1993). These sex differences in CORT response to ethanol were
not seen in weanling (postnatal day (P)21) or peripubertal (P41) rats (Ogilvie and Rivier,
1996).

Attenuation of CORT release in younger relative to more mature animals has been reported
following administration of a variety of drugs of abuse, including cocaine, amphetamine,
and morphine (Adriani and Laviola, 2000; Bailey and Kitchen, 1987; Laviola et al., 1995,
1999). Several studies have also examined age-related differences in ethanol-induced release
of CORT. In an earlier study from our group, age-related increases in CORT levels
following ethanol challenge were found to be particularly marked in females (Silveri and
Spear, 2004), although no vehicle-injected or home cage controls were included, making it
difficult to disentangle ethanol effects per se from CORT release associated with the process
of manipulating and injecting the animals. In a study by Ogilvie and Rivier (1996) in which
ethanol’s effects on CORT levels in weanling (P21), late adolescent (P41), and young adult
(P61) rats were analyzed, females were found to have significantly higher CORT levels than
males only in adult animals. These animals were shipped during development, however, and
subjected to surgical implantation of intravenous and intraperitoneal cannulations prior to
testing — potential stressors that may have influenced later psychopharmacological and
behavioral sensitivity, perhaps more markedly during the juvenile and adolescent periods
than in adulthood (Vetter-O’Hagen and Spear, in press; see McCormick et al., 2010 for
review). Thus, the present study was conducted to add to the current knowledge of ethanol-
induced increases in CORT in adolescents and adults by utilizing critical control groups
(saline injected and home cage controls) as well as animals bred in-house that were not
exposed to procedural manipulations prior to testing.

A total of 514 male and female Sprague-Dawley rats derived from 160 litters from our
breeding colony at Binghamton University were used in this study. On the day after birth,
P1, all litters were culled to 8-10 pups (6 males and 4 females kept whenever possible) and
housed with their mother and father in standard breeding cages until weaning on P21 at
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which point they were pair-housed with a same-sex littermate. All animals were housed in a
temperature-controlled (20-22°C) vivarium on a 14-/10-hr light/dark cycle (lights on at
0700) with ad libitum access to food (Purina Rat Chow, Lowell, MA) and tap water. All
animals were treated in accordance with guidelines established by the National Institutes of
Health, using protocols approved by the Binghamton University Institutional Animal Care
and Use Committee.

Experimental Design

The design of the study was a 2 (age: adolescent, adult) x 2 (sex: male, female) x 3 (ethanol
dose: 0, 0.5, 1.5 g/kg) x 5 (time point: 15, 30, 60, 90, 180 min) factorial with a home-cage
control group for each age and sex. Seven to nine experimental animals were randomly
assigned to each group, with the constraint that no more than one animal from a given litter
was placed in any particular condition to avoid confounding litter with treatment effects
(Holson and Pearce, 1992).

Experimental Protocol

All testing was conducted between 0900 and 1300 hours on either P34-36 or on P75-85.
The earlier age range was chosen to represent early-to-mid adolescence, whereas the P75-85
range was chosen to characterize young adults, with animals at this age from both sexes past
the traditional zone between adolescence and adulthood during which some adolescent
typical characteristics may persist (see Spear, 2000 for review). On test day animals were
removed from their home cage, injected with either saline or ethanol, and then placed alone
in a holding cage until sacrificed for trunk blood collection. Subjects were placed
individually in holding cages post-injection (instead of being returned to the home cage) to
prevent changes in CORT levels due to interactions with their cage-mate. Home cage
controls were taken from the home cage and immediately sacrificed for trunk blood
collection. Sacrifice and blood collection took place in a room adjacent to the colony room.
No animals were present in the room while blood collection was taking place, with the door
between this room and the colony area remaining closed during the collection process.

Ethanol Administration

Ethanol was administered intraperitoneally (i.p.) as a 12.6% (v/v) solution in physiological
saline, a relatively low concentration known to induce little (if any) tissue irritation at the
site of injection. Dose of ethanol (0.5 and 1.5 g/kg) was varied by altering volume rather
than concentration to avoid concentration-induced differences in ethanol absorption rate
(Linakis and Cunningham, 1979). Control subjects were injected with physiological saline
isovolumetric to the highest dose of ethanol administered (1.5% body weight). All solutions
were administered at room temperature. The 0.5 g/kg dose was chosen as a dose at which
age-related behavioral dissociations are seen, with this dose inducing social facilitation in
adolescents, but not adults (Varlinskaya and Spear, 2006; Varlinskaya et al., 2010; Willey et
al., 2009). A 1.5g/kg challenge dose was also utilized as it has been found to be aversive to
both adolescents and adults (Anderson et al., 2010).

