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Abstract

Adolescence is a critical period of brain development that is accompanied by increased probability
of risky behavior, such as alcohol use. Emerging research indicates that adolescents are
differentially sensitive to the behavioral effects of acute ethanol as compared to adults but the
neurobiological mechanisms of this effect remain to be fully elucidated. This study was designed
to evaluate effects of acute ethanol on extracellular signal-regulated kinase phosphorylation (p-
ERKZ1/2) in mesocorticolimbic brain regions. We also sought to determine if age-specific effects
of ethanol on p-ERK1/2 are associated with ethanol-induced behavioral deficits on acquisition of
the hippocampal-dependent novel object recognition (NOR) test. Adolescent and adult C57BL/6J
mice were administered acute ethanol (0 0.5, 1, or 3 g/kg, i.p.). Brains were removed 30-min post
injection and processed for analysis of p-ERK1/2 immunoreactivity (IR). Additional groups of
mice were administered ethanol (0 or 1 g/kg) prior to the NOR test. Analysis of p-ERK1/2 IR
showed that untreated adolescent mice had significantly higher levels of p-ERK1/2 IR in the
nucleus accumbens shell, basolateral amygdala (BLA), central amygdala (CeA), and medial
prefrontal cortex (mPFC) as compared to adults. Ethanol (1 g/kg) selectively reduced p-ERK1/2
IR in the dentate gyrus and increased p-ERK1/2 IR in the BLA only in adolescent mice. Ethanol
(3 g/kg) produced the same effects on p-ERK1/2 IR in both age groups with increases in CeA and
mPFC, but a decrease in the dentate gyrus, as compared to age-matched saline controls.
Pretreatment with ethanol (1 g/kg) disrupted performance on the NOR test specifically in
adolescents, which corresponds with the ethanol-induced inhibition of p-ERK1/2 IR in the
hippocampus. These data show that adolescent mice have differential expression of basal p-
ERKZ1/2 IR in mesocorticolimbic brain regions. Acute ethanol produces a unique set of changes in
ERK1/2 phosphorylation in the adolescent brain that are associated with disruption of
hippocampal-dependent memory acquisition.
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1. Introduction

Adolescence is a critical period of developmental during which young mammals undergo
behavioral and neurobiological changes that mark the transition to adulthood [1]. During this
developmental period individuals exhibit characteristic behaviors including increases in
novelty seeking and risk-taking, which may lead to experimentation with drugs of abuse
[2-5]. Accordingly, adolescence is the period during which alcohol (ethanol) use in humans
is often initiated. Alcohol use and abuse by adolescents is higher than any other drug with
72% of high school seniors surveyed reporting some alcohol use and over half (55%)
reporting having been drunk [6]. Alcohol use during adolescence is associated with a 3-fold
greater risk of future dependence during adulthood as compared with individuals who
initiate use later in development [7]. Moreover, altered low response to acute alcohol during
adolescence is a potent predictor of development of alcoholism during adulthood [8, 9].
Thus, it is a key challenge to the field to address the effects of acute ethanol on brain and
behavioral function during this precarious ontogenetic stage [10].

A growing body of preclinical evidence indicates that adolescents and adults are
differentially sensitive to behavioral effects of acute ethanol. Some studies have shown that
adolescent rodents are less sensitive to ethanol-induced acute withdrawal, intoxication,
motor-impairments, and sedation as compared to adults [11-16]. Other studies have shown
that adolescent rodents are more sensitive to ethanol-induced locomotor activation,
hypothermia, anxiolysis, memory impairment, and social interaction than adult rodents [13,
15, 17-20]. The neurobiological mechanisms that underlie the variety of developmental
differences in responses to acute ethanol have not been fully characterized.

The extracellular signal-regulated kinase (ERK) cell signaling pathway is an appealing
candidate for study based on its regulation of key neurotransmitter systems, including
dopamine and glutamate, which continue to mature during adolescence [21, 22] and are
altered by repeated ethanol exposure during this developmental stage [23]. The two closely
related isoforms of ERK (ERK1 and ERK?2, or ERK1/2) are widely expressed in the central
nervous system and are involved in cell growth, proliferation, and survival, and have been
shown to be modulated by drugs of abuse [24-27]. Specifically, ERK1/2 activation
(phosphorylation) is modulated by ethanol in a dose, treatment (acute vs. chronic), and brain
region-dependent manner. For instance, acute ethanol administration (1.5 — 3.5 g/kg)
produced dose- and time-dependent decreases in ERK1/2 phosphorylation (p-ERK1/2) in
the cerebral cortex of mice without effecting total ERK1/2 levels [28]. ERK1/2
phosphorylation increased in the Edinger-Westphal nucleus of mice after a 3 g/kg acute
ethanol injection [29]. Injection of a high dose of acute ethanol (3.5 g/kg) decreased p-
ERKZ1/2 in the cerebral cortex and hippocampus in rat pups at PND5, PND21 and as adults
[30]. Low to moderate doses of ethanol (0 — 2 g/kg) produce dose-dependent increases in p-
ERK1/2 immunoreactivity in the nucleus accumbens, bed nucleus of the stria terminalis, and
central amygdala [31]. Together, these studies provide evidence that acute ethanol alters p-
ERKZ1/2 activity in specific mammalian brain regions that may influence numerous critical
functions of the organism including learning, memory, emotion, and reward. However, the
extent to which acute ethanol-induced effects on ERK1/2 phosphorylation vary as a function
of adolescence remains to be addressed.
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ERKZ1/2 signaling is critical for neural and behavioral plasticity [32], which may be of
special importance to the adolescent response to ethanol [33]. Activation of the ERK/MAPK
cascade in the hippocampus is critical for memory processes [34-37], and pharmacological
blockade of hippocampal ERK1/2 activation with the MEK1/2 inhibitor SL327 impairs
performance on several memory tasks [34, 35, 38, 39]. As a sedative-hypnotic compound,
ethanol has long been known to produce dose-dependent effects on memory [40, 41]
including object recognition memory [42], which is regulated by ERK1/2 signaling [37, 43].
Importantly, the ERK1/2 signaling pathway is downstream of NMDA receptors in the
hippocampus and evidence indicates that ethanol more potently attenuates NMDA receptor-
mediated excitatory postsynaptic potentials in adolescent hippocampus [44] and acquisition
of hippocampal-dependent spatial memory acquisition in adolescents as compared to adults
[17]. To date there has been no examination of the effects of acute ethanol on adolescent
ERKZ1/2 activation and its potential involvement in memory processes.

