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Abstract

Binge drinking is rising among aged adults (>65 years of age), however the contribution of alcohol 

misuse to neurodegenerative disease development is not well understood. Both advanced age and 

repeated binge ethanol exposure increase neuroinflammation, which is an important component 

of neurodegeneration and cognitive dysfunction. Surprisingly, the distinct effects of binge ethanol 

exposure on neuroinflammation and associated degeneration in the aged brain have not been well 

characterized. Here, we establish a model of intermittent binge ethanol exposure in young and 

aged female mice to investigate the effects of advanced age and binge ethanol on these outcomes. 
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Following intermittent binge ethanol exposure, expression of pro-inflammatory mediators (tnf-
α, il-1β, ccl2) was distinctly increased in isolated hippocampal tissue by the combination of 

advanced age and ethanol. Binge ethanol exposure also increased measures of senescence, the nod 

like receptor pyrin domain containing 3 (NLRP3) inflammasome, and microglia reactivity in the 

brains of aged mice compared to young. Binge ethanol exposure also promoted neuropathology 

in the hippocampus of aged mice, including tau hyperphosphorylation and neuronal death. We 

further identified advanced age-related deficits in contextual memory that were further negatively 

impacted by ethanol exposure. These data suggest binge drinking superimposed with advanced age 

promotes early markers of neurodegenerative disease development and cognitive decline, which 

may be driven by heightened neuroinflammatory responses to ethanol. Taken together, we propose 

this novel exposure model of intermittent binge ethanol can be used to identify therapeutic targets 

to prevent advanced age- and ethanol-related neurodegeneration.
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1. Introduction

Alcohol misuse is becoming increasingly common among aged (>65 years) adults (Breslow 

et al., 2017). Recent surveys suggest 10 % of aged adults participate in binge drinking 

(Han et al., 2019), a drinking pattern defined as reaching a blood alcohol content of 0.08 

g/dl or higher (Patrick and Azar, 2018). Although the impairments in ethanol metabolism 

and clearance that occur with advanced age cause heightened and prolonged effects of 

ethanol (Hahn and Burch, 1983), aged adult drinkers still report participating in classically 

defined binge drinking behaviors (i.e., consuming 4–5 drinks on one occasion) (Malani 

et al., 2021). Advanced age alone is one of the biggest risk factors for chronic diseases, 

such as neurodegenerative disease (Hou et al., 2019). Binge drinking during adolescence 

(Barnett et al., 2022) and middle age (Järvenpää et al., 2005) increases the risk for cognitive 

impairment and neurodegeneration in advanced age. However, the effects of binge alcohol 

use on the brain of aged subjects and resulting development of neurodegeneration is not well 

defined. By the year 2050, 90 million people in the United States will be 65 years of age 

or older and the number of people living with neurodegenerative diseases is projected to 

triple during that time (Hebert et al., 2013). Therefore, it is imperative that we elucidate how 

lifestyle factors, including binge alcohol use, contribute to age-related neurodegeneration 

and cognitive decline. Importantly, over the past two decades binge drinking has been 

particularly rising among aged adult women (Breslow et al., 1997). Because women already 

have an increased risk for dementia development compared to men (Beam et al., 2018), 

investigating the impact of binge alcohol use on the aged brain merits further investigation.

Neuroimmune dysfunction is a key component of both advanced age (MacPherson et al., 

2018) and binge alcohol related- neurodegeneration (Crews et al., 2015). The aged brain 

undergoes chronic, basal, low-grade inflammation in a phenomenon known as “inflamm-

aging (Franceschi et al., 2007).” Inflamm-aging of the central nervous system (CNS) 

is specifically characterized by activation of microglia, resident CNS macrophages, and 
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resulting elevations in pro-inflammatory mediators. Inflamm-aging is a complex phenotype, 

and the triggering events remain unclear (Salvioli et al., 2013). Many hypothesize age-

related elevations in inflammation are the result, alone or in combination, of accumulated 

danger associated molecular patterns (DAMPs) (Fonken et al., 2016; Feldman et al., 

2015), aberrant activation of the nod-like receptor pyrin domain containing 3 (NLRP3) 

inflammasome (Sebastian-Valverde and Pasinetti, 2020; Youm et al., 2013), and/or cellular 

senescence (Sikora et al., 2021). Regardless of the precipitating event, clinical data suggest 

chronic inflammation increases susceptibility to dementia and neurodegeneration. For 

example, elevated levels of pro-inflammatory cytokines, tumor necrosis factor-α (TNF-α), 

interleukin 1β (IL-1β) and interleukin 6 (IL-6) in the blood (Lin et al., 2018; Feng et al., 

2023) or cerebrospinal fluid (Hu et al., 2019; Taipa et al., 2019) in aged adults are positively 

correlated with cognitive impairment. The brains of healthy aged subjects demonstrates 

a robust upregulation of genes involved in innate immunity and microglia activation that 

are heightened in disease (Cribbs et al., 2012), indicating innate immune dysfunction is 

a critical factor that precedes the development of severe neurodegeneration. Aged male 

and female mice also present with heightened neuroinflammation at baseline compared 

to young (Youm et al., 2013). Aggravating neuroinflammation in aged rodents through 

external factors, like traumatic brain injury (Barker et al., 2023), anesthesia (Liu et al., 

2021), and lipopolysaccharide (Liu et al., 2021; Huang et al., 2008), leads to more severe 

immune mediated neuronal damage and associated cognitive dysfunction. These studies 

further underscore the detrimental impact of unresolved and persistent immune activation to 

neurodegeneration.

A multitude of studies have implicated neuroinflammation as a driver of ethanol-induced 

neurodegeneration in young male rodent models (Zou and Crews, 2014; Zou and Crews, 

2010; Zhao et al., 2013; Yang et al., 2014; Qin et al., 2008; Guerri and Pascual, 

2019), especially within the hippocampus, a vital brain region for learning and memory 

(Gilbert and Brushfield, 2009). Ethanol crosses the blood brain barrier and induces 

direct neurotoxicity via the release of DAMPs (Zou and Crews, 2014), activation of 

pro-inflammatory signaling pathways, such as NLRP3 inflammasome, and generation of 

cytotoxic factors, like TNF-α (Zou and Crews, 2010). It is hypothesized that presence of 

DAMPs and cytokines perpetuate ethanol-related neuroinflammation after ethanol is cleared 

from the brain, and leading to secondary, inflammation mediated neuronal injury (Vallés et 

al., 2004; Tajuddin et al., 2014). Although all CNS cell types can produce pro-inflammatory 

cytokines after ethanol exposure (Crews et al., 2015), microglia are thought to be essential 

perpetuators of neuroinflammation (Chastain and Sarkar, 2014). For example, depletion 

of microglia in brain slice cultures harvested from young rats ex vivo attenuates ethanol-

induced production of pro-inflammatory cytokine production and associated neuronal death 

(Coleman et al., 2020). Despite the similar neuroimmune mechanisms involved in binge 

ethanol and advanced age-related neurodegeneration, few studies address the influence of 

binge ethanol exposure on the aged brain.

