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ARTICLE INFO ABSTRACT

Keywords: Epidemiological studies identified alcohol use disorder (AUD) as a risk factor for Alzheimer’s disease (AD), yet
Amyloid-p there is conflicting evidence on how alcohol use promotes AD pathology. In this study, a 10-week moderate two-
Aleohol . bottle choice drinking paradigm was used to identify how chronic ethanol exposure alters amyloid-p (Ap)-related
Il;/[r:ib()hsm pathology, metabolism, and behavior. Ethanol-exposed APPswe/PSEN1dE9 (APP/PS1) mice showed increased

brain atrophy and an increased number of amyloid plaques. Further analysis revealed that ethanol exposure led
to a shift in the distribution of plaque size in the cortex and hippocampus. Ethanol-exposed mice developed a
greater number of smaller plaques, potentially setting the stage for increased plaque proliferation in later life.
Ethanol drinking APP/PS1 mice also exhibited deficits in nest building, a metric of self-care, as well as increased
locomotor activity and central zone exploration in an open field test. Ethanol exposure also led to a diurnal shift
in feeding behavior which was associated with changes in glucose homeostasis and glucose intolerance. Com-
plementary in vivo microdialysis experiments were used to measure how acute ethanol directly modulates Ap in
the hippocampal interstitial fluid (ISF). Acute ethanol transiently increased hippocampal ISF glucose levels,
suggesting that ethanol directly affects cerebral metabolism. Acute ethanol also selectively increased ISF Ap40,
but not ISF Ap42, levels during withdrawal. Lastly, chronic ethanol drinking increased N-methyl-p-aspartate
receptor (NMDAR) and decreased y-aminobutyric acid type-A receptor (GABAAR) mRNA levels, indicating a
potential hyperexcitable shift in the brain’s excitatory/inhibitory (E/I) balance. Collectively, these experiments
suggest that ethanol may increase AP deposition by disrupting metabolism and the brain’s E/I balance.
Furthermore, this study provides evidence that a moderate drinking paradigm culminates in an interaction be-
tween alcohol use and AD-related phenotypes with a potentiation of AD-related pathology, behavioral
dysfunction, and metabolic impairment.

Alzheimer’s disease

1. Introduction increase to ~14 million by 2050 (Long and Holtzman, 2019). AD pa-
thology is characterized by the aggregation of extracellular amyloid-p

Alzheimer’s disease (AD) is the most common form of dementia, (Ap) into amyloid plaques, the intracellular accumulation of tau into
accounting for 60-80% of dementia cases. In the US, ~6 million people neurofibrillary tangles, and neurodegeneration (Jack et al., 2016). Ap
have been diagnosed with AD, and those numbers are expected to aggregation and other pathological events precede the onset of cognitive
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decline and clinical diagnosis by ~10-20 years (Jack Jr. et al., 2010).
Thus, it is important to identify risk factors that accelerate the onset of
AD. Epidemiological studies identified alcohol use disorder (AUD) as a
risk factor for AD (Harwood et al., 2010; Xu et al., 2017; Schwarzinger
et al., 2018; Zhornitsky et al., 2021), yet there is conflicting evidence on
how alcohol use promotes AD pathology. Preclinical studies show that
chronic ethanol administration increases amyloid plaque pathology and
amyloidogenic processing of amyloid precursor protein (APP) (Huang
et al., 2018; Hoffman et al., 2019). Conflicting studies suggest that low-
to-moderate alcohol consumption may reduce the risk of AD in humans
(Rehm et al., 2019). Thus, questions remain as to whether ethanol
directly modulates Ap levels, or how moderate ethanol consumption
affects factors that contribute to amyloid pathology such as metabolic
deficits.

Recognizing this gap in knowledge and the critical need to better
understand how AUD increases the risk for AD, this study investigated
how chronic ethanol consumption alters the behavioral and metabolic
disturbances associated with AD pathogenesis. Here, a well-validated
mouse model of AD-related pathology and Af overexpression
(APPswe/PSEN1dE9; APP/PS1) (Jankowsky et al., 2004) was exposed
to a moderate ethanol-drinking paradigm. The effects of ethanol on AD-
related pathology, metabolism, anxiety- and depression-related behav-
iors, cognitive measures, and excitatory/inhibitory (E/I) receptors were
then analyzed. In vivo microdialysis in APP/PS1 mice was also used to
measure how an acute ethanol exposure directly impacts cerebral
glucose metabolism, AB40, and Ap42 levels in the hippocampal inter-
stitial fluid (ISF).

Moderate ethanol consumption, via a two-bottle choice drinking
paradigm, induced changes in brain atrophy, amyloid plaque number,
and plaque size, without affecting APP levels or APP processing. Chronic
and acute ethanol disrupted peripheral and cerebral glucose homeo-
stasis, both of which are known to drive of Ap-related pathology (Mac-
auley et al., 2015; Stanley et al., 2016; Kavanagh et al., 2019). Moderate
ethanol drinking also exacerbated behavioral deficits typically observed
in APP/PS1 mice. An acute ethanol exposure selectively increased
interstitial fluid (ISF) Ap40 levels by ~20% during withdrawal, but not
ISF APB42. Because AB40 is released in an activity-dependent manner
(Bero, 2011a; Cirrito et al., 2008; Cirrito et al., 2005), this suggests that
acute ethanol is altering neuronal activity. In support of this, chronic
ethanol administration led to changes in NMDA and GABA, receptor
subunit expression. This gives further credence to the notion that
ethanol is driving amyloid pathology through changes in neuronal ac-
tivity. Collectively, this study provides evidence that ethanol increases
amyloid pathology through disruptions in glucose homeostasis and
brain excitability. This study suggests that chronic ethanol consumption,
even at moderate amounts, may exacerbate the development of AD-
related pathology and AD-associated behavioral deficits.