To address these gaps in knowledge, the present study sought to first characterize
ontogenetic and brain regional differences in the ERK/MAPK signaling pathway under basal
conditions and following acute ethanol administration in C57BL/6J mice. Adolescent (42
days) and adult mice (84 days) were administered a range of acute ethanol doses (0, 0.5, 1, 3
g/kg IP) and were sacrificed 30 minutes later for evaluation of p-ERK1/2 immunoreactivity
(IR) in mesocorticolimbic brain regions including medial prefrontal cortex (mPFC), nucleus
accumbens core and shell (NAcbC and NAcBSh), central amygdala (CeA), basolateral
amygdala (BLA) and hippocampus. In addition, ontogenetic effects of pretreatment with
acute ethanol (1 g/kg) were examined on memory acquisition in the hippocampal-dependent
novel object recognition test [45-47] using an automated assessment of object exploration
[48, 49].

2. Materials and Methods

2.1. Animals

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, Maine) were housed 4 per cage in
standard Plexiglas cages with a small PVC pipe in each cage for environmental enrichment.
Food and water were available ad libitum in the home cage. The mice were 21 days (early
adolescence) and 63 days (adult) of age upon arrival to the facility. The colony room was
maintained at 21+1 °C on a 12-hour light/dark cycle (lights on 20:00) with experiments
performed during the dark cycle. The mice were handled and weighed for 21 days before
experiments began to acclimate to the reverse light cycle, resume normal sleep/wake cycles
[50] and allow the mice to reach late adolescence (PND 42) and adulthood (PND 84).
Animals were under continuous care and monitoring by the Division of Laboratory Animal
Medicine (DLAM) at UNC-Chapel Hill. All procedures were carried out in accordance with
the NIH Guide to Care and Use of laboratory Animals (National Research Council, 1996)
and institutional guidelines.

2.2. Acute Ethanol Treatment

To habituate mice to intraperitoneal injection, all mice were administered saline (0.1ml /
10g) once per day for three days prior to the start of the experiment (PND 39 — 41 for
adolescent and PND 81 — 83 for adult mice). Ethanol (95%w/v) was diluted in physiological
saline (0.9%) to a concentration of 20% (v/v) and administered in various volumes to obtain
the appropriate dose. On the day of the experiment, adolescent (PND 42) and adult (PND
84) mice received ethanol (0, 0.5, 1 or 3 g/kg, IP). A parallel saline control group was run
for each group of ethanol treated mice.
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2.3. Immunohistochemistry

Thirty minutes after ethanol or vehicle injection, mice were deeply anesthetized with 100
mg/kg pentobarbital and then transcardially perfused with 0.1M phosphate buffered saline
(PBS) followed by 4% paraformaldehyde. The brains were extracted from the skulls,
washed in PBS, and sliced on a vibratome into 40um coronal sections. Free-floating sections
were then stored in cryoprotectant at -20° C until immunohistochemical processing. Coronal
sections were rinsed in PBS, and then placed in 1% hydrogen peroxide in PBS to block
endogenous peroxidase. Next, sections underwent antigen retrieval using citra buffer at 70°C
for 30 min (Antigen Retrieval Citra, BioGenex). Sections were then blocked in 0.1% triton-
X in PBS with 5% goat serum for 1 hour and were incubated at +4°C overnight in primary
polyclonal antibody to p-ERK1/2 (1:200; #9101 Cell Signaling Technology, Danvers, MA).
The sections were incubated in a secondary antibody (Dako EnVision Kit, Dako,
Carpinteria, CA) for one hour at room temperature and immunoreactivity was detected using
nickel enhanced diaminobenzene (Dako EnVision Kit) as a chromagen. The sections were
counterstained using toludine blue, mounted on slides, and cover-slipped. According to
vendor data, the antibody labels two bands on Western blots corresponding to p-ERK1 and
p-ERK?2 (44 and 42 kDa, respectively), does not cross-react with phosphorylated JNK or
p38 MAP kinases or non-phosphorylated ERK1/2
(http:/lwww.cellsignal.com/products/9101.html). We confirmed that the p-ERK1/2 antibody
labels two bands at 42 and 44 kDa from adult nucleus accumbens tissue (data not shown)
using Western methods as previously described [51].

Immunoreactivity was visualized using an Olympus CX41 light microscope (Olympus
America, Center Valley, PA). Images were acquired using a digital camera (Regita model,
QImaging, Burnaby, BC) interfaced to a desktop computer (Dell, Round Rock, TX) with
image analysis software (Bioguant Nova Advanced Image Analysis; R&M Biometric,
Nashville, TN). The microscope, camera, and software were background corrected and
normalized to preset light levels to ensure fidelity of data acquisition.

Data for p-ERK1/2 IR were acquired from a minimum of 4 sections/brain region/animal and
averaged to obtain a single value per subject. Coordinates of brain regions analyzed were as
follows: nucleus accumbens and proximal brain regions (+ 0.86 to 1.34 mm anterior to
bregma), amygdala and proximal brain regions (-1.7 to -1.34 mm posterior to bregma). P-
ERK1/2 immunoreactivity (IR) was quantified as the number of immunopositive pixels
calculated from a circumscribed field (e.g., brain region), divided by the area of the region,
and expressed as pixels/mm?2. Due to variability that occurs across individual
immunohistochemistry experiments, independent parallel vehicle control groups were run
for each dose of ethanol (0.5, 1, and 3 g/kg) and processed at the same time as each ethanol
dose. Therefore, data were expressed and analyzed as a percent change from parallel
controls. Immunohistochemical data were collected and analyzed by a researcher blind to
treatment conditions. Basal differences in p-ERK1/2 IR were analyzed via t-test. Effects of
alcohol (age x dose) were analyzed via independent two-way ANOVAs at each dose of
alcohol followed by Holm-Sidak multiple comparison procedures where appropriate using
commercially available software (SigmaStat v. 3.01).

2.4. Blood Ethanol Concentration

In order to ensure that potential ontogenetic differences in p-ERK1/2 were not due to
differential ethanol levels, blood ethanol concentration (BEC) was assessed 30-min after
acute ethanol injection at the time of perfusion. Approximately 20 ul of heart blood was
centrifuged to provide 5 ul of plasma for determination of ethanol concentration using an
AML1 Alcohol Analyzer (Analox Instruments, Lunenburg, MA). BAC data were analyzed by
two-way ANOVA (age x dose) using commercially available software (SigmaStat v. 3.01).
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2.5 Novel Object Recognition Test

3. Results

The novel object recognition (NOR) test was conducted in eight covered sound attenuated,
lighted locomotor activity chambers (30 cm?, Med Associates, Georgia, VT). Two sets of 16
pulse-modulated infrared photobeams were located on opposite walls to record ambulatory
movements in the X-Y (horizontal) plane. All software settings were the same for adult and
adolescent mice. The chambers were computer-interfaced (Med Associates) for data
sampling at 50-millisecond resolution. Adolescent mice (PND 42) and adult mice (PND 84)
were habituated to saline injections, cart transport, and the chamber (30 minutes) for three
days prior to the NOR test [45].

On the test day, mice were transported via cart from the colony room to a procedure room.
Mice were placed in the empty chambers for a 10 minute habituation period. Three object
interaction sessions (each 10 minutes in duration) were separated by 5 minute intervals.
Ethanol (1 g/kg) or saline was injected (IP) in adolescent and adult mice immediately before
the first session (sample object exposure 1) to evaluate effects of ethanol on memory
acquisition. During session 1 (sample object exposure 1), two identical objects (either two
filter tips or two eraser tops) were placed in the back right and left corners of the chamber
for the sample object exposure. During session 2 (sample object exposure 2), mice were re-
exposed to the same two sample objects (familiar objects). During session 3 (novel object
test), one familiar object was replaced with a novel object (whichever object had previously
not been used). Objects and side of novel object presentation were counterbalanced across
subjects.

Proximity to novel and sample objects was evaluated post hoc using Med-Associates Zone
Analysis software. Sample and test objects (micro filter and pencil eraser top) were placed in
the center of square zones (6.5 x 6.5 cm or 4 x 4 photo beams) located in the two back
corners of the test environment. Object exploration was defined as the time spent in the zone
of interest (breaking beams around each object) and was then converted to percent time
spent in close proximity to the novel object as an index of novel object preference. General
parameters of locomotor activity including total horizontal distance (cm), total number of
zone entries, and stereotypy (repetitive beam breaks) were also collected. Behavioral data
were analyzed statistically via two-way ANOVA using commercially available software
(SigmaStat v. 3.01)

3.1. Basal p-ERK1/2 Immunoreactivity

Basal levels of p-ERK1/2 IR were significantly higher in adolescent, as compared to adult,
in the CeA, BLA, mPFC, and NAcbSH (Table 1). No statistically significant differences
were observed in nucleus accumbens core, or dentate gyrus. Qualitative observation also
indicated the highest densities of p-ERK1/2 IR in the mPFC and CeA with lower levels of
immunostaining seen in the dentate gyrus, the NAcbC, NAcbSh, and BLA in both age
groups.

3.2. Blood Ethanol Concentration (BEC) after Acute Injection

No differences were detected in BEC between adolescent and adult C57BL/6J mice 30-min
following acute ethanol (0.5, 1, or 3 g/kg, IP) injection (Table 2). This suggests that any age-
dependent effects of ethanol on p-ERK1/2 IR or behavioral performance are not related to
differential pharmacokinetics.
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3.3. Effect of Acute Ethanol on p-ERK1/2 Immunoreactivity

3.3.1. Nucleus Accumbens—As shown in Table 3, acute ethanol (0.5 - 3 g/kg, IP) did
not alter p-ERK1/2 IR in the nucleus accumbens core or shell in adolescent or adult mice as
compared to parallel saline control when examined 30-min post injection.

3.3.2. Basolateral Amygdala—Low doses of acute ethanol (0.5 or 1 g/kg) had no effect
on p-ERK1/2 IR in the BLA 30-min after injection (Table 3). However, an age x ethanol
dose ANOVA indicated a significant main effect of age (F (1, 43) =5.8, p=0.02) and ethanol
(F (1, 43) =14.2, p=0.0005) after acute injection of the highest dose of ethanol (3 g/kg). In
addition there was a significant interaction between ethanol and age (F (1, 43) =5.8, p=0.02)
indicating that effects of acute ethanol (3 g/kg) depended on developmental stage. Post hoc
comparisons showed that ethanol produced a significant increase in p-ERK1/2 in adolescent
(Holm-Sidak test, p=0.02) but not adult mice (Figure 1A). Representative photomicrographs
illustrating the cytological pattern of p-ERK1/2 IR in the BLA are shown in Figure 1B. p-
ERKZ1/2 IR appears more intense in the neuropil and cell bodies of the BLA of adolescent
mice as compared to adults.

3.3.3. Central Amygdala—As shown in Table 3, low doses of ethanol (0.5 or 1 g/kg) had
no effect on p-ERK1/2 IR in the CeA in either age group. However, the high dose of ethanol
(3 g/kg) significantly increased p-ERK1/2 IR in this brain region in both adolescent and
adult mice as indicated by a significant main effect of ethanol (F (1, 43) = 75.02, p< 0.0001)
with no statistical interaction between age and ethanol. Planned comparisons (t-test) showed
that ethanol (3 g/kg) increased p-ERK1/2 IR in the CeA of both adolescent and adult mice
(Table 3).

3.3.4. Medial prefrontal cortex—Similarly, in the mPFC, low doses of acute ethanol
(0.5 or 1 g/kg) had no effect on p-ERK1/2 IR (Table 3). However, the high dose of ethanol
(3 g/kg) increased p-ERK1/2 IR in the mPFC in both adolescents and adults as indicated by
a significant main effect of ethanol (F (1, 33) = 11, p<0.01). No main effects of age or
ethanol x age interactions were observed.

3.3.5. Dentate Gyrus—The lowest dose of ethanol (0.5 g/kg) had no effect on p-ERK1/2
IR in the dentate gyrus in adolescent of adult mice (Table 3). In contrast, the 1 g/kg dose of
ethanol produced age-dependent effects, with a significant decrease in p-ERK1/2 IR
observed in adolescent mice only. A two-way ANOVA showed main effects of ethanol (F
(1, 41) = 10.135, p=0.003) and age (F (1, 41) = 6.506, p=0.015) and an age x ethanol
interaction (F (1, 41) = 7.163, p=0.011). Post hoc (Holm-Sidak) comparisons confirmed that
ethanol (1 g/kg) produced a significant decrease in p-ERK1/2 IR in adolescent (p<0.05) but
not adult mice (Figure 2A). Representative photomicrographs, illustrating the cytological
pattern of p-ERK1/2 IR in the dentate gyrus after ethanol (1 g/kg) injection, are shown in
Figure 2B.

The high dose of ethanol (3 g/kg) decreased p-ERK1/2 IR in the dentate gyrus as indicated
by a significant main effect of ethanol (F(1,33) = 11, p< 0.01; Table 3). Post hoc
comparisons showed that the main effect of ethanol was due to a significant reduction in
both age groups (Holm-Sidak, p<0.05). However, there was no main effect of age or an
ethanol x age interaction.

3.4. Novel Object Recognition

3.4.1. Sample object exposure (Sample 1 and 2)—Adolescent and adult mice
showed similar object exploration time (sec) with the sample objects (Table 4). Further,
acute ethanol (1 g/kg) injection did not interfere with object exploration as confirmed by a 2-
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way ANOVA that showed no effect of age or ethanol on object interaction time during both
Sample sessions 1 and 2 (Table 4).

3.4.2. Novel Object Recognition (NOR) test—An age (adolescent or adult) x ethanol
(0 or 1 g/kg) 2-way ANOVA identified a significant main effect of age (F(1,41)=7.1,
p=0.011) and ethanol (F(1,41)=24.7, p<0.001) on percentage of novel object interaction
time. In addition there was a significant interaction between ethanol and age (F(1,41)=5.5,
p=0.02) indicating that the effect of ethanol on novel object interaction time depended on
age. Post hoc comparisons showed that ethanol produced a significant decrease in the
percentage of time spent with the novel object (relative to total object exploration time) in
adolescent (Holm-Sidak test, p=0.001) but not adult mice (Figure 3). Ethanol had no effect
on total object exploration time (sec) during the novel object test in either age group (Table
4); thus, data represent a shift in relative time with the novel object.