Our limited understanding about the consequences of ethanol exposure on 

neurodegeneration is further complicated by the gap in knowledge on both the sex-specific 

influences of ethanol, and differences between mice and rat models. The majority of mouse 

studies that evaluate ethanol-related neuroinflammation have been performed in male mice 
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(Pascual et al., 2015; Qin and Crews, 2012; Crews, 2012). Findings from Lowe et al. 
corroborate the neuroinflammatory effect of ethanol in young adult C57BL/6J female mice 

and show an increase in cytokines, chemokines and chemokine receptors (tnfα, il1β, ccl2, 

ccr2, ccr5) in the cerebellum and hippocampus after chronic ethanol feeding (Lowe et al., 

2020). Contradictory findings supporting an anti-inflammatory effect of binge ethanol in 

young adult female C7BL/6J mice have also been reported (Niedzwiedz-Massey et al., 

2023). Additional discrepancies arise from rat models; several studies using adolescent rats 

suggest both chronic and binge ethanol exposure causes cytokine production and neuronal 

injury (Li et al., 2019; Schneider et al., 2017; Obernier et al., 2002), whereas others 

suggest acute ethanol exposure blunts cytokine responses in rats (Doremus-Fitzwater et 

al., 2015). It is currently unclear if varying results between studies arise from differences 

of age, species, sex, or ethanol exposure method. In addition, few studies comprehensively 

explore neuroinflammation, tissue damage, and associated cognitive impairment. Given 

these discrepancies, the goal of the present study is to develop a model of binge ethanol 

exposure using young and aged female mice that will allow us to holistically investigate 

outcomes associated with neurodegeneration.

Binge ethanol-induced neuroinflammation and degeneration in young male mice and rats is 

typically elicited through daily gavages with ethanol doses between 5 and 15 g/kg/day (Qin 

and Crews, 2012; Majchrowicz, 1975; Qin et al., 2021); exposures that may not be tolerated 

by aged animals. To begin to elucidate how the brains of aged female mice may respond 

to binge ethanol, we have established a novel model of intermittent binge ethanol exposure 

superimposed with advanced age. Our model uses more moderate levels of ethanol that are 

well tolerated by aged mice. Using our paradigm, we show that advanced age amplifies 

neuroinflammatory response following multiple days of binge ethanol in female mice. We 

then show that advanced age and ethanol-related neuroinflammation are associated with 

signs of neurodegenerative disease and cognitive dysfunction. These findings have critical 

implications for the current female aging population that binge drink and can be used for 

future studies to elucidate the specific neuroinflammatory factors that may be responsible for 

the damaging effects of binge ethanol on the aged brain.

2. Materials & methods

2.1. Animals and intermittent binge ethanol protocol

All animal procedures were approved by the Institutional Animal Care and Use Committee 

at the University of Colorado Anschutz Medical Campus. Female C57BL/6N mice were 

obtained from the National Institutes of Aging (NIA) aged rodent colony and maintained for 

at least two weeks in an in-house animal facility prior to use. Young (3–4-month-old) and 

aged (18–20-month-old) mice were randomized (2–3 mice/cage) into vehicle and ethanol 

treatment groups. Experimental cohorts were weight-matched within age groups. Mice 

received intragastric gavages of vehicle (water) or ethanol (3 g/kg in young and aged mice 

or 5 g/kg in young mice) at 2p.m. every-other-day over the course of 18 days, totaling 

10 exposures. All mice were allowed ad libitum access to chow and water during the 

treatment period and housed on a 12- hour/12-hour light/dark cycle. Eighteen hours after 

the final gavage, mice were anesthetized and sacrificed. Brain tissue was extracted, and 
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meninges were removed. Left hemispheres were fixed in formalin or frozen in optimal 

cutting temperature (OCT) compound and sectioned for histology or spatial transcriptomics, 

respectively. The hippocampus was excised from right hemispheres and placed in RNAlater 

(Ambion, Austin, TX) for RNA isolation.

2.2. Plasma ethanol measurements

Blood samples were collected at 30, 60, 120, 240 minutes after the final gavage to isolate 

plasma and determine blood ethanol levels as previously described (Anton et al., 2023). 

Fresh plasma samples were assayed for ethanol using a commercially available enzymatic 

assay kit (Ethanol L3K kit, Sekisui Diagnostics, Burlington, MA).

2.3. RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR)

RNA was isolated from hippocampal tissue stored in RNA later using RNeasy Mini Kit 

(Qiagen) per the manufacturer’s instructions. 1 μg of hippocampal RNA was reversed 

transcribed using SuperScript IV VILO master mix and analyzed with PowerSYBR qRT-

PCR kits (ThermoFisher, Grand Island, NY) on a QuantStudio Real-Time PCR analyzer 

(Applied Biosystems, La Jolla, CA). Relative messenger RNA (mRNA) expression was 

determined using gene-specific primers (Supplemental Table 1). Statistical analyses were 

performed on the ΔCt values (average Ct of gene of interest – average Ct of housekeeping 

gene) (Anton et al., 2023). All qRT-PCR was performed using two housekeeping genes 

(18S, β-actin); trends were similar when data were normalized to both 18S and β-actin. 

mRNA expression values are represented as fold-change over young control groups using 

18S as the housekeeping gene.

2.4. Multi-spectral imaging

Left hemispheres from each mouse were explanted, fixed in 10 % formalin and embedded 

with paraffin. Serial sections were cut using a microtome in 10-μm-thick sections between 

bregma −2.0 to −2.2 to capture the dorsal hippocampus and adhered to a glass slide. 

Slides were dewaxed with xylene, heat-treated in either pH 6 or pH 9 antigen retrieval 

buffer for 15 minutes in a pressure cooker, and blocked in antibody diluent (PerkinElmer, 

Waltham, MA). Sections were then sequentially stained for GFAP (1:500, 556,330 BD 

Pharmigen), NeuN (1:1000 ABN78 Millipore), Iba-1 (1:500, 19,741 Wako), NLRP3 (1:50, 

D4D8T Cell Signaling), IL-1β (1:200 ab9722 abcam), and HMGB1 (1:1000 D3E5 Cell 

Signaling) primary antibodies followed by HRP- conjugated secondary polymer (anti-rabbit, 

anti-mouse [PerkinElmer]) and HRP-reactive OPAL fluorescent reagents (PerkinElmer). To 

image nuclei, slides were stained with spectral DAPI and coverslips were applied with 

Prolong Diamond mounting media (Thermo Fisher Scientific). Whole slides were scanned 

using a Vectra Polaris System (Akoya Bio). After spectral unmixing, the CA3 region from 

each scan was manually annotated on QuPath (version 4.0) according to the Allen Mouse 

Brain Atlas. Qupath was used to measure percent positive area of NLRP3, microglia soma 

area. Cell segmenting was performed to identify neuronal nuclei and quantify nuclear 

HMGB1 H-score. CA3 regions were exported to ImageJ to measure staining intensity of 

all other markers. Two CA3 sections per mouse brain were utilized for each multi-spectral 

imaging panel; representative values were obtained after averaging the two sections from 

each mouse.
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2.5. Immunohistochemistry

Brains were sectioned (10 μM) as described above. Three paraffin embedded brains sections 

per mouse were deparaffinized and stained with an antibody against PHF-1 (EPR14222, 

Abcam); slides were then counterstained with hematoxylin. Images were acquired using an 

upright Olympus BX43 Microscope (Waltham, Massachusetts). No specific immunostaining 

was seen in sections incubated with PBS/blocking buffer rather than the primary antibody 

(data not shown). Data are represented as the average intensity of PHF-1 staining in CA3 

from all three sections/mouse. Terminal deoxynucleotidyl transferase-mediated deoxyuridine 

nick end labeling (TUNEL) staining was performed using ApopTag Red In Situ Apoptosis 

Detection Kit (S7165, Millipore Sigma) according to the manufacturer’s instructions. Slides 

were mounted using Prolong Diamond Antifade with DAPI (P36971, Invitrogen) and images 

were acquired using a confocal microscope (Nikon). For all staining panels, images were 

coded at the time of collection for a blinded analysis, and positive staining was quantified 

using Image J software. Number of TUNEL-positive cells per 4x field were enumerated 

using ImageJ.

2.6. Radial arm water maze

Three independent experiments were used for behavioral experiments. The Radial Arm 

Water Maze (RAWM) was performed as previously described (Joksimovic et al., 2023). The 

RAWM apparatus consists of a circular pool (100 cm in diameter and 35 cm in height) with 

inserts forming six arms 60 degrees apart. One of these arms features a platform submerged 

1 cm below the water surface. The room-temperature water was made opaque by adding a 

nontoxic water-soluble white dye, which also enhances the contrast between the mouse and 

the background for optimal tracking. Before ethanol or vehicle exposure, the animals were 

trained for 2 consecutive days (10 swim trials per day in 5 sessions of 2 trials each). Each 

swim trial lasted a maximum of 60 s, and unsuccessful mice were guided to the platform 

to facilitate learning about the existence of the escape platform. After each trial, mice were 

gently dried with towels, put to a warm enclosure for 5–10 min, and then returned to their 

home cages at the end of each session. To assess learning of the platform location before 

ethanol or vehicle exposure, we quantified the latency to reach the platform and the number 

of incorrect arm entries. Young and aged animals were stratified based on pre-treatment 

performance and then assigned to ethanol or vehicle groups. Treatment groups were matched 

based on initial RAWM performance for both young and aged mice.

Twenty-four hours after final ethanol or vehicle gavage (20 days after training) all mice were 

re-introduced to the RAWM, but the location of the platform was switched to a different 

arm. All animals were tested on the RAWM for 1 day (10 swim trials per day in 5 sessions 

of 2 trials each). To assess memory, number of visits into the pre-treatment platform arm 

were counted and normalized to the total number of incorrect arm entries per trial. To 

evaluate acquisition of the new platform location, latency to reach the platform in the new 

location, and number of visits into the incorrect arms were measured.

2.7. Contextual fear conditioning

Two days after the final gavage (Day 21) mice were subjected to the contextual fear 

conditioning assay (Phillips and LeDoux, 1992). All animals were placed in a novel 
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chamber (Med Associates, St. Albans, VT, USA, Modular Mouse Test Chamber) and 

allowed to freely explore for 5 min. Mice received an electric footshock at 3 minute and 

4 minute (2 s each, 0.7 mA, constant electric current). All mice were then returned to 

their home cages. Twenty-four hours later, mice were reintroduced to the same chamber 

and allowed to freely explore for 5 minutes without any electric shock. Time spent 

“freezing” (the absence of movement except for respiration) was recorded using FreezeScan 

(Cleversys). Greater freezing time on the second day of contextual fear conditioning 

indicates memory of the adverse experience within the context of the chamber.

2.8. Statistical analysis

Values reported are means ± SEM. A total of seven cohorts of mice were used: 4 cohorts to 

generate biochemical data and 3 cohorts to gather behavioral data. The data were analyzed 

with RStudio (4.2) using repeated measure analysis of variance (ANOVA) or 2-way ANOVA 

to compare differences between groups and Tukey’s post-hoc analysis was used to adjust for 

multiple comparisons. General linearized models were utilized to control for cohort effects 

when more than two cohorts were used for each outcome. Grubb’s tests were performed 

on all data sets to identify statistical outliers. Statistical significance was determined by a 

p-value of 0.05 or lower. Individual p-values are reported in the figure legends.

3. Results

3.1. Intermittent binge ethanol exposure amplifies neuroinflammation in the aged brain

To define neuroinflammatory responses to binge ethanol, young and aged mice were 

exposed to our novel intermittent binge ethanol exposure paradigm (Fig. 1A). To determine 

if there were age-dependent differences in ethanol metabolism, we measured blood ethanol 

levels between 30 and 240 minutes after the final ethanol exposure. There was a trending 

increase in blood ethanol concentrations (BECs) in aged mice 30 minutes after the final 

gavage (387.1 mg/dl) compared to BECs of young mice (271.0 mg/dl) at the 30-minute 

timepoint (p = 0.09) (Fig. 1B). This trend toward age-related increase in BECs mimics 

the induction of blood alcohol levels observed in aged adults compared to young after 

consuming equal amounts of alcohol (Hahn and Burch, 1983).

Production of pro-inflammatory cytokines, including TNF-α and IL-1β, promote neuronal 

injury independently in older individuals (Freeman and Ting, 2016) and following ethanol 

exposure (Zou and Crews, 2010; Lippai et al., 2013), while chemokines, like C-C motif 

chemokine ligand 2 (CCL2), facilitate macrophage activation and recruitment and promote 

neuroinflammation (Lucin and Wyss-Coray, 2009). To understand how advanced age may 

aggravate ethanol-induced neuroinflammation, we measured hippocampal pro-inflammatory 

cytokine production 18 hours after the final ethanol or vehicle exposure. Advanced age 

increased the mRNA expression of hippocampal cytokines and chemokines over young 

controls, supporting an “inflamm-aging” phenotype that has been observed in other mouse 

models of advanced age (Youm et al., 2013; Labrousse et al., 2012) (main effect of age 

for TNF-α F(1,29) = 20.18; IL-1β F(1,29) = 33.09; CCL-2F(1,29) = 78.53, all p < 0.001). 

Cytokine expression was further heightened in ethanol exposed aged mice compared to 

young (main effect of ethanol for TNF-α F(1,29) = 6.3; IL-1β F(1,29) = 5.5; CCL-2F(1,29) = 
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18.12, all p < 0.05. No age x ethanol interaction for all) (Fig. 1C). We next determined 

if elevations in pro-inflammatory cytokine mRNA in the hippocampi of aged ethanol 

exposed mice compared to young ethanol exposed mice were a result of heightened 

BECs. We repeated our intermittent binge ethanol paradigm with the addition of a young 

mouse group receiving 5 g/kg ethanol gavages (Supplemental Figure 1A). This dose of 

ethanol increased peak BECs in young mice similar to aged mice receiving 3 g/kg ethanol 

gavages (Supplemental Figure 1B). Despite similar BECs, the expression of hippocampal 

pro-inflammatory cytokine mRNA was increased in ethanol exposed aged mice compared to 

young mice following higher (5 g/kg) concentrations of ethanol (Supplemental Figure 1C). 

Peak BEC concentrations did not correlate with hippocampal cytokine expression (data not 

shown), suggesting these measures are not interdependent. We then measured withdrawal 

and intoxication in these animals, as the severity of both of these outcomes are associated 

with heightened neuroinflammation in young mice (Freeman et al., 2012; Walter and 

Crews, 2017). Both ethanol-related loss of righting reflex and ethanol withdrawal-induced 

convulsions were observed in 5 g/kg treated young mice, but not in young or aged mice 

treated with 3 g/kg ethanol (Supplemental Figure 1D), suggesting ethanol-related sedation 

or convulsions do not account of differences in neuroinflammation among young and aged 

mice given 3 g/kg ethanol. Together these data indicate heightened neuroinflammation from 

ethanol exposure in aged mice is not dependent on differences in ethanol metabolism.

We next evaluated markers of senescence in the hippocampus of our animals, because 

senescence is an important factor of advanced age-related neuroinflammation (Sikora 

et al., 2021), and occurs in the peripheral organs of young animals and aged animals 

after ad libitum ethanol consumption (Anton et al., 2023; Wan et al., 2017). Cellular 

senescence is characterized by the halted turnover of aging cells, associated production 

of pro-inflammatory cytokines (i.e., senescence associated secretory phenotype [SASP]), 

greater expression of growth arrest proteins (p16, p21), and cell cycle regulators (cyclin D1) 

(Sikora et al., 2021). Advanced age increased cyclind1 and p16ink4a mRNA expression in the 

hippocampus (main effect of age for CyclinD1: F(1,29) = 8.91, P16ink4a: F(1,29) = 7.75, all 

p < 0.01, no main effect of ethanol or age x ethanol interaction for either). Tukey’s pot-hoc 

test revealed the combination of advanced age and ethanol exposure increased the expression 

of cyclin d1 and p16ink4a levels compared to young controls (p < 0.05). However, we did not 

observe differences in p21 mRNA expression in the hippocampus due to age or ethanol. The 

increase in senescence markers in aged mice, but not young, may begin to suggest that binge 

ethanol exacerbates advance age-related senescence in the hippocampus (Fig. 1D).

3.2. Binge ethanol during advanced age potentiates markers of NLRP3 inflammasome 
activation and microglia reactivity

The NLRP3 inflammasome is an immunological sensor that can be activated by a variety 

of advanced age-related factors, including increased accumulation of DAMPs and pro-

inflammatory cytokines (Latz and Duewell, 2018). These factors promote oligomerization 

of NLRP3 proteins which form a complex with ASC and caspase-1, ultimately leading to 

generation of IL-1β (Jin and Flavell, 2010). The NLRP3 inflammasome implicated in the 

neurodegeneration and cognitive decline that occurs with advanced age alone (Youm et al., 

2013; De Biase et al., 2020), and enhanced activation of NLRP3 in the brains of aged 
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mice from peripheral factors (eg., lipopolysaccharide) can accelerate neurodegeneration and 

impair cognition (Beyer et al., 2020). Although NLRP3 inflammasome activation occurs in 

the brains of young mice following chronic ethanol consumption (Alfonso-Loeches et al., 

2016), the effect binge ethanol exposure has on NLRP3 activation in the brains of older 

subjects has not been described.

We utilized multi-spectral imaging to quantify markers of NLRP3 activation in cornu 

ammoni 3 (CA3) of the hippocampus in our murine model (Fig. 2). The CA3 region was 

chosen because of its function in memory formation (Gilbert and Brushfield, 2009), and 

because this region was impacted by advanced age and ethanol exposure in our panel. 

Young and aged mice had differential NLRP3 and IL-1β responses to ethanol (NLRP3: 

main effect of age F(1,29) = 4.65 and ethanol F(1,29) = 5.39, interaction of age x ethanol 

F(1,29) = 4.49, p < 0.05 for all. IL1β: main effect of ethanol F(1,29) = 8.45, p < 0.05. 
Trending main effect of age F(1,29) = 3.14, p = 0.08 and trending interaction of age x ethanol 

F (1,29) = 3.05, p = 0.09). Binge ethanol exposure increased the percent area stained for 

NLRP3 in aged mice compared to all other treatment groups, and increased the expression 

of IL-1β compared to young and aged controls (Fig. 2A,B). However, ethanol exposure did 

not change NLRP3 or IL-1β expression in CA3 of young mice. High mobility group box 1 

(HMGB1) is a critical DAMP to activate the NLRP3 inflammasome upon ethanol exposure 

in the brains of young mice (Zou and Crews, 2014). No observable differences in HMGB1 

nuclear localization were found in CA3 between experimental groups (Supplemental Figure 

2A). Together, these results demonstrate that advanced age promotes binge ethanol-induced 

NLRP3 inflammasome activation and IL-1β production in the hippocampus.

Along with NLRP3 inflammasome activation, dysregulated microglia polarization to a 

pro-inflammatory state precedes neurodegeneration during advanced age (Wendimu et al., 

2022). In the brains of young mice, microglia become reactive from binge ethanol exposure 

(Fernandez-Lizarbe et al., 2009) and are the primary source of pro-inflammatory cytokines 

in brain slice cultures that are exposed to ethanol (Coleman et al., 2020). In response to 

ethanol, pro-inflammatory microglia are characterized by an increase in ionized calcium 

binding adaptor 1 (Iba-1) staining and enlarged cell body size (Crews, 2008). In our mouse 

model, ethanol exposure and advanced age promoted these activation markers independently 

(Iba-1: main effect of age F(1,29) = 6.22 and main effect of ethanol F(1,29) = 7.5, p < 0.05. 
No age x ethanol interaction). The combination of advanced age and ethanol exposure led to 

the greatest increase in the expression of Iba-1 compared to young controls, as demonstrated 

by Tukey’s pot-hoc testing (p < 0.05) (Fig. 3A,B). Microglia in CA3 of young ethanol 

exposed mice exhibited increased soma size compared to young controls, which was further 

increased due to advanced age and ethanol exposure (main effect of age F(1,29) = 30.6 and 

main effect of ethanol F(1,29) = 23.6, all p < 0.001. No age x ethanol interaction) (Fig. 

3A,B). There were no differences in microglia number in the CA3 region regardless of 

advanced age or ethanol exposure (data not shown). Because astrocytes are another subset 

of glial cells that can contribute to the production of pro-inflammatory mediators in the 

brains of young ethanol exposed mice (Vallés et al., 2004), we also characterized changes 

in astrocyte reactivity via glial fibrillary acidic protein (GFAP) staining. We did not observe 

significant changes due to advanced age and/or ethanol exposure (Supplemental Figure 2B). 
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These results indicate microglia from the aged brain are particularly primed to become 

reactive 18 hours after intermittent binge ethanol exposure.

3.3. Intermittent binge ethanol exposure promotes neurodegenerative disease-like 
pathology in the aged brain

To understand if binge ethanol influences neuropathology in the brains of aged mice, 

we performed a pilot study utilizing spatial transcriptomics with brain tissue from our 

model (n = 1 per group). In CA3 of the aged ethanol sample, we observed increased 

expression of mapt, prkcd, camk2a but decreased ttr compared to all other treatment groups 

(data not shown). This gene expression pattern is consistent with tau hyperphosphorylation 

(Yoshimura et al., 2003; Correas et al., 1992; Saponaro et al., 2020) (Fig. 4A). To further 

investigate if there were advanced age and ethanol-related changes in neuropathological 

markers, we performed qRT-PCR on these target genes in the hippocampus of three 

experimental cohorts of mice. With the exception of ttr, these markers followed similar 

expression patterns as indicated by tauopathy models (Yoshimura et al., 2003; Correas et al., 

1992). Ethanol increased the expression of camk2a (main effect of ethanol F(1,29) = 4.75, p 
< 0.05, no main effect of age or interaction effect) and post-hoc testing revealed increased 

camk2a expression in the hippocampus of aged ethanol exposed mice compared to aged 

controls (p < 0.05). We also observed trending increases in mapt and prkcd due to ethanol 

exposure (mapt: main effect of ethanol F(1,29) = 3.18, p = 0.08. prkcd: main effect of ethanol 

F(1,29) = 2.7, p = 0.1, no main effect of age or interaction effect for either). Although ttr was 

previously described to be downregulated with tauopathy, we observed that ethanol exposure 

increased ttr expression (main effect ethanol F(1,29) = 4.9, p < 0.05, no main effect of age 

or interaction effect). Post-hoc testing showed increased ttr in aged mice compared to young 

controls, and a trending increase in young ethanol exposed mice over control (Fig. 4B). 

Immunohistochemistry was performed to further characterize the neuropathological effect of 

ethanol and to validate the trends in tau hyperphosphorylation suggested by our qRT-PCR 

data. Phosphorylation of tau at the PHF-1 epitope is associated with neurodegeneration and 

cognitive impairment in post-mortem brain tissue of Alzheimer’s disease patients (Santa-

Maria et al., 2012) and in mouse models of advanced aging (Torres et al., 2021). Here, we 

show that binge ethanol amplifies PHF-1 staining in the CA3 region of aged, but not young, 

mice (main effect of age F(1,29) = 13.53, main effect of ethanol F(1,29) = 5.4, interaction of 

age x ethanol: F(1,29) = 4.38, p > 0.05 for all). Additionally, the majority of positive PHF-1 

staining was found the neuronal ribbon of CA3 (Fig. 4C). Because tau hyperphosphorylation 

and the aforementioned markers of neuroinflammation are implicated in neuronal death 

we next measured the number of apoptotic cells via Terminal deoxynucleotidyl transferase 

(TdT) dUTP Nick-End Labeling (TUNEL). Similar to PHF-1 staining, an increased number 

of TUNEL positive cells were found in CA3 region of brains from aged, ethanol exposed 

mice compared to all other treatment groups (interaction effect of age x ethanol: F(1,29) 

= 7.06, main effect of age: F(1,29) = 5.15, p < 0.05 for both. No main effect of ethanol). 

Positive cell staining occurred within the neuronal cell layer of CA3, suggesting neuronal 

apoptosis (Fig. 4D).
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3.4. Binge ethanol exposure exacerbates advanced age-related memory deficits

Given the sensitivity of aged mice to ethanol-induced neuroinflammation, damage, and 

neurodegenerative disease markers, we next evaluated hippocampal-dependent cognition in 

our mouse model. We tested young and aged mice in the radial arm water maze (RAWM), 

a validated measure of spatial memory and learning in rodents. All mice were introduced 

to the maze for 2 days prior to the initial vehicle or ethanol gavage (Fig. 5A) and given 

20 trials over 2 days to learn the location of the escape platform (Fig. 5B). The number of 

incorrect arm entries per trial was measured to assess baseline differences in performance 

between young and aged mice. Although aged mice made more incorrect arm entries 

compared to young, these differences were not significant. Both young and aged mice made 

fewer incorrect arm entries over time, demonstrating that all animals were able to learn the 

platform location independent of age (Fig. 5C).

Young and aged mice were then subjected to our intermittent binge ethanol paradigm. 

Twenty-four hours after final exposure, mice were re-introduced to the RAWM (Fig. 5A), 

with a new platform location (Fig. 5B). A different platform location allowed us to measure 

both memory of the pre-treatment platform location during the first four trials of the maze 

(T1–4, i.e. “memory” phase), and learning of the new platform location during the last 

four trials of the maze (T7–10, i.e. “learning” phase). We grouped the trials this way 

because mice were placed into the pre-treatment platform arm during trial 5, ensuring mice 

explored the empty arm. During the “memory phase”, young vehicle animals had the highest 

percent of entry into the pre-treatment platform (46.7%), suggesting memory of the previous 

platform location. Aged ethanol exposed animals exhibited significantly reduced entries into 

the pre-treatment platform arm only after intermittent binge ethanol exposure compared to 

young controls (27.6%, p < 0.01) (main effect of ethanol F(1,50) = 0.8, p < 0.05, no main 

effect of age or age x ethanol interaction). Reduced exploration of the pre-treatment platform 

arm suggests memory impairment (Fig. 5D).

To understand if age or ethanol exposure influenced learning of the new platform location, 

we evaluated the animals’ ability to find the new platform over time. Reductions in the 

latency to find the new platform or number of incorrect arm entries during the “learning 

phase” compared to the “memory phase” of each group suggests learning of the new 

platform. Regardless of ethanol exposure, young mice displayed shorter latency to reach 

the new platform location (Fig. 5E) and fewer incorrect arm entries (Fig. 5F) during the 

“learning phase” of the RAWM compared to their performance during the “memory phase.” 

Aged mice did not improve their ability to find the new platform location. They displayed 

slightly longer latencies to reach the new platform location (Fig. 5E) and more incorrect arm 

entries over time (Fig. 5F). Importantly, the difference in incorrect arm entries and latency of 

aged mice between the “learning” and “memory” phases were significantly greater than that 

of young, independent of ethanol exposure (main of effect of age for incorrect arm entries: 

F(1,50) = 14.17 and latency: F(1,50) = 20.92, p < 0.001, no main effect of ethanol or age x 

ethanol interaction effect on either outcome). These data suggest an advanced age-related 

impairment in spatial learning during the RAWM. To address a potential limitation of the 

RAWM, we performed an Open Field task in all mice to account for differences in activity 

and associated anxiety prior to the RAWM (Fig. 5A). Mice were allowed to freely explore 
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the open field apparatus for 10 minutes. We did not exhibit any differences in velocity or 

time spent in the center of the platform based on age or treatment status (Supplemental 

Figure 5). This result helps to inform the behaviors observed in the RAWM and indicate that 

the deficits seen due to advanced age may be result of hippocampal dysfunction.

To further explore the cognitive deficits suggested by RAWM, we subjected animals to 

the contextual fear conditioning (CFC) paradigm two and three days after final ethanol 

exposure (Days 20 and 21) (Fig. 5A). On Day 20, all animals received a foot shock at 

the 3 and 4-minute mark (Fig. 6A). Freezing behavior in response to foot shocks did not 

differ between treatment groups on Day 20 (Fig. 6B). Animals were returned to the same 

testing chamber (same context) twenty-four hours later (Fig. 6A) and assessed for freezing 

behavior. Reduction in freezing behavior indicates reduced retrieval of the contextual fear 

memory formed on Day 20. Ethanol exposure significantly decreased freezing behavior in 

an advanced age-dependent manner during the first minute of exploration in the chamber 

(time x treatment group interaction F(12,132) = 3.25, p < 0.001, no main effect of treatment 

group or time) (Fig. 6C). These data suggest binge ethanol exposure impairs hippocampal-

dependent cognition during advanced age.

4. Discussion

Binge alcohol consumption among aged adults is a growing public health concern and 

warrants investigation on the contribution of alcohol misuse to the development of age-

related neurodegenerative disease (Breslow et al., 2017; Han et al., 2019). We previously 

lacked sufficient animal models to explore this topic. Although others have shown ethanol 

has modest influences on neuronal cytokine production (Kane et al., 2013) or microglia 

activation in aged mice compared to young (Grifasi et al., 2019), these studies did not 

holistically characterize neuroinflammation or explore the impact of ethanol exposure 

on neuronal death and cognitive impairment in the aged brain. Here, we find that the 

neuroinflammatory landscape of the hippocampus is heightened by ethanol in the aged 

female mouse brain. Particularly, we observed an increase of SASP factors, NLRP3 

and associated cytokines, and microglia hyperreactivity. Binge ethanol exposure in the 

aged mice also promoted the expression of pathological hallmarks of neurodegeneration 

including tau hyperphosphorylation and neuronal death. Advanced age and ethanol related 

neuroinflammation and injury were associated with contextual memory impairments for up 

to 3 days after intermittent binge ethanol exposure.

We utilized 3 g/kg ethanol gavages in our model, a dose that is consistent with the 

amount of ethanol young and aged mice are reported to drink in ad libitum binge exposure 

models (Grifasi et al., 2019). The timing after ethanol exposure is critical to capture peak 

neuroinflammatory responses (Walter and Crews, 2017), and the use of gavage allowed 

us to control for time of ethanol consumption between young and aged mice in order 

to isolate hippocampal tissue at the 18 hour point. This bolus dose also induced BECs 

of mice that are consistent with other models of ethanol-related neuronal injury and pro-

inflammatory cytokine production (Qin et al., 2008; Liu et al., 2019), whereas voluntary 

ethanol consumption models lead to lower BECs in young and aged male and female mice 

and are reported to elicit more moderate outcomes on neuroinflammation (Grifasi et al., 
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2019). Although the range of BECs we report in young and aged mice (280–380 mg/dl) 

are higher than the standard definition of binge-drinking in humans (reaching a blood 

alcohol level of 80 mg/dl or higher) (Patrick and Azar, 2018), mice metabolize ethanol 

approximately 5.5 fold faster than humans (Jeanblanc et al., 2019) and require up to 5 g/kg 

ethanol to mimic an average binge drinking episode in humans (Pruett et al., 2020).

In our model, aged mice had heightened mRNA expression of hippocampal pro-

inflammatory cytokine mRNA (il-1β, tnf-α, and ccl2) after binge ethanol exposure 

compared to young. These data are consistent with other studies that suggest aged mice 

respond to systemic insults with greater CNS cytokine production (Godbout et al., 2005) 

and fit with our past reports that ethanol consumption during advanced age encourages 

inflammation in peripheral organs (Anton et al., 2023; McMahan et al., 2021). Prior to our 

study, it remained unclear if sensitivity to ethanol and associated neuroinflammation in aged 

mice was dependent on age-related alterations in blood ethanol levels and/or a result of more 

severe ethanol intoxication or withdrawal. We present data that demonstrate aged mice have 

persistent increases in hippocampal cytokine levels over young mice when blood ethanol 

levels are matched, suggesting differences in pharmacokinetics of ethanol does not solely 

drive toxicity in the aged brain. When given equal doses of ethanol, young and aged mice 

did not exhibit differences in withdrawal measurements or ethanol-related ataxia. These 

data suggest the underlying complexities of aging are likely a predominate prerequisite to 

potentiate neuroinflammatory responses to ethanol as opposed to heightened and sustained 

BECs.

Increased expression of pro-inflammatory modulators in older subjects is thought be a 

result of cellular senescence (Sikora et al., 2021), as senescent cells release more cytokines 

at baseline and under stress (i.e., SASP) (Davalli et al., 2016). Although the specific 

mechanism(s) that cause SASP are not well understood, evidence suggests an important 

axis involving the NLRP3 inflammasome (Gritsenko et al., 2020). Activation of the NLRP3 

inflammasome and generation of IL-1β promotes secretion of other cytokines involved in 

SASP (i.e., IL-6, IL-8, TNF-α) and upregulates expression of p16 and p21 in peripheral 

organs and in CNS cells ex vivo (Romero et al., 2022; Shang et al., 2020). NLRP3 

deficiency in aged mice both normalizes IL-1β levels in the hippocampus and diminishes 

production of other SASP cytokines (Youm et al., 2013). On the other end of the axis, 

reducing the number of senescent cells using senolytics also normalizes NLRP3 activation 

brain tissue (Kwon et al., 2021). These data suggest inflammasome activation is closely 

tied to cellular senescence and resulting cytokine production. We find advanced age and 

ethanol amplified expression of NLRP3 and cleaved IL-1β in CA3 of the hippocampus, 

suggesting NLRP3 activation may be an important component of age-related elevations in 

neuroinflammatory cytokines. We also find binge ethanol increases mRNA expression of 

cell cycle arrest proteins including (Cyclin D1 and p16ink4a) in the aged brain. Although 

these are hallmark markers of senescence in the CNS and periphery (Huang et al., 2022), our 

results could be confounded by ethanol-induced disruptions in neural stem cell proliferation 

in the hippocampus (Di Rocco et al., 2019). To fully elucidate outcomes on senescence in 

this model, future studies should verify the specific cell type(s) within in the hippocampus 

that achieve senescence using markers that are not dependent on the cell cycle, like beta-

galactosidase (Huang et al., 2022).
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Microglia propagate neuroinflammation after binge ethanol exposure in the brains of young 

mice (Fernandez-Lizarbe et al., 2009; Wang et al., 2018). Unlike peripheral macrophages 

that undergo suppressed immune responses with advanced age (Boehmer et al., 2005), 

microglia of the aged brain become “primed,” and exhibit heightened and prolonged 

production pro-inflammatory mediators in response to stimuli (Norden and Godbout, 2013). 

Importantly, non-resolving microglia polarization to a pro-inflammatory state is an early 

indicator of advanced age-related neurodegeneration (Hansen et al., 2018). These data led us 

to hypothesize microglia would be susceptible to activation from binge ethanol exposure 

in aged mice. Indeed, we observed ethanol exposure increased markers of microglia 

activation including Iba-1 expression and enlarged microglia soma size in CA3 of aged 

mice. These data suggest another potential mechanism by which the brains of aged mice 

may produce more pro-inflammatory cytokines after binge ethanol consumption compared 

to brains of young mice. These data support past studies that suggest ethanol induces 

microglia reactivity in mice and rats in vivo (Fernandez-Lizarbe et al., 2009; Pascual et 

al., 2007) and ex vivo (Fernandez-Lizarbe et al., 2009; Kalinin et al., 2018; Coleman et 

al., 2020). However, there is conflicting evidence that direct ethanol exposure suppresses 

pro-inflammatory signaling after ethanol withdrawal in mouse microglia in vivo (Guergues 

et al., 2020) and after direct ethanol exposure in rat microglia ex vivo (Bell-Temin et al., 

2013). Additional investigation into the effects of ethanol exposure on primary microglia 

across the lifespan, and throughout different stages of ethanol exposure and withdrawal, is 

necessary to fully characterize the impact of ethanol on microglia phenotype.

Although we failed to see differences in astrocyte reactivity in our model via GFAP staining 

this does not necessarily exclude age and ethanol-related changes on astrocyte phenotype. 

Given the important role of astrocytes in ethanol metabolism in the brain (Jin et al., 2021), it 

will be important for future studies to dissect the molecular mechanisms within and between 

microglia and astrocytes that coordinate the inflammatory landscape of the aged brain 

after ethanol exposure. Brain tissue was not perfused at the time of tissue harvest in this 

model, and thus an additional avenue of exploration includes the contribution of infiltrating 

macrophages to age and ethanol related neuroinflammation. Infiltrating macrophages are 

thought to amplify cytokine production after chronic ethanol consumption in young mice 

(Lowe et al., 2020). While infiltrating macrophages are estimated to only compromise about 

10% of total brain macrophages after ethanol exposure (Lowe et al., 2020), delineating their 

responses with lend more insight into the source of cytokine production in the aged brain 

from ethanol consumption. Study of these outcomes in other brain regions will also reveal 

if these neuroinflammatory responses are unique to CA3 or are a common consequence 

throughout all brain regions.

Heightened neuroinflammation is closely tied to tau hyperphosphorylation and neuronal 

death within the hippocampus (Chen et al., 2020; Metcalfe and Figueiredo-Pereira, 2010; 

Navarro et al., 2020). For example, the NLRP3 inflammasome is vital to initiate tau 

phosphorylation and NLRP3 blockade reduces tau aggregation in PS19 transgenic mice 

(Stancu et al., 2022). Here, we observed that the expression pattern of mapt, camk2a, 
and prkcd in the hippocampus of aged mice began to suggest early changes in tau 

hyperphosphorylation from ethanol exposure. We further confirmed this phenotype within 

CA3 of aged and ethanol treated mice using PHF-1 staining. Our findings also suggest 
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early accumulation of apoptotic cells in the CA3 of ethanol exposed aged mice. These 

data demonstrate that our model of intermittent binge ethanol exposure in aged mice 

mimic pathological hallmarks of neurodegeneration in seen in aged adults with alcohol 

use disorder (Ikegami et al., 2003) and in other rodent models of advanced aging (Torres 

et al., 2021), Alzheimer’s disease (Hoffman et al., 2019), and tauopathies (Stancu et al., 

2022). Our data are consistent with proteomic studies using chronic intermittent ethanol 

exposure in male rats that demonstrate changes in phosphoproteins due to advanced age 

and ethanol exposure in the brain (Ho et al., 2022). Together, these data provide further 

evidence that binge ethanol related enhancement of inflamm-aging factors may contribute 

to neurodegeneration. Future studies may employ anti-inflammatory drug interventions to 

further implicate neuroinflammation as a driver of age and ethanol-related neuronal damage.

Interestingly, young animals did not exhibit signs of neurodegeneration, as no notable 

differences in PHF-1 and TUNEL staining were observed between young vehicle and 

ethanol mice. We found modest increases in cytokine production and microglia activation 

in young mice after binge ethanol exposure. These patterns, while consistent with other 

models of binge ethanol exposure using young male mice and higher doses of ethanol (5 

g/kg), are not as robust (Qin and Crews, 2012). These discrepancies may be explained 

by the use of C57BL/6N mice in our studies, which are thought to be less sensitive to 

the inflammatory effects of ethanol compared to C57BL/6J mice, due to differences in 

the nnt gene (Boschen et al., 2021). Additional discrepancies may be a result of the more 

moderate ethanol exposure employed herein. Because binge ethanol exposure models that 

utilize 5 g/kg ethanol binges in young male mice elicit neuron death (Liu et al., 2019), it 

is possible that these exposures did not reach the necessary threshold to promote cell death. 

Alternatively, our studies may highlight the requirement of certain advanced age-related 

factors that predispose the brain to ethanol-related neurodegeneration, including heightened 

pro- inflammatory mediators and NLRP3 inflammasome activation.

Hippocampal neurodegeneration is a leading cause for advanced age and binge ethanol 

related memory deficits (Moodley and Chan, 2014). Even in the absence of discrete neuronal 

injury, increased expression of pro-inflammatory modulators like IL-1β inhibit neurogenesis 

within the hippocampus (Crews, 2012; Wu et al., 2012) and negatively impacts cognition 

in the context of aging and disease (Kitazawa et al., 2011). Given the specific role of CA3 

in the formation of spatial, contextual, and episodic memories, we utilized the RAWM 

and CFC to assess differences in memory due to age and ethanol exposure (Cherubini and 

Miles, 2015). Using our intermittent binge ethanol paradigm, no cognitive impairment was 

observed in young mice after ethanol binge, which is not surprising considering young 

mice displayed lower levels of inflammatory markers and did not exhibit neurodegeneration 

markers after binge ethanol exposure. Aged mice exhibited deficits in the contextual 

memory, which was exaggerated by binge ethanol exposure. Advanced age-related memory 

impairments are consistent with other aged rodent models and mimic the cognitive decline 

seen in otherwise healthy aged adults (Shukitt-Hale et al., 2004). However, these age-related 

impairments may have limited our ability to detect differences between aged vehicle and 

ethanol treated groups on the radial arm water maze. Given the observed decline in health 

and increase in frailty starting at 18 months of age (Baumann et al., 2019) in C57BL/6 

mice, future studies may need to implement the use of middle-aged (12 months) and 
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older (16–17 months) mice to detect the influence of ethanol on cognition in aged mice. 

Additionally, while young and aged mice did not exhibit differences in withdrawal behaviors 

(Supplemental Figure 1), we cannot fully rule out the possibility that mice undergo more 

subtle withdrawal states not detected by our measures (Metten et al., 2018). Future iterations 

of this study should explore cognition in animals at 3 or more days after ethanol exposure to 

eliminate lingering effects of withdrawal.

Other limitations of our study arose from the variability in response to ethanol in our aged 

mice. Phenotypic variation increases with advanced age in rodents (Anton et al., 2023), and 

in the future performing measures of frailty before ethanol treatment may help account for 

the differences in responses. In our spatial transcriptomic study, we were limited to one 

sample per treatment group due to the cost prohibitive nature of this assay. Trends observed 

using spatial transcriptomics should therefore be verified using in situ hybridization, qRT-

PCR, or immunohistochemistry with powered treatment groups. The quantity of animals 

needed for each end point limited us to test outcomes at a single timepoint with mice that 

were previously naïve to ethanol. Because aged adult drinkers typically consume alcohol 

throughout adulthood (Breslow et al., 1997) the lasting impact of ethanol exposure on 

neurodegeneration throughout adulthood should be investigated. Finally, these experiments 

utilized female C57BL/6N mice to model the growing issue of binge drinking among aged 

adult women (Breslow et al., 1997). Key endpoints will need to be repeated in male mice to 

understand how sex influences the outcomes addressed here.

In conclusion, we provide evidence to suggest binge drinking promotes neurodegeneration 

and cognitive impairment during advanced age. We identified several different 

neuroinflammatory mediators that are associated with advanced age and ethanol related 

damage and our model of intermittent binge ethanol exposure can be utilized in future 

studies to identify potential therapeutic targets. Together these data strongly suggest 

binge alcohol use in aged adults should be considered a modifiable risk factor for 

neurodegenerative disease and dementia development.
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Fig. 1. Hippocampal Measures of Inflammation and Senescence are Increased by Advanced Age 
in Binge Ethanol Exposed Mice.
(A) Young and aged mice were exposed to intragastric gavages of ethanol (3 g/kg) or vehicle 

every other day for 10 total exposures. (B) Blood ethanol levels were measured between 

30 and 240 minutes after final ethanol gavage. Values represent the mean ± SEM, n = 

6 per group, per time point. Age-related elevations in BECs trended toward significance 

30 minutes after final exposure (p = 0.09), determine by a repeated measures ANOVA. 

Hippocampal RNA was isolated 18 hours after final exposure and expression of (C) pro-

inflammatory cytokine (tnf-α, il-1β, ccl2) (D) senescence marker (cyclin d1, p16ink4a, p21) 
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mRNA was detected using via qRT-PCR. All values are expressed as fold-change compared 

to young vehicle treated mice. Individual data points are represented, n = 6–10 per group. 

Mean and SEM are reported, values were significantly different from each other determined 

by 2-way ANOVA with Tukey’s post hoc test, * p < 0.05 ** p < 0.01, *** p < 0.001.
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Fig. 2. Aged Mice Express Amplified Markers of NLRP3 Inflammasome Activation in the 
Hippocampus After Binge Ethanol Exposure Compared to Young.
Young (3–4 months old) and aged (18–20 months old) female C57BL/6N mice were 

exposed to intragastric gavages of ethanol (3 g/kg) or vehicle every other day for 10 total 

exposures. Multispectral imaging was performed on left hemispheres of young and aged 

ethanol and vehicle treated mice. Two sections from each brain hemisphere was imaged 

using a whole slice scanning system and representative images at 10x magnification are 

shown. Expression of percent positive area for (A) NLRP3 and (B) IL-1β in CA3 of the 

hippocampus were quantified using QuPath software; data are represented as the average 

of two sections/brain. N = 8–10 per group, means and SEM are reported. Values were 

significantly different from each other determined by 2-way ANOVA with Tukey’s post hoc 

test, ** p < 0.01, *** p < 0.001.
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Fig. 3. Binge Ethanol Increases Markers of Microglia Reactivity in the Brains of Aged Mice.
Young (3–4 months old) and aged (18–20 months old) female C57BL/ 6N mice were 

exposed to intragastric gavages of ethanol (3 g/kg) or vehicle every other day for 10 total 

exposures. Multispectral imaging was performed on left hemispheres of young and aged 

ethanol and vehicle treated mice. Sections from each brain hemisphere were imaged using 

a whole slice scanning system and representative images at 10x magnification are shown. 

(A) Expression of Iba-1 staining in CA3 of the hippocampus from all treatment groups with 

representative images of microglia morphology shown to the right of each image at 20x 

magnification. (B) Quantification of Iba-1 staining intensity and average microglia soma 

area, n = 8–10 per group. Means and SEM are reported, values were significantly different 

from each other determined by 2-way ANOVA with Tukey’s post hoc test, * p < 0.05 ** p < 
0.01, *** p < 0.001.
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Fig. 4. Binge Ethanol Promotes Tau Hyperphosphorylation and Neuronal Death in the Brains of 
Aged Mice.
Young and aged mice were subjected to intermittent gavages of ethanol (3 g/kg) or vehicle 

every other day, totaling 10 exposures. 18 hours after final gavage, hippocampal tissue 

was isolated for qRT-PCR or immunohistochemistry. (A) Schematic of the role of target 

genes involved in tau hyperphosphorylation. Made with Biorender.com. (B) Hippocampal 

RNA was isolated 18 hours after final exposure and expression of tau hyperphosphorylation 

(camk2a, mapt, prkcd, ttr mRNA was detected using via qRT-PCR. Individual data points 

are represented, n = 6–10 per group. Values were significantly different from each other 
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determined by 2-way ANOVA with Tukey’s post hoc test, * p < 0.05. (C) Paraffin-embedded 

were deparaffinized followed by immunodetection of the tau phosphorylation site PHF-1 

and nuclei were counterstained with hematoxylin. Images were acquired using a 10x 

objective and positive staining was quantified using ImageJ. Representative images from 

CA3 of the hippocampus are shown with excerpts of staining shown at 20x magnification 

below. (D) Apoptotic cells were visualized in paraffin-embedded hippocampal sections. 

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-positive 

cells were enumerated and are represented as total number of positive cells in a 10x field. 

N = 8–10 per group. Means and SEM are reported, values were significantly different from 

each other determined by 2-way ANOVA with Tukey’s post hoc test, * p < 0.05, **p < 0.01, 

***p < 0.001.
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Fig. 5. Advanced Age-Related Deficits in Spatial Learning and Memory.
(A) Testing timeline of behavioral assays. Mice were trained to find the submerged platform 

in the radial arm water maze (RAWM) for 2 days leading up to our intermittent ethanol 

exposure paradigm. Twenty-four hours after the final exposure (Day 19), mice were re-

introduced to the RAWM. All animals were also subjected to the open field task (OFT) 18 

hours after the final ethanol exposure (Day 19) and contextual fear conditioning (CFC) on 

Days 20 and 21. (B) Mice were trained to find the submerged platform in arm 4 of the maze 

leading up to ethanol or vehicle exposure (Days −2 and −1). After the exposure paradigm, 

mice were re-introduced to the maze whereby the location of the platform was switched 

to arm 6 (Day 19). (C) Mice were trained on the RAWM prior to the exposure paradigm 

and the average number of incorrect arm entries made by young and aged mice on Days 

−2 and −1 were recorded. (D) The percent of arm entries into the pre-treatment platform 

arm during T1–4 (“memory phase”) compared to total incorrect arm entries. The difference 

in the latency to reach the new platform (E) and number incorrect arm entries (F) between 

T7–10 (“learning phase”) and T1–4 (“memory phase”) for each group. N = 11–17 per group, 

mean and SEM are reported. Values were significantly different from each other determined 

by 2-way ANOVA with Tukey’s post hoc test, * p < 0.05.
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Fig. 6. Binge Ethanol Exposure in Advanced Age Contributes to Impaired Contextual Memory.
(A) The contextual fear conditioning (CFC) paradigm used on Days 20 and 21. (B) The 

average time of freezing behavior (seconds) was measured over 5 minutes on Day 20 of the 

CFC. Lightning bolts indicate time of shock. (C) Average freezing behavior of all treatment 

groups over 5 minutes on Day 21. Animals were not subjected to foot shocks on Day 21. 

Mean and SEM are reported, values were significantly different from each other determined 

by repeated measures ANOVA with Geisser-Greenhouse correction and Tukey’s post hoc 

test * p < 0.001 of the aged ethanol group compared to all other treatment groups determined 

by repeated measures ANOVA with Geisser-Greenhouse correction and Tukey’s post hoc 

test.
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