2. Materials & methods
2.1. Animals

5.5-month-old male APPswe/PSEN1dE9 mice (Jankowsky et al.,
2004) (APP/PS1; The Jackson Laboratory; n = 20) and age-matched
wildtype B6C3 control mice (n = 20) were used for the chronic drink-
ing studies. Six animals following baseline behavioral testing died
resulting in a total of 17 APPswe/PSEN1dE9 mice and 17 age-matched
wildtype mice. Group size was determined based on similar studies
conducted by our labs and others. Since epidemiological studies have
shown that men with AUDs develop dementia at higher rates than
women with AUDs (Schwarzinger et al., 2018) and male and female
APP/SP1 mice develop pathology at different rates, only male mice were
used for these initial studies. All animals were housed individually in
standard mouse cages under a 12-h artificial light-dark cycle. Room
temperature and humidity were kept constant (temperature: 22 + 1 °C;
relative humidity: 55 + 5%). Standard laboratory rodent chow (LabDiet
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5P00 Prolab RMH 3000 rodent chow) and tap water were provided ad
libitum throughout the experimental period. Mice underwent a battery
of behavioral tests at baseline, and at various stages during ethanol
exposure. A separate cohort of 3-month-old male APP/PS1 mice (n =
4-9; see Supplementary Tables 1-3) was used for acute ethanol exposure
experiments. All experimental procedures were approved by the Com-
mittee on Animal Care and Use at Wake Forest School of Medicine.

2.2. Experimental design

At 3 months of age, APP/PS1 and control mice were run through a
battery of behavioral tests to identify baseline differences in behavior.
Following completion of this behavioral battery, 5.5-month-old wild-
type and APP/PS1 mice were randomly assigned to drinking groups.
Mice were exposed to ethanol for 10 weeks via a modified two-bottle
choice paradigm (Huynh et al., 2019). Mice were weighed before and
after each drinking session. Throughout the 10-week drinking period,
mice were assessed for changes in anxiety and AD-related behaviors
during the three-day abstinence period. At the end of the study, mice
were euthanized within 24-48 h after the final ethanol exposure (see
Fig. 1a for experimental timeline). Briefly, mice were anesthetized with
an overdose of sodium pentobarbital and transcardially perfused with
ice-cold 0.3% heparin in DPBS. Prior to perfusion ~200 pL of blood was
collected from the left ventricle and transferred into EDTA-coated tubes
and kept on ice. Tubes were centrifuged at 3000g for 5 min at 4 °C and
plasma was removed then flash-frozen in dry ice and stored at —80 °C.
After perfusion, brains were removed, weighed, and bisected. The left
hemisphere was fixed in 4% paraformaldehyde at 4 °C, while the right
hemisphere was dissected and flash-frozen in dry ice.

2.3. Two bottle choice procedure

Following baseline behavioral testing, mice were exposed to a
modified two bottle choice paradigm (Simms et al., 2008) for 10 weeks.
Briefly, 5.5-month-old wildtype (n = 7), and APP/PS1 mice (n = 8) were
provided free access ethanol (20% w/v in water) and water for 12 h/day
for 4 consecutive days during their dark cycle. Ethanol and water po-
sitions were alternated daily to control for side preference. Control
groups consisted of age-matched wildtype (n = 10) and APP/PS1 mice
(n = 9), provided with two bottles of water during the same time pe-
riods. All mice were weighed prior to each drinking exposure. Bottles
were weighed before and after each drinking period. Ethanol con-
sumption data is presented as grams of ethanol per kilogram of body
weight. Ethanol preference was calculated as percent of ethanol intake
over total liquid consumption.

2.4. Open field assay (OFA)

The open field assay was performed as described previously (Ewin
et al., 2019). Briefly, mice were placed in the center of a plexiglass
chamber (40 cm x 40 cm x 30 cm) equipped with Omnitech Superflex
Sensors (Omnitech Electronics, Inc). This box uses arrays of infrared
photodectectors located at regular intervals along each wall of the
chamber. The chamber walls were solid and were contained within
sound-attenuating boxes with a 15-watt light bulb to illuminate the
arena. Exploratory activity was measured for 15 min and quantified as
locomotor activity and % time spent in the central zone. OFA activity
was assessed at baseline when mice were ~ 3 months-old, and again
after 3 weeks of ethanol exposure when mice were ~ 6 months-old.

2.5. Light/Dark assay (LD)

The light/dark box test was conducted as previously described
(Miller et al., 2011). Control and APP/PS1 mice were placed into a
polycarbonate box (40 cm x 40 cm) with two equally sized regions. One
region was dark and concealed, while the other was open and light. A 10
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Fig. 1. APP/PS1 mice do not consume more ethanol than control mice. a) Timeline for the experimental protocol. b) Cumulative and average weekly EtOH intake (g/
kg) from the 10-week plotted as a function of genotype. APP/PS1 mice did not consume more EtOH than wildtype mice. ¢) Cumulative and average weekly EtOH
preference (% total fluid) from the 10-week exposure period plotted as a function of genotype. No difference between wildtype and APP/PS1 mice was observed
(unpaired t-test). d) Cumulative and average weekly water consumption across the 10-week EtOH exposure in EtOH-treated mice. No difference was seen in EtOH-
treated wildtype or APP/PS1 mice (unpaired t-test). e) Cumulative and average weekly water consumption across the 10-week EtOH exposure period in water-treated
mice. APP/PS1 mice consumed more water than wildtype mice (p < 0.0001, unpaired t-test). Wildtype + H20, n = 10; APP/PS1 + H20, n = 9; Wildtype + EtOH, n

= 7; APP/PS1 + EtOH, n = 8. ***p < 0.001.

cm opening allowed free movement between both regions. Mice were
monitored for five minutes. Latency to enter the light side, number of
light-side entries, and total time spent in the light-side of the box were
recorded with EthoVision XT tracking software. Increased reluctance to
venture into the light, uncovered, side was interpreted as anxiety-related
behavior. LD activity was assessed at baseline when mice were ~ 3
months-old, and again after 3 weeks of ethanol exposure when mice
were ~ 6 months-old.

