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anomalies in aging adult C57BL/6J mice with a prior history of
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Abstract

The early initiation of binge-drinking and biological sex are critical risk factors for the

development of affective disturbances and cognitive decline, as well as neurodegenera-

tive diseases including Alzheimer's disease. Further, a history of excessive alcohol con-

sumption alters normal age-related changes in the pattern of protein expression in the

brain, which may relate to an acceleration of cognitive decline. Here, we aimed to dis-

entangle the interrelation between a history of binge-drinking during adolescence, bio-

logical sex and normal aging on the manifestation of negative affect, cognitive decline

and associated biochemical pathology. To this end, adolescent male and female

C57BL/6J mice (PND 28–29) underwent 30 days of alcohol binge-drinking using a

modified drinking-in-the-dark (DID) paradigm. Then, mice were assayed for negative

affect, sensorimotor gating and cognition at three developmental stages during

adulthood—mature adulthood (6 months), pre-middle age (9 months) and middle age

(12 months). Behavioural testing was then followed by immunoblotting to index the

protein expression of glutamate receptors, neuropathological markers [Tau, p (Thr217)-

Tau, p (Ser396)-Tau, BACE, APP, Aβ], as well as ERK activation within the entorhinal

cortex, prefrontal cortex and amygdala. Across this age span, we detected only a few

age-related changes in our measures of negative affect or spatial learning/memory in

the Morris water maze and all of these changes were sex-specific. Prior adolescent

binge-drinking impaired behaviour only during reversal learning in 9-month-old females

and during radial arm maze testing in 12-month-old females. In contrast to behaviour,

we detected a large number of protein changes related to prior binge-drinking history,

several of which manifested as early as 6 months of age, with the prefrontal cortex par-

ticularly affected at this earlier age. While 6-month-old mice exhibited relatively few

alcohol-related protein changes within the entorhinal cortex and amygdala, the number
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of alcohol-related protein changes within the entorhinal cortex increased with age,

while the 12-month-old mice exhibited the largest number of protein changes within

the amygdala. Approximately a third of the alcohol-related protein changes were sex-

selective. Taken together, the results of our longitudinal study using a murine model of

binge-drinking indicate that a prior history of heavy alcohol consumption, beginning in

adolescence, is sufficient to induce what we presume to be latent changes in protein

indices of cellular activity, glutamate transmission and neuropathology within key brain

regions governing cognition, executive function and emotion that appear to precede

the onset of robust behavioural signs of dysregulated affect and cognitive impairment.
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1 | INTRODUCTION

Adolescence is a pivotal stage of behavioural and neurological develop-

ment, characterized by significant maturation of brain regions governing

emotion and cognition.1–3 This developmental period is also character-

ized by an increased propensity for risky behaviours, including alcohol

binge-drinking.4–6 Although adults consume alcohol more frequently,

adolescents between the ages of 12 to 20 years old account for

approximately 11% of the total alcohol intake in the United States, pre-

dominately through binge-drinking.7 This pattern of drinking is typically

defined as four or more drinks per occasion for women and five or

more for men.8 Over 90% of adolescent alcohol intake occurs through

binge-drinking episodes.7,9,10 The neurotoxic impact of this binge pat-

tern of consumption, marked by repeated heavy drinking episodes fol-

lowed by periods of cessation, has been shown to exacerbate the

potential for neurological harm11 and is highly associated with the

development of an alcohol use disorder (AUD) in adolescence.12

Extant literature from human studies consistently indicates that a

history of binge-drinking heightens susceptibility to mood disorders

and cognitive deficits during alcohol withdrawal, with females

experiencing these effects more severely than males.13–16 These

observed sex differences are particularly troubling considering that

women are more frequently diagnosed with depression and anxiety,

disorders that are commonly exacerbated by their history of heavy

alcohol consumption.17,18 The cognitive repercussions of excessive

alcohol in females are similarly disproportionate, with greater deficits in

memory retention and spatial navigation capabilities.19 Moreover,

women with a history of excessive alcohol consumption also show an

increased incidence of cancer, accelerated liver problems and exacer-

bated cardiovascular complications.20–22 The severity of these health

concerns is even more alarming given the recent epidemiological trends

revealing an 84% surge in excessive drinking among women, more than

double the increase observed in men over the same period.15,23 Addi-

tionally, there is a high co-occurrence of AUD and early-onset demen-

tia, with AUD being a factor in nearly 60% of these dual diagnoses.24

This association is particularly concerning for women who have a two-

fold increased risk of developing alcohol-related dementias, including

Alzheimer's disease (AD), compared to men,25 and is compounded by

evidence that AUD among older female veterans is correlated with a

more than threefold increase in dementia risk.26

Evidently, an early onset of binge-drinking and biological sex

serve as strong and important predictors for alcohol-related affective

and cognitive disturbances, including Alzheimer's disease and related

dementias (ADRDs). Although the biological underpinnings of these

behavioural impairments are still not entirely understood, it is theo-

rized that adolescent binge-drinking leads to neuronal alterations and

the eventual degradation of key brain regions governing affective and

cognitive processes.27–29 Notably, adolescents with AUD exhibit dis-

rupted neurodevelopmental trajectories, impacting the executive

functions of the prefrontal cortex (PFC), including decision-making

and impulse control, with females showing more pronounced volu-

metric reductions within the PFC versus males.30 Adolescents with

AUD also exhibit volumetric reductions of the hippocampus (HPC), a

key region central to memory and learning.31,32 The entorhinal cortex

(EC) connects to the HPC via the perforant pathway33 and is impor-

tant for memory consolidation and spatial navigation.34 Notable cellu-

lar changes, including the reduction of neuronal nuclei size in layers II

and III, have been observed in the EC of young and middle-aged

humans33 and replicated in adolescent rats following a history of

chronic alcohol use.35 Further, the EC is especially vulnerable in AD,

sustaining the most extensive cortical damage,36 with animal studies

suggesting that EC disruptions may serve as an early marker of ADRD

pathology.37 The amygdala (AMY), a core region for emotional proces-

sing and memory,38 has also been identified as an early site of AD-

related pathological changes, including synaptic disruptions and volu-

metric reductions in humans.39 In parallel, transgenic mouse models

exhibit similar AD-related molecular markers such as amyloid pathol-

ogy within the AMY, along with cognitive impairments apparent from

as early as 4 months of age.40 Notably, these AD-related changes are

most evident in the AMY of adult female 3xTg-AD transgenic mice

following binge alcohol exposure during adolescence, in contrast to

male mice, which, despite having a similar history of adolescent alco-

hol use, fail to show persistent increases in AD biomarkers in adult-

hood.41 Such sex-dependent differences in ADRD-related biomarker
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prevalence emphasizes the AMY's vulnerability and its role in the

development ADRD-related pathology.

Cellular and biochemical studies of rodent models of AUD support

a cause-effect relationship between alcohol experience and perturbed

emotionality and cognitive deficits.41–44 Our laboratory's previous

work with C57BL6/J (B6) mice demonstrated that a 2-week history of

binge-drinking initiated in adolescence can elicit biochemical changes

within several mesocorticolimbic regions,45–47 which manifest during

protracted withdrawal as a spectrum of behavioural anomalies from

hyperactivity to depression-like symptoms.45,47–49 Moreover, both

adolescent and adult female mice not only consume greater amounts

of alcohol but also tend to exhibit more pronounced signs of alcohol-

induced behavioural anomalies than males.42,48,49 A history of

repeated alcohol exposure is well-characterized to augment both pre-

and postsynaptic indices of glutamate transmission throughout the

brain50–52 and alcohol-induced glutamate excitotoxicity is theorized to

contribute significantly to alcohol-related neurodegeneration under-

pinning the loss of executive function, volitional control and cognitive

decline.53,54 Consistent with this, young adult (�2.5 months old) B6

mice with a prior 2-week history of adolescent binge-drinking exhibit

increased protein expression of key glutamatergic signalling proteins,

including group 1 metabotropic glutamate receptors (mGlu1, mGlu5),

ionotropic glutamate receptor subunits (AMPA and NMDA), the gluta-

mate receptor-associated scaffolding proteins Homer 1b/c and Homer

2a/b, that correlate with heightened negative affect.44–47,55–57 Such

findings argue that a history of adolescent binge-drinking can produce

latent effects in the brain and behaviour that manifest later in adult-

hood.41,58–60 However, our more recent study indicates that the brain

and behavioural disturbances instigated by a 2-week history of adoles-

cent binge-drinking may not persist throughout adulthood, as they

were less apparent in adult mice tested � 4 months of age.42

Building upon our previous research, the present study explored

the biobehavioural effects of a more prolonged, 1-month, history of

binge-drinking that commences in early adolescence by tracking the

course of affective and cognitive anomalies at three later developmen-

tal stages, 6, 9 and 12 months of age (i.e. from mature adulthood to

middle age61). Guided by our prior immunoblotting work44–47,56 and

evidence that a history of binge-drinking during mature adulthood is

sufficient to elevate certain protein indices of ADRD-related neuropa-

thology within the brain during early withdrawal,48 we examined for

changes in glutamate receptor-related protein expression within the

PFC, HPC, EC and AMY, as well as indices of ADRD-related neuropa-

thology, including BACE isozyme62,63 and phospho-tau expression.64–

66 We hypothesized that a 1-month long history of binge-drinking dur-

ing adolescence and into young adulthood would accelerate the onset

and progression of normal age-related cognitive and affective anoma-

lies, particularly in female subjects. Secondly, we hypothesized that

behavioural anomalies would be associated with heightened indices of

glutamatergic signalling and markers of neuropathology. To the best of

our knowledge, this study is the first to examine the biobehavioural

consequences of a history of binge-drinking during adolescence across

multiple developmental time-points in later life of relevance to the

aetiology and ontogeny of AUDs.

2 | METHODS

2.1 | Subjects

Male and female C57BL/6J (B6) mice, PND21–25, were purchased

from the Jackson Laboratory (Sacramento, CA) and allowed to accli-

mate to the colony room for 1 week prior to commencing drinking

procedures (see below). Mice were housed in same-sex groups of four

in standard polycarbonate cages on a ventilated rack in a climate- and

humidity-controlled holding room. Cages were lined with sawdust

bedding and contained nesting material and a plastic enrichment

device in accordance with vivarium protocols. All mice were housed

under a reverse light cycle (lights off: 1100 hours; lights on:

2300 hours), with food and water available ad libitum throughout the

study. Mice arrived in cohorts of 48 (24 females and 24 males), with

cohorts spaced approximately 1 month apart to accommodate drink-

ing procedures. All experimental procedures were in compliance with

The Guide for the Care and Use of Laboratory Animals (2014) and

approved by the Institutional Animal Care and Use Committee of the

University of California, Santa Barbara. A summary of the procedural

time-line and the sample sizes employed for this study are provided in

Figure 1.

2.2 | Drinking-in-the-dark (DID) procedures

Half of the mice in each cohort (i.e. 12 males and 12 females) were

randomly assigned to either an alcohol or water-drinking group. The

first 2 cohorts of mice to arrive at our facility were designated to be

tested at 12 months of age, while the next 2 cohorts of mice were

designated to be tested at 9 months of age, while the last 2 cohorts

were designated to be tested at 6 months of age. This assignment

was done to simply the organization of this large study and reduce

the time interval between the testing of the different age groups to

minimize environmental confounds during cognitive testing.

For all age-designations, mice assigned to the alcohol-drinking

group were subjected to 30 consecutive days of alcohol-drinking using

a multi-bottle-choice DID procedure, beginning at approximately

PND28–32. At 2 h after lights out (i.e. 1300 hours), alcohol-drinking

(EtOH) animals were transferred to individual drinking cages that were

lined with sawdust bedding and topped with a wire lid, situated on a

free-standing rack within the colony room. Mice were allowed to

habituate to the drinking cage for 1 h, at which time, alcohol-drinking

mice (EtOH) were allowed concurrent access to unadulterated ethanol

10, 20 and 40% (v/v) solutions in tap water as the results of prior

studies in our laboratory indicate greater alcohol intake, on average,

when mice are offered a choice between concentrations than under

single-bottle procedures (e.g.46,49,67). The location of sipper tubes was

randomized daily. Animals were allowed to drink for 2 h (1400–1600

hours). During the 1-h habituation and 2-h alcohol drinking periods,

water control mice (H2O) underwent our simplified water drinking

procedures in which daily handling and removal from the home cage

were controlled for by placing H2O mice, with their cage mates, into a
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novel drinking cage on the same free-standing rack as the EtOH mice

for 1 h and then presenting them with a single sipper tube containing

water for the 2-h drinking period (e.g.42,49,56,57,68). At 1600 hours, the

sipper tubes were removed from the drinking cages and both the

EtOH and H2O mice were then transferred back into their home

cages.

For all cohorts, the alcohol-containing sipper tubes were weighed

prior to, and immediately following, each 2-h drinking session to

determine the volume consumed. The alcohol/water in the bottles

was refreshed and all the mice were weighed every 3–4 days during

the month-long drinking procedures. The recorded body weights of

the mice were used to calculate alcohol intake on a g/kg body weight

basis.

2.3 | Blood ethanol concentration

On the 25th drinking day, submandibular blood samples were col-

lected from the alcohol-drinking mice only, immediately after the 2-h

alcohol-drinking period and samples were stored at �20�C until pro-

cessing (7–10 days following collection). Headspace gas chromatogra-

phy using a Shimadzu GC-2014 gas chromatography system

(Shimadzu, Columbia, MD) was employed to analyse blood ethanol

concentrations (BECs) as in recent reports (e.g.42,43,48). BECs were

determined via the GC Solutions 2.10.00 software in samples diluted

at 1:9 with non-bacteriostatic saline (50 μL of sample). Toluene was

used as the pre-solvent and the determination of ethanol from each

sample was derived using the standard curve equation determined

prior to analyses of the blood samples. A new standard curve was

formulated for each cohort of blood samples to ensure maximal accu-

racy. After the ethanol peak area was determined, the peak area was

used to determine the ethanol concentration and subsequently the

percent of ethanol in the blood.

2.4 | Behavioural test battery for negative affect

To test the hypothesis that a 1-month history of binge-drinking during

the period of adolescence into young adulthood might induce long-

lasting changes in negative affect, a 1-day behavioural test battery for

negative affect was conducted when the mice were 6, 9 or 12 months

of age (respectively, 6M, 9M and 12M). As in our prior studies

(e.g.42,48,49,69), this behavioural test battery consisted of the light–dark

shuttle-box, marble-burying, acoustic startle and forced swim test,

which were run in series and mice remained in their home cages in

the procedural room between paradigms. The light–dark box, marble-

burying and forced swim tests were selected based on earlier work

indicating that they are more reliably sensitive to the anxiogenic

effects of early alcohol withdrawal in our binge-drinking models than

other assays of anxiety-like behaviour and negative affect

(e.g. elevated plus-maze; see46,49,69). While we have not detected

effects of alcohol withdrawal on acoustic startle exhibited by mice

with adolescent- or early adult-onset binge-drinking history

(e.g.46,49,69), a robust alcohol-related deficit is observed in 18-month-

old mice.43 Thus, we included a test of acoustic startle and prepulse

inhibition of acoustic startle in this study. The behavioural testing

equipment was cleaned in-between each use with Rescue Disinfec-

tant Veterinary Wipes (Virox Animal Health, Oakville, ON, Canada).

F IGURE 1 Illustration of the procedural timeline of the experiments conducted in the current study and representation of the sample size
distributions used across the different experimental groups.
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The details of each specific assay are provided below. Consistent with

recent studies,42,48 males and females were tested for negative affect

on separate days to minimize any pheromonal influences on affective

behaviour70 and the experimenters were blind to the prior drinking

history of the mice throughout all aspects of behavioural testing in

this study.

2.4.1 | Light–dark shuttle-box

The light–dark shuttle-box was used to measure photophobia, with

decreased activity in the light-side interpreted as reflecting an

anxiety-like phenotype.71,72 Animals were placed into a polycarbonate

box (46 cm long � 22 cm wide � 24 cm high) that was divided into

two environments, one side is white with a clear lid and the other side

was black with a black lid (respectively, light versus dark side) that

were accessible through a central divider with an opening. Testing

commenced by placing the mice into the dark environment. The

latency to enter the light side, total time spent in the light side and

total number of light entries were recorded over a 5-min period using

digital video cameras mounted above the test apparatus and ANY-

Maze software (Stoelting, Wood Dale, IL).

2.4.2 | Marble-burying test

The marble-burying test is particularly sensitive to the anxiogenic

effects of alcohol withdrawal, based on our prior work with adoles-

cent and young adult (i.e. 2–3-month-old) mice (e.g.42,45–47,49,56,69).

For this assay, mice were placed in a polycarbonate cage

(12 cm � 8 cm � 6 cm), with 5-cm deep sawdust bedding on top of

which 20 black marbles were arranged equidistantly. Mice were left

undisturbed for a period of 20 min at which time, the number of mar-

bles buried (i.e. 75% covered by bedding) was counted by an experi-

menter who was blind to the drinking history of the mice.

2.4.3 | Acoustic startle and pre-pulse inhibition of
acoustic startle

The apparatus and procedures employed to assay the magnitude of

acoustic startle and prepulse inhibition of acoustic startle were similar

to those described previously by our group (e.g.73–75). Six different

trial types were presented: startle pulse (st110, 110 dB/40 ms, low

prepulse stimulus given alone (st74, 74 dB/20 ms), high prepulse stim-

ulus given alone (st90, 90 dB/20 ms), st74 or st90 given 100 ms

before the onset of the startle pulse (pp74 and pp90, respectively)

and no acoustic stimulus (i.e. only background noise was presented;

st0). St110, st0, pp74 and pp90 trials were applied 10 times, st74 and

st90 trials were applied five times, and all trials were given in random

order. The average intertrial interval was 15 s (10–20 s), and the back-

ground noise of each chamber was 70 dB. The data for startle ampli-

tude were averaged across each of the stimulus trial types for

statistical analyses of startle magnitude. The percent inhibition of the

110 dB startle by the 74- and 90-dB prepulse intensities was also cal-

culated for each animal.

2.4.4 | Forced swim test

The forced swim test is a commonly employed assay for the reversal

of passive coping behaviour by anti-depressant treatments.76 Exces-

sive swimming behaviour in this assay can be reversed by pretreat-

ment with anxiolytic medications47 and thus, has been used by our

group as an additional measure of anxiety-like behaviour during alco-

hol withdrawal (e.g.42,48,49,56,57). The swim ‘tank’ consists of an

11-cm-diameter cylindrical glass container, filled to 15 cm from the

rim, with room temperature water. Mice are lowered into the tank

and tested over a 6-min period during which AnyMaze™ tracking soft-

ware records the latency to first immobile episode, total time spent

immobile and the number of immobile episodes. Immobility is defined

as the lack of vertical or horizontal displacement of the animal's centre

of gravity for at least 5 s. Upon the conclusion of this assay, animals

were allowed to dry prior to being returned to their home cage and

the holding room.

2.5 | Morris water maze

The day following testing for negative affect, mice were assayed for

spatial learning and memory using Morris water maze procedures akin

to those published previously by our laboratory (e.g.48,73,77). The maze

consisted of a stainless-steel circular tank (200 cm in diameter, 60 cm

in height; filled with room temperature water to a depth of 40 cm),

with salient intra-maze cues located on all four sides of the tank (star,

square, sun and stripes). To ensure equivalent visual processing in all

mice at the outset of each experiment, a ‘flag test’ was first per-

formed, in which the clear platform was placed in the tank in the NW

quadrant with a patterned flag attached that extended 6 in. above the

water. Over the course of the next 4 days, the clear platform

(unflagged) remained in a fixed location in the NE quadrant (i.e. a

quadrant distinct from that employed in the flag test). Each day, mice

were trained four times a day (once at each compass point) to locate

the hidden platform. During each trial, mice were randomly placed in

the pool at one of the four compass points and swimming was

recorded digitally by a video camera mounted on the ceiling directly

above the pool (ANY-Maze, Stoelting). Training sessions were 2 min

in duration and mice were tested in series at each compass release

point. Mice unable to locate the platform during the allotted time

were guided to the platform using forceps, where they remained for

30 s. At 24 h after the last training trial, a 2-min memory probe test

was performed in which the platform was removed from the pool and

the amount of time taken by the mouse to swim toward the former

platform location and the number of entries into the former platform

location was recorded. The next day, a reversal training session was

conducted in which the platform (unflagged) was situated in the SW

CHAVEZ ET AL. 5 of 35



quadrant (i.e. the quadrant opposite to that employed during

the training phase of the experiment). Again, mice were trained to

locate the platform over four, 2-min, sessions (one training trial for

each compass point) to locate the repositioned platform.48,77

2.6 | Water version of the radial arm maze

Following the Morris maze testing, working and reference memory

were determined using a water version of the radial arm maze with

procedures similar to those employed in our prior studies.48,77 The

maze consisted of 8 arms with clear, hidden, escape platforms at

the ends of 4 of the arms. The start arm was the same for all the mice

and remained constant throughout. Each mouse was assigned differ-

ent platform locations that remained fixed throughout the experiment

and the baited arms were semi-randomly assigned across subjects. A

subject had 180 s to locate a platform. If the mouse was unsuccessful

at locating a platform in the allotted time, it was guided to the nearest

available platform using forceps. Once a platform was found, the ani-

mal remained on it for 15 s and was then returned to an empty,

heated, holding cage for 30 s. During that time, the located platform

was removed from the maze. The animal was then placed back into

the start arm and allowed to locate another platform. Each day, this

sequence of events repeated until the mouse located all four plat-

forms. Thus, each mouse underwent four trials per day, with the

working memory system taxed increasingly with each trial. As in

the land version of this maze, animals have to avoid arms that never

contained a reinforcer (reference memory) and enter only once into

arms that contained a reinforcer (working memory). Day 1 was consid-

ered a training session because the animal had no previous experience

in the maze. Days 2–7 were testing sessions and errors were quanti-

fied for each day using the orthogonal measures of working and refer-

ence memory errors,78 as conducted previously by our group48,77 and

others.79 Working memory correct errors were the number of first

and repeat entries into any arm from which a platform had been

removed during that session. Reference memory errors were the

number of first entries into any arm that never contained a platform.

Working memory incorrect errors were the number of repeat entries

into an arm that never contained a platform in the past (thus, repeat

entries into a reference memory arm).

2.7 | Tissue dissection and immunoblotting

As recent immunoblotting studies indicated interactions between age,

sex and a history of binge-drinking on the expression of glutamate

receptor-related proteins, as well as protein indices of ADRD-related

neuropathology, within the PFC and hippocampus of 6M and 18M B6

mice,44 we determined whether a prior history of binge-drinking dur-

ing early life could accelerate age-related changes in these proteins in

a sex-dependent manner. For this, mice employed in the behavioural

study were decapitated approximately 24 h following the last radial

arm maze session. Brains were extracted and cooled on ice, then the

brain was sectioned in 1-mm-thick coronal slices. The PFC was dis-

sected out using blunt forceps, the EC and amygdala were dissected

using an 18-gauge needle and then both the ventral and dorsal hippo-

campus removed with blunt forceps and tissue from both hippocam-

pal subregions combined into a single sample (see Figure 1).

Unfortunately, the hippocampal samples were accidentally subjected

to over-heating, resulting in the degradation of protein and could not

be processed. Thus, only the data for the PFC, EC and amygdala are

presented herein.

To index total NMDA receptor expression, we immunoblotted for

the obligatory GluN1 subunit. We also immunoblotting for GluN2b

expression as GluN2b is well-characterized to be highly alcohol-

sensitive (e.g.80), is up-regulated in a number of brain regions in adult

mice with a history of binge-drinking44–47,56,67,81,82 and most relevant

to this study, is upregulated in adult rodents following a history of

adolescent alcohol exposure.83 Likewise, both the mGlu1 and mGlu5

subtypes of mGluRs are also typically up-regulated in mice with a his-

tory of binge-drinking,44,67,81,82 to include adult mice with a history of

binge-drinking during adolescence.45–47,56 The signalling and localiza-

tion of both NMDA and group 1 mGluRs are regulated in brain by the

Homer1b/c and Homer2a/b members of the Homer family of scaf-

folding proteins,84,85 of which Homer2a/b is highly alcohol-sensitive

and gates the rewarding/reinforcing and sedative properties of

alcohol,67,81,82,86,87 as well as the manifestation of negative affect dur-

ing protracted withdrawal from adolescent binge-drinking.68 Thus, we

immunoblotted also for Group 1 mGluRs and their Homer scaffolding

proteins. As it was predicted that an upregulation of glutamate recep-

tor expression would increase the activational state of our regions of

interest, we examined for p (Tyr204) ERK1/2 expression as an index

of cellular activity. A number of proteins currently serve as strong and

reliable biomarkers of AD in human brain88–93 that can accumulate in

brain during normal aging in both humans94–97 and induced by prior

alcohol experience in laboratory rodents.44,98–100 Thus, we assayed

also for the following proteins: amyloid precursor proteins (APP),

amyloid-β peptides (Aβ), hyper-phosphorylated tau proteins and beta

secretase (BACE).

The tissue homogenization and immunoblotting procedures

employed in the present study were very similar to those detailed in

our earlier reports.44,77,101,102 The following rabbit primary antibodies

were used: mGlu5 (metabotropic glutamate receptor 5; 1:1000 dilu-

tion; Millipore; AB5675), GluN1 (NMDA receptor subunit 1; 1:500

dilution; Cell Signaling Technology; 5704S), Homer2a/b (1:500 dilu-

tion; Synaptic Systems; 160 203), p (Tyr204)ERK1/2 (1:750 dilution;

R&D systems; AF1018), APP (1:1000 dilution; Millipore-Sigma;

07-667), amyloid beta (1:500 dilution; Abcam, ab180956), p (Ser396)-

tau (1:750 dilution; Abcam; ab109390) and p (Thr217)-tau (1:500 dilu-

tion; Invitrogen, 44-744). The following mouse primary antibodies

were also employed: mGlu1 (metabotropic glutamate receptor 1;

1:500 dilution; BD Biosciences; 610965), GluN2b (NMDA subunit 2b;

1:500 dilution; Invitrogen; MA1-2014), Homer1b/c (1:1000 dilution;

Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-25271), ERK1/2

(1:1000 dilution; Invitrogen, MA5-15605), tau (1:750 dilution; Invitro-

gen, AHB0042) and BACE (1:500 dilution; Millipore Sigma;

6 of 35 CHAVEZ ET AL.



TABLE 1 Summary of the quantitative analysis of proteins implicated in (A) glutamate function (B) and neuropathological processes within
the entorhinal cortex. Significant results are bolded.

A
Glutamate-related proteins—entorhinal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

mGlu1 6M Not significant Significant
F(1,34) = 7.71, p = 0.009,

η2 = 0.185

Female EtOH = Female H2O

(p = 0.342)

Male EtOH > Male H2O (p = 0.006)
Female EtOH < Male EtOH
(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

9M Not significant

p = 0.255, η2 = 0.039

Not significant

F(1,33) = 3.74, p = 0.062,

η2 = 0.102

None

12M Not significant

p = 0.960, η2 = 0.000

Not significant

F(1,31) = 1.11, p = 0.301,

η2 = 0.034

None

mGlu5 dimer 6M Not significant

p = 0.737, η2 = 0.003

Not significant

F(1,39) = 0.01, p = 0.927,

η2 = 0.000

None

9M Not significant

p = 0.376, η2 = 0.024

Not significant

F(1,33) = 1.04, p = 0.315,

η2 = 0.031

None

12M Not significant

p = 0.262, η2 = 0.043

Not significant

F(1,29 = 0.14, p = 0.716, η2 = 0.005

None

mGlu5

monomer

6M Not significant

p = 0.771, η2 = 0.002

Not significant

F(1,35) = 1.99, p = 0.167,

η2 = 0.054

None

9M Significant

F(1,34) = 4.73, p = 0.037,

η2 = 0.122

Not significant

F(1,34) = 1.02, p = 0.319,

η2 = 0.029

EtOH < H2O (p = 0.037)

12M Significant
F(1,27) = 12.59, p = 0.001,

η2 = 0.318

Not significant

F(1,27) = 2.04, p = 0.164,

η2 = 0.070

EtOH > H2O (p = 0.001)

GluN1 6M Not significant

p = 0.065, η2 = 0.087

Not significant

F(1,38) = 0.63, p = 0.434,

η2 = 0.016

None

9M Not significant

p = 0.967, η2 = 0.000

Not significant

F(1,38) = 0.07, p = 0.797,

η2 = 0.002

None

12M Not significant

p = 0.245, η2 = 0.050

Significant
F(1,27) = 1.91, p = 0.010,

η2 = 0.220

Female EtOH = Female H2O

(p = 0.317)

Male EtOH > Male H2O (p = 0.005)

Female EtOH < Male EtOH
(p = 0.001)
Female H2O = Male H2O

(p = 1.000)

GluN2B 6M Not significant

p = 0.075, η2 = 0.003

Not significant

F(1,40) = 0.68, p = 0.416,

η2 = 0.017

None

9M Significant

F(1,34) = 7.71, p = 0.002,

η2 = 0.244

Significant

F(1,34) = 7.71, p = 0.009,

η2 = 0.185

Female EtOH = Female H2O

(p = 0.681)

Male EtOH < Male H2O (p < 0.001)
Female EtOH > Male EtOH
(p < 0.001)

Female H2O = Male H2O

(p = 1.000)

(Continues)
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TABLE 1 (Continued)

A
Glutamate-related proteins—entorhinal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

12M Not significant

p = 0.123, η2 = 0.092

Significant
F(1,25) = 11.24, p = 0.003,

η2 = 0.310

Female EtOH = Female H2O

(p = 0.270)

Male EtOH > Male H2O

(p < 0.001)
Female EtOH < Male EtOH
(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

Homer 1b/c 6M Not significant

p = 0.758, η2 = 0.003

Not significant

F(1,37) = 0.16, p = 0.693,

η2 = 0.004

None

9M Not significant

p = 0.596, η2 = 0.009

Not significant

F(1,32) = 0.47, p = 0.499,

η2 = 0.014

None

12M Not significant

p = 0.191, η2 = 0.053

Not significant

F(1,32) = 0.53, p = 0.474,

η2 = 0.016

None

Homer 2a/b 6M Not significant

p = 0.560, η2 = 0.010

Not significant

F(1,36) = 0.08, p = 0.738,

η2 = 0.002

None

9M Not significant

p = 0.642, η2 = 0.007

Not significant

F(1,32) = 1.76, p = 0.195,

η2 = 0.052

None

12M Significant
F(1,25) = 4.59, p = 0.042,

η2 = 0.155

Not significant

F(1,25) = 1.58, p = 0.221,

η2 = 0.059

EtOH > H2O (p = 0.042)

ERK 6M Not significant

p = 0.069, η2 = 0.080

Not significant

F(1,40) = 0.71, p = 0.406,

η2 = 0.017

None

9M Not significant

p = 0.600, η2 = 0.008

Not significant

F(1,33) = 0.93, p = 0.342,

η2 = 0.027

None

12M Significant

F(1,28) = 8.59, p = 0.007,

η2 = 0.235

Significant

F(1,28) = 15.52, p < 0.001,

η2 = 0.357

Female EtOH < Female H2O

(p < 0.001)
Male EtOH = Male H2O (p = 0.400)

Female EtOH < Male EtOH
(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

pERK 6M Not significant

p = 0.281, η2 = 0.040

Not significant

F(1,29) = 0.40, p = 0.531,

η2 = 0.014

None

9M Significant
F(1,31) = 5.70, p = 0.023,

η2 = 0.155

Significant
F(1,31) = 7.30, p = 0.011,

η2 = 0.191

Female EtOH = Female H2O

(p = 0.827)

Male EtOH > Male H2O (p = 0.001)
Female EtOH < Male EtOH

(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

12M Not significant

p = 0.717, η2 = 0.005

Not significant

F(1,29) = 1.75, p = 0.196,

η2 = 0.057

None
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B
Neuropathological protein expression—entorhinal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

Tau 6M Not significant

p = 0.288, η2 = 0.032

Not significant

F(1,35) = 1.15, p = 0.291,

η2 = 0.032

None

9M Not significant

p = 0.550, η2 = 0.011

Not significant

F(1,33) = 0.55, p = 0.463,

η2 = 0.016

None

12M Not significant

p = 0.053, η2 = 0.132

Not significant

F(1,27) = 0.03, p = 0.877,

η2 = 0.001

None

pThr(217) Tau 6M Not significant

p = 0.840, η2 = 0.001

Not significant

F(1,34) = 0.04, p = 0.838,

η2 = 0.001

None

9M Significant

F(1,33) = 6.75, p = 0.014,

η2 = 0.170

Significant

F(1,33) = 5.96, p = 0.020,

η2 = 0.153

Female EtOH = Female H2O

(p = 0.908)

Male EtOH > Male H2O
(p = 0.002)
Female EtOH < Male EtOH
(p < 0.001)

Female H2O = Male H2O

(p = 1.000)

12M Significant
F(1,28) = 16.51, p < 0.001,

η2 = 0.371

Not significant

F(1,28) = 2.26, p = 0.144,

η2 = 0.075

EtOH > H2O (p < 0.001)

pSer(396) Tau 6M Not significant

p = 0.934, η2 = 0.000

Not significant

F(1,37) = 1.03, p = 0.317,

η2 = 0.027

None

9M Significant
F(1,33) = 15.17, p < 0.001,

η2 = 0.315

Not significant

F(1,33) = 1.99, p = 0.168,

η2 = 0.057

EtOH < H2O (p < 0.001)

12M Not significant

p = 0.349, η2 = 0.030

Not significant

F(1,23) = 3.43, p = 0.077,

η2 = 0.111

None

BACE 56 kDa 6M Significant
F(1,32) = 5.27, p = 0.028,

η2 = 0.141

Not significant

F(1,32) = 0.82, p = 0.371,

η2 = 0.025

EtOH < H2O (p = 0.028)

9M Not significant

p = 0.609, η2 = 0.008

Not significant

F(1,32) = 0.174, p = 0.679,

η2 = 0.005

None

12M Not significant

p = 0.172, η2 = 0.061

Not significant

F(1,26) = 2.32, p = 0.140,

η2 = 0.071

None

BACE 70 kDa 6M Significant

F(1,36) = 17.63, p < 0.001,

η2 = 0.329

Not significant

F(1,36) = 0.12, p = 0.731,

η2 = 0.003

EtOH < H2O (p < 0.001)

9M Not significant

p = 0.606, η2 = 0.009

Not significant

F(1,31) = 0.52, p = 0.476,

η2 = 0.016

None

12M Significant
F(1,28) = 5.53, p = 0.026,

η2 = 0.157

Not significant

F(1,28) = 0.79, p = 0.380,

η2 = 0.023

EtOH > H2O (p = 0.026)

APP 6M Not significant

p = 0.191, η2 = 0.044

Not significant

F(1,39) = 0.23, p = 0.638,

η2 = 0.006

None

9M Not significant

p = 0.476, η2 = 0.014

Not significant None
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MAB5308). Note that as reported in our earlier study,102 our selected

mGlu1 antibody failed to reliably detect the dimer form of the recep-

tor on every immunoblot. As such, only the monomer form of mGlu1

is reported herein. Calnexin expression was employed to control for

protein loading and transfer using either a rabbit or mouse primary

anti-calnexin antibody (for rabbit, 1:1000 dilution; Enzo Life Sciences;

ADI-SPA-860; for mouse, 1:500 dilution; Invitrogen, MA5-31501).

Following primary antibody incubation, the membranes were washed

with phosphate-buffered saline with tween (PBST), incubated in either

a goat anti-rabbit IRDye 800CW secondary antibody (1:10,000 dilu-

tion; Li-Cor; 925-3221) or a goat anti-mouse IRDye 680RD secondary

antibody (1:10,000 dilution; Li-Cor; 925-68070), and imaged on an

Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE,

USA). Raw values for each band were measured, and first normalized

to their corresponding calnexin signal and then to the average value

of the water control for that particular age and sex (see more details

below).

2.8 | Data analyses

We initially conducted a comprehensive three-way factorial analysis

of variance (ANOVA) with the variables of sex (males vs. females), age

(6, 9, 12 months) and drinking history (EtOH vs. H2O) as independent

variables to examine their impact on measures of negative affect. This

analysis identified a single significant sex difference (see Table S1).

Due to the complexity of our experimental design, we opted to con-

duct separate statistical analyses for males and females to enhance

the clarity and interpretability of our behavioural findings. For vari-

ables associated with negative affect, we employed an age (6M, 9M

and 12M) � drinking history (H2O vs. EtOH) univariate ANOVA, with

age and drinking history as between-subject factors. Data from the

acoustic startle test were analysed using an age � drinking history �
stimulus ANOVA, with repeated measures on the stimulus factor

(4 levels). Data for prepulse inhibition of acoustic startle were ana-

lysed using an age � drinking history � prepulse ANOVA, with

repeated measures on the prepulse factor (2 levels). Data from the

maze tests were examined using an age � drinking history ANOVA,

with day or trial as a repeated measure, when appropriate. For the

immunoblotting data, we employed a sex � drinking history ANOVA.

As this study employed 12 experimental conditions, immunoblotting

procedures were performed independently for 6M, 9M and 12M

mice, separately for both sexes. For each individual gel, results were

normalized separately by sex in relation to the average of the control

group (i.e. water-drinking mice). This approach yielded interaction

effects that mirrored observations related to the sex factor. Thus, we

report on the interaction effect (sex � drinking history ANOVA), as

well as the main effect of drinking history. A complete set of statistical

outcomes, including both significant and non-significant findings, is

presented in Table S1 for the behavioural outcomes and in Tables 1, 2

and 3 for the immunoblotting data.

In cases where significant interactions were detected, we con-

ducted simple main effect tests with least significant difference (LSD)

adjustments. Conversely, when significant main effects (> 2 levels)

were observed without an interaction, LSD post hoc tests were

employed to clarify group differences. The F statistic, p values and

partial eta-squared values were reported for all statistical evaluations,

with a pre-set alpha level of 0.05 for significance. Greenhouse–

Geisser corrections were applied where sphericity was violated, and

outliers were initially addressed using the ±1.5 � IQR rule. However,

in cases where the initial method significantly reduced the sample

size, the more lenient ±3 � IQR rule was implemented for the most

extreme outliers. As ANOVAs maintain robustness against violations

of normality assumptions,103 a formal assessment of data normality

was not conducted. All statistical analyses were conducted using IBM

SPSS Statistics (version 27.0 for Macintosh), Jamovi (version 2.3.21.0

for Macintosh), and the resulting graphs were produced with Graph-

Pad Prism (version 10.2.2 for Macintosh).

TABLE 1 (Continued)

B
Neuropathological protein expression—entorhinal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

F(1,36) = 0.00, p = 0.958,

η2 = 0.000

12M Significant

F(1,32) = 15.82, p < 0.001,

η2 = 0.331

Not significant

F(1,32) = 0.47, p = 0.500,

η2 = 0.014

EtOH > H2O (p < 0.001)

Aβ 6M Not significant

p = 0.081, η2 = 0.089

Not significant

F(1,33) = 2.94, p = 0.096,

η2 = 0.082

None

9M Significant
F(1,37) = 10.09, p = 0.003,

η2 = 0.214

Not significant

F(1,37) = 0.04, p = 0.836,

η2 = 0.001

EtOH < H2O (p = 0.003)

12M Not significant

p = 0.328, η2 = 0.029

Not significant

F(1,33) = 3.70, p = 0.063,

η2 = 0.101

None

10 of 35 CHAVEZ ET AL.



TABLE 2 Summary of the quantitative analysis of proteins implicated in (A) glutamate function (B) and neuropathological processes within
the prefrontal cortex. Significant results are bolded.

A
Glutamate-related proteins—prefrontal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

mGlu1 6M Significant
F(1,37) = 4.59, p = 0.039,

η2 = 0.110

Not significant

F(1,37) = 1.06, p = 0.311, η2 = 0.028

EtOH > H2O (p = 0.039)

9M Not significant

p = 0.318, η2 = 0.024

Not significant

F(1,42) = 0.01, p = 0.915, η2 = 0.000

None

12M Not significant

p = 0.922, η2 = 0.000

Not significant

F(1,32) = 3.84, p = 0.059, η2 = 0.107

None

mGlu5 dimer 6M Not significant

p = 0.155, η2 = 0.057

Not significant

F(1,35) = 0.38, p = 0.543, η2 = 0.011

None

9M Not significant

p = 0.330, η2 = 0.025

Not significant

F(1,38) = 0.21, p = 0.650, η2 = 0.005

None

12M Not significant

p = 0.806, η2 = 0.002

Not significant

F(1,28) = 0.41, p = 0.527, η2 = 0.014

None

mGlu5

monomer

6M Significant

F(1,33) = 6.41, p = 0.016,

η2 = 0.163

Not significant

F(1,33) = 0.53, p = 0.470, η2 = 0.016

EtOH > H2O (p = 0.016)

9M Not significant

p = 0.159, η2 = 0.050

Significant
F(1,39) = 5.40, p = 0.025, η2 = 0.122

Female EtOH = Female H2O

(p = 0.540)

Male EtOH < Male H2O (p = 0.010)
Female EtOH > Male EtOH

(p = 0.001)
Female H2O = Male H2O

(p = 1.000)

12M Not significant

p = 0.535, η2 = 0.013

Not significant

F(1,30) = 0.03, p = 0.957, η2 = 0.000

None

GluN1 6M Not significant

p = 0.062, η2 = 0.089

Not significant

F(1,38) = 3.71, p = 0.062, η2 = 0.089

None

9M Significant
F(1,40) = 5.02, p = 0.031,

η2 = 0.112

Not significant

F(1,40) = 3.79, p = 0.059, η2 = 0.086

EtOH < H2O (p = 0.031)

12M Not significantp = 0.282,

η2 = 0.032

Not significant

F(1,36) = 1.23, p = 0.276, η2 = 0.033

None

GluN2B 6M Significant
F(1,34) = 9.36, p = 0.004,

η2 = 0.216

Not significant

F(1,34) = 1.76, p = 0.194, η2 = 0.049

EtOH > H2O (p = 0.004)

9M Not significant

.199, η2 = 0.049

Significant
F(1,33) = 13.36, p < 0.001,

η2 = 0.288

Female EtOH < Female H2O
(p = 0.002)

Male EtOH = Male H2O (p = 0.086)

Female EtOH < Male EtOH
(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

12M Not significant

p = 0.535, η2 = 0.013

Not significant

F(1,29) = 0.355, p = 0.556,

η2 = 0.012

None

Homer 1b/c 6M Significant
F(1,35) = 19.09, p < 0.001,

η2 = 0.353

Not significant

F(1,35) = 1.75, p = 0.195, η2 = 0.048

EtOH > H2O (p < 0.001)

9M Not significant

p = 0.813, η2 = 0.001

Not significant

F(1,38) = 3.37, p = 0.074, η2 = 0.081

None

12M Not significant

p = 0.409, η2 = 0.022

Not significant

F(1,31) = 0.47, p = 0.500, η2 = 0.015

None
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TABLE 2 (Continued)

A
Glutamate-related proteins—prefrontal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

Homer 2a/b 6M Significant
F(1,38) = 16.93, p < 0.001,

η2 = 0.308

Not significant

F(1,38) = 0.78, p = 0.383, η2 = 0.020

EtOH > H2O (p < 0.001)

9M Not significant

p = 0.214, η2 = 0.038

Not significant

F(1,40) = 1.37, p = 0.249, η2 = 0.033

None

12M Not significant

p = 0.115, η2 = 0.076

Not significant

F(1,32) = 0.000, p = 0.986,

η2 = 0.000

None

ERK 6M Significant
F(1,41) = 9.76, p = 0.003,

η2 = 0.192

Not significant

F(1,41) = 0.63, p = 0.433, η2 = 0.015

EtOH > H2O (p = 0.003)

9M Not significant

p = 0.169, η2 = 0.047

Not significant

F(1,40) = 0.73, p = 0.398, η2 = 0.018

None

12M Not significant

p = 0.822, η2 = 0.002

Not significant

F(1,33) = 0.106, p = 0.746,

η2 = 0.003

None

pERK 6M Significant
F(1,35) = 44.94, p < 0.001,

η2 = 0.562

Not significant

F(1,35) = 2.73, p = 0.107, η2 = 0.072

EtOH > H2O (p < 0.001)

9M Not significant

p = 0.640, η2 = 0.005

Not significant

F(1,41) = 2.52, p = 0.120, η2 = 0.058

None

12M Not significant

p = 0.574, η2 = 0.011

Significant
F(1,28) = 4.57, p = 0.042, η2 = 0.140

Female EtOH = Female H2O

(p = 0.092)

Male EtOH < Male H2O (p = 0.225)

Female EtOH > Male EtOH
(p = 0.007)

Female H2O = Male H2O

(p = 1.000)

B
Neuropathological protein expression—prefrontal cortex

Protein of

interest

Age

(months) Main effect: drinking history

Interaction effect: sex by drinking

history

Significant group

comparisons

Tau 6M Not significant

p = 0.841, η2 = 0.001

Not significant

F(1,34) = 0.30, p = 0.590, η2 = 0.009

None

9M Not significant

p = 0.101, η2 = 0.073

Not significant

F(1,36) = 0.23, p = 0.633, η2 = 0.006

None

12M Not significant

p = 0.161, η2 = 0.062

Not significant

F(1,31) = 0.07, p = 0.793, η2 = 0.002

None

pThr(217) Tau 6M Significant

F(1,34) = 4.86, p = 0.034,

η2 = 0.125

Not significant

F(1,34) = 0.31, p = 0.580, η2 = 0.009

EtOH > H2O (p = 0.034)

9M Not significant

p = 0.570, η2 = 0.009

Not significant

F(1,36) = 0.31, p = 0.580, η2 = 0.009

None

12M Not significant

p = 0.118, η2 = 0.072

Not significant

F(1,33) = 0.10, p = 0.758, η2 = 0.003

None

pSer(396) Tau 6M Not significant

p = 0.079, η2 = 0.090

Not significant

F(1,33) = 1.84, p = 0.184, η2 = 0.053

None

9M Not significant

p = 0.066, η2 = 0.086

Not significant

F(1,38) = 0.05, p = 0.817, η2 = 0.001

None

12M Significant
F(1,28) = 10.01, p = 0.004,

η2 = 0.263

Not significant

F(1,28) = 0.93, p = 0.342, η2 = 0.032

EtOH < H2O (p = 0.004)
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3 | RESULTS

3.1 | Alcohol intake and BACs

A univariate sex � age ANOVA was conducted to determine group

differences in the amount of alcohol consumed during the 30-day

drinking period. As shown in Figure 2A, no significant sex � age inter-

action was detected [ANOVA: p = 0.688, ɳ2 = 0.011]; however, sig-

nificant main effect of sex was observed [F(1,65) = 19.65, p < 0.001,

ɳ2 = 0.232], with females exhibiting higher alcohol consumption than

males. We also detected a significant age effect [F(2,65) = 7.26,

p = 0.001, ɳ2 = 0.183] that reflected less alcohol consumed by 9M

mice versus 6M (p = 0.001) and 12M mice (p = 0.003), with no sig-

nificant differences in intake between 6M and 12M mice (p = 0.718).

Despite these differences in intake, blood alcohol concentrations

(BAC) measured on day 25 of drinking did not show an age effect or

interaction (Figure 2B; all p's > 0.338). Consistent with our intake

data, a significant sex effect for BACs was noted [F(1,65) = 4.41,

p = 0.040, η2 = 0.064], with females exhibiting higher BACs than

males. Furthermore, a positive correlation was confirmed between

BAC levels and alcohol intake on day 25 (Figure 2C; r = 0.45,

p < 0.001), indicating that intake levels reliably predicted BAC

irrespective of age, suggesting that age-related variations in consump-

tion did not translate into differences in BAC.

To further explore potential sex differences in BAC distribution

relative to binge-level intoxication, we dichotomized the BAC variable

into binge (≥80 mg/dL) and non-binge (<80 mg/dL) categories and

conducted a chi-square test of association. The analysis revealed no

significant difference in the proportion of males and females above or

below the binge threshold [X2 (1, N = 71) = 1.70, p = 0.192], indicat-

ing that the distribution of binge-level intoxication was comparable

between sexes.

3.2 | Behavioural measures

For the sake of clarity and to facilitate visualization of significant

group differences, only statistically significant main effects or interac-

tions are described and depicted in the main text and we report both

the results from the general linear model and estimates of effect sizes

(ɳ2). Non-significant findings are summarized in the Supplemental

Results and the reader is directed there for the full results of the sta-

tistical analyses of our behavioural measures (Table S1) and graphical

depictions of the data.

TABLE 2 (Continued)

B
Neuropathological protein expression—prefrontal cortex

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history

Significant group
comparisons

BACE 56 kDa 6M Not significant

p = 0.243, η2 = 0.041

Not significant

F(1,33) = 0.11, p = 0.743, η2 = 0.003

None

9M Not significant

p = 0.118, η2 = 0.067

Not significant

F(1,36) = 0.25, p = 0.621, η2 = 0.007

None

12M Not significant

p = 0.887, η2 = 0.001

Not significant

F(1,34) = 1.38, p = 0.249, η2 = 0.039

None

BACE 70 kDa 6M Not significant

p = 0.179, η2 = 0.052

Not significant

F(1,34) = 0.35, p = 0.558, η2 = 0.010

None

9M Not significant

p = 0.910, η2 = 0.000

Not significant

F(1,42) = 0.10, p = 0.754, η2 = 0.002

None

12M Not significant

p = 0.708, η2 = 0.004

Not significant

F(1,37) = 0.79, p = 0.379, η2 = 0.021

None

APP 6M Not significant

p = 0.330, η2 = 0.024

Not significant

F(1,39) = 0.03, p = 0.854, η2 = 0.001

None

9M Not significant

p = 0.382, η2 = 0.021

Not significant

F(1,37) = 0.01, p = 0.922, η2 = 0.000

None

12M Significant

F(1,33) = 5.36, p = 0.027,

η2 = 0.140

Not significant

F(1,33) = 1.20, p = 0.282, η2 = 0.035

EtOH > H2O (p = 0.027)

Aβ 6M Not significant

p = 0.552, η2 = 0.010

Not significant

F(1,35) = 0.25, p = 0.619, η2 = 0.007

None

9M Not significant

p = 0.903, η2 = 0.000

Not significant

F(1,34) = 1.05, p = 0.313, η2 = 0.030

None

12M Not significant

p = 0.945, η2 = 0.000

Not significant

F(1,36) = 0.19, p = 0.666, η2 = 0.005

None
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TABLE 3 Summary of the quantitative analysis of proteins implicated in (A) glutamate function (B) and neuropathological processes within
the amygdala. Significant results are bolded.

A
Glutamate-related proteins—amygdala

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

mGlu1 6M Significant
F(1,30) = 8.49, p = 0.007,

η2 = 0.221

Significant
F(1,30) = 4.50, p = 0.042, η2 = 0.130

Female EtOH > Female H2O
(p = 0.001)

Male EtOH = Male H2O (p = 0.580)

Female EtOH > Male EtOH
(p = 0.002)
Female H2O = Male H2O

(p = 1.000)

9M Not significant

p = 0.618, η2 = 0.007

Not significant

F(1,34) = 0.81, p = 0.375, η2 = 0.023

None

12M Significant
F(1,33) = 7.93, p = 0.008,

η2 = 0.194

Not significant

F(1,33) = 0.04, p = 0.848, η2 = 0.001

EtOH > H2O (p = 0.008)

mGlu5 dimer 6M Not significant

p = 0.360, η2 = 0.024

Significant
F(1,35) = 5.94, p = 0.020, η2 = 0.145

Female EtOH > Female H2O
(p = 0.029)
Male EtOH = Male H2O (p = 0.271)

Female EtOH > Male EtOH
(p < 0.001)
Female H2O = Male H2O

(p = 1.000)

9M Significant
F(1,34) = 4.38, p = 0.044,

η2 = 0.114

Not significant

F(1,34) = 0.75, p = 0.394, η2 = 0.021

EtOH < H2O (p = 0.044)

12M Significant
F(1,33) = 9.59, p = 0.004,

η2 = 0.225

Significant
F(1,33) = 25.93, p < 0.001,

η2 = 0.440

Female EtOH > Female H2O
(p < 0.001)
Male EtOH = Male H2O (p = 0.108)

Female EtOH > Male EtOH
(p < 0.001)

Female H2O = Male H2O

(p = 1.000)

mGlu5

monomer

6M Not significant

p = 0.378, η2 = 0.022

Not significant

F(1,35) = 0.23, p = 0.637, η2 = 0.006

None

9M Not significant

p = 0.932, η2 = 0.000

Not significant

F(1,33) = 1.85, p = 0.183, η2 = 0.053

None

12M Not significant

p = 0.932, η2 = 0.000

Not significant

F(1,33) = 1.85, p = 0.183, η2 = 0.053

None

GluN1 6M Not significant

p = 0.052, η2 = 0.104

Not significant

F(1,35) = 0.35, p = 0.561, η2 = 0.010

None

9M Not significant

p = 0.139, η2 = 0.063

Not significant

F(1,34) = 0.01, p = 0.759, η2 = 0.003

None

12M Not significant

p = 0.585, η2 = 0.008

Not significant

F(1,37) = 3.09, p = 0.087, η2 = 0.077

None

GluN2B 6M Not significant

p = 0.362, η2 = 0.025

Not significant

F(1,33) = 0.15, p = 0.902, η2 = 0.000

None

9M Significant
F(1,30) = 14.53, p < 0.001,

η2 = 0.326

Not significant

F(1,30) = 0.57, p = 0.456, η2 = 0.019

EtOH < H2O (p < 0.001)

12M Not significant

p = 0.079, η2 = 0.114

Not significant

F(1,26) = 2.10, p = 0.159, η2 = 0.075

None

Homer 1b/c 6M Not significant

p = 0.362, η2 = 0.023

Not significant

F(1,36) = 0.26, p = 0.616, η2 = 0.007

None

9M Not significant

p = 0.128, η2 = 0.069

Not significant

F(1,33) = 4.01, p = 0.053, η2 = 0.108

None
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TABLE 3 (Continued)

A
Glutamate-related proteins—amygdala

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

12M Significant
F(1,34) = 15.55, p < 0.001,

η2 = 0.314

Not significant

F(1,34) = 0.53, p = 0.473, η2 = 0.015

EtOH > H2O (p < 0.001)

Homer 2a/b 6M Not significant

p = 0.305, η2 = 0.029

Not significant

F(1,36) = 0.25, p = 0.619, η2 = 0.007

None

9M Not significant

p = 0.652, η2 = 0.006

Not significant

F(1,32) = 3.32, p = 0.078, η2 = 0.094

None

12M Not significant

p = 0.658, η2 = 0.007

Not significant

F(1,29) = 0.34, p = 0.564, η2 = 0.012

None

ERK 6M Not significant

p = 0.830, η2 = 0.001

Not significant

F(1,39) = 0.15, p = 0.699, η2 = 0.004

None

9M Not significant

p = 0.348, η2 = 0.028

Not significant

F(1,32) = 0.00, p = 0.978, η2 = 0.000

None

12M Significant
F(1,28) = 12.66, p = 0.001,

η2 = 0.311

Not significant

F(1,28) = 1.02, p = 0.322, η2 = 0.035

EtOH < H2O (p = 0.001)

pERK 6M Significant

F(1,38) = 14.39, p = 0.001,

η2 = 0.275

Not significant

F(1,38) = 0.51, p = 0.479, η2 = 0.013

EtOH > H2O (p = 0.001)

9M Not significant

p = 0.160, η2 = 0.061

Not significant

F(1,32) = 1.76, p = 0.194, η2 = 0.052

None

12M Significant
F(1,28) = 9.84, p = 0.004,

η2 = 0.260

Not significant

F(1,28) = 1.20, p = 0.282, η2 = 0.041

EtOH < H2O (p = 0.004)

B
Neuropathological protein expression—amygdala

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

Tau 6M Significant

F(1,36) = 8.35, p = 0.007, η2 = 0.188

Not significant

F(1,36) = 0.39, p = 0.537,

η2 = 0.011

EtOH < H2O (p = 0.007)

9M Not significant

p = 0.646, η2 = 0.007

Not significant

F(1,29) = 0.76, p = 0.391,

η2 = 0.025

None

12M Significant
F(1,27) = 9.30, p = 0.005, η2 = 0.256

Not significant

F(1,27) = 3.09, p = 0.090,

η2 = 0.103

EtOH > H2O (p = 0.005)

pThr(217) Tau 6M Not significant

p = 0.890, η2 = 0.000

Not significant

F(1,39) = 1.87, p = 0.180,

η2 = 0.046

None

9M Not significant

p = 0.353, η2 = 0.028

Not significant

F(1,31) = 2.33, p = 0.137,

η2 = 0.070

None

12M Not significant

p = 0.124, η2 = 0.070

Not significant

F(1,33) = 4.09, p = 0.051,

η2 = 0.110

None

pSer(396) Tau 6M Not significant

p = 0.301, η2 = 0.032

Not significant

F(1,33) = 0.07, p = 0.788,

η2 = 0.002

None

9M Significant
F(1,32) = 11.53, p = 0.002, η2 = 0.265

Not significant

F(1,32) = 0.30, p = 0.590,

η2 = 0.009

EtOH < H2O (p = 0.002)

(Continues)
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3.2.1 | Light–dark shuttle box test

For female mice, a significant main effect of age was found in the total

time spent in the light side of the light–dark box [F(2,62) = 4.26,

p = 0.019, ɳ2 = 0.121; Figure 3A]. Tests for multiple comparisons

indicated more time spent by 6M females when compared to both the

9M (p = 0.019) and 12M (p = 0.008) females. Additionally, significant

main effects of age [F(2,62) = 10.37, p < 0.001, ɳ2 = 0.251] and

drinking history [F(1,62 = 5.57, p = 0.021, ɳ2 = 0.082] were observed

for the number of entries into the light side. For the main effect of

age (Figure 3B), subsequent tests for multiple comparisons revealed

that 6M female mice exhibited a greater number of entries into the

light side, compared to the 9M females (p = 0.014) and both the 6M

and 9M females made more entries to the light side than the 12M

TABLE 3 (Continued)

B
Neuropathological protein expression—amygdala

Protein of
interest

Age
(months) Main effect: drinking history

Interaction effect: sex by drinking
history Significant group comparisons

12M Significant F(1,27) = 16.63, p < 0.001,

η2 = 0.381

Not significant

F(1,28) = 0.29, p = 0.594,

η2 = 0.011

EtOH < H2O (p < 0.001)

BACE 56 kDa 6M Not significant

p = 0.135, η2 = 0.064

Not significant

F(1,34) = 0.53, p = 0.470,

η2 = 0.015

None

9M Not significant

p = 0.875, η2 = 0.001

Not significant

F(1,28) = 1.60, p = 0.217,

η2 = 0.054

None

12M Significant
F(1,34) = 5.36, p = 0.027, η2 = 0.136

Not significant

F(1,34) = 0.000, p = 0.992,

η2 = 0.000

EtOH > H2O (p = 0.027)

BACE 70 kDa 6M Not significant

p = 0.860, η2 = 0.001

Not significant

F(1,30) = 2.17, p = 0.151,

η2 = 0.068

None

9M Not significant

p = 0.790, η2 = 0.002

Not significant

F(1,32) = 0.72, p = 0.404,

η2 = 0.022

None

12M Not significant

p = 0.169, η2 = 0.057

Not significant

F(1,33) = 3.39, p = 0.074,

η2 = 0.093

None

APP 6M Not significant

p = 0.451, η2 = 0.015

Not significant

F(1,38) = 0.97, p = 0.331,

η2 = 0.025

None

9M Not significant

p = 0.367, η2 = 0.023

Not significant

F(1,36) = 0.07, p = 0.792,

η2 = 0.002

None

12M Significant F(1,32) = 45.09, p < 0.001,

η2 = 0.585

Significant
F(1,32) = 11.42, p = 0.002,

η2 = 0.263

Female EtOH > Female H2O
(p < 0.001)

Male EtOH > Male H2O
(p = 0.016)
Female EtOH > Male EtOH
(p < 0.001)

Female H2O = Male H2O

(p = 1.000)

Aβ 6M Not significant

p = 0.425, η2 = 0.021

Not significant

F(1,30) = 0.01, p = 0.924,

η2 = 0.000

None

9M Not significant

p = 0.144, η2 = 0.060

Not significant

F(1,35) = 2.14, p = 0.152,

η2 = 0.058

None

12M Significant

F(1,34) = 7.99, p = 0.008, η2 = 0.190

Not significant

F(1,34) = 0.66, p = 0.422,

η2 = 0.019

EtOH > H2O (p = 0.008)
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females (6M vs. 12M: p < 0.001; 9M vs. 12M: p = 0.047). For the

main effect of drinking history in females (Figure 3C), binge-drinking

females made less entries into the light side relative to their water-

drinking counterparts. Figures depicting the means ± SEMS for all

measures from the light dark shuttle box test are presented separately

for males and females in Figure S1A–F.

3.2.2 | Marble burying test

A significant main effect of age was observed for the number of mar-

bles buried by female mice [F(2,62) = 25.62, p < 0.001, ɳ2 = 0.452;

Figure 3D]. Post hoc tests determined that 9M females buried more

marbles than both the 6M (p < 0.001) and 12M (p < 0.001) female

mice. Similarly, a significant main effect of age was detected in male

mice [F(2,66) = 3.52, p = 0.035, ɳ2 = 0.096; Figure 3E], with 9M

males burying significantly more marbles than the 6M males

(p = 0.035). Figures depicting the means ± SEMS for all measures

from the light dark shuttle box test are presented separately for males

and females in Figure S1G,H.

3.2.3 | Forced swim test

In male mice, a significant main effect of Age was detected for the

latency to first float in the forced swim test [F(2,65) = 3.88,

p = 0.026, ɳ2 = 0.107; Figure 3F]. Tests for multiple comparisons

indicated that 6M males exhibited a shorter latency to first float

than the 12M males (p = 0.008). Additionally, for female mice, a

significant main drinking history effect was found for the total time

spent immobile [F(2,61) = 5.25, p = 0.025, ɳ2 = 0.079; Figure 3G],

with binge-drinking females spending more time immobile than

their water-drinking controls. Figures depicting the means ± SEMs

for all measures from the forced swim test are presented sepa-

rately for males and females in Figure S1I–N.

3.2.4 | Acoustic startle and prepulse inhibition of
acoustic startle

The only statistically significant results regarding acoustic startle was

an amplitude � age interaction [F(3.49, 104.73) = 2.67, p = 0.043,

ɳ2 = 0.082] in male mice that reflected lower startle amplitude in

response to the background noise (st0) by 12–month-old males

(p's > 0.016) and a lower response to the 90 dB startle stimulus by 6–

month-old males (p = 0.007). This result and figures depicting all mea-

sures from acoustic startle testing are presented in Figure S2.

3.3 | Morris water maze

3.3.1 | Flag test

In female mice, a significant main age effect was observed for the

latency to locate the flagged platform [F(2,62) = 3.75, p = 0.029,

ɳ2 = 0.108; Figure 4A]. Post hoc comparisons revealed that 6M

female mice located the visible platform more quickly than 12M

female mice (p = 0.009). Figures depicting the means ± SEMs for all

measures from the flag test are presented in Figure S3A–E.

3.3.2 | Maze acquisition

In female mice, a significant day � age interaction was found for the

average latency to locate the hidden platform during the Moris maze

acquisition [F(3.34, 101.95) = 5.16, p = 0.002, ɳ2 = 0.145], which

was then analysed across the day factor. As illustrated in Figure 4B,

12M females required significant more time to locate the platform

than their 6M counterparts on day 1 of training (p = 0.004), while the

opposite pattern was observed on day 3, with 12M females locating

the platform faster than 6M females (p = 0.022). Similarly, in male

mice, a significant day � age interaction was detected [F(3.39,

F IGURE 2 Depiction of the sex and age differences in alcohol intake and corresponding BAC levels. (A) Female mice consumed more alcohol
on average over the 30-day drinking period compared to males, with no significant interaction between sex and age. (B) BAC levels measured on
day 25, with females displaying higher BACs than males, reflecting the sex-specific intake patterns seen with total intake. (C) Scatter plot
demonstrating a positive correlation between alcohol intake and BAC on day 25 in this study. The dotted line in (C) represents the legal
intoxication threshold. Figures show means ± SEMs. *p < 0.05, female versus male.
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103.49 = 3.05, p = 0.026, ɳ2 = 0.091; Figure 4C]. This interaction

was also deconstructed along the day factor and found that on day

3 of training, 6M males required more time to reach the platform than

the 9M (p ≤ 0.001) and 12M (p < 0.001) male mice. Figures depicting

the means ± SEMs for all measures from the acquisition phase of the

Morris water maze are presented in Figure S3F–K.

3.3.3 | Probe test

In male mice, a significant main effect of age was observed for the

latency to re-enter the former platform location [F(2,63) = 4.45,

p = 0.016, ɳ2 = 0.124]. As shown in Figure 4D, post hoc analyses

revealed that 9M males had a longer latency to re-enter the for-

mer location compared with the 6M (p = 0.006) and 12M males

(p = 0.020). For female mice, a significant age � drinking history

interaction was observed for the number of times female mice

entered into the platform's former location in the maze during

the 2-min probe test [F(2,62) = 3.79, p = 0.028, ɳ2 = 0.109;

Figure 4E], prompting an analysis across the age factor to identify

differences between alcohol and water-drinking mice. Pairwise

comparisons revealed that 9M binge-drinking females made fewer

entries to the platform's former location than their water-drinking

counterparts (p = 0.013). In male mice, a significant main age

F IGURE 3 Depiction of the significant age by drinking history ANOVA results for the observed behaviour in the light dark box shuttle,
marble-burying and forced swim tests for female and male mice. (A) Total time spent by female mice on the light side, showing a significant main
age effect with 6-month-old (6M) females spending more time in the light side compared to other age groups. (B) Total number of light-side
entries by female mice, showing a significant main age effect with fewer entries by 12-month-old (12M) females and more entries by 6M females
compared to other age groups. (C) Total number of light-side entries by female mice, showing a significant main drinking history effect.
(D) Number of marbles buried by female mice, showing a significant age effect with 9-month-old (9M) females burying more marbles than other
age groups. (E) Number of marbles buried by male mice, showing a significant age effect with 9M males burying more marbles than 6M males.
(F) Latency to first exhibit immobility in the forced swim test for male mice, showing a significant age effect with a shorter latency in 6M males
compared to 12M males. (G) Total time spent immobile by female mice in the forced swim test, showing a significant drinking history effect.
Figures show means ± SEMs. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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effect was observed for the number of entries into the former

platform location [F(2, 66) = 24.88, p < 0.001, ɳ2 = 0.430;

Figure 4F]. Post hoc analyses indicated that 12M males made more

entries compared to both 6M (p < 0.001) and 9M (p < 0.001)

male mice.

3.3.4 | Reversal test

We failed to detect any significant group differences in behaviour

during the reversal test conducted in the Morris water maze

(Figure S3L-Q).

3.4 | Radial arm maze

3.4.1 | Time taken to complete the radial arm maze

A significant day � age � drinking history interaction was detected

for the time taken by female mice to complete the radial arm maze [F

(10,310) = 2.75, p = 0.003, ɳ2 = 0.081]. Deconstruction of this inter-

action along the age factor detected a significant day � drinking his-

tory interaction for the 9M females [F(3.28, 65.50) = 3.51, p = 0.017,

ɳ2 = 0.149; Figure 5A], which reflected a longer time taken by 9M

water-drinking females to complete the maze on day 4 of training

(p = 0.005). A significant day � drinking history interaction was also

F IGURE 4 Depiction of the significant results for the Morris water maze for female and male mice. (A) Time to locate the flagged hidden
platform in female mice, showing a significant main age effect with 6-month-old (6M) females showing a shorter latency compared to 12-month-
old (12M) females. (B) Latency to locate the hidden platform during the acquisition phase in female mice, showing a significant day � age
interaction. (C) Latency to locate the hidden platform during the acquisition phase in male mice, showing a significant day � age interaction.
(D) Latency to enter the platform's former location in the NE quadrant during the probe test in male mice, showing a significant main age effect
with 9-month-old (9M) males showing a longer latency compared to 6M and 12M males. (E) Number of entries to the former platform location in
female mice, showing a significant age by drinking history interaction, with 9M binge-drinking females making fewer entries compared to 9M
water-drinking females. (F) Number of platform entries during the probe test in male mice, showing a significant age effect with 12M males
making more entries compared to other age groups. Figures show means ± SEMs. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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detected for 12M females [F(3.59, 75.37) = 2.88, p = 0.033,

ɳ2 = 0.121; Figure 5B], which reflected a longer time taken by binge-

drinking versus water controls on day 3 of training (p = 0.013). Akin

to females, a significant day � age � drinking history interaction was

detected for the male mice [F(10,330) = 2.82, p = 0.002, ɳ2 = 0.079].

Deconstruction of this interaction along the age factor detected a sig-

nificant day � drinking history interaction for the 6M males [F(5,110)

= 4.53, p = 0.001, ɳ2 = 0.171; Figure 5C], which reflected less time

by binge-drinking mice to complete the maze compared to their

water-drinking counterparts on days 2, 6 and 7 (p's < 0.046; all other

p's > 0.162). Figures depicting the means ± SEMs for all measures

from the time taken to complete the radial arm water maze are pre-

sented in Figure S4A–C.

3.4.2 | Reference memory errors

A very strong statistical trend for a day � age � drinking history

interaction was observed for the number of reference memory

errors committed by female mice during radial arm maze testing [F

(7.76, 240.63) = 1.98, p = 0.051, ɳ2 = 0.060]. Deconstruction of the

3-way interaction along the age factor detected a significant day �
drinking history interaction for the 9M females [F(5,100) = 3.19,

p = 0.010, ɳ2 = 0.138; Figure 5D] that reflected more reference

errors on days 2, 6 and 7 by binge-drinking females, compared to

their water-drinking counterparts (p's < 0.032; all other p's > 0.057).

Similarly, a significant day � age � drinking history interaction was

observed for the male mice [F(10,330) = 2.36, p = 0.010,

F IGURE 5 Depiction of the significant results for the radial arm water maze for female and male mice. (A) Depiction of the significant day by
drinking history interaction for time taken to complete the maze for female 9M mice, reflecting a longer time taken by water-drinking versus
binge-drinking females on day 4. (B) Depiction of the same interaction for the 12M females, reflecting a longer time taken by binge-drinking
versus water controls on day 3. (C) Depiction of the significant day by age by drinking history interaction was observed for the time taken by
male mice to complete the radial arm maze for which 6M binge-drinking males completed the maze more quickly on days 2, 6 and 7 versus their
water controls. A significant day by age � drinking history interaction for number of reference memory errors was detected in female mice that
reflected (D) a significant day by drinking history interaction for the 9M females. A three-way interaction was also detected for this variable in

males that reflected (E) less errors by 12M binge-drinking males on day 5 compared to water-drinking controls. A significant day by age by
drinking history interaction for the number of working memory correct errors was also detected in females that (F) more errors by 12M binge-
drinking females versus their water controls on day 3. (G) Depiction of the significant day by drinking history interaction was observed for the
number of working memory incorrect errors in the 12M females, with binge-drinking females committing more errors than water controls on day
3. (H) A depiction of the significant day by age interaction for this variable in males, reflected more errors by 6M versus 9M mice on days 2 and
4, while on day 3, 12M mice committed the most errors and on day 7, 9M mice committed more errors than the 12M mice. Figures show means
± SEMs. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.

20 of 35 CHAVEZ ET AL.



ɳ2 = 0.067]. For the 12M males, a significant day � drinking history

interaction was observed [F(5,110) = 2.34, p = 0.046, ɳ2 = 0.096;

Figure 5E] and reflected fewer reference memory errors by binge-

drinking versus water-drinking males on day 5 (p = 0.040).

Figures depicting the means ± SEMs for all measures from number

of reference memory errors committed during the radial arm water

maze are presented in Figure S4D–G.

3.4.3 | Working memory correct errors

A significant day � age � drinking history interaction was detected

for the number of working memory correct errors committed by

female mice [F(10,310) = 2.32, p = 0.012, ɳ2 = 0.070]. Deconstruc-

tion of this interaction along the age factor revealed a significant

day � drinking history interaction for the 12M female mice [F

(5, 105) = 2.85, p = 0.019, ɳ2 = 0.120; Figure 5F], which reflected

more errors by binge-drinking females than water controls on day

3 (day 3: p = 0.014). Figures depicting the means ± SEMs for all

measures from number of working memory correct errors commit-

ted during the radial arm water maze are presented in

Figure S4H–L.

3.4.4 | Working memory incorrect errors

A significant day � age � drinking history interaction was found for

the number of working memory incorrect errors committed by the

female mice [F(10,310) = 2.00, p = 0.033, ɳ2 = 0.061]. Deconstruc-

tion of the interaction along the age factor identified a significant day

� drinking history interaction for the 12M females [F(5,105) = 2.64,

p = 0.028, ɳ2 = 0.112; Figure 5G] that reflected more working mem-

ory incorrect errors committed by binge-drinking versus water con-

trols on day 3 (day 3: p = 0.040; other days: p's > 0.131). For the male

mice, a significant day � age interaction was observed for the number

working memory incorrect errors [F(10,330) = 2.66, p = 0.004,

ɳ2 = 0.075]. As shown in Figure 5H, test for simple main effects

revealed that on days 2 and 4, 6M male mice committed more

F IGURE 6 Summary of the significant effects of the sex by drinking history ANOVA on the expression of glutamate-related proteins in the
entorhinal cortex. Group 1 mGlu receptors: (A) 6M mGlu1 and (B,C) 9M and 12M mGlu5 (monomer), the NMDA receptor subunits: (D) 12M
GluN1, (E,F) 9M and 12M GluN2B, (G) 12M Homer 2a/b, (H) 12M ERK and (I) 9M pERK. Data represent means ± SEMs, with specific significant
interactions and main effects highlighted. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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working memory incorrect errors compared to their 9M counterparts

(day 2: p = 0.049; day 4: p = 0.011). On day 3, the 12M males had

more working memory errors relative to both the 6M (p = 0.034) and

9M (p = 0.004) male mice. However, on day 7, 9M males exhibited a

greater number of working memory incorrect errors than the 12M

males (p = 0.025). Figures depicting the means ± SEMs for all mea-

sures from number of working memory incorrect errors committed

during the radial arm water maze are presented in Figure S4M–Q.

3.5 | Immunoblotting

The immunoblotting results below are organized by brain region. For

the sake of clarity, only statistically significant outcomes are

highlighted in the main text. Full statistical details, including null

results, are provided in Tables 1, 2 and 3. Graphical depictions of the

negative results for protein expression within the entorhinal cortex,

prefrontal cortex and amygdala are presented in Figures S5–S10.

3.6 | Entorhinal cortex

3.6.1 | Group 1 mGluRs

A significant interaction between sex and drinking history was

detected for mGlu1 expression only in 6M mice [F(1,34) = 7.71,

p = 0.009, ɳ2 = 0.185; Figure 6A]. LSD tests for simple main effects

showed that 6M binge-drinking male mice exhibited a significantly

higher mGlu1 expression versus both their water-drinking counter-

parts (p = 0.006) and the female binge-drinking mice (p < 0.001).

Additionally, a significant main effect of drinking history was detected

for the mGlu5 monomer expression in both 9M [F(1,34) = 4.73,

p = 0.037, ɳ2 = 0.122; H2O > EtOH; Figure 6B] and 12M mice [F

(1,27) = 12.59, p = 0.001, ɳ2 = 0.318; EtOH > H2O; Figure 6C].

3.6.2 | NMDA subunits

A significant sex � drinking history interaction for GluN2B was

detected in 9M mice [F(1,32) = 5.47, p = 0.009, ɳ2 = 0.185;

Figure 6E] and LSD tests for simple main effects indicated lower

GluN2B expression in binge-drinking males versus both their water

controls (p < 0.001) and binge-drinking females (p < 0.001). Addition-

ally, significant interactions for both GluN1 and GluN2B subunits were

detected in 12M mice [GluN1: F(1,27) = 5.91, p = 0.010, ɳ2 = 0.220;

GluN2B: F(1,25) = 11.24, p = 0.003, ɳ2 = 0.310]. Analysis of simple

main effects revealed that 12M binge-drinking mice exhibited higher

levels of both GluN1 and GluN2B than both male water-drinking con-

trols (GluN1: p = 0.006; GluN2B: p < 0.001) and female alcohol-

drinking mice (GluN1: p < 0.001; GluN2B: p < 0.001), as shown in

Figure 6D,F, respectively.

3.6.3 | Homer proteins

A significant main effect of drinking history was detected for Homer

2a/b levels in the 12M mice [F(1,25) = 4.59, p = 0.042, ɳ2 = 0.155;

EtOH > H2O; Figure 6G).

3.6.4 | ERK

A significant interaction was observed for p (Tyr204)-ERK in 9M mice

[F(1,31) = 7.30, p = 0.011, ɳ2 = 0.191; Figure 6I] that reflect higher

phospho-ERK levels in binge-drinking males, compared to both the

male water-drinking mice (p = 0.001) and female binge-drinking mice

(p < 0.001). Additionally, in 12M mice, a significant interaction was

detected for ERK expression [F(1,28) = 15.52, p < 0.001, ɳ2 = 0.357;

Figure 6H].

3.6.5 | Tau proteins

A significant sex � drinking history interaction was detected in 9M

mice [F(1,33) = 5.96, p = 0.020, ɳ2 = 0.153; Figure 7A] and simple

main effects analysis indicated revealed elevated p (Thr217)-Tau

levels in binge-drinking males, relative to both their male

water-drinking controls (p = 0.002) and female alcohol-drinking

counterparts (p < 0.001). Additionally, a significant drinking

history effect was also detected in 12M mice [F(1,28) = 16.51,

p < 0.001, ɳ2 = 0.371; EtOH > H2O; Figure 7B]. For p (Ser936)-

Tau, a significant main effect of drinking history was found in 9M

mice [F(1,33) = 15.17, p < 0.001, ɳ2 = 0.315; H2O > EtOH;

Figure 7C].

3.6.6 | BACE isoforms

Significant main drinking history effects were observed in 6M mice

for both BACE 56 kDa [F(1,32) = 5.27, p = 0.028, ɳ2 = 0.141;

H2O > EtOH; Figure 7D] and BACE 70 kDa [F(1,36) = 17.63,

p < 0.001, ɳ2 = 0.329; H2O > EtOH; Figure 7E]. Moreover, a signifi-

cant drinking history effect was observed for BACE 70 kDa in 12M

animals [F(1,28) = 5.53, p = 0.026, ɳ2 = 0.157; H2O < EtOH;

Figure 7F].

3.6.7 | APP and Aβ

A significant main drinking history effect was observed in 12M mice

for APP [F(1,34) = 15.82, p < 0.001, eta = 0.331; H2O < EtOH;

Figure 7G]. Additionally, for Aβ, a significant main drinking history

effect was detected in 9M mice [F(1,37) = 10.09, p = 0.003,

ɳ2 = 0.241; H2O > EtOH; Figure 7H].
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3.7 | Prefrontal cortex

3.7.1 | Group 1 mGluRs

A significant main effect of drinking history was detected for PFC

mGlu1 expression in 6M mice [F(1,37) = 4.59, p = 0.039,

η2 = 0.110; Figure 8A] that reflected elevated mGlu1 expression in

binge-drinking mice of both sexes, compared to their water-

drinking counterparts. Additionally, a significant main drinking his-

tory effect was detected for mGlu5 monomer expression in 6M

mice [F(1,33) = 6.41, p = 0.016, η2 = 0.163; EtOH > H2O;

Figure 8B]. In 9M mice, a significant sex � drinking history interac-

tion was observed for mGlu5 monomer levels [F(1,39) = 5.40,

p = 0.025, η2 = 0.122; Figure 8C] and LSD tests for simple main

effects detected elevated mGlu5 monomer levels in male water-

versus male binge-drinking mice (p = 0.010), in addition to higher

mGlu5 monomer expression in female versus male binge-drinking

mice (p = 0.001).

3.7.2 | NMDA subunits

A significant main drinking history effect on GluN1 was detected

for the 9M mice [F(1,40) = 5.02, p = 0.031, η2 = 0.112;

H2O > EtOH; Figure 8D]. A significant main drinking history effect

was identified for GluN2B expression in 6M mice [F(1,34) = 9.36,

p = 0.004, η2 = 0.216; EtOH > H2O; Figure 8E], while a significant

interaction was detected in 9M mice [F(1,33) = 13.36, p < 0.001,

η2 = 0.288; Figure 8F], that reflected lower GluN2B expression in

female binge-drinking mice, relative to both their female water-

drinking counterparts (p = 0.002) and the male binge-drinking mice

(p < 0.001).

3.7.3 | Homer proteins

A significant main drinking history effect was observed for

both Homer 1b/c [F(1,35) = 19.09, p < 0.001, η2 = 0.353;

F IGURE 7 Summary of the significant effects of the sex by drinking history ANOVA on the expression of indices of neuropathology in the
entorhinal cortex. Tau proteins: (A,B) 9M and 12M p (Thr217)-tau and (C) 9M p (Ser396)-tau, the BACE isoforms: (D) 6M BACE 56 kDa and (E,F)
6M and 12M BACE 70 kDa, (G) 12M APP and (H) 9M Aβ. Data represent means ± SEMs, with specific significant interactions and main effects
highlighted. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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EtOH > H2O; Figure 8G] and Homer 2a/b [F(1,38) = 16.93,

p < 0.001, η2 = 0.308; EtOH > H2O; Figure 8H] expression within

the PFC of 6M mice.

3.7.4 | ERK

A significant main drinking history effect was observed for ERK

expression in the PFC for 6M mice [F(1,41) = 9.76, p = 0.003,

η2 = 0.192; EtOH > H2O; Figure 8I]. Similarly, a significant main effect

of drinking history was observed for PFC p (Tyr204)-ERK expression

in 6M mice [F(1,35) = 44.94, p < 0.001, η2 = 0.562; EtOH > H2O;

Figure 8J]. Moreover, a significant sex � drinking history interaction

for p (Tyr204)-ERK expression was observed in 12M mice [F(1,28)

= 4.57, p = 0.042, η2 = 0.140; Figure 8K], which reflected higher

phospho-ERK expression for the female binge-drinking mice when

compared to the their male binge-drinking counterparts (p = 0.007).

3.7.5 | Tau proteins

A significant main drinking history effect was detected for PFC

expression of p (Thr217)-Tau in 6M mice [F(1,34) = 4.86,

p = 0.034, η2 = 0.125; EtOH > H2O; Figure 9A]. Additionally, for

the 12M cohort, a significant main effect of drinking history

was found for p (Ser396), with binge-drinking mice exhibiting

lower levels of p (Ser396)-Tau in comparison to their water-

drinking counterparts [F(1,28) = 10.01, p = 0.004, η2 = 0.263;

Figure 9B].

3.7.6 | APP and Aβ

A significant drinking history effect was observed for APP expression

in the PFC of 12M mice [F(1,33) = 5.36, p = 0.027, η2 = 0.140; EtOH

> H2O; Figure 9C].

F IGURE 8 Summary of the significant effects of the sex by drinking history ANOVA on the expression of glutamate-related proteins in the
prefrontal cortex. Group 1 mGlu receptors: (A) 6M mGlu1, (B,C) 6M and 9M mGlu5 (monomer), the NMDA receptor subunits: (D) 9M GluN1 and
(E,F) 6M and 9M GluN2B, (G) 6M Homer 1b/c and (H) 6M Homer 2a/b, (I) 6M ERK and (J,K) 6M and 12M pERK. Data represent means ± SEMs,
with specific significant interactions and main effects highlighted. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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3.8 | Amygdala

3.8.1 | Group 1 mGluRs

Sex � drinking history ANOVAs detected a significant interaction for

amygdala expression of mGlu1 in 6M mice [F(1,30) = 4.50, p = 0.042,

η2 = 0.130; Figure 10A], which reflected higher mGlu1 levels in female

binge-drinking mice versus their female water-drinking controls

(p = 0.001) and male binge-drinking counterparts (p = 0.002). Addition-

ally, a significant main drinking history effect was detected in 12M mice

[F(1,33) = 7.93, p = 0.008, η2 = 0.194; EtOH > H2O; Figure 10B]. For

mGlu5 dimer expression, a significant sex � drinking history interaction

was detected in both the 6M [F(1,35) = 5.94, p = 0.020, η2 = 0.145;

Figure 10C] and 12M animals [F(1,33) = 25.93, p < 0.001, η2 = 0.440;

F IGURE 9 Summary of the significant effects of the sex by drinking history ANOVA on the expression of indices of neuropathology in the
prefrontal cortex. Tau proteins: (A) 6M p (Thr217)-tau and (B) 12M p (Ser396)-tau and (C) 12M APP. Data represent means ± SEMs, with specific
significant main effects highlighted. *p < 0.05, EtOH versus H2O.

F IGURE 10 Summary of the significant effects of the sex by drinking history ANOVA on the expression of glutamate-related proteins in the
amygdala. Group 1 mGlu receptors: (A,B) 6M and 12M mGlu1 and (C–E) 6M, 9M and 12M mGlu5 (dimer), (F) 9M GluN2B, (G) 12M Homer 1b/c,
(H) 12M ERK and (I,J) 6M and 12M pERK. Data represent means ± SEMs, with specific significant interactions and main effects highlighted.
*p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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Figure 10E]. In both cases, female binge-drinking mice exhibited higher

mGlu5 dimer expression relative to their female water-drinking controls

(6M: p = 0.029; 12M: p < 0.001) and their male binge-drinking counter-

parts (6M and 12M: p's < 0.001). A main drinking day effect was also

observed for mGlu5 dimer expression in 9M mice [F(1,34) = 4.38,

p = 0.044, η2 = 0.114; EtOH < H2O; Figure 10D].

3.8.2 | NMDA subunits

A significant main drinking history effect was observed for GluN2B

in 9M mice [F(1,30) = 14.53, p < 0.001, η2 = 0.0326; EtOH < H2O;

Figure 10F].

3.8.3 | Homer proteins

A significant drinking history effect was observed for amygdala

Homer1b/c in 12M mice [F(1,34) = 15.55, p < 0.001, η2 = 0.314;

EtOH > H2O; Figure 10G].

3.8.4 | ERK

A significant drinking history effect on ERK was detected for the 12M

mice [F(1,28) = 12.66, p = 0.001, η2 = 0.311; EtOH < H2O;

Figure 10H]. A drinking history effect was also detected for p

(Tyr204)-ERK in 6M [F(1,38) = 14.39, p = 0.001, η2 = 0.275; EtOH >

H2O; Figure 10I]. However, this group difference was reversed in the

12M mice [drinking history effect: F(1,28) = 9.84, p = 0.004,

η2 = 0.260; EtOH < H2O; Figure 10J].

3.8.5 | Tau protein

A significant drinking history effect on amygdala Tau expression was

observed in 6M mice [F(1,36) = 8.35, p = 0.007, η2 = 0.188; EtOH <

H2O; Figure 11A], with lower Tau levels in binge-drinking mice com-

pared to water-drinking mice. In 12M mice, a main drinking history

effect was also observed, but in contrast to 6M animals, this effect

reflected higher Tau expression in binge- versus water-drinking mice

[F(1,27) = 9.30, p = 0.005, η2 = 0.256; Figure 11B]. For p (Ser396)-

Tau, significant main drinking history effects were observed in both

the 9M [F(1,32) = 11.53, p = 0.002, η2 = 0.265; EtOH < H2O;

Figure 11C] and 12M mice [F(1,27) = 16.63, p < 0.001, η2 = 0.381;

EtOH < H2O; Figure 11D].

3.8.6 | BACE isoforms

A significant main effect of drinking history was observed for BACE

56 kDa in 12M mice [F(1,34) = 5.36, p = 0.027, η2 = 0.136; EtOH >

H2O; Figure 11E].

3.8.7 | APP and Aβ

A significant sex � drinking history interaction was observed in the

12M mice for APP [F(1,32) = 11.42, p = 0.002, η2 = 0.263;

Figure 11F]. LSD tests for simple main effects indicated a higher APP

expression in female binge-drinking mice, compared to both their

female water-drinking controls (p < 0.001) and male binge-drinking

counterparts (p < 0.001). Moreover, 12M male binge-drinking mice

also displayed higher levels of APP versus their water-drinking

F IGURE 11 Summary of the significant effects of the sex by drinking history ANOVA on the expression of indices of neuropathology in the
amygdala. Tau proteins: (A,B) 6M and 12M tau and (C,D) 9M and 12M p (Ser396)-tau, (E) 12M BACE 56 kDa, (F) 12M APP and (G) 12M Aβ. Data
represent means ± SEMs, with specific significant interactions and main effects highlighted. *p < 0.05, EtOH versus H2O; #p < 0.05, age difference.
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controls (p = 0.016). Additionally, a significant drinking history effect

was observed for amygdala Aβ expression in 12M mice [F(1,34)

= 7.99, p = 0.008, η2 = 0.190; EtOH > H2O; Figure 11G].

4 | DISCUSSION

The present study tracked the progression of the neurodevelopmental

effects of a prior history of binge-drinking during adolescence over

the normal aging process through the study of 6-, 9- and 12-month-

old male and female C57BL6/J mice. This research involved the longi-

tudinal tracking of both cognitive and affective behaviour in relation

to aging-related changes in NMDA and Group 1 mGlu receptor-

related protein expression, as well as protein indices of neuropathol-

ogy associated with ADRD within the amygdala, the entorhinal cortex

(EC) and prefrontal cortex (PFC). To the best of our knowledge, this

study is the first to examine the long-term consequences of adoles-

cent binge-drinking from mature adulthood into middle age in both

female and male mice. Based on a relatively large literature indicating

that a history of adolescent alcohol exposure is sufficient to elicit bio-

behavioural anomalies that can manifest in adulthood,35,59 104–107 we

hypothesized that binge-drinking during the period of adolescence

into young adulthood would accelerate age-related decline in cogni-

tion and emotional regulation, concomitant with perturbations in

glutamate-related signalling and the expression of protein markers of

neuropathology. Further, based on the clinical literature demonstrat-

ing greater susceptibility to ADRD and alcohol-induced cognitive

impairment in women versus men,108–111 in addition to recent results

from our laboratory indicating that female mice with a history of

binge-drinking during mature adulthood exhibit more signs of cogni-

tive impairment than their male counterparts,43 we hypothesized

that alcohol-induced biobehavioural anomalies would have an earlier

onset, occur more frequently and/or be more severe, in female

versus male mice. While our results are complex, they nevertheless

provide evidence supporting enduring consequences of binge-

drinking during the adolescent/young adulthood period of neurode-

velopment, particularly with respect to our biochemical measures.

Also, consistent with our study of older mice,43 cognition-related

measures appear to be more consistently impacted by a prior his-

tory of binge-drinking than affective measures. Finally, aligning with

data from studies of transgenic murine models of ADRD,41,98,112,113

the majority of biochemical anomalies and the expression of neuro-

pathology markers tended to precede the manifestation of cognitive

anomalies in our aging mice with a prior history of early life binge-

drinking.

4.1 | Subject factor interactions in negative affect

Girls and women are purported to exhibit greater vulnerability to, and

severity of, anxiety-related disorders than boys and men.114,115 Fur-

ther, girls and women are reported to be more sensitive to the affec-

tive components of alcohol withdrawal.15,116 However, our prior

studies of younger adult mice (aged 1.5–2.5 months) examining for

sex differences in basal versus alcohol withdrawal-induced changes in

negative affect yielded relatively few sex differences in the expression

of anxiety-like behaviour, at least in the assays employed

herein.42,43,48 While the results of our first sex difference study42

might reflect confounds associated with exposure to pheromones of

mice from the opposite sex,70 our more recent reports,43,48 and the

current study, assayed signs of negative affect separately in males and

females to eliminate this confounding variable. Yet, despite these

efforts, we detected only a few sex differences in our anxiety-related

measures in studies of either 6- and 18-month-old mice43 or

2-month-old mice.48 Moreover, in our prior study of older mice,43 the

sex differences in affective behaviour varied by age (being more prev-

alent in 6- versus 18-month-old mice), but did not vary as a function

of sex as the alcohol effects were observed in both male and female

subjects. Consistent with this published work, the present study

revealed few sex-related differences in negative affect in mice ranging

from 6 to 12 months of age. Specifically, we detected an age-related

reduction in the both the time spent in, as well as the number of

entries into, the light side of the light–dark box test that was selective

for female mice (Figure 3A,B). Additionally, 9M females buried more

marbles than 6M and 12M females (Figure 3D), indicating peak

anxiety-like behaviour at this age. Interestingly, males also showed an

age-related effect in the number of marbles buried, with 9M males

burying more marbles than the 6M males (Figure 3E). Conversely, only

males exhibited an age-related increase in the latency to first float in

the forced swim test (Figure 3F), arguing that males switch their cop-

ing strategy in this assay from passive to active as they age. All three

of these sex by age interactions were independent of the alcohol his-

tory of the mice.

In contrast to a relatively recent report on the long-term effects

of a prior history of adolescent binge-drinking on measures of nega-

tive affect in 3xTG-AD mice,41 we detected only two alcohol effects

with respect to our negative affect measures—a reduction in the num-

ber of light-side entries (Figure 3C) and an increase in the time spent

immobile in the forced swim test (Figure 3G)—both of which were

age-independent and observed in females only. While we have

reported little to no sex differences in the expression of alcohol-

induced negative affect during early withdrawal,42,48 these results are

our first demonstration of a female-selective, long-term, effect of

prior adolescent binge-drinking history on negative affect, which likely

reflects the fact that mice in the present study binge-drank through-

out adolescence into young adulthood, while binge-drinking proce-

dures were restricted to the 2-week period corresponding to

adolescence in our earlier work.42,48 As the massive neuroplasticity

associated with the adolescent period of development continues into

early adulthood in both humans and laboratory animals,117,118 it is

perhaps not surprising that repeated bouts of binge-drinking during

adolescence into young adulthood would have a larger or longer-

lasting impact on brain function and behaviour than that during ado-

lescence alone. Indeed, we detected numerous alcohol-associated

changes in protein indices of glutamate transmission and neuropathol-

ogy in our aging mice with a prior binge-drinking history during

CHAVEZ ET AL. 27 of 35



adolescence/young adulthood (see Tables 1, 2, 3 and 4) to indicate

that early life binge-drinking has long-term consequences for the

brain. Further, approximately a third of these changes varied as a

function of sex, with alcohol-experienced females exhibiting the most

pronounced biochemical effects.

Given our biochemical results, particularly those for the amygdala

and PFC (see Table 4) that are key neural loci governing emotional

reactivity,119–122 one might question why so few alcohol-related

changes in affective behaviour were apparent in the present study?

Clearly, the lengthy duration of drug withdrawal is not a major factor

as robust changes in brain biochemistry and neuropathology were

detected at these late withdrawal time-points. Perhaps our alcohol-

induced biochemical and/or neuropathological changes were simply

of an insufficient magnitude and/or require more time to accumulate

in brain to drive more overt changes in behaviour? Related to this lat-

ter possibility, biochemical/neuropathological changes in the brain

often precede behavioural anomalies in many transgenic models of

neurodegenerative disease (e.g., Parkinson's and Alzheimer's

disease),123–125 which may also hold true for the long-term conse-

quences of early life alcohol exposure. Lastly, the possibility exists

that the behavioural paradigms employed in this study to assay nega-

tive affect are not as sensitive to the long-term effects of early alcohol

exposure as they are for detecting its short-term effects. Indeed, we

based our decision to assay negative affect using the light–dark

shuttle-box, marble-burying and forced swim tests in the present

study on data collected from adolescent and young adult (primarily

male) mice demonstrating that these three assays were the most reli-

able at detecting both the short- and longer-term (i.e. 1 versus

30 days withdrawal) effects of prior binge-drinking history.45,46,49,69

However, our more recent study of 6- and 18-month-old mice

detected robust alcohol effects in behavioural paradigms that we

abandoned over the years that we have studied adolescent binge-

drinking, including the elevated plus-maze and novel object reactivity

tests.43 Thus, a recommendation for any future work aimed at charac-

terizing alcohol-induced changes in the behaviour of older mice is to

employ a broad repertoire of assays for negative affect should they

prove to be differentially sensitive to the age of the subjects tested.

4.2 | Subject factor interactions in cognition

Aligning with our results for negative affect, we also detected rela-

tively few age-related deficits in cognitive performance in the present

study, particularly in the radial arm maze where the only significant

age-related effect related to the number of working memory incorrect

errors but was inconsistent over the course of maze acquisition and

only observed in male mice (Figure 5H). That being said, some evi-

dence indicated that cognitive performance varied with age and did

so in a sex-selective manner. Specifically, we observed an age-

dependent increase in the latency of female mice to find the flagged

platform at the outset of Morris water maze testing (Figure 4A).

Females also showed a significant age-dependent increase in the

latency to find the hidden platform on the first day of Morris water

maze training that was not as robust in male subjects (Figure 4B

vs. 4C). Other age-related differences in Morris water maze perfor-

mance were also male-selective, including a longer latency to first

enter the zone that formerly contained the hidden platform behaviour

by 9M males (Figure 4D) and an age-related increase in the number of

entries into the former platform location during the memory probe

test (Figure 4F). However, in contrast to the data from females, these

age-related effects in males are difficult to interpret as the former and

latter result is indicative of poorer and better spatial memory, respec-

tively. While only a few age-related effects were detected, such find-

ings are notable as they align with the bulk of the extant human and

laboratory animal literature arguing that females are more sensitive to

normal age-related cognitive decline than males.126–130

A prior history of early life binge-drinking also exerted few effects

on cognitive performance in the Morris water maze in B6 mice. This

contrasts with the results of an earlier study of 3XTg-AD mice where

prior adolescent intermittent alcohol exposure (5 g/kg/day) was found

to markedly enhance the cognitive impairment exhibited by these

transgenic mice months later in adulthood.41 However, it is notewor-

thy that the only effect observed (a reduction in the number of plat-

form entries) was apparent in 9M females (Figure 4E), particularly

considering that the alcohol-related effects on cognitive performance

in the radial arm maze were most consistently expressed by female

subjects (Figure 5). At the present time, it is not clear why alcohol

effects apparent in 9M females (e.g. fewer entries into the former

platform location (Figure 4E) and more reference memory errors

toward the end of radial arm maze training (Figure 5D)) were not

expressed also by the older females in this study. However, it is worth

noting that 12M females with a prior history of early life binge-

drinking exhibited the most consistent pattern of cognitive deficits

during radial arm maze testing (Figure 5). This latter result aligns well

with the extant literature indicating that females are more sensitive to

alcohol-induced acceleration of cognitive decline (e.g.43,131,132) and

demonstrate for the first time that inbred B6 females are more vulner-

able to the very long-term cognitive consequences of early life binge-

drinking. An important goal of future work is to extend these findings

for alcohol to even older mice (e.g. 18–24 months of age) that exhibit

more signs of age-related cognitive decline upon which to assess the

effects of early life binge-drinking.

4.3 | Subject factor interactions in protein markers
of glutamate transmission and neuropathology

As mentioned above, we detected a large number of alcohol-related

protein changes in all three brain regions examined, despite relatively

few overt changes in affective or cognitive behaviour. As apparent

from Table 4, the specific protein changes varied by brain region and

by the age of the mice at assay, with the number of protein changes

observed within the EC and amygdala increasing in an age-dependent

manner, while the number of protein changes in the PFC declined

with aging. Further, we failed to detect a single change in protein

expression that was consistent across all age groups, even within a
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TABLE 4 Summary of the differential protein expression patterns organized by age groups across various brain regions.

A

Glutamate-related proteins—all brain regions

Entorhinal cortex (EC) Prefrontal cortex (PFC) Amygdala (AMY)

6M 9M 12M 6M 9M 12M 6M 9M 12M

mGlu1 EtOH

M > H2O

M

EtOH

M > EtOH

F

EtOH

>

H2O

EtOH F > H2O F

EtOH F > EtOH

M

EtOH > H2O

mGlu5

Dimer

EtOH F > H2O F

EtOH F > EtOH

M

H2O > EtOH EtOH

F > H2O F

EtOH

F > EtOH M

mGlu5

Monomer

H2O > EtOH EtOH > H2O EtOH

>

H2O

EtOH

M < EtOH

F

EtOH

M < H2O

M

GluN1 EtOH M > H2O

M EtOH

M > EtOH F

EtOH <

H2O

GluN2B EtOH

M < H2O M

EtOH

M < EtOH F

EtOH M > H2O

M EtOH

M > EtOH F

EtOH

>

H2O

EtOH

F < H2O F

EtOH

F < EtOH

M

H2O > EtOH

Homer

1b/c

EtOH

>

H2O

EtOH > H2O

Homer

2a/b

EtOH > H2O EtOH

>

H2O

ERK EtOH F < H2O F

EtOH F < EtOH

M

EtOH

>

H2O

H2O > EtOH

pERK EtOH

M > H2O M

EtOH

M > EtOH F

EtOH

>

H2O

EtOH

F > EtOH

M

EtOH > H2O H2O > EtOH

B Neuropathological protein expression—all brain regions

Tau H2O > EtOH EtOH > H2O

pThr(217)

Tau

EtOH M > H2O

M

EtOH

M > EtOH F

EtOH >

H2O

EtOH >

H2O

pSer(396)

Tau

H2O > EtOH H2O > EtOH H2O > EtOH H2O > EtOH

BACE

56 kDa

H2O > EtOH EtOH > H2O

BACE

70 kDa

H2O > EtOH EtOH >

H2O

APP EtOH >

H2O

EtOH > H2O EtOH F > H2O

F

EtOH

F > EtOH M

(Continues)
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given brain region. It remains to be determined if that observation

reflects age-related dynamics in protein expression or an artefact

related to the procedural design of our study given that the tissue

from 6M, 9M and 12M mice were collected at different times. Never-

theless, it is clear from Table 4 that the majority of alcohol-related

protein changes were apparent in both sexes and that a prior history

of binge-drinking during adolescence/young adulthood is not only

capable of altering cellular activity (indexed by Egr-1 expression69)

and dysregulating glutamate neurotransmission in brain during early

withdrawal (e.g.45,46,57) but is sufficient to induce very long-term per-

turbations in cellular activity (indexed by p (Tyr204)-ERK expression)

and the expression of glutamate receptor-related proteins (the vast

majority of which were up-regulated during alcohol withdrawal) that

are linked to neurodegenerative mechanisms, such as amyloid-beta

deposition and tau hyperphosphorylation—hallmarks of both normal

age-related cognitive decline (e.g.127,133,134) and ADRD-related beha-

vioural pathologies.88–93

Aligning with this, we detected a host of alcohol-related changes

in the expression of such markers of dementia- and ADRD-associated

neuropathology, including an increase in the following: the highly spe-

cific biomarker of AD p (Thr217)-tau, the purported early marker of

AD neuropathology p (Ser396)-tau (Janelidze et al. 2020), the key

component of amyloid plaques Aβ β-amyloid peptide,135–137 both the

56 and 70 kD isoforms of the β-site amyloid precursor protein-

cleaving enzyme BACE and its target APP (c.f.135,137). These results

are consistent with those from our earlier study of older B6 mice,44 as

well as studies of 3xTg-AD transgenic mice,98 in which both male and

female mice with a history of alcohol-drinking exhibited comparable

changes in the expression of many ADRD-associated biomarkers in

brain. APP is demonstrated to directly interact with GluN2B subunits

of NMDA receptors, to affect synaptic function and promote amyloi-

dogenic fragments that exacerbate abnormal NMDA receptor activity

with age.138 While a causal relationship between our alcohol-induced

changes in glutamate receptor expression and in the levels of neuro-

pathology markers remain to be determined, the present results

extend our earlier findings from more aged mice44 by demonstrating

that a history of binge-drinking during early life is sufficient to perturb

glutamate receptor expression within the EC, PFC and amygdala and

to augment the expression of neuropathology markers during the nor-

mal aging process. Noteworthy is the fact that the majority of our

alcohol-related protein changes were apparent in both male and

female mice, despite the fact that the behavioural effects of early life

drinking were primarily sex-selective. Whether or not this brain-

behaviour discrepancy reflects sex differences in the behavioural

manifestation of brain anomalies (i.e. the notion that males and

females employ different neural mechanisms to generate behaviour)

and/or differential behavioural sensitivity to brain anomalies

(i.e. females may be more sensitive to smaller changes in biochemistry

than males) cannot be discerned from the results of the present study.

Further, it is possible that a greater congruency between behavioural

and biochemical outcomes might be observed in older mice that

naturally exhibit higher expression of ADRD-related biomarkers

(e.g.139–141). Nevertheless, it does appear from this collection of beha-

vioural and immunoblotting data that, at least with respect to the pro-

teins examined herein, the long-term biochemical effects of early life

binge-drinking within the EC, PFC and amygdala do not map perfectly

onto the behaviour of mature adult and middle-aged mice and may in

fact precede abnormal behaviour.

While the majority of alcohol-related protein changes observed

were not sex-selective, some sex-selectivity was noted for alcohol-

related changes in protein expression that appeared to vary with the

brain region examined (Table 4). For example, all but one alcohol

effect on protein expression within the EC was male-selective; binge-

drinking males exhibiting higher mGlu1 expression at 6M, lower

GluN2B at 9M, with higher GluN1, GluN2B, p (Thr217)-tau and p

(Tyr204)-ERK at 12M. The only female-selective alcohol-related pro-

tein change observed in the EC was reduced ERK expression in 12M

mice. The male-selectivity of the alcohol effect on protein expression

within the EC aligns with the results of our recent study of more aged

mice in which males exhibited a number of age and/or alcohol-related

changes in glutamate receptor expression within the hippocampus

that were not apparent in female mice.44 Unfortunately, we were not

able to assay protein expression within the hippocampus herein. How-

ever, given that the EC is a major afferent to the hippocampus

(e.g.142), we would predict similar patterns of alcohol-related changes

in hippocampal protein expression and the hippocampus will be an

important target of future work related to the long-term biochemical

consequences of early life binge-drinking.

Also consistent with our earlier report in which both male and

female older mice exhibited robust alcohol-related changes in glutamate

receptor expression within the PFC,44 we detected many alcohol-

related changes in protein expression within PFC, only a few of which

were sex-selective. These included: lower mGlu5 monomer expression

in 12M males, higher GluN2B in 9M females and higher p (Tyr204)-ERK

in 12M. While we did not assay for amygdala protein expression in our

earlier study of binge-drinking in older adult mice, a history of binge-

drinking during adolescence is reported to increase AD-associated

inflammation biomarkers within the amygdala of adult female, but not

male, 3XTg-AD mice.41 Consistent with a greater sensitivity of female

transgenic mice to alcohol-induced neuropathology in the amygdala, we

TABLE 4 (Continued)

B Neuropathological protein expression—all brain regions

EtOH M > H2O

M

Aβ H2O > EtOH EtOH > H2O
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detected no male-selective alcohol-related protein changes in the

amygdala while female binge-drinking mice exhibited higher expression

of mGlu1 and the mGlu5 dimer at 6M, as well as higher mGlu5 dimer

and APP levels at 12M.Whether and how any of our changes in protein

expression drive the few sex differences in alcohol-related changes in

affective and cognitive function observed herein is an important

research question we seek to address in future work.

5 | CONCLUSIONS

A prior month-long history of binge-drinking during adolescence into

young adulthood is sufficient to elicit changes in affect and cognition

that manifest into middle age, particularly in female mice. Moreover, a

prior history of binge-drinking over the period of adolescence and

early young adulthood produces many biochemical changes in the EC,

amygdala and PFC that are also apparent into middle age, to include

increased expression of ADRD-associated biomarkers. Most of the

alcohol-related changes in protein expression are not sex-selective,

although male-selective protein changes were prevalent within the

EC, while female-selective changes were prevalent in the amygdala.

While correlational in nature, the present results add to the growing

body of preclinical experimental evidence that a prior history of

excessive alcohol-drinking during early life can impact brain and

behaviour in the very long-term in a manner that can be sex-

dependent.
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