3.4.3. Locomotor Activity during Sample Exposures and NOR Test

Total Zone Entries: During sample object exposures (Sessions 1 — 2) and NOR test
(Session 3), there were no statistically significant effects of age or ethanol treatment on the
number of total zone entries (Figure 4A-C).

Total distance traveled: During the first sample exposure (Sample 1), an age x ethanol 2-
way ANOVA identified a significant main effect of age (F(1,44)=17.7, p<0.0001)) and
ethanol (F(1,44)=6.2, p=0.0165)) on total distance traveled (Figure 4D). There was no
interaction between age and alcohol. Since adolescent mice are more sensitive to the
locomotor activating effects of acute ethanol [19], adolescent locomotor response to ethanol
was evaluated via a planned-comparison procedure (t-test). Results showed that alcohol
increased total distance traveled in adolescent mice (Figure 4D, t(22)=2.6, p=0.015)).
During the second sample exposure (Sample 2), there was also a significant main effect of
age ((F1,44=6.2, p=0.016) on total distance traveled; however, the effect of ethanol was no
longer observed (Figure 4E). Finally, during the NOR test, there was no effect of age or
ethanol on total distance traveled (Figure 4F).

During the NOR test, no differences were observed between age and treatment conditions on
several other measures of general motor activity including total distance traveled,
stereotypic counts and zone entries (Figure 4A-C). Lack of differences in these measures
suggests that the age-related differences in novel object interaction were not due to
differences in general locomotor activity.

4. Discussion

Neuroadaptations in cell signaling and gene transcription pathways mediate behavioral
pathologies in drug and alcohol abuse [52, 53]. A growing body of evidence also suggests
that developmentally regulated neurobiological changes may leave adolescents vulnerable to
experimenting with alcohol and other drugs of abuse and to drug-induced neuroadaptations
[1, 54, 55]. However, the extent to which acute ethanol produces differential effects on
molecular cell signaling pathways in the adolescent versus adult brain is not well
understood. The present study examined age- and dose-dependent effects of acute ethanol
exposure on p-ERK1/2 IR in mesocorticolimbic brain regions and their association with
performance on the hippocampal-dependent novel object recognition test. Overall, results of
this study indicate that acute ethanol produces dose- and age-dependent changes in p-
ERKZ1/2 IR in anatomically restricted areas that may mediate differential behavioral
responses to ethanol in adolescent versus adult mice. Importantly, age-dependent effects of
ethanol were unrelated to differential blood ethanol concentration after acute treatment.
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4.1. Basal Differences in p-ERK1/2

An initial finding of this study is that basal ERK1/2 activation (phosphorylation) differs
between adolescent and adult mice in mesocorticolimbic brain regions. Drug naive
adolescent mice showed higher p-ERK1/2 IR in the CeA, BLA, NAchSh, and mPFC as
compared to adults. Differential ERK1/2 activity in these brain regions may reflect well-
characterized age-dependent differences in behavior [1, 54]. For instance, the BLA is known
to mediate conditioned fear and anxiety [56] and the mPFC is important in assigning
emotional value to cognitive experiences [57]. BLA afferents connect to the mPFC [58, 59]
and contribute to high-level functions of the organism such as decision making [60] and
goal-directed behavior [61], both of which undergo significant changes during adolescence
[1]. Moreover, increased ERK1/2 activation in the NAcbSh and BLA is associated with
heightened alcohol-seeking behavior [62], which is characteristic of adolescents [55].
Developmental differences in frontal cortical control, or limbic reward, systems may also
underlie adolescent impulsivity [63, 64], which has been linked experimentally to the
pathogenesis of alcohol [65] and drug [66] abuse. Future studies could examine ERK1/2
activity in these neural circuits as a potential mechanism of age-dependent differences in
emotion, cognitive processing, and impulsivity-induced drug-seeking behavior to determine
if observed differences in basal expression have functional significance.

4.2. Age-Independent Changes in p-ERK1/2

Results of this study show that acute ethanol (3 g/kg) alters ERK1/2 phosphorylation in sub-
regions of C57BL/6J mouse brain in a manner that does not depend on age. For example, a
relatively high dose of acute ethanol (3 g/kg) increased p-ERK1/2 IR in the CeA by
approximately 4.6-fold in adolescent mice with a similar 5-fold increase observed in adults
at 30-min post injection. This result complements recent evidence showing that increased p-
ERK1/2 expression in the CeA is associated with the acute anxiolytic effects of ethanol (1 g/
kg) 1-hour after injection and immediately after testing on the elevated plus maze [24]. It is
unclear, however, why the present study did not replicate the effect of ethanol (1 g/kg) on
ERK1/2 phosphorylation but time after ethanol injection and presence, or absence, of
behavioral testing may account for the discrepancy. With that caveat, these complementary
results suggest that acute ethanol increases ERK1/2 phosphorylation in the CeA in an age-
independent manner.

Age-independent effects of acute ethanol on ERK1/2 phosphorylation were also observed in
the mPFC. Similar to the CeA, acute ethanol (3 g/kg) increased p-ERK1/2 IR in the mPFC
of adolescent and adult mice with no effects observed at the lower ethanol doses. This result
is in contrast with data showing reduced p-ERK1/2 levels in mouse whole cerebral cortex
after a similar dose of acute ethanol (3.5 g/kg) in rats at postnatal days 5 and 21 [30]. These
contrasting effects of a similar dosage of ethanol may depend on rodent species (rat versus
mouse) or may indicate that acute ethanol produces subregion-specific changes in ERK1/2
activity in the cortex. Further evaluation of the effects of ethanol on ERK1/2 signaling in the
cortex may uncover additional anatomically restricted differences. Overall, similar
ontogenetic effects of acute ethanol (3 g/kg) on ERK1/2 phosphorylation in the CeA and
mPFC observed here suggest that age-dependent differences in mouse behavioral responses
to ethanol sedation (i.e., [67]) may not be mediated by the ERK/MAPK pathway in these
brain regions.

4.3. Age-Dependent Changes in p-ERK1/2

Results from this study also indicate that acute ethanol produces changes in ERK1/2
phosphorylation that differ as a function of age. Acute ethanol (3 g/kg) increased p-ERK1/2
IR in the BLA of adolescent C57BL/6J mice by over 4-fold but had no effect in adult mice.
Lower doses of ethanol had no effect on p-ERK1/2 IR in the BLA. As noted above,

Behav Brain Res. Author manuscript; available in PMC 2013 April 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spanos et al.

Page 9

evidence has implicated both the lateral and basal nuclei of the amygdala in the plastic
changes underlyingacquisition and retention of fear conditioning, a model of associative
learning [56, 68, 69]. ERK1/2 is transiently activated in the amygdala after fear conditioning
and pharmacological blockade of ERK1/2 activation in the amygdala impairs fear memory
consolidation [36]. Differences in activation of ERK1/2 in the BLA may suggest that
adolescents attend to an acute ethanol cue, or to environmental stimuli paired with ethanol,
differently than their adult counterparts. With repeated ethanol exposure, differential
ERKZ1/2 activation in the adolescent BLA has the potential to produce maladaptive changes
in function of the extended amygdala, which could contribute to increased vulnerability to
addiction [70]. Increased ERK1/2 signaling in the BLA could directly contribute to
increased ethanol-seeking behavior [62] or alter emotional and memory processing [71, 72],
which could have adverse effects on adolescent propensity to use drugs.

A significant finding from this study is that cells in the dentate gyrus of adolescent mice
were more sensitive to ethanol-induced reductions in ERK1/2 phosphorylation. Acute
ethanol (1 g/kg) significantly decreased p-ERK1/2 IR in the dentate gyrus of adolescent
mice by approximately 50% and produced no change in adults indicating an adolescent-
specific effect of this low dose of ethanol. By contrast, the higher dose of acute ethanol (3 g/
kg) decreased p-ERK1/2 IR in the dentate gyrus of both adolescent and adult mice. This
effect of the high dose is consistent with prior results showing that acute ethanol (3.5 g/kg)
decreased p-ERK1/2 levels in the adult rat hippocampus at sixty minutes post injection [30]
although that study did not identify a specific hippocampal sub-region where changes
occurred. Given the prominent role of hippocampal ERK1/2 in memory processes [32], it is
plausible that the memory impairing effects of ethanol may involve disruptions in ERK1/2
signaling in this key brain region and may relate to differences that have been observed
between these two age groups in ethanol-induced memory deficits [73]. Importantly, the
age-dependent differences in hippocampal response to alcohol were not associated with
differences in basal expression of p-ERK1/2.

When considering potential mechanism(s) by which ethanol might increase ERK1/2
phosphorylation, it is imperative to consider a prominent biochemical effect of alcohol,
which is to increase both extracellular dopamine [85] and glutamate [86] in the nucleus
accumbens. Increases in ERK1/2 phosphorylation in the striatum are the result of
coordinated activation of dopamine D1-like and NMDA receptors [87]. Importantly, alcohol
activates ERK1/2 in the nucleus accumbens via a dopamine D1-dependent mechanism [31]
and evidence indicates that both dopamine [10, 23, 88, 89] and NMDA [23, 90] receptor
processes are altered by adolescent alcohol exposure. Although changes in ERK1/2 were not
observed in the nucleus accumbens in the present study, differential effects of alcohol on
ERKZ1/2 phosphorylation in other brain regions may reflect underlying age-dependent
differences in dopamine and/or glutamate neurotransmission. In this way, ERK1/2 signaling
in specific brain regions, may represent a point of convergence of key neurotransmitter, cell
signaling, and transcriptional process in the development and maintenance of addiction [91].
Our research has shown that systemic ERK1/2 inhibition produces biphasic effects on
operant low-dose alcohol self-administration [92] and its activity in the nucleus accumbens
may underlie long-term adaptations associated with relapse [62] in adults. However, the role
of this critical cell signaling pathway in the mechanisms and consequences of adolescent
alcohol use remains to be further explored.

4.4. Age-dependent Effects of Acute Ethanol on Object Recognition Memory

Since ethanol (1 g/kg) produced an adolescent-specific reduction in p-ERK1/2
phosphorylation in the dentate gyrus by ethanol (1 g/kg), we sought to determine if this
neural response was associated with differential behavioral effects of alcohol. To address
this goal, adolescent and adult performance on the hippocampal-dependent novel object
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recognition (NOR) test following acute ethanol (1 g/kg). Object recognition memory refers
to the ability to judge a previously encountered item as familiar, and depends on the
integrity of the hippocampus [74]. In this test rodents tend to explore novel objects to a
greater extent than familiar objects, which is characterized as novel object preference [45].

Untreated adolescent and adult mice exhibited novel object preference of approximately
65%, which is consistent with recent evidence obtained with 9 week old C57BL/6J mice
[75]. Administration of acute ethanol (1 g/kg) prior to sample object exposure significantly
reduced novel object preference to chance levels (<50%) only in adolescent mice. By
contrast, performance on the novel object test by adult mice was unaffected by pretreatment
with ethanol. This finding in adult mice is consistent with prior results showing no effect of
acute ethanol (1.6 g/kg) on adult object recognition memory [42]. However, interpreting the
effects of acute ethanol on memory acquisition by adolescent mice requires understanding of
the potential effects of ethanol on object exploration during training. Evidence indicates that
acute ethanol (2.4 g/kg) administered prior to object training interfered with object
exploration during training [42], which might alter the ability to distinguish between familiar
and novel objects during the memory test. Our results also show that ethanol (1 g/kg)
pretreatment had no effect on object interaction time during training or on measures of
motor behavior during the memory test. This suggests that the results are not influenced by
direct effects of ethanol on object interaction or motor activity. Thus, these data show that
adolescent-specific ethanol-induced reductions in ERK1/2 activity in the dentate gyrus are
associated with impaired object recognition memory. It will be interesting to determine in
future studies if adolescent mice are differentially sensitive to ethanol-induced changes in
memory acquisition versus consolidation processes.

These data show for the first time that ethanol-induced disruption of performance on a
memory test is associated with reduced ERK1/2 activity in the hippocampus. This finding
agrees with much of the literature addressing ethanol's effects on memory in adolescents and
adults (recently reviewed by [76]). For example, adolescent rodents show ethanol-induced
memory deficits [77, 78] and are more sensitive to ethanol's memory-impairing effects than
adults [13, 16, 17, 79-81]. However, these results do not agree with one study that found
adult rats to be more sensitive than adolescents to the effects of ethanol (1.5 g/kg)
pretreatment on spatial memory acquisition [82]. Accumulating data also indicate that
ERK1/2 activity is required for hippocampal-dependent memory functions, such as the
novel object recognition test [34-37, 43, 83]. For example, intracerebroventricular infusion
of the ERK1/2 inhibitor U0126 prevents consolidation of recognition memory, and
recognition memory is associated with increased p-ERK1/2 in the hippocampus [37]. The
potential mechanistic regulation of ethanol-induced memory impairment in adolescent mice
via decreased ERK1/2 activity in the hippocampus should be directly tested. Further studies
evaluating ERK1/2 inhibition, or activation, directly in the hippocampus could help clarify
the role of ERK1/2 signaling in ethanol-induced changes in adolescent learning and
memory. Moreover, since ethanol (30 mM) enhances inhibitory tonic current more in
adolescent dentate gyrus slices as compared to adults [84], it is plausible that this
GABAergic physiological effect is partly mediated by reduced excitatory transmission as
indicated by ethanol-induced reduction in activation of the ERK/MAPK pathway.

At low doses, acute ethanol increases locomotor activity to a greater extent in adolescent
DBAZ2/J mice as compared to adults [19]. Thus, it was of interest in the present study to
compare locomotor response to acute ethanol (1 g/kg) during the NOR sample exposures
and novel object tests. Analysis of variance showed that adolescent mice exhibited increased
locomotor activity (distance traveled) during the two sample object exposure sessions
irrespective of treatment (vehicle or alcohol); thus, there was no statistical interaction
between age and alcohol on locomotor activity. Furthermore, this age-dependent variation in

Behav Brain Res. Author manuscript; available in PMC 2013 April 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Spanos et al.

Page 11

locomotion appeared general and did not alter the number of zone entries around sample
objects during training. This suggests that adolescent mice engaged in heightened motor
activity that was independent of the test objects. Since adolescent mice may show increased
motor response to alcohol, we conducted post-hoc planned comparisons of motor activity
within age groups following acute alcohol injection. Results showed that adolescent mice
exhibited an increased response to alcohol but only during the first sample exposure session,
which corresponds with other data from our group showing rapid motor effects of acute
ethanol in C57BL/6J mice [85]. Overall, these show that adolescent C57BL/6J mice exhibit
increased locomotor response to acute alcohol (1 g/kg) but also suggest that this response
did not influence the results of the NOR test.

In conclusion, results of this study show that adolescent C57BL/6J mice are more sensitive
to acute ethanol-induced changes in ERK1/2 phosphorylation in the BLA and dentate gurus
than their adult counterparts. The differences in ERK1/2 activation observed between the
two age groups may have behavioral implications for learning and memory. Adolescent-
specific reduction in ERK1/2 phosphorylation in the dentate gyrus was associated with
disruption of hippocampal-dependent object recognition memory performance. Increased
sensitivity to changes in cell signaling systems such as the ERK/MAPK pathway during
adolescence may allow for both immediate consequences, including those observed in the
novel object recognition test, or more long-term changes that are initiated by the first
exposure to ethanol. Indeed, repeated high-dose ethanol (5 g/kg) injection [86] or vapor
exposure producing blood alcohol levels greater than 200 mg% [87] during adolescence
disrupts working memory performance in adult rats. It remains to be determined, however, if
long-term behavioral pathologies associated with adolescent ethanol exposure are regulated
by the ERK/MAPK cell signaling system and whether the changes observed in this study
produce vulnerability for future development of alcohol abuse and alcoholism.
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Figure 1. Age-dependent effect of acute ethanol (3 g/kg) on p-ERK1/2 IR in the basolateral
amygdala (BLA) of adolescent mice

(A) Acute ethanol (3 g/kg) produced a greater than four-fold increase in p-ERK1/2 IR in the
BLA of adolescent mice as compared to parallel age-matched saline controls (A, left). The
same dose of ethanol had no effect on p-ERK1/2 IR in the BLA of adult mice (A, right).
Data represent mean £ SEM p-ERK1/2 IR and are plotted as percent change relative to mean
value of saline control within each age group. * - indicates significantly different from saline
control (Holm-Sidak, p<0.05). (B) Representative images of p-ERK1/2 IR in the BLA from
saline and EtOH injected mice. Images were taken at 20X magnification
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Figure 2. Age-dependent effect of acute ethanol (1 g/kg) on p-ERK1/2 IR in the dentate gyrus
(A) Acute injection of ethanol (1 g/kg) decreased p-ERK1/2 IR in the dentate gyrus of
adolescent mice as compared to age-matched saline controls (A, left) but had no effect on
adult mice (A, right). Data represent mean + SEM p-ERK1/2 IR plotted as a relative change
(%) compared to parallel saline controls. * - indicates significantly different from saline
within age group, (Holm-Sidak, p<0.05). (B) Representative images of p-ERK1/2 IR in the
dentate gyrus from saline and ethanol injected mice taken at 20X magnification.
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Figure 3. Age-dependent effect of acute ethanol (1 g/kg) on adolescent and adult performance in
the novel object recognition test

Adolescent mice injected with acute ethanol (1 g/kg) interacted with the novel object
significantly less than vehicle treated controls. No statistically significant effect of ethanol
was observed in adult mice. Data represent mean + SEM (n=12 per condition) percentage of
time interacting with the novel object (relative to total object interaction time). * - indicates
significantly different from saline within age group, (p<0.05).
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Figure 4. Measures of locomotor activity in ethanol (1 g/kg) treated adolescent and adult mice
during the novel object test

(A-C) No differences were observed in total number of zone entries (area proximal to
objects) during Sample 1, 2, or Novel Object Test sessions. (D-E) Adolescent mice
exhibited an overall increase motor activity as compared to adult mice (* - ANOVA main
effect of age) during the two Sample (1 and 2) sessions. (D) In addition, adolescent mice
showed a significant increase in total distance traveled (cm) after ethanol administration
during Sample 1 exposure as compared to saline control (t, p<0.05; t-test). (F) No age- or
ethanol-dependent differences in locomotor activity were observed during the Novel Object
Test. Data represent mean £ SEM (n=12 per condition).
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Table 1
Basal levels of adolescent and adult p-ERK1/2 immunoreactivity

Basal p-ERK1/2 IR values (raw) = SEM derived from adolescent (n=32) and adult (n=30) mice in specified
brain regions. * - indicates significantly different from adult, p<0.05, t-test.

Age Brain regions Basal p-ERK1/2 IR

Adolescent Amygdala

*
Central 6407.97 + 543.86

*
Basolateral 3789.617 + 499.93

N. Accumbens

Core 3449.11 + 143.14
Shell 3158.85 + 276.18
Medial Prefrontal Cortex 8182.463 + 415.36*
Dentate Gyrus 12.25 £ 0.62

Adult Amygdala
Central 3412.35+170.16
Basolateral 2654.15 * 110.17
N. Accumbens
Core 3314.35 £ 519.97
Shell 2558.13 + 108.33

Medial Prefrontal Cortex  6541.98 + 413.93
Dentate Gyrus 12.1 £ 0.56

*
significantly different from adult (p< 0.05)
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Table 2
Blood ethanol concentration (BAC) sampled 30 minutes after acute ethanol injection in
adolescent and adult mice

No age-dependent differences were observed in BEC at any dose of ethanol tested. Data represent mean +
SEM BEC (mg/dL) from n=12 mice per condition.

Alcohol Dose
Age 0.5g/kg 1.0g9/kg 3.00/kg
Adolescent 43.2+1.31 80.5+3.19 288.6+3.86
Adult 41.7+124 811+349 2859+6.88
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Table 4
Total object exploration time (seconds) for adolescent and adult mice during sample
object exposure and novel object test sessions

During each phase, adolescent and adult mice interacted with the filter and eraser top equally. Adolescents and
adults also spent an equivalent amount of time exploring objects during each sample session and novel object
exposure session. Data represent mean + SEM seconds (n=6 per condition).

Session
Age Drug Samplel  Sample2  Novel Object Test
Adolescent  Saline 356 £24.3 307 £227 201+18.2
Alcohol 316+16.6 315+17.6 207 £31.9
Adult Saline 329+229 293+230 173+19.2
Alcohol 309+189 283199 244 £33.9
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