Blood Ethanol Determination

Trunk blood samples were collected in heparinized tubes and frozen at —80°C until analysis
of blood ethanol concentration (BEC). Samples were assessed for BECs via headspace gas
chromatography using a Hewlett Packard (HP) 5890 series I Gas Chromatograph
(Wilmington, DE). At the time of assay, blood samples were thawed and 25-ul aliquots were
placed in airtight vials. Vials were placed in a HP 7694E Auto-Sampler, which heated each
individual vial for 8 min, and then extracted and injected a 1.0 ml sample of the gas
headspace into the HP 5890 series Gas Chromatograph. Ethanol concentrations in each
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sample were determined using HP Chemstation software which compares the peak area
under the curve in each sample with those of standard curves derived from reference
standard solutions. The range of standards used was 5-600 mg/dl.

Corticosterone Determination

Trunk blood samples were centrifuged at 2°C for 20 min at 3,000 rpm. Plasma samples were
then collected and stored at —80°C until the time of assay. Plasma CORT levels were
determined by radioimmunoassay using RIA kits obtained from ICN Biomedicals, Inc.
(Orangeburg, NY) with 100% specificity for rat CORT. The sensitivity of the competitive
binding assay is 80 pg/tube, with inter- and intra-assay coefficients of variation less than
10% and 5% respectively. Standards and samples were assayed in duplicate, with
disintegrations per minute averaged against a standard curve performed with each assay and
input into GraphPad Prism 2.0 software for calculation of ng/ml in each sample.

Data Analyses

Results

CORT levels

Outlier tests were run within each test group for CORT levels and BECs. Any subject with a
score exceeding 2 standard deviations above or below the group mean for either measure
was removed from further analysis. A total of 33 subjects (6%) were removed from analyses
(13 based on BECs, 16 based on CORT, and 4 based on both measures), with no more than
2 animals removed from any group, thereby resulting in final sample sizes of 6-8 for each
sex/dose/time point group. Between-subjects analyses of variance (ANOVAS) were used to
analyze BECs and CORT levels. Significant effects and interactions were further
investigated using Fisher’s LSD post-hoc contrasts.

The ANOVA of baseline CORT levels revealed no significant age or sex differences among
the home-cage control animals (means (ng/ml) £ SEM’s: adolescent females 6.43 + 2.92;
adolescent males 2.29 + 2.29; adult females 19.33 + 5.85; and adult males 10.88 + 7.26).

A 2 age x 2 sex x 3 dose x 5 time point ANOVA of CORT release following ethanol
administration revealed significant main effects of age [F(1,393) = 46.49, p < 0.001], sex
[F(1,393) = 181.61, p < 0.001], dose [F(2,393) = 68.21, p < 0.001], and time point [F(4,393)
=67.63, p < 0.001], as well as numerous interactions involving these factors, including
interactions of age and time point with sex [F(4,393) = 3.37, p < 0.01], and with dose [F(8,
393) = 4.81, p < 0.001]. Adult females generally had significantly higher CORT levels than
adult males, with adolescent females also having significantly higher levels of CORT than
their male counterparts at the 15, 90, and 180 min time points following challenge with
saline or ethanol. Given these interactions, to further explore age-related differences in
ethanol effects on CORT and their time course, ANOVAs were conducted separately for
each sex. Data are shown in Figure 1.

Analysis of the male CORT data revealed significant main effects of age [F(1,195) = 4.60, p
< 0.05], dose [F(2,195) = 47.43, p < 0.001], and time point [F(4,195) = 60.12, p < 0.001].
Dose interacted with both age [F(2,195) = 4.38, p < 0.05] and time point [F(8,195) = 8.26, p
< 0.001]; these effects, however, were tempered by a significant interaction of all three
factors [F(8,195) = 2.22, p < 0.05]. Post-hoc analysis of this interaction revealed that CORT
levels were higher in adolescent males than adults at 60 min following saline injection and at
90 min following 0.5 g/kg ethanol injection, whereas adult males conversely had higher
CORT values than adolescents at 90 and 180 min following 1.5 g/kg ethanol. When
comparing ethanol-exposed animals to their saline counterparts at each age, adult males
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were found to show significant ethanol-induced increases in CORT levels at 60 min
following a 0.5 g/kg ethanol injection, and at 60, 90 and 180 min following 1.5 g/kg ethanol.
Adolescent males only showed significant ethanol-induced elevations in CORT over levels
seen in saline injected animals at 60 and 90 min following 1.5 g/kg ethanol.

Analysis of the female CORT data revealed significant effects of age [F(1, 198) = 84.93, p <
0.001], dose [F(2, 198) = 31.44, p < 0.001], and time point [F(4,198) = 26.71, p < 0.001],
main effects that were tempered by a significant interaction of all three variables [F(8, 198)
=3.44, p < 0.01]. Post-hoc tests revealed that female adults had significantly higher CORT
levels than female adolescents at 15 min following challenge with saline, at 15, 30 and 60
min after administration of 0.5 g/kg ethanol, and at all time points except 15 min following
challenge with 1.5 g/kg ethanol. Ethanol-induced increase in CORT over saline control
animals was seen in adolescent females only at 60 and 90 min following 1.5 g/kg ethanol,
whereas significant increases were seen in adult females at 30 min following 0.5 g/kg
ethanol, and at 30-180 min following 1.5 g/kg ethanol.

Blood Ethanol Concentration

Results of a 2 age x 2 sex x 2 dose by 5 time point ANOVA of BECs revealed main effects
of age [F(1, 262) = 53.97, p < 0.001], dose [F(1,262) = 1506.45, p < 0.001], and their
interaction [F(1,262) = 14.20, p < 0.001]. Post-hoc analysis of this interaction revealed that
adolescent BECs were lower than adult BECs at both doses, with this difference more
marked following 1.5 g/kg ethanol (80.94 + 5.49 vs 101.07 + 5.03 mg/dl) than after 0.5 g/kg
(12.46 £ 1.63; 20.25 = 1.89 mg/dl, respectively). A main effect of time point [F(4,262) =
183.14, p < 0.001] interacted with both sex [F(4,262) = 6.62, p < 0.001] and dose [F(4,262)
=48.77, p < 0.001], effects that were all tempered by an interaction involving all three
factors [F(4,262) = 5.38, p < 0.001]. Post-hoc investigation of data collapsed across age to
explore this interaction revealed no sex differences at any time point following
administration of 0.5 g/kg ethanol, whereas females were found to have significantly higher
BECs than males at 15 min post-injection following 1.5 g/kg ethanol, but lower BECs than
males at 90 and 180 min post-injection. Data are shown in Figure 2.

In order to determine if age and sex differences in BECs influenced CORT levels, CORT/
BEC ratios were also analyzed in ethanol challenged animals by dividing each animal’s
CORT level by its BEC. Due to the large number of zero values for BECs following the 0.5
g/kg dose and the minimal age differences seen at this dose, this analysis focused only on
data following the 1.5 g/kg challenge dose (excluding the 180 min time point to again avoid
BEC values of 0). This 2 age x 2 sex x 4 time point ANOVA of the CORT/BEC ratio data
after 1.5 g/kg ethanol revealed significant effects of age [F(1,105) = 6.87, p < 0.05], sex
[F(1,105) = 40.01, p < 0.001], and time point [F(3,105) = 19.84, p < 0.001]. These main
effects were tempered by interactions of age x sex [F(1,105) = 21.18, p < 0.001], with adult
females (4.59 + 0.22) having significantly higher CORT/BEC ratios than adult males (2.18 +
0.22), and age x time point [F(3,105) = 4.03, p < 0.01], with adults having significantly
greater CORT/BEC ratios (5.19 £ 0.77) than adolescents (3.35 £ 0.64) only at 90 min post-
injection. Finally, post-hoc analyses of the interaction of sex x time point [F(3,105) = 7.58, p
< 0.001] revealed effects similar to those seen in the CORT analyses, with data collapsed
across age showing females to have significantly higher ratios than males at all time points
except 15 min. As can be seen in Fig. 3, when controlling for BEC levels by utilizing a ratio,
similar effects were seen as when CORT levels alone were analyzed.

Discussion

Following administration of 1.5 g/kg ethanol, animals of both sexes and ages had a higher
and more prolonged CORT response than following saline injection; however, adult females
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showed an overall higher CORT response to both saline and ethanol injections than any
other age/sex group. These findings are in line with previous research, given that studies in
both humans and laboratory animals have found adult females to respond to various natural
and drug stimuli with higher CORT secretion than males (Greenspan et al., 1993; Jenkins
and Connolly, 1968; Pericic and Pivac, 1995), including in response to challenge with
ethanol (Jenkins and Connolly, 1968; Ogilvie and Rivier, 1996; 1997; Silveri and Spear,
2004; Rivier, 1993). The CORT levels in adult males following saline injection are very
similar to those reported previously in similarly mildly stressed rodents (e.g., Adriani and
Laviola, 2000; Ryabinin et al., 1999). The lack of sex differences during adolescence and
the attenuated CORT response to saline injection in P35-37 females compared with adult
females is consistent with other work showing that females show consistently greater CORT
responses than males only in adulthood (Ogilvie and Rivier, 1996). These findings are
reminiscent of findings from previous studies (Ogilvie and Rivier, 1996; Rivier, 1993)
where animals underwent shipping stress and surgical manipulation prior to testing, thereby
demonstrating that the age and sex differences in the CORT response invoked by ethanol
administration are reliable and transcend notable procedural differences across studies.

Age differences in the CORT response to ethanol injection were most apparent in females.
Adolescent females shared an attenuated CORT response to ethanol relative to adult females
beginning 15 min post-injection at the lower dose and 30 min after administration of the
higher dose of ethanol. Age differences in males, however, were minimal and were apparent
primarily in a delayed recovery from CORT elevations seen following the higher dose of
ethanol among adult males, a delay reminiscent of earlier findings (Silveri and Spear, 2004).
These different time courses for expression of age differences in CORT between males and
females may reflect different processes. Increased levels of estradiol in adult compared to
adolescent females may underlie the age difference in CORT release in females. In a study
by Ogilvie and Rivier (1997), intact adult females and castrated males implanted with
estradiol had a more robust CORT response to ethanol administration than either intact
males or castrated males that did not receive estradiol. In contrast, the delayed post-ethanol
CORT recovery in adult males compared to adolescents may reflect increased fat which may
accumulate steroids and release them more gradually (Davis and Squires, 1999; Stimson et
al., 2009). Further studies are necessary to determine if the age and sex differences in CORT
response to ethanol administration are due to differences at the level of the hypothalamus,
the pituitary, or both. There is some data implicating age differences in the pituitary may be
responsible for this effect. Adults were found to have a greater percentage of corticotrophin
releasing hormone (CRH) responsive cells in the pituitary than adolescents (Senovilla et al.,
2005), a difference which could underlie the lower CORT levels seen in adolescents
compared to adults following ethanol injection.

Adolescents were shown to have slightly but significantly lower BECs than adults, with this
age difference more notable at 1.5 g/kg than 0.5 g/kg ethanol. Similar results have
sometimes (Silveri and Spear, 2000; Brasser and Spear, 2002; Hefner and Holmes, 2007),
but not always (Varlinskaya and Spear, 2006; Silveri and Spear, 2000), been reported by
others, and may be related to slightly faster ethanol metabolism rates (Holsteadt et al., 1977,
see also Spear and Varlinskaya, 2005; Spear, 2007 for discussion) or more rapid ethanol
distribution (Wiberg et al., 1970; York, 1983) in adolescents than adults. Yet, the CORT
differences observed do not appear to be simply related to alterations in BECs given that age
and sex differences persisted when CORT levels were analyzed as a ratio with BECs. That
is, if the differences in CORT levels following ethanol administration were attributable to
BEC differences across groups, the ratio of CORT/BEC should have eliminated these
effects. Also, the patterns of BECs and CORT are different from each other, i.e. adolescent
males show significantly lower BECs than adult males, whereas notable age differences
were not seen in CORT levels. Also, although adult females were shown to have BECs that
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peaked higher but cleared faster than adult males, the CORT levels of adult females
remained higher than adult males at 180 min.

Results of the present study revealed age differences in CORT levels following ethanol
injections primarily in female animals. Yet, prior work has yielded little evidence of notable
sex differences in the developmental changes seen in the behavioral response to ethanol
between adolescents and adults (eg. Varlinskaya et al., 2010; Varlinskaya and Spear, 2006;
2010). Collectively, these findings suggest that it is unlikely that age differences in CORT
elevations provide a major contribution to the often dramatic ontogenetic differences seen in
both sexes to alcohol’s behavioral effects.
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Fig. 1.
CORT values at each age, sex, dose, and time point. * indicates a significant difference from

the comparable saline group. + indicates a significant age difference within a given sex,
dose, and time point. Each bar represents a group size of 6-8 animals.
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Fig. 2.

BECs at each age, sex, dose and time point. A indicates significantly higher BECs than
opposite sex counterparts at the same post-injection time interval collapsed across age. Each
bar represents a group of 7-8 animals.
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Fig. 3.

Ratio of CORT/BEC following 1.5 g/kg ethanol for each age and sex across time point. The
180 min time point was excluded to avoid values of zero in the ratio. A indicates that adult
females had greater ratios than adult males regardless of time point. + indicates when
collapsed across sex, adults had a greater ratio than adolescents at 90 min. Dotted line
indicates that when collapsed across age, females had a greater ratio than males at that time
point. Each bar represents a group size of 7-8 animals.
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