2.6. Marble burying

The marble burying test was performed as previously described
(Amodeo et al., 2012). Control and APP/PS1 mice were brought into a
novel environment and habituated for one hour before behavioral
testing. Mice were placed in a cage (19.56 cm x 30.91 cm x 13.34 cm)
containing 12 marbles (13 mm diameter) on corncob bedding (5 cm
depth). Mice were allowed to freely move within the cage for 30 min.
Following the 30-min period, mice were removed from the cage and
returned to their respective home cages. Images of each cage were
recorded, and the number of marbles were counted. A marble was
considered buried when >75% of the object was covered by bedding.

2.7. Object location memory task (OLM)

Object location memory task was conducted as previously described
(Day et al., 2019). Mice were habituated to an opaque plastic chamber
(40 cm x 40 cm) with visible spatial cues for 10 min. After 24 h, mice
were returned to the chamber with two identical objects and were
allowed to freely explore and interact with the objects for 10 min.
Twenty-four hours later, mice were returned to the chamber again,
where one of the two objects had been relocated to an adjacent position.
Changes in objects and locations were randomized and counterbalanced.
Time spent with each object was measured and calculated as a per-
centage of the total object interaction time. Relocated object preference
of ~50% indicates memory impairments. Time with objects was
measured both manually and with EthoVision XT tracking software.
Mice with a total object interaction time of <5 s were excluded from
analysis. Data collection and analysis were performed blinded to
condition.

2.8. Glucose tolerance test

After 9 weeks of ethanol exposure, a glucose tolerance test was
performed as previously described (Day et al., 2019). Briefly, mice were
fasted for 4 h and 2.0 g/kg glucose was administered via i.p injection.
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Blood samples were taken from tail veins and blood glucose was
measured at baseline, 15-, 30-, 45-, 60-, 90-, and 120 min from glucose
injection using a glucometer (Bound Tree Medical Precision XTRA
Glucometer; Fisher). Glucose tolerance tests were performed on non-
drinking days.

2.9. Nest building

Nest building behavior was assessed as previously described
(Deacon, 2006). 24 h following the last day of EtOH treatment during
the dark cycle, control and APP/PS1 mice were provided fresh nesting
material (a paper Bed-r’Nest (TheAndersons)) and cotton nestlet
(Ancare) in their home cages. At the beginning of the light cycle, photos
of the nests were recorded and rated on a 1-5 scale by two blinded
analysts. A score of 1 was considered a completely unconstructed nest,
while a 5 was considered a completed nest that integrated all available
materials.

2.10. Brain mass, Aff immunohistochemistry, and X34 staining

Prior to sectioning, brains were cryoprotected in 30% sucrose then
sectioned on a freezing microtome at 50 pm. Three serial sections (300
pm apart) through the anterior-posterior aspect of the hippocampus
were immunostained for Ap deposition using a biotinylated, HJ3.4
antibody (anti-Af;_13, a generous gift from Dr. David Holtzman, Wash-
ington University). Sections were developed using a Vectastain ABC kit
and DAB reaction. For fibrillary plaques, free floating sections were
permeabilized with 0.25% Triton X-100 and stained with 10 pM X-34 in
40% ethanol +0.02 M NaOH in PBS (Ulrich et al., 2018). Brain sections
were imaged using a NanoZoomer slide scanner and the percent area
occupied by HJ3.4 or X34 was quantified using ImageJ software (Na-
tional Institutes of Health) as previously described (Bero et al., 2011b;
Roh et al., 2012). A histogram analysis was performed to quantify the
frequency of each plaque by pixel size, excluding any plaques smaller
than 10 pixels. Statistical significance was determined using a two-
tailed, unpaired t-test (percent area) and a 2-way ANOVA with Sidéak’s
multiple comparisons post-hoc tests (size x frequency). Ap deposition,
amyloid plaque size, amyloid plaque, and neurofibrillary plaque area
fraction were quantified by a blinded researcher. Because wildtype mice
do not develop amyloid plaques, A IHC and X34 staining was only
performed in wildtype mice. Data is represented by means +=SEM.

2.11. Western blot

Western blot analysis was used to measure protein levels of APP
processing enzymes and excitatory and inhibitory receptors. Because
wildtype mice do not develop amyloid plaques, Western bot analysis for
APP and APP processing enzymes were only performed in APP/PS1
mice. For APP processing enzymes, posterior cortical tissue was ho-
mogenized in 1x cell lysis buffer (Cell Signaling) supplemented with
protease inhibitor cocktail (Roche), 1 mM PMSF (Cell Signaling), 1 mM
DTT (Sigma-Aldritch), and a phosphatase inhibitor cocktail (Millipore)
using a probe sonicator at 30% amplitude, 1 s pulse with a 5 s delay, 5
times while on ice. Tissue homogenates were then spun down at 10,000
g for 10 min at 4 °C and the supernatant was used for immunoblotting.
Protein concentrations were analyzed using BCA protein assay kit
(Pierce). For APP and APP c-terminal fragments (CTFs), 15 pg of protein
were run in 15% tris-tricene gels to increase separation between CTF-§
and CTF-a. All other proteins were run in 10% tris-trice gels. All gels
were run using BioRad Protean mini then rapid-transferred to PVDF
membranes using BioRad Semi-dry membranes (BioRad). Membranes
were subsequently blocked using 5% BSA in 1x TBST for 1 h and then
incubated with primary antibodies overnight at 4 °C. Secondary anti-
body conjugated with HRP-specific to primary antibody were incubated
at room temperature for 1 h in 1x TBST. The following primary and
secondary antibodies were used for this study: APP (including CTFp and
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CTFo; Invitrogen; CT695; 1:1000), BACE1 (Cell Signaling; 5606S;
1:1000), ADAM10 (Millipore; AB19026; 1:1000), IDE (Abcam;
ab232216; 1:1000), GluN2A (Cell Signaling; 4025; 1:1000), GluN2B
(Cell Signaling; 4212; 1:1000), GABAAR o5 (Santa Cruz; Sc393921;
1:1000), and p-actin (Millipore; MAB1501; 1:50,000), anti-mouse (Cell
Signaling; 7076S; 1:5000), anti-rabbit (Cell Signaling; 7074S; 1:5000).
Protein bands were visualized using chemiluminescence using ECL
(EMD Millipore). Densitometric analysis was performed using ImageJ,
and data were normalized to B-actin (Millipore; MAB1501; 1:50,000).
B-actin expression was not affected by genotype or ethanol exposure
(supplementary fig. 1).

2.12. Plasma glucose and lactate measurements

Plasma was collected during euthanasia, as described above. Glucose
and lactate concentrations were measured using the YSI 2900 analyzer
(YSI incorporated) per the manufacturer’s instructions as previously
described (Macauley et al., 2015). Data is represented by means + SEM.

2.13. Insulin ELISA

Plasma was collected during euthanasia, as described above, and
insulin was measured by ELISA (Alpco; 80-INSMSU-E10) according to
manufacturer’s instructions (Stanley et al., 2016). Homeostasis model
assessment of insulin resistance scores were then calculated (HOMA-IR
= plasma glucose [mmol/L] x plasma insulin [U/mL]/22.5).

2.14. In vivo microdialysis

To determine how ethanol directly affects ISF glucose, ISF lactate,
ISF AB40, and ISF Ap42, a separate cohort of APP/PS1 mice was exposed
to a single intoxicating dose of ethanol (2.0 g/kg, 15% w/v, i.p). ISF
Ap40 and APB42 concentrations in young mice corresponds to plaque
deposition in aged animals (Bero et al., 2011b). Additionally, Ap ag-
gregates in a concentration-dependent manner. Therefore, 3-month-old
APP/PS1 mice were used to measure how Ap levels change prior to the
onset of brain Ap deposition (Jankowsky et al., 2004). Hippocampal ISF
was continuously collected before and after ethanol exposure using in
vivo microdialysis as previously described (Macauley et al., 2015). Five
days prior to acute ethanol exposure, guide cannulas (BASi) were ste-
reotaxically implanted into the hippocampus (from bregma, A/P: —3.1
mm; M/L: —2.5 mm; D/V: —1.2 mm; at 12° angle) and secured into place
with dental cement. One day prior to ethanol, 3-month-old APP/PS1
mice were transferred to sampling cages (Bioanalytical Systems).
Microdialysis probes (2 mm; 38 kDa molecular weight cut off; BR-style;
BASi) were inserted into the guide cannula, connected to a syringe pump
and infused with 0.15% bovine serum albumin (BSA, Sigma) in artificial
cerebrospinal fluid (aCSF; 1.3 mM CaCl2, 1.2 mM MgS04, 3 mM KCl,
0.4 mM KH2PO4, 25 mM NaHCO3 and 122 mM NaCl; pH = 7.35) at a
flow rate of 1 pL/min. Hippocampal ISF was collected hourly, beginning
in the early afternoon. Approximately 24 h later, mice were adminis-
tered 3.0 g/kg ethanol via i.p. injection from a 15% ethanol (w/v; in
0.9% saline) and ISF was collected for another 24 h.

2.15. ISF glucose and ethanol measurements

ISF ethanol, glucose and lactate concentrations were measured in
each ISF sample from 3-month-old APP/PS1 mice (n = 6-8, supple-
mentary Tables 1-2) using the YSI 2900 analyzer (YSI incorporated) per
the manufacturer’s instructions.

2.16. ApB40 and Ap42 ELISAs
ISF samples from 3-month-old APP/PS1 mice (n = 5) collected from

in vivo microdialysis experiments were analyzed for AB40 using sand-
wich ELISAs as previously described (Bero et al., 2011b; Roh et al., 2012;



S.M. Day et al.

Macauley et al., 2015). Briefly, Ap40 and AB42 were quantified using
monoclonal capture antibodies (generous gifts from Dr. David Holtz-
man, Washington University) targeted against amino acids 33-40 (HJ2,
Ap40) or amino acids 35-42 (HJ7.4, Ap42). For detection, a biotinylated
monoclonal antibody against the central domain amino acids 13-28
(HJ5.1B) was used, followed by streptavidin-poly-HRP-40. Assays were
developed using Super Slow TMB (Sigma). Plates were read on a Bio-Tek
Synergy 2 plate reader at 650 nm.

2.17. qPCR

RNA isolation from mouse brain was performed as previously
described (Musiek et al., 2013). Briefly, anterior cortex was homoge-
nized by trituration through a 23-gauge needle in TRIzol (Invitrogen).
Chloroform (1:5) was added then samples were mixed, and centrifuged
(13,000 g; 15 min; 4 °C). Chloroform was removed, and samples were
diluted 1:1 in 70% ethanol and purified using RNeasy columns and re-
agents (QIAGEN). RNA concentration was measured using a NanoDrop
spectrophotometer. Reverse transcription was performed using a high-
capacity RNA-cDNA kit (Applied Biosystems [ABI]) with 1 pg RNA per
20 pL reaction. Real-time qPCR was performed with ABI TagMan
primers and reagents on an ABI Prizm 7500 thermocycler according to
the manufacturer’s instructions. Primers used: Grin2a (TaqMan;
MmO00433802_m1), Grin2b (TagMan; Mm00433820_m1), Gabra5 (IDT;
Mm.PT.58.5845925), Actb (TagMan; Mm01205647_g1). All mRNA
measurements were normalized to Actb (f-actin) then to wildtype +
H20 group mRNA levels.

2.18. Synaptoneurosome preparation

Synaptoneurosomes (SYNs) were prepared from whole hippocampal
tissue as previously described (Sosanya et al., 2013; Ewin et al., 2019).
Briefly, whole hippocampal tissue was homogenized in buffer (50 mM
Tris, pH 7.35; protease and phosphatase inhibitors (Halt, Thermofisher).
Homogenates were sequentially filtered through 100 pm and 5 pm filters
to produce SYNs (Niere et al., 2016; Quinlan et al., 1999). SYNs were
centrifuged (14,000 g; 20 min; 4 °C) to obtain a pellet that was solubi-
lized in RIPA buffer (150 mM NaCl; 10 mM Tris, pH 7.4; 0.1% SDS; 1%
Triton X-100; 1% deoxycholate 5 mM EDTA; Halt). Samples were then
centrifuged (14,000 g 20 min; 4 °C) and the soluble fraction was
removed and used for Western blot analysis as described above.

2.19. Statistical analysis

Statistical analyses were performed with GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA). Two-way repeated-measures
ANOVAs were used to analyze differences between-subject factors (ge-
notype and time or genotype and alcohol exposure) and post hoc ana-
lyses (Sidak’s multiple comparisons) were performed for assessing
specific group comparisons. Kruskal-Wallis ANOVA was used for nest
building score analysis followed by post hoc analyses stated above. Two-
way ANOVAs were employed for all other statistical analyses using
Tukey’s HSD test for all post hoc analyses. Grubbs outlier tests were
performed on all data (« = 0.05), and outliers were excluded from an-
alyses. The level of statistical significance was set at p < 0.05. Data were
expressed as means =SEM. Expanded statistical results can be found in
supplementary Tables 4-10.

3. Results

3.1. APP/PS1 mice do not consume more ethanol than wildtype mice
Ethanol-consumption was characterized in APP/PS1 mice after an

earlier study reported an initial increase in ethanol consumption in

3xTg-AD mice (Hoffman et al., 2019). First, weekly ethanol consump-
tion and preference was assessed in wildtype and APP/PS1 mice. Over
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the course of the 10-week study, wildtype and APP/PS1 mice consumed
similar amounts of ethanol and displayed a similar preference to ethanol
(Fig. 1b-c). Likewise, ethanol-exposed wildtype and APP/PS1 mice
consumed similar amounts of water throughout the course of the study
(Fig. 1d). Of note, neither wildtype nor APP/PS1 mice did not reach
clinically relevant blood ethanol concentrations (BECs, data not shown);
however, this could be due to the moderate nature of the ethanol
exposure paradigm as well as the rate at which mice metabolize ethanol.
Compared to HpO-control wildtype mice, HyO-controlAPP/PS1 mice
consistently consumed greater amounts of H,O each week (Fig. 1e, p <
0.0001). This resulted in an overall increase in water consumption over
the 10-week experiment. (Fig. 1e, p < 0.0001). Thus, wildtype and APP/
PS1 mice consume similar amounts of ethanol.

3.2. Ethanol treatment promotes neurodegeneration in APP/PS1 mice

Neurodegeneration is a major component of AD pathology and AUD
(Jack et al., 2016; Rehm et al., 2019). Therefore, brain atrophy was
measured in APP/PS1 and wildtype mice after 10 weeks of ethanol self-
administration. APP/PS1 mice had lower brain masses than wildtype
mice, and this effect was exacerbated by ethanol consumption (Fig. 2a).
Ethanol consumption had no effect on brain mass in wildtype mice.
There were no differences in cortical thickness (Fig. 2b) or in hippo-
campal area (Fig. 2¢) in APP/PS1 mice, suggesting that other brain re-
gions may be the cause of ethanol-induced brain atrophy.

3.3. Ethanol treatment increases the frequency of smaller amyloid plaques

At high levels, ethanol consumption exacerbates AD-like pathology
(Hoffman et al., 2019; Huang et al., 2018). Therefore, Ap pathology was
quantified in APP/PS1 mice after 10 weeks of ethanol self-
administration. Quantification of A deposition and amyloid plaques
was performed in HyO- and ethanol-exposed APP/PS1 mice using
HJ3.4B and X34 staining, respectively (Fig. 2d-e). While ethanol expo-
sure had no effect on the percent area covered by Ap deposition or
amyloid plaques (Fig. 2d), there was a trend towards increased Ap
deposition in the cortex (Fig. 2f, p = 0.0762). There were a greater
number of plaques in the hippocampus (Fig. 2i, p < 0.05) and a trend
towards increased plaque number in the cortex (Fig. 2h, p = 0.0992).
These changes in plaque number corresponded with differences in the
size distribution of plaques. Ethanol-exposed mice had a greater number
of smaller plaques in the cortex and hippocampus (Fig. 2j-k). Thus,
moderate ethanol-exposure may promote Ap pathology by generating a
greater number of smaller plaques throughout the brain. These findings
may also represent an intermediate stage of plaque proliferation. An
ethanol exposure paradigm that promotes greater amounts of daily
ethanol consumption (Huang et al., 2018; Hoffman et al., 2019) or ex-
poses the animal to ethanol for a longer duration may induce greater
plaque proliferation. Additional studies are needed to assess whether
these changes in plaque size distribution can lead to increased Ap
pathology.

3.4. Ethanol exposure does not alter APP protein levels or metabolism

It is unclear whether these differences in the plaque size and number
were due to changes in APP expression, APP processing, or Ap proteo-
stasis. Therefore, APP expression, APP processing, and Af degrading
enzymes, such as insulin degrading enzyme (IDE), were quantified via
Western blot analysis. APP, CTF-$, and CTF-a protein levels were com-
parable between HyO- and ethanol-exposed APP/PS1 mice (Fig. 3a-c).
BACE-1 and ADAM-10 (8- and a-secretase, respectively) protein levels
were also similar between H0- and ethanol-exposed APP/PS1 mice
(Figs. 3d-e). There was also a trend towards decreased insulin degrading
enzyme (IDE) protein levels in ethanol-exposed APP/PS1 mice (Figs. 3f).
Collectively, this indicates that ethanol exposure does not affect amy-
loidogenic or non-amyloidogenic APP processing but may lead to
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an effect that was exacerbated in ethanol-exposed APP/PS1 mice (p < 0.01). b) Cortical thickness was comparable between H,O- and ethanol-exposed APP/PS1 mice.
¢) Hippocampal volume was comparable between H,O- and ethanol-exposed APP/PS1 mice. d) Representative images of X34 staining in cortex of H,O- and ethanol-
exposed APP/PS1 mice. There were no differences in X34+ amyloid plaques was found. e) Representative images of Af deposition in the cortex and hippocampus of
H,0- and ethanol-exposed APP/PS1 mice. f) Ethanol-exposed APP/PS1 mice showed a trend towards increased Af deposition in the cortex compared to H,O-exposed
APP/PS1 mice (p = 0.0762). g) No change in Af deposition in the hippocampus of H,O- and ethanol-exposed APP/PS1 mice. h) Ethanol-treated APP/PS1 mice had a
trend towards increased cortical plaque number compared to H,O-exposed APP/PS1 mice (p = 0.0992). i) Ethanol-exposed APP/PS1 mice had increased hippo-
campal plaque number compared to H,O-exposed APP/PS1 mice (p < 0.05). j) Frequency distribution of cortical amyloid plaque size (in pixels). Ethanol-exposed
APP/PS1 mice had more smaller plaques in the cortex compared to H>O-exposed APP/PS1 mice. k) Frequency distribution of hippocampal amyloid plaque size (in
pixels). Ethanol-exposed APP/PS1 mice had more smaller plaques in the hippocampus compared to H,O-exposed APP/PS1 mice. Wildtype + H20, n = 10; APP/PS1

+ H20, n = 9; Wildtype + EtOH, n = 7; APP/PS1 + EtOH, n = 8. *p < 0.05, **p < 0.01, ****p < 0.0001.

decreased Ap degradation via IDE.

3.5. Ethanol exposure dysregulates diurnal food consumption in APP/PS1
mice

AD and AUD are characterized by disruptions in circadian rhythms
(Carroll and Macauley, 2019; Koob and Colrain, 2020). Thus, starting at
week 6 of ethanol exposure food consumption was measured every 12 h
on drinking days (Fig. 4a-c). While food consumption was highest at
night for all groups, there was a trend towards decreased food con-
sumption during this period in ethanol-exposed APP/PS1 mice (Fig. 4b).
Additionally, ethanol-drinking APP/PS1 mice consumed more food
during their light cycle, when mice normally spend more time sleeping
(Fig. 4c). Interestingly, this effect was not observed in ethanol-exposed
wildtype mice (Fig. 4b-c). Total food consumption across the 24-h day
was comparable between HyO-control APP/PS1 and wildtype mice
(Fig. 4b-c). Because mice are nocturnal, the majority of food intake
occurs during the dark cycle. Thus, the diurnal misalignment of food
intake observed here suggests that chronic ethanol consumption may
disrupt sleep, specifically in mice with Ap overexpression.

3.6. Chronic ethanol exposure alters glucose homeostasis in APP/PS1
mice

AUD and AD are associated with metabolic impairment and impaired
glucose homeostasis (Macauley et al., 2015). Therefore, alterations in
glucose metabolism were assessed in 7.5-month-old mice after 9 weeks
of ethanol exposure. Fasted blood glucose levels were lower in HyO-
control APP/PS1 mice compared to wildtype mice (Fig. 4d); however,
this effect was reversed with ethanol exposure. In fact, fed plasma
glucose levels were elevated in H,O- and ethanol- exposed APP/PS1
mice compared to wildtype mice, suggesting Ap pathology differentially

affects peripheral metabolism (Fig. 4f). Interestingly glucose intolerance
was only observed in ethanol-exposed APP/PS1 mice during a glucose
tolerance test, suggesting ethanol exposure exacerbates metabolic
dysfunction and insulin resistance in APP/PS1 mice (Fig. 4e). In addition
to changes in fed glucose levels, HyO-control APP/PS1 mice had
elevated fed plasma lactate levels (Fig. 4g). Both HyO- and ethanol-
exposed APP/PS1 mice had decreased fed insulin levels at a terminal
timepoint (Fig. 4h). They also showed a trend towards increased insulin
resistance as measured by HOMA-IR (Fig. 4i). Given these differences in
peripheral metabolism, body weights were measured for all groups at
the beginning and end of the study. At the terminal timepoint, there
were no differences in body weights between groups (data not shown).
Taken together these data indicate that moderate levels of chronic
ethanol drinking induces metabolic dysfunction in APP/PS1 mice.

3.7. Chronic ethanol consumption alters activity- and dementia-related
behaviors in APP/PS1 mice

Under basal conditions, APP/PS1 mice do not demonstrate differ-
ences in anxiety- and depression-related behaviors (Webster et al., 2013)
but do show increased compulsive behaviors (Shepherd et al., 2021).
Compared to wildtype mice, APP/PS1 mice also exhibit heightened
depression- and anxiety-related behaviors in response to chronic mild
stress (Gao et al., 2018). Ethanol consumption is known to cause a stress
response (Lu and Richardson, 2014) and evoke depression- and
anxiety-related behaviors (Gong et al., 2017). Certain forms of alcohol
use increase the risk to develop AD and other forms of dementias. Thus,
behavioral assays were used to determine whether Ap deposition and
ethanol consumption interacted to exacerbate AD-related behavioral
phenotypes.

Here, activity-related behaviors were measured using open field
(OFA) and light/dark (LD) assays at baseline and after 3 weeks of
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ethanol exposure. Marble-burying, object location memory (OLM), and
nest building tasks were only performed after ethanol exposure. At
baseline, APP/PS1 mice showed a trend towards increased locomotor
activity during the OFA (Fig. 5a, p = 0.0668), but not in the percent time
spent in the center zone (Fig. 5b). After 3 weeks of ethanol exposure,
there was increased locomotor activity in ethanol-exposed APP/PS1
mice when compared to HyO-control wildtype mice (Fig. 5a). Further,
post-hoc tests showed that ethanol-drinking APP/PS1 mice spent more
time in the central zone than Hy0O-control and ethanol-exposed wildtype
mice (Fig. 5b). No differences in behavior were observed in LD at
baseline or after 4 weeks of ethanol self-administration (Fig. 5c). After 5
weeks of ethanol drinking, mice were tested using the marble burying
task, where increased marble burying is used as a measure of anxiety or
compulsive-like behavior. Control APP/PS1 mice buried fewer marbles
than wildtype mice, while ethanol-drinking APP/PS1 mice did not
(Fig. 5d). This might suggest that HyO-control APP/PS1 exhibit
decreased anxiety-like behavior or disengagement in the task. After 7
weeks of ethanol treatment, the OLM task evaluated the effects of
ethanol drinking on memory. As expected, HoO-control wildtype mice
spent more time interacting with the relocated object than with the
object in the familiar location (Fig. 5e, p = 0.0078). Conversely, APP/
PS1 mice and ethanol-exposed wildtype mice spent similar amounts of
time investigating both objects (Fig. 5e). This indicates that impaired
memory due to Ap pathology was not exacerbated by ethanol exposure.
This effect could be due to a ceiling effect as APP/PS1 mice exhibit
maximal memory impairment on this assay. Lastly, no significant dif-
ferences in nest building were observed between HyO-control wildtype

and Hy0O-control APP/PS1 mice (Fig. 5f). In contrast, ethanol-drinking
APP/PS1 mice had lower nest scores than wildtype mice. This suggests
that chronic moderate ethanol consumption may exacerbate alterations
in self-care in APP/PS1 mice.

3.8. Ethanol acutely modulates ISF Af40, but not ISF Af42, and ISF
glucose in APP/PS1 mice

Chronic ethanol exposure altered AD-related pathology and meta-
bolism. Therefore, in vivo microdialysis was used to determine whether
ethanol directly modulates hippocampal ISF ethanol, glucose, lactate,
AB40, and Ap42 in unrestrained, unanesthetized APP/PS1 mice
(Fig. 6a). A moderate, acute dose of ethanol (2.0 g/kg, i.p.) rapidly
increased ISF ethanol levels in 3-month-old wildtype (13.63 + 1.45
mmol/L) and APP/PS1 mice (8.36 & 1.25 mmol/L). ISF ethanol levels
then returned to baseline over the next 4 h (Fig. 6b, Supplementary
Table 1). There were no differences in the half life of ISF ethanol be-
tween wildtype and APP/PS1 mice (Fig. 6¢). These data demonstrate
that ethanol freely crosses the blood brain barrier into hippocampal ISF
and is cleared from the ISF at similar rates in both mouse strains.
Similarly, in both wildtype and APP/PS1 mice, ISF glucose levels
increased while ethanol was in the brain and returned to baseline levels
after ethanol was cleared from the ISF (Fig. 6d-e, supplementary Table
2). Meanwhile, ethanol had no effect on ISF lactate levels (Fig. 6f-g,
supplementary Table 2).

An acute ethanol dose increased ISF AB40 levels by 19.40% =+ 5.46%
at 6 h when compared to a saline control (Fig. 6f). ISF AB40 levels
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returned to baseline over the next 3-6 h. Conversely, ISF Ap42 levels did
not rise and were similar to changes post-saline injection, indicating that
acute ethanol injection had no effect on ISF Ap42 (Fig. 6g). These data
show that ethanol selectively increases ISF Ap40, but not Ap42, during
withdrawal. Thus, acute ethanol dysregulates brain metabolism while
selectively increasing ISF Af40.

3.9. Ethanol exposure alters NMDA and GABA4 receptor gene expression

Ap40 is released into the ISF in response to glutamatergic neuro-
transmission (Bero, 2011a; Cirrito et al., 2008; Cirrito et al., 2005).

Furthermore, ethanol exposure and withdrawal directly modulate
neuronal excitability and inhibition in rodents. N-methyl-p-aspartate
and y-aminobutyric acid type-A receptors (NMDARs and GABARs) play
important roles in mediating excitability and inhibition during ethanol
exposure and withdrawal. NMDAR and GABAAR subunit expression is
altered in AUD patients and in rodents after chronic ethanol exposure
(Farris and Mayfield, 2014; Roberto et al., 2006; Gruol et al., 2018).
Therefore, we examined mRNA and protein levels for excitatory and
inhibitory receptors in WT and APP/PS1 mice from the chronic ethanol
drinking study. Specifically, we measured NMDAR subunits GluN2A
(Grin2a) and GIuN2B (Grin2b) as well as the a-5 subunit of GABAAR
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Fig. 5. Chronic ethanol consumption alters anxiety-related and dementia-related behaviors in APP/PS1 mice. a) At baseline, APP/PS1 mice showed a trend towards
increased locomotor activity during the OFA (unpaired t-test, p = 0.0668). After 3 weeks of ethanol exposure APP/PS1 mice showed more locomotor activity than
other groups. b) There were no differences in the % time spent in the center zone at baseline. After 3 weeks of ethanol treatment, APP/PS1 mice spent more time in
central zone than wildtype controls. ¢) Mice exhibited no differences spent in the light zone in the LD box at baseline or following treatment. d) H,O-treated APP/PS1
mice buried more marbles than wildtype controls. e) H,O-treated wildtype spent significantly more time interacting with the relocated object than with the object in
the familiar location (unpaired t-test, p = 0.0078), while other groups spent similar amounts of time interacting with both objects. f) APP/PS1 mice + ETOH made
poorer nests compared to wildtype mice. 2-way ANOVA revealed differences in nest building scores between groups after 9 weeks of EtOH treatment. (Kruskal-Wallis
test: p < 0.0001). Wildtype + H20, n = 10; APP/PS1 + H20, n = 9; Wildtype + EtOH, n = 7; APP/PS1 + EtOH, n = 8. *p < 0.05, **p < 0.01, ***p < 0.001.

(GABAp«5; Gabra5) via qPCR and Western blot. There were no differ-
ences between groups in cortical Grin2a mRNA levels (Fig. 7a). Cortical
Grin2b mRNA levels were elevated in ethanol-exposed APP/PS1 mice
compared to ethanol-exposed wildtype mice (Fig. 7b, p = 0.0319),
suggesting that moderate ethanol increases cortical GluN2B expression
in APP/PS1 mice. Gabra5 mRNA levels were elevated in H,O-control
APP/PS1 mice relative to HyO-control wildtype (Fig. 7c, p = 0.0388).
Interestingly, ethanol-exposed APP/PS1 mice showed a trend towards
lower Gabra5 mRNA levels compared to HyO-control APP/PS1 mice
(Fig. 7¢, p = 0.0687). This suggests that chronic ethanol decreases a-5
subunit-containing GABAARs in APP/PS1 mice. Next, synaptoneur-
osomes were isolated from the hippocampus and analyzed via Western
blot to explore changes in NMDAR (e.g. GluN2A, GluN2B) and GABAsR
(e.g. GABAa5) subunit levels occurring at the synapse. In synapto-
neurosomes, GluN2A and GluN2B levels were similar between groups
(Fig. 7d-e). Ethanol exposure increased synaptic GABAaa5 protein levels
in wildtype mice, but not in APP/SP1 mice (Fig. 7f). Together, these
results suggest that ethanol-exposure affects NMDA and GABA, receptor
subunits differentially across brain regions as well as trafficking to the
synapse in APP/PS1 mice compared to wildtype.

4. Discussion

This study found that long-term, moderate ethanol self-
administration increases AD-related pathology, alters peripheral meta-
bolism, and exacerbates some behavioral deficits in APP/PS1 mice.

Ethanol exposure consistently exacerbated phenotypes related to Ap
pathology, neuronal E/I balance, metabolism, and behavior. This sug-
gests that early changes in A pathology synergize with ethanol expo-
sure to potentiate damage to the brain. During withdrawal after an acute
ethanol exposure, hippocampal ISF Ap40 levels were selectively
increased. To our knowledge, this is the first study to show that a single
exposure of ethanol directly modulates ISF Ap40 but not Ap42 levels.
These findings also build upon existing studies to demonstrate that even
at moderate intake levels, ethanol exposure can worsen AD-related pa-
thology and behavioral impairment.

Chronic alcohol consumption can lead to increased anxiety and
depression (Schuckit and Marc, 1996), which can be further exacerbated
by changes in glucose metabolism (Bouwman et al., 2010). Further, mild
cognitive impairment (MCI), which is an early indicator of dementia, is
associated with increased rates of anxiety and depression. To determine
whether chronic ethanol consumption would exacerbate these symp-
toms associated with MCI and dementia, a battery of behavioral assays
was performed. During weekly withdrawal periods, ethanol-drinking
APP/PS1 mice exhibited increased locomotor activity and central zone
exploration in the OFA but not in LD exploration (Fig. 5c). Ethanol did
not induce these behavioral changes in wildtype mice, suggesting that
ethanol-drinking APP/PS1 mice may exhibit hyperactive, impulsive-, or
compulsive-like behaviors. Conversely, ethanol treatment did not
aggravate the deficits in the marble-burying task observed in APP/PS1
controls (Fig. 5d). Thus, ethanol drinking may not exacerbate anxiety or
depression-related behaviors. Future studies will expound on and gain
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ethanol (saline, n = 4; ethanol, n = 7). *p < 0.05; **p < 0.01.

greater insight into the behavioral phenotypes reported here.

The effect of ethanol on cognition are well-documented (Sabia et al.,
2014) and the present study indicates that chronic ethanol drinking may
be detrimental to long-term memory in wildtype mice. In the object
location memory task (OLM), ethanol exposure disrupted memory in
wildtype mice but had no effect on APP/PS1 mice, possibly due to a
ceiling effect (Fig. 5e). Future studies should employ more sensitive
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cognitive tasks to identify the degree to which ethanol affects cognition
in APP/PS1 mice. One major deficit commonly observed in patients with
mild cognitive impairment is a disruption in self-care behaviors (e.g.
cleaning one’s room, showering, etc.) (Hirschfeld et al., 2000). In this
study, ethanol drinking exacerbated deficits in self-care-related behav-
iors, as measured by nest building (Jirkof, 2014). While no differences in
nest building were observed between wildtype and APP/PS1 H,O-
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Fig. 7. Chronic moderate drinking differentially alters NMDA and GABAA receptors in the cortex and hippocampus of APP/PS1 mice. a) Ethanol treatment did not
alter cortical Grin2a expression in wildtype or APP/PS1 mice. b) Ethanol-treated APP/PS1 mice had higher cortical Grin2b expression compared to EtOH-treated
wildtype mice. 2-way ANOVA revealed a significant treatment x genotype interaction (p = 0.0319). ¢) HyO-treated APP/PS1 mice showed increased cortical
Gabra5 expression compared to H>O-exposed wildtype mice (p < 0.05). This effect was lost in EtOH-exposed APP/PS1 Gabra5 mRNA levels. 2-way ANOVA revealed a
significant treatment x genotype interaction (p = 0.0249) and a trend in genotype effects (p = 0.0723). d) Synaptic GluN2A levels was unaltered in the hippocampus
of HyO- or EtOH-treated wildtype or APP/PS1 mice. e) Synaptic GluN2B levels was unaltered in the hippocampus of H,O- or EtOH-treated wildtype or APP/PS1 mice.
f) Ethanol-treