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Abstract

Heavy drinking can induce early-onset dementia and increase the likelihood of the progression 

and severity of Alzheimer’s Disease and related dementias (ADRD). Recently, we showed that 

alcohol-drinking by mature adult C57BL/6J mice induces more signs of cognitive impairment in 

females versus males without worsening age-related cognitive decline in aged mice. Here, we 

immunoblotted for glutamate receptors and protein markers of ADRD-related neuropathology 

within the hippocampus and prefrontal cortex (PFC) of these mice after three weeks of alcohol 

withdrawal to determine protein correlates of alcohol-induced cognitive decline. Irrespective 

of alcohol history, age-related changes in protein expression included a male-specific decline 

in hippocampal glutamate receptors and an increase in the expression of a beta-site amyloid 

precursor protein cleaving enzyme (BACE) isoform in the PFC as well as a sex-independent 

increase in hippocampal amyloid precursor protein. Alcohol-drinking was associated with altered 

expression of glutamate receptors in the hippocampus in a sex-dependent manner, while all 

glutamate receptor proteins exhibited significant alcohol-related increases in the PFC of both 
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sexes. Expression of BACE isoforms and phosphorylated tau varied in the PFC and hippocampus 

based on age, sex, and drinking history. The results of this study indicate that withdrawal 

from a history of alcohol-drinking during later life induces sex- and age-selective effects on 

glutamate receptor expression and protein markers of ADRD-related neuropathology within the 

hippocampus and PFC of potential relevance to the etiology, treatment and prevention of alcohol-

induced dementia and Alzheimer’s Disease.
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1. Introduction

Heavy alcohol drinking (> 14 drinks/week) significantly increases the likelihood of 

developing dementia [1–4] and reduces the age of dementia-onset in both humans [5] 

and laboratory rodents [e.g., 6–8]. In fact, alcohol use disorders (AUDs) account for 

approximately 60% of early-onset dementia cases and thus are the strongest modifiable 

risk factor for this condition [9]. Moreover, cognitive decline is associated even with light-

to-moderate alcohol consumption (< 8 drinks/week) [e.g., 10]. Women are nearly twice 

as likely to develop Alzheimer’s Disease (AD) and related dementias (ADRDs) than men 

[11,12] and are also more vulnerable to other alcohol-induced pathologies, including cancer, 

heart and liver disease [c.f., 13]. Thus, it is particularly concerning that the prevalence of 

AUD in women has increased by 84% over the past 10 years versus a 35% increase in 

men [14]. Adding to this concern, a published survey of individual drinking patterns during 

the early part of the coronavirus (COVID-19) pandemic indicated a 41% increase in heavy 

drinking reported by mature adult women (those between the ages of 30–59), over their 

pre-pandemic baseline [15]. Finally, more than half of the binge-drinks consumed within 

the United States are consumed by those aged 35+, with individuals aged 65+ reporting 

more frequent binge-drinking than younger age groups [16]. Thus, is it imperative that we 

investigate how biological sex interacts with a history of heavy drinking during mature 

adulthood to impact the brain and induce cognitive dysfunction.

Animal models of heavy alcohol-drinking or binge-drinking provide a powerful tool with 

which to study simultaneously the pathobiology of excessive drinking and its behavioral 

correlates, without the influence of variables that confound the interpretation of cause-effect 

relations in humans with AUD [17,18]. In this regard, a number of studies have employed 

transgenic mouse models of Alzheimer’s Disease (AD) to demonstrate that alcohol can 

accelerate both cognitive impairment and AD-related neuropathology [e.g., 5,7,19–21]. 

Aligning with these data, studies of wild-type, inbred, C57BL/6 (B6) mice also indicate 

that alcohol can induce microglial activation [22] and upregulate the expression of ADRD-

related genes in brain [e.g., 7,23,24]. In terms of behavior, a history of binge-drinking by 

adolescent B6 mice is reported to induce signs of cognitive impairment when assessed in 

later adulthood [25] and we recently showed that binge-drinking by B6 mice during mature 

adulthood (i.e., 6 months of age; [26]) accelerates cognitive decline to a level comparable to 
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aged (18 month-old) animals [8]. Although we did not detect a sex difference in age-related 

cognitive decline in our recent study, in two replicate studies of B6 mice, mature adult 

female alcohol-drinking mice exhibited more signs of cognitive impairment than their male 

counterparts [8], arguing that mature adult females are more vulnerable than males to an 

alcohol-induced acceleration of cognitive decline.

Here, we begin to probe the potential neurobiological bases for the Age by Alcohol by Sex 

interaction observed in our recent behavioral study of B6 mice [8]. Based on the evidence 

that alcohol can induce ADRD-related gene expression in B6 mice [7,23,24], we evaluated 

changes in the expression of certain ADRD-related proteins within the hippocampus and 

prefrontal cortex (PFC) of alcohol-drinking animals, two regions that are critical for a 

number of cognitive functions and known to be affected in ADRDs. Two major pathological 

hallmarks of AD are the deposition of amyloid plaques mainly composed of the β-amyloid 

peptide (Aβ), and neurofibrillary tangles comprised of hyperphosphorylated microtubule-

associated protein tau [c.f., 27,28]. The deposition of Aβ occurs with normal aging as 

diffuse plaques [29,30] and the activity of β-site amyloid precursor protein-cleaving enzyme 

(BACE) has been implicated in both age- [30] and ADRD-related amyloid plaque formation 

[31,32]. Thus, we determined whether or not a history of alcohol-drinking increased the 

expression of BACE isoforms and amyloid precursor protein (APP). Tau phosphorylation at 

Thr217 is considered a highly specific biomarker of AD in both preclinical and advanced 

stages of AD [33,34], while phosphorylation at Ser396 is considered to be one of the 

earliest events in ADRD neuropathology [35]; thus, we also immunoblotted for both 

of these forms of phosphorylated tau. Based on the decades of evidence implicating 

glutamate anomalies in the pathogenesis of ADRD [for recent reviews, 36–41] and our 

results demonstrating that a month-long history of binge-drinking is sufficient to induce 

a hyper-glutamate state throughout the mesocorticolimbic system of younger adult (2–3 

month-old) B6 mice [e.g., 42–47], we additionally probed for changes in the expression 

of Group 1 metabotropic glutamate receptors (mGlu1, mGlu5) and subunits of ionotropic 

glutamate receptors(β-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and 

N-methyl-D-aspartate (NMDA) receptors) within these regions. We hypothesized that both 

age-related and alcohol-induced cognitive impairment would be associated with anomalies 

in hippocampal and PFC protein expression, with mature adult female binge-drinking mice 

exhibiting a protein profile comparable to that of aged mice.

2. Methods

2.1. Subjects, alcohol-drinking and behavioral testing procedures

The present study examined hippocampal and PFC tissue obtained from the mice described 

in Study 3 of our recent behavioral report [8] and the housing, binge-drinking and behavioral 

testing procedures are detailed therein. In brief, both male and female 5 month-old and 17 

month-old mice were purchased from Jackson Laboratories (Sacramento, CA) and housed in 

same-sex and same experimental condition groups of 3–4 under standard ventilated caging 

and reverse cycle housing (lights off: 1100 h) conditions for 1 month prior to commencing 

binge-alcohol or water-drinking procedures. Binge-drinking consisted of 30 consecutive 

days of concurrent access to unadulterated 10, 20 and 40% (v/v) ethanol in tap water for 2 

Szumlinski et al. Page 3

Addict Neurosci. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



h/day, starting at 3 h after lights out, and was conducted in individual drinking cages located 

on a free-standing rack in the holding room. As discussed in detail in Jimenez Chavez et al. 

[8], the large scale of this study precluded simultaneous single-housing of the water control 

mice. As such, water control mice were handled daily by being placed, with their cage 

mates, into a novel drinking cage on same free-standing rack as the binge-drinking mice and 

mice were presented with a single sipper tube containing water, as conducted previously by 

our group [48–50].

The procedural time-line of behavioral testing of the mice prior to tissue collection is 

provided in Fig. 1A. As detailed previously [8], on the day following the 30-day drinking 

period, mice were first subjected to a 1-day behavioral test battery for negative affect 

with males and females tested on separate days. Then, all mice underwent a 5-day Morris 

water maze procedure, followed by a 14-day radial arm maze procedure. Tissue collection 

occurred two days following completion of radial arm maze testing, approximately 3 weeks 

following cessation of alcohol/water-drinking.

Food and water were available ad libitum except during the 2-h drinking session or 

behavioral testing. Throughout, cages were lined with sawdust bedding, nesting materials 

and a plastic enrichment device in accordance with vivarium protocols. 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.

2.2. Tissue dissection and immunoblotting

To determine the protein correlates of cognitive dysfunction, mice were decapitated 

approximately 48 h following the last radial arm maze session. Brains were extracted and 

cooled on ice, then the forebrain was sectioned in 1 mm-thick coronal slices at the level 

of the PFC and striatum. Using blunt forceps, the PFC was dissected out as illustrated in 

Fig. 1B and then the remainder of the brain was sectioned along the sagittal plane and the 

hippocampus removed from each hemisphere.

Immunoblotting was performed on whole cell homogenates and the procedures for preparing 

the tissue homogenates, the immunofluorescent detection of protein expression and protein 

quantification were similar to those employed in recent studies of glutamate receptor 

expression [51,52] and ADRD-related pathology [e.g., 28–30,35,36]. The following rabbit 

primary antibodies were used: mGlu5 (metabotropic glutamate receptor 5; 1:1000 dilution; 

Millipore; AB5675), GluN1 (NMDA receptor subunit 1; 1:250 dilution; Cell Signaling 

Technology; 5704S), GluA1 (AMPA receptor subunit 1; 1:200 dilution; Millipore; AB1504), 

APP (1:1000 dilution; Millipore-Sigma; 07–667), tau (1:1000 dilution; Sigma-Aldrich, 

SAB4501822), p(Ser396)-tau (1:500 dilution; Abcam; ab109390), and p(Thr217)-tau (1:500 

dilution; Invitrogen, 44–744). The following mouse primary antibodies were also employed: 

mGlu1 (metabotropic glutamate receptor 1; 1:1000 dilution; BD Biosciences; 610965), 

GluN2b (NMDA subunit 2b; 1:500 dilution; Invitrogen; MA1–2014), GluA2 (AMPA 

receptor subunit 2; 1:500 dilution; Synaptic Systems; 182 111), and BACE (1:250 dilution; 

Millipore Sigma; MAB5308). Note that as reported in our earlier study [52], our selected 

mGlu1 antibody failed to reliably detect the dimer form of the receptor (see Suppl. 
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Figure 1A,A’). As such, only the monomer form of this receptor is reported herein. 

Note that we attempted to immunoblot for the monomer and multimer forms of Aβ1–42 

in both hippocampal and PFC tissue using a commercially available rabbit antibody 

(dilutions ranging from 1:200 to 1:1000 dilution; Millipore Sigma-Aldrich; A9810), we 

were unsuccessful at detecting the predicted monomer band at 4 kD, nor any reliable 

multimer bands below approximately 20 kD (see Suppl. Figure 1B). Thus, we cannot report 

on any alcohol-induced accumulation of Aβ1–42, in relation to BACE or APP expression. 

Glyceraldehyde3-phosphate dehydrogenase (GAPDH) or calnexin expression was employed 

to control for protein loading and transfer using a rabbit or mouse primary anti-calnexin 

antibody (for rabbit primary, 1:1000 dilution; Enzo Life Sciences; ADI-SPA-860; for mouse 

primary, 1:500 dilution; Enzo Life Sciences; ADI-SPA-860-D) or a mouse anti-GAPDH 

primary (1:1000 dilution; ThermoFisher Scientific; MA5–15738-D680). However, technical 

issues occurred when initially immunoblotting the PFC tissue from the female mice for 

glutamate receptor-related proteins and we were unsuccessful at detecting either GAPDH 

or calnexin, despite robust expression for glutamate receptor proteins. Thus, for our assays 

of glutamate receptor proteins only, we opted to employ a mouse anti-CaMKIIα antibody 

(calcium/calmodulin-dependent kinase IIα; 1:1000 dilution; Millipore; 05–532) as a loading 

control for this tissue as we failed to detect any changes in CaMKIIα expression in either 

the hippocampus or PFC tissue from males (see Supplemental Fig. 1C), or in recent studies 

of cocaine-experienced rats [52]. 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 dilution; 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/GAPDH/CaMKIIα signal and then to the average value of the 6-month water 

control (i.e., 6 month-Water).

Due to the large number of experimental groups in this study, immunoblotting was 

conducted on the tissue from males and females separately as two independent experiments. 

While this approach precluded any direct determination of sex differences in protein 

expression, it enabled a direct examination of the effects of alcohol and age, as well as their 

interaction, within each sex of relevance to the interpretation of our sex- and age-selective 

behavioral results [see Ref [8]].

2.3. Statistical analyses

The immunoblotting data were expressed as a percent of the 6 month-Water controls 

on each gel and then analyzed using two-tailed univariate Alcohol X Age analyses of 

variance (ANOVAs), separately for each sex. For all analyses, significant interactions were 

followed up with t-tests, when appropriate, with significance defined as p < 0.05. Pearson’s 

correlational analysis was conducted to determine the relationship between total alcohol 

intake and blood ethanol concentration.
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3. Results

3.1. Summary of prior behavioral results

The behavioral results from this study are detailed in Experiment 3 of Jimenez Chavez et 

al. [8] and are briefly summarized here. On average, over the 30-day course of drinking, 

female mice consumed more alcohol than males, and the 6 month-old mice consumed 

more alcohol than the 18 month-old animals. On the 30th and last day of drinking, blood 

ethanol concentration (BEC) determinations indicated both an age- and sex-difference that 

reflected lower BECs in females versus males and in the 6 month-old versus 18 month-old 

mice (Fig. 1C). As summarized in Fig. 1C, the BECs of the 18 month-old mice and the 6 

month-old males were within error of the 80 mg/dl criterion for binge-drinking, while that 

of the 6 month-old females was inexplicably half that exhibited by the other groups, despite 

comparable intake to their 6 month-old male counterparts. As such, there was no significant 

correlation between the total alcohol intake of the mice on Day 30 and the BECs attained at 

the end of the 2-h drinking period (r=−0.133, p = 0.368, n = 48).

The key significant findings from the cognitive testing of these mice are summarized in 

Fig. 1D. As highlighted, both age and drinking history negatively impacted a number of 

measures under both Morris water and radial arm maze procedures, with a few overall sex 

differences also observed. We also detected several interactions between sex, binge-drinking 

history and/or age of drinking onset that prompted this follow-up biochemical study. For 

one, alcohol-drinking (Drinking-in-the-dark or DID) females of both ages took longer than 

their water controls to locate a repositioned platform during reversal learning in the Morris 

water maze; males showed the opposite pattern of effect. Second, 6 month-old DID mice 

of both sexes committed more working memory correct and incorrect errors (respectively, 

the number of re-entries into an arm that formerly contained a platform and the number 

of re-entries into an arm that never contained a platform). Consequently, 6 month-old DID 

mice took longer to complete the radial arm maze than the 6 month-old water-consuming 

(Water) controls; no alcohol-induced working memory impairments were detected in the 

18 month-old mice. As aged mice successfully navigated the radial arm maze, the lack of 

an alcohol effect in the 18 month-old mice cannot be readily attributed to a floor effect on 

behavior. Together, these radial arm maze results suggest that mature adult mice are more 

prone than aged mice to alcohol-induced working memory dysfunction.

Finally, as evidence that mature adult females may be more sensitive than males to alcohol-

induced cognitive impairment, the 6 month-old female mice required significantly more 

days to reach the criteria for radial arm maze acquisition and engaged in significantly 

more chaining behavior (a non-memory strategy in which mice simply visit adjacent arms 

to navigate the radial arm maze) than their female water controls, with no alcohol-water 

difference detected in older mice or in 6 month-old males. Notably, these latter results 

indicating more signs of alcohol-induced cognitive decline in mature adult females versus 

males aligns with findings from the two other studies presented in our prior report [8], 

prompting the current examination of sex by age interactions in the effects of binge-drinking 

on protein expression.
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3.2. Sex differences in the effects of age and alcohol-drinking on glutamate receptor 
expression within hippocampus

Immunoblotting for AMPA receptor subunits in the hippocampus of male mice indicated 

significant Age effects for both GluA1 (Fig. 2A) [F(1,46)=9.098, p = 0.004; other 

p’s>0.254] and GluA2 (Fig. 2B) [F(1,46)=6.838, p = 0.012; other p’s>0.168], irrespective 

of the prior alcohol-drinking history of the animals (Alcohol effects and interactions, 

p’s>0.168). Similarly, we also detected an age-related reduction in the hippocampal 

expression of the obligatory GluN1 NMDA receptor subunit (Fig. 2C) [F(1,47)=4.428, p 
= 0.041; other p’s>0.500]. Although both the NMDA receptor subunit GluN2b (Fig. 2D) 

and the monomer form of mGlu1 (Fig. 2E) also appeared to be lower in 18 versus 6 

month-old mice, these differences were not statistically significant (Age effects: for GluN2b, 

p = 0.088; for mGlu1, p = 0.141) nor were the apparent interactions in protein expression 

(Age X Alcohol: for GluN2b, p = 0.095; for mGlu1 monomer, p = 0.104). However, 

both hippocampal GluN2b (Fig. 2D) and mGlu1 (Fig. 2E) exhibited an alcohol-induced 

increase in expression, as did the dimer form of mGlu5 (Fig. 2F) [Alcohol effects: for 

GluN2b, F(1,46)=4.464, p = 0.040; for mGlu1, F(1,47)=6.755, p = 0.013; for mGlu5 dimer, 

F(1,46)=6.679, p = 0.013; other p’s>0.243]. No group differences were detected for the 

hippocampal expression of the mGlu5 monomer (Fig. 2G; all p’s>0.230).

In striking contrast to the males, we detected no group differences in the hippocampal 

expression of glutamate receptor-related proteins in our female mice (Fig. 2H–N; Age X 

Alcohol ANOVAs: for GluA1, all p’s>0.550, for GluA2, all p’s>0.207; for GluN2b, all 

p’s>0.164; for mGlu1, all p’s>0.358; for mGlu5 monomer, all p’s>0.480; for mGlu5 dimer, 

all p’s>0.446). Thus, the hippocampus of male mice appears to be more alcohol- and 

age-sensitive than that of females.

3.3. Sex by age interactions in the effects of alcohol-drinking on ADRD-related proteins 
within hippocampus

Given the many studies linking alcohol-drinking to accelerated cognitive decline and the 

development of dementia, we next examined the expression of proteins associated with 

ADRD. Specifically, we examined the expression of amyloid precursor protein (APP), 

beta-site APP-cleaving enzyme (BACE), total tau, and phosphorylated tau at serine 396 

(Ser396) and threonine 217 (Thr217). Many BACE antibodies (including the one employed 

in this study) detect multiple bands, likely reflecting the presence of multiple isoforms of 

this enzyme. Bands at 56 kD and 70 kD were selected for analysis.

3.3.1. Amyloid-related proteins—18 month-old males exhibited higher levels of APP 

within the hippocampus, with no evidence of any alcohol effect on protein expression (Fig. 

3A) [Age effect: F(1,46)=8.480, p = 0.006; other p’s>0.142]. Although no group differences 

were apparent for hippocampal BACE 70 kD levels (Fig. 3B; Alcohol X Age ANOVA, 

all p’s>0.168), alcohol-drinking history increased BACE 56 kD expression selectively in 6 

month-old males (Fig. 3C) [Alcohol X Age interaction: F(1,47)=6.198, p = 0.017; for 6 

month-olds, t(22)=2.834, p = 0.010; for 18 month-olds,p = 0.556].
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Females also exhibited an age-related increase in hippocampal APP, irrespective of alcohol 

history (Fig. 3G) [Age effect: F(1,43)=5.013, p = 0.031; other p’s>0.624]. However, alcohol-

drinking significantly elevated BACE 70 kD levels in females of both ages (Fig. 3H) 

[Alcohol effect: F(1,46)=10.821, p = 0.002; other p’s>0.073], while an alcohol-induced 

increase in hippocampal BACE 56 kD expression was observed only in the 6 month-old 

females (Fig. 3I) [Alcohol X Age: F(1,46)=5.932, p = 0.019; for 6 month-olds, t(22)=4.369, 

p<0.0001; for 18 month-olds, p = 0.938], in a manner akin to males.

3.3.2. Phosphorylated tau—We detected no group differences in the hippocampal 

expression of total tau in male mice (Fig. 3D; Alcohol X Age ANOVA, all p’s>0.181). 

In contrast, we detected a significant Alcohol X Age interaction for hippocampal levels 

of p(Ser396)-tau (Fig. 3E) [F(1,44)=6.020, p = 0.018]. However, deconstruction of this 

interaction along the Age factor failed to detect significant water-alcohol differences for 

either age group (t-tests: for 6 months, p = 0.172; for 18 months, p = 0.061). Thus, 

the interaction was deconstructed along the Alcohol factor, which revealed a significant 

age-dependent increase in hippocampal p(Ser396)-tau expression in DID mice [t(20)=3.152, 

p = 0.005], which was not apparent in Water controls (t-test, p = 0.205). In contrast to 

p(Ser396)-tau, 18 month-old males exhibited higher hippocampal p(Thr217)-tau expression 

overall compared to their 6 month-old counterparts (Fig. 3F) [Age effect: F(1,47)=6.002, 

p = 0.018] and alcohol-drinking history elevated hippocampal p(Thr217)-tau expression 

selectively in 6 month-old males [Alcohol X Age interaction: F(1,47)=4.406, p = 0.042; for 

6 month-olds, t(22)=3.360, p = 0.003; for 18 month-olds, p = 0.881].

Similar to males, no group differences were detected for the expression of total tau (Fig. 3J; 

Alcohol X Age ANOVA, all p’s>0.129 or p(Ser396)-tau (Fig. 3K; Alcohol X Age ANOVA, 

all p’s>0.261) in the hippocampus of females. In contrast, alcohol drinking-history increased 

hippocampal expression of p(Thr217)-Tau in females of both ages (Fig. 3L) [Alcohol effect: 

F(1,46)=10.263, p = 0.003]. While the magnitude of the alcohol-induced increase appeared 

to be larger in 18 versus 6 month-old females, we failed to detect any significant Age effect 

or interaction for this tau pathology marker (p’s>0.068).

These data provide evidence that sex differences exist with respect to alcohol-induced 

neuropathology within the hippocampus and indicate that hippocampal BACE 56 kD is a 

biochemical correlate of the age-selective effect of alcohol-drinking on cognitive function 

that is sex-independent.

3.4. No age- or sex-related differences in the robust effects of alcohol-drinking on 
glutamate receptor expression in the PFC

Irrespective of the age of drinking onset, males with a history of alcohol-drinking exhibited 

a robust increase in the PFC expression of GluA1 (Fig. 4A) [Alcohol effect: F(1,47)=5.268, 

p = 0.027; other p’s>0.250], GluA2 (Fig. 4B) [Alcohol effect: F(1,47)=17.689, p<0.0001; 

other p’s>0.510], GluN1 (Fig. 4C) [F(1,47)=7.572, p = 0.009; other p’s>0.900], GluN2b 

(Fig. 4D) [Alcohol effect: F(1,47)=17.000, p<0.0001; other p’s>0.750], mGlu1 (Fig. 4E) 

[Alcohol effect: F(1,47)=42.657, p<0.0001; other p’s>0.260], and mGlu5 dimer (Fig. 4F) 

[Alcohol effect: F(1,47)=29.866, p<0.0001; other p’s>0.730]. Although the magnitude of 
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the alcohol-induced increase in mGlu5 monomer expression in male PFC was not as large 

as that for the dimer form of this receptor, mGlu5 monomer levels were also significantly 

higher in alcohol-drinking males versus their water controls (Fig. 4G) [Alcohol effect: 

F(1,47)=4.870, p = 0.033; other p’s>0.330].

Similarly, females exhibited a large alcohol-induced increase in the expression of PFC 

levels of all the glutamate-related proteins examined. As illustrated in Fig. 4H–K, 

GluA1 [F(1,46)=35.577, p<0.0001; other p’s>0.690], GluA2 [F(1,46)=19.522, p<0.0001; 

other p’s>0.480], GluN1 [F(1,46)=22.413, p<0.0001; other p’s>0.275], and GluN2b 

[F(1,46)=38.156, p<0.0001; other p’s>0.550] expression was significantly higher in alcohol-

drinking females, relative to their water controls, irrespective of age. Likewise, the levels of 

mGlu1 (Fig. 4L) [F(1,46)=11.005, p = 0.002; other p’s>0.250], as well as both the mGlu5 

dimer (Fig. 4M) [F(1,46)=16.150, p<0.0001; other p’s>0.440] and mGlu5 monomer (Fig. 

4N) [F(1,46)=8.182, p = 0.007; Age effect: p = 0.087; interaction, p = 0.823] were higher in 

the PFC of alcohol-drinking females, again, irrespective of the age of drinking onset. These 

data indicate that a history of binge-drinking during later life results in a robust increase in 

the expression of glutamate receptors within the PFC of both male and female mice.

3.5. Sex differences in the effects of age and alcohol-drinking on ADRD-related proteins 
within PFC

3.5.1. Amyloid-related proteins—As observed in the hippocampus, we detected no 

group differences in the expression of either APP (Fig. 5A; Alcohol X Age ANOVA, 

all p’s>0.158) or BACE 70 kD (Fig. 5B; Alcohol X Age ANOVA, all p’s>0.632) in the 

PFC of male mice. In contrast, a significant Age effect [F(1,47)=7.356, p = 0.010] and 

Alcohol X Age interaction [F(1,47)=4.377, p = 0.042] were noted for PFC BACE 56 kD 

expression (Fig. 5C). Post-hoc comparisons of water-alcohol differences in BACE 56 kD 

expression failed to detect significant alcohol effects for either the 6 or 18 month-old males 

(t-tests, respectively: p = 0.136 and p = 0.143). Deconstruction of this interaction along the 

Alcohol factor revealed an age-related increase in BACE 56 kD expression in water controls 

[t(23)=3.621, p = 0.001], which was not apparent in alcohol-drinking males (t-test, p = 

0.716).

Akin to males, we detected no group differences in APP levels within PFC of females 

(Fig. 5G; Alcohol X Age: all p’s>0.158). However, alcohol-drinking history increased 

the PFC expression of BACE 70 kD in females of both ages (Fig. 5H) [Alcohol effect: 

F(1,41)=4.750, p = 0.036; other p’s>0.107], while the expression of BACE 56 kD was 

increased selectively in 6 month-old female alcohol-drinking mice (Fig. 5I) [Alcohol X Age: 

F(1,46)=6.017, p = 0.018; for 6 month-olds, t(22)=4.456, p<0.0001; for 18 month-olds, p = 

0.774].

3.5.2. Phosphorylated tau—Males exhibited no group differences in PFC levels of 

total tau (Fig. 5D; Alcohol X Age ANOVA, all p’s>0.392). However, both 6 and 18 month-

old mice with a history of alcohol-drinking exhibited elevated expression of p(Ser396)-tau 

(Fig. 5E) [Alcohol effect: F(1,43)=9.438, p = 0.004; other p’s>0.196], while an Alcohol 

X Age interaction was detected for PFC levels of p(Thr217)-tau (Fig. 5F) [F(1,47)=4.377, 
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p = 0.042], reflecting an alcohol-induced increase in p(Thr217)-tau expression in the 6 

month-old DID mice [t(22)=3.417, p = 0.002] that was not apparent in the 18 month-old 

animals (t-test, p = 0.916).

The pattern of total and phosphorylated tau expression in female PFC was similar to that 

exhibited by males, with no group differences detected for total tau (Fig. 5J; Alcohol X Age 

ANOVA, all p’s>0.243), and an alcohol-induced increase in p(Ser396)-tau levels observed 

in both mature adult and aged mice (Fig. 5K) [Alcohol effect: F(1,42)=8720, p = 0.005; 

other p’s>0.442). Alcohol also increased PFC expression of p(Thr217)-tau selectively in the 

PFC of 6 month-old females (Fig. 5L) [Alcohol X Age: F(1,46)=6.017, p = 0.018; for 6 

month-olds, t(22)=3.396, p = 0.003; for 18 month-olds, p = 0.714).

These data provide evidence that sex differences exist with respect to alcohol-

induced neuropathology also within the PFC, with females exhibiting more indices of 

neuropathology than males. Moreover, these data indicate that PFC p(Thr396)-tau is a 

biochemical correlate of the age-selective effect of alcohol-drinking on cognitive function 

that is sex-independent, while PFC BACE 56 kD expression is a biochemical correlate of the 

cognitive dysfunction apparent only in alcohol-drinking mature adult females.

4. Discussion

Globally, the population of individuals aged 65+ is growing at a faster rate than all other 

age groups and with this will bring a marked rise in the prevalence of age-related disease, 

including ADRDs [53]. An overactive glutamate system is posited to be a putative early 

biomarker and therapeutic target for ADRD [54–56]. Despite the closing of the gender gap 

in binge-drinking across all age groups [57], the fact that more than 50% of binge-drinks 

consumed those aged 35+ years, and evidence that those aged 65+ years binge-drink more 

frequently than other age groups [16], clear gaps exist in our knowledge of how sex interacts 

with older age to impact cognitive function, let alone its underlying neuropathology [see 

58,59]. Heavy drinking associated with an AUD is one of the strongest modifiable risk 

factors for early cognitive decline in humans [9]. Consistent with this, we demonstrated 

recently in a series of mouse studies that a month-long history of binge-drinking during 

mature adulthood induces cognitive impairments during withdrawal that are comparable to 

that exhibited by alcohol-naïve aged mice. Moreover, aligning with evidence that women 

are nearly twice as likely to develop ADRDs than men [11,12], mature adult female mice 

exhibited more signs of alcohol-induced cognitive impairment during withdrawal than their 

male counterparts in two replicate experiments, while we detected relatively few alcohol-

related effects in either male or female aged mice (see Fig. 1D) [8]. A month-long history 

of binge-drinking upregulates glutamate receptor expression within mesocorticolimbic 

structures during early withdrawal in young adult mice (i.e., 2–3 months old) [43–45] and 

alcohol-induced hyper-activation of glutamate receptors, notably GluN2b-containing NMDA 

receptors and mGlu5, have been implicated in pathological Aβ accumulation and tau hyper-

phosphorylation underpinning cognitive decline [1,37,60–64]. Thus, we hypothesized at the 

outset of this study that the cognitive effects of binge-drinking observed in our prior report 

[8] might reflect age- and/or sex-dependent perturbations in glutamate receptor expression 

and indices of ADRD-related neuropathology within the hippocampus and the PFC.
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4.1. Age- and alcohol-related changes in hippocampal glutamate receptor expression are 
male-selective

Contrary to our hypothesis that females would exhibit more signs of glutamate receptor 

anomalies than males, we observed a male-selective age-related reduction of hippocampal 

ionotropic glutamate receptors (iGluR) and an alcohol-induced upregulation of these 

proteins, with no age- or alcohol-related effects observed in female mice (Fig. 2). 

Further, trends towards an age-dependent decline in hippocampal mGlu1 and mGlu5 dimer 

expression were also male-selective (Fig. 2E,F). Thus, as reported for young adult rats 

[65], alcohol-drinking produces a male-selective increase in hippocampal NMDA receptor 

subunit expression in older mice. Moreover, these findings are consistent with prior 

reports demonstrating that a history of binge-drinking can produce sex-specific changes 

in glutamate receptor mRNA expression within the nucleus accumbens of young adult 

C57BL/6J mice [e.g., 66,67]. While several studies have examined sex differences in age-

related cognitive decline in laboratory rodents [e.g., 68–71], to the best of our knowledge, 

little work has directly examined the interactions between normal aging and biological sex 

with respect to glutamate receptor expression in the brain. Nevertheless, the male-selectivity 

of our aging effect aligns with evidence from humans indicating that an age-related decrease 

in brain glutamate concentrations can be larger in men than in women [72] as well as studies 

of C57BL/6J mice indicating sex differences in age-related changes in neurometabolic 

activity within hippocampus [73]. Further, they are consistent with other studies, conducted 

exclusively in male rodents, demonstrating an age-dependent reduction in hippocampal 

NMDA [e.g., 74–78] and AMPA [e.g., [79–82]; but see Ref. [82] receptor subunit expression 

or binding.

Why females appear to be resilient to both alcohol- and age-related changes in hippocampal 

glutamate receptor expression is unclear at the present time, but is not likely related to 

circulating ovarian hormones as ovariectomy does not alter GluA1 expression in the female 

hippocampus [83] nor does it alter alcohol-induced changes in GluN1 expression in this 

region [84]. Conversely, an age-related decline in androgens [85,86] might contribute to 

the lower iGluR expression in aged versus young adult males as orchidectomy is reported 

to lower hippocampal GluA1 expression in male mice [83]. Even if this were the case for 

males, it is clear from the present immunoblotting results that the interactions between sex 

and the age of drinking onset for alcohol withdrawal-induced cognitive dysfunction (Fig. 

1D) are not overtly related to changes in the total protein expression of any of the glutamate 

receptor-related proteins examined herein.

4.2. Alcohol-induced increases in PFC protein expression are both sex- and age-
independent

Also contrary to our hypothesis, and very different from our observations in the 

hippocampus (Fig. 2), we detected no age-related change in PFC protein expression in 

the present study (Fig. 4). Further, although an inspection of the immunoblotting results for 

the hippocampus argues a smaller alcohol effect size for GluN2b and mGlu1 in aged versus 

mature adult male mice (Fig. 2), alcohol up-regulated PFC glutamate receptor expression to 

a similar extent in 6 month-and 18 month-old mice (Fig. 4). The lack of an aging effect or 

alcohol-age interaction was rather surprising given the decades of evidence demonstrating 
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an age-related decline in PFC glutamate receptor expression in humans [87], as well as 

in a wide variety of laboratory animals [e.g., 74,81–83]. One possible explanation for our 

negative results might reflect our study of whole cell homogenates, which cannot delineate 

the subcellular localization of receptor expression. Indeed, Zhao et al. [74] demonstrated 

more robust NMDA receptor subunit changes and correlations between subunit expression 

within PFC and cognitive performance in assays of the synaptic membrane fraction versus 

whole cell homogenate. Related to this, we did not assay for changes in the expression 

of glutamate receptor scaffolding proteins (e.g., Homer, postsynaptic density protein of 95 

kDa or PSD-95, glutamate receptor-interacting protein or GRIP) in the present study. The 

levels of these scaffolding proteins change with aging [e.g., 88–90], as does their capacity to 

bind specific receptors and receptor subunits, which can regulate their synaptic location and 

function to impact cognitive function [88,90]. Indeed, altered glutamate receptor scaffolding 

has been implicated in aberrant signaling through NMDA and mGlu5 receptors that can lead 

to Aβ accumulation, hyperphosphorylated tau and cognitive impairment [60,37,61–64].

Also, in contrast to the hippocampus, we detected a robust, sex-independent and seemingly 

ubiquitous effect of binge-drinking on PFC glutamate receptor expression (Fig. 4). These 

findings extend the results of a recent RNA-Seq study conducted in younger adult mice 

demonstrating that the PFC is particularly sensitive to binge-drinking-induced changes in its 

molecular profile [23]. Moreover, our findings extend the results of earlier studies employing 

the chronic, intermittent, ethanol (CIE) model in young adult rats indicating an increase 

in GluN2b expression within PFC [91,92]. However, in contrast to these rat studies in 

which PFC GluN2b levels returned to the level of water-drinking controls following 21 

days of abstinence, the alcohol-induced increases in both hippocampal and PFC glutamate 

receptor expression observed in the present study were apparent 21+ days into abstinence. 

Whether or not this persistence reflects genuine long-lasting neuroadaptations in response 

to the month-long binge-drinking procedure (versus responses to the behavioral testing or 

to the alcohol withdrawal itself), is unique to older animals (i.e., 6+ months-old), and is 

species- or alcohol delivery procedure-specific are all important questions that should be 

addressed in future work. It is notable also that the robust alcohol-induced increase in 

PFC glutamate receptor expression observed herein contrasts with the study by Crowley et 

al. [93] in which 8 days of binge-drinking under the more traditional single-bottle (20% 

alcohol) DID procedure resulted in a female-specific reduction in the synaptic membrane 

expression of GluN1 and GluNA2/3 within the prelimbic subregion of the PFC. As we 

sampled from the entire PFC in this study (see Fig. 1B) and assayed protein expression 

in whole cell homogenates following a month-long, 3-bottle-choice, DID procedure, it is 

difficult at present to decipher which procedural variables might account for the discrepancy 

in findings. Nevertheless, our results for the PFC demonstrating that the alcohol-induced 

increase in PFC glutamate receptor expression is both age- and sex-independent cannot 

directly account for the observed interactions between these variables with respect to 

alcohol-induced cognitive decline (Fig. 1D) [8].

This study is not the first to report a dissociation between sex differences in alcohol-induced 

cognitive impairment and glutamate receptor protein expression within hippocampus 

and PFC [65,94]. However, rendering the interpretation of the apparent dissociations 
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between our behavioral and immunoblotting data more difficult, the vast majority of 

studies examining sex differences in the glutamate-related neurobiology of alcohol-induced 

cognitive impairment in wild-type (i.e., genetically unmanipulated) rodents have been 

conducted in models of Fetal Alcohol Syndrome (i.e., prenatal, neonatal, or early postnatal 

alcohol exposure) or adolescent alcohol-drinking [c.f., 58]. Unfortunately, the results of 

such studies are likely not directly comparable to the mature adult and aged brain due to 

developmental changes in iGluR and mGluR expression, iGluR subunit composition, and 

receptor scaffolding that affect: (1) their pharmacological sensitivity to both endogenous 

ligands (incl. glutamate, serine and polyamines), as well as exogenous ligands like alcohol; 

(2) their subcellular localization, not only within the synaptic membrane but between 

synaptic and extrasynaptic sites within the synaptic membrane; (3) their activation kinetics 

and cation-selective gating in the case of iGluRs; and (4) their capacity to activate specific 

intracellular signaling pathways.

4.3. Sex- and age-selective changes in the capacity of alcohol to increase protein 
markers of ADRD-related neuropathology

Consistent with evidence that a history of alcohol-drinking induces ADRD-related gene 

expression in B6 mice [7,23,24], we detected alcohol-induced increases in markers of both 

Aβ and tau pathology within hippocampus and PFC, some of which were sex- and/or 

age-specific (see summary in Table 1). Notable sex differences included female-specific 

alcohol-induced increases in the 70 kD BACE isoform within hippocampus (Fig. 3H) and 

increases in both the 70 and 56 kD BACE isoforms within PFC (Fig. 5H,I), the latter of 

which occurred only in the 6 month-old females (Fig. 5I). While both male and female 

6 month-old mice exhibited an alcohol-induced increase in the hippocampal expression 

of the prototypical biomarker of AD, p(Thr217)-tau [33,34] (Fig. 3F,L), alcohol history 

elevated the hippocampal expression of p(Thr217)-tau only in aged females (Fig. 3L) and 

p(Ser396)-tau expression only in aged males (Fig. 3E). Two other notable age-specific 

effects of alcohol drinking history are increases in hippocampal BACE 56 kD (Fig. 3C,I) 

and in PFC p(Thr217)-tau expression (Fig. 5F,L), both of which were apparent only in 6 

month-old animals. Thus, in contrast to glutamate receptor expression, interactions were 

detected between age of drinking-onset and/or sex with respect to alcohol-induced changes 

in our protein markers of AD-related neuropathology within hippocampus and PFC that 

align with, and may contribute, to the sex- and/or age-selective effects of alcohol-drinking 

during later life on cognitive function (Fig. 1D) [8].

Our results for BACE are particularly interesting given that its mRNA and pro-protein/

protein levels are reported to be stable across normal aging [29,31] and relatively unaffected 

in AD or mouse models of AD [90,95]. Herein, we observed age-dependent increases in 

BACE 56 kD expression in both male and female hippocampus (Fig. 3C,I), as well as male 

PFC (Fig. 5C), the former of which was not detected by our statistical analyses owing to the 

large alcohol-induced increase in isozyme expression in 6 month-old alcohol-drinking mice 

(Fig. 3C,I). In contrast to its expression [29,31,90,95], BACE enzymatic activity increases 

with both age and AD progression [29–33]. As we conducted immunoblotting exclusively 

in this study, it remains to be determined whether group differences in the alcohol-induced 

increase in BACE expression translate into sex- and/or age-related difference in enzymatic 
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activity, Aβ over-production and neurotoxicity. While total APP expression did not vary 

as a function of age or alcohol-drinking history in either brain region in the present study 

(Fig. 3A,G; Fig. 5A,G) and we could not detect Aβ1–42 in our tissue (Suppl. Figure 1C), 

BACE over-expression [96] and knock-out [97,98] increases and reduces, respectively, the 

amount of Aβ in mouse brain, raising the possibility that the alcohol-age interactions in 

cognitive function reported in our previous study (Fig. 1D) [8] might relate, at least in part, 

to increased BACE 56 kD enzymatic activity. p(Thr217)-tau is considered a highly specific 

biomarker of AD in both preclinical and advanced stages of AD [33,34], while p(Ser396)-

tau is considered one of the earliest markers of AD-related neuropathology [35]. Given this, 

we predicted at the outset of this study that if alcohol-drinking induces cognitive deficits via 

increases in tau phosphorylation, then any alcohol-induced increase in tau phosphorylation 

should be more robust in mature adult versus aged mice and/or in females versus males. 

Our results for p(Thr217)-tau in both the hippocampus and PFC are largely consistent with 

our hypothesis (Table 1), while those for p(Ser396)-tau did not map onto group differences 

in cognitive function. Tau phosphorylation at Thr217 occurs via activation of several proline-

directed kinases, including glycogen synthase kinase-3β (GSK-3β), cyclin-dependent kinase 

5 (Cdk5), protein kinase A (PKA) and calcium/calmodulin-dependent kinase II (CaMKII) 

[99]. Alcohol increases the expression and/or activational state of these kinases in brain and 

this activation has been implicated in both alcohol-induced neurotoxicty and alcohol reward 

[e.g., 100–106]. Thus, important next steps in future research will be to determine which, if 

any, of these kinases drives the alcohol-induced hyper-phosphorylation of Thr217, whether 

they differ as a function of the age of drinking-onset, whether the activation of specific 

glutamate receptors may be involved [c.f., 37,38,107] and the functional consequences of 

increased p(Thr217)-tau levels for alcohol-induced cognitive dysfunction during later life.

4.4. Caveats and conclusions

The persistent overactivation of hippocampal and PFC glutamate receptors, including their 

upregulation by chronic alcohol exposure, can lead to pathological Aβ accumulation, 

tau hyper-phosphorylation and neurotoxicity [1,37,38,60–74,107]. To the best of our 

knowledge, no study has examined the effects of alcohol-drinking during later life on protein 

expression of markers of ADRD-related neuropathology in wild-type rodents, let alone in 

relation to glutamate receptor expression. Contrary to our prediction, a comparison of our 

immunoblotting results indicates no overt relationship between the hippocampal and PFC 

expression of glutamate receptor-related proteins and the neuropathology-related markers 

examined herein (Table 1). It should be noted, however, that we only immunoblotted for a 

limited number of Aβ-and tauopathyrelated markers and did not examine for neurotoxicity 

directly. Importantly, we did not conduct functional assays of receptor or enzymatic activity, 

which would better inform as to the potential mechanisms through which a history of 

alcohol-drinking during mature adulthood, but not old age, negatively impacts cognitive 

function. Lastly, we did not test the functional relevance of AMPA, NMDA or Group1 

mGlu receptor activation for alcohol-induced changes in BACE or phosphorylated tau 

expression in relation to cognitive function. Nevertheless, the present results indicate that 

the interactions between sex, older age and alcohol-drinking on cognitive function can 

be dissociated from the total protein expression of AMPA, NMDA and Group1 mGlu 
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receptor expression within the hippocampus and PFC, but may reflect increases in BACE 

and p(Thr217)-tau of relevance to the neurobiology of alcohol-induced cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Summary of procedural details and behavioral results.
(A) Procedural time-line of the behavioral study published in Jimenez Chavez et al. (2022), 

in which male and female 6 month- and 18-month-old mice underwent 1 month of alcohol-

drinking under Drinking-in-the-Dark (DID) procedures or 1 month of water-drinking 

(Water) and then were tested for anxiety, followed by cognitive function in the Morris water 

and radial arm mazes. (B) Cartoon depicting the gross dissection of the prefrontal cortex 

conducted 2–3 days following completion of behavioral testing. (C) Table summarizing the 

alcohol intakes and resultant BECs attained on the last day of the 30-day drinking period. 

(D) Table summarizing the significant effects and interactions from the Morris water maze 

(top) and radial arm maze (bottom). See Ref 8 for details.
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Fig. 2. Expression of glutamate receptor-related proteins within the hippocampus.
Immunoblotting conducted on the hippocampus of males indicated lower expression of (A) 
GluA1, (B) GluA2 and (C) GluN1 in 18 month- versus 6 month-old mice. Irrespective 

of age, male mice with a history of alcohol-drinking (DID) exhibited higher levels of (D) 
GluN2b; (E) mGlu1 and (F) the mGlu5 dimer versus water-drinking controls (Water). (G) 
No age or alcohol effects were detected for the mGlu5 monomer in male mice. (H–N) 
Immunoblotting conducted in female hippocampus did not detect any age- or alcohol-related 

changes in protein expression. Data are normalized to the average protein densities of the 6 

month-old water controls for either sex and represented as means ± SEMs (n = 11–12). * 

p<0.05, main effect of alcohol-drinking; #p<0.05, main effect of age.
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Fig. 3. Expression of neuropathology-related proteins within the hippocampus.
Immunoblotting conducted on the hippocampus of males (A-F) revealed both age- and/or 

alcohol-related increases in the expression of protein markers of Aβ and tau pathology, the 

majority of which were distinct from those observed in the hippocampus of females (G-L). 
Data are normalized to the average protein densities of the 6 month-old water controls for 

either sex and represented as means ± SEMs (n = 11–12). *p<0.05, main or specific effect of 

alcohol-drinking; #p<0.05, main or specific effect of age.
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Fig. 4. Expression of glutamate receptor-related proteins within the PFC.
Immunoblotting conducted on the PFC of both male (A-G) and female (H–N) mice with 

a history of alcohol-drinking (DID) indicated higher expression of every glutamate receptor-

related protein examined, irrespective of age. Data are normalized to the average protein 

densities of the 6 month-old water controls for either sex and represented as means ± SEMs 

(n = 11–12). *p<0.05, main effect of alcohol-drinking.
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Fig. 5. Expression of neuropathology-related proteins within the PFC.
Immunoblotting conducted on the PFC of males (A-F) indicated little effect of aging, 

but some alcohol-induced increases in the expression of protein markers of Aβ and tau 

pathology in the PFC. While female PFC (G-L) tended to be more sensitive to alcohol-

induced increases in BACE isoform expression (H,I) than males, female PFC exhibited 

a similar tau protein profile as males (J-L). Data are normalized to the average protein 

densities of the 6 month-old water controls for either sex and represented as means ± SEMs 

(n = 11–12). * p<0.05, main or specific effect of alcohol-drinking; #p<0.05, main or specific 

effect of age.
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Table 1

Comparison of the main effects of, and interactions between, age (6 versus 18 months), alcohol drinking 

history (DID versus Water) and sex on the expression of glutamate receptor- and neuropathology-related 

protein expression within hippocampus (left) and PFC (right).

Protein Result Summary

Hippocampus PFC

GluA1 18 month < 6 month (males only) DID > Water

GluA2 18 month < 6 month (males only) DID > Water

GluN1 18 month < 6 month (males only) DID > Water

GluN2B DID > Water (males only) DID > Water

mGlu1 DID > Water (males only) DID > Water

mGlu5 dimer DID > Water (males only) DID > Water

mGlu5 monomer DID = Water 18 month = 6 month DID > Water

APP 18 month > 6 month DID = Water 18 month = 6 month

BACE 70 kD DID > Water (females only) DID > Water (females only)

BACE 56 kD DID > Water (6 month only) DID > Water (6 month females only) 18 month 
> 6 month (males only)

Tau DID = Water 18 month = 6 month DID = Water 18 month = 6 month

p(Ser396)-tau DID > Water (18 month males only) DID > Water

p(Thr217)-tau DID > Water (6 month males, both 6 and 18 month females) 18 month 
> 6 month (males only)

DID > Water (6 month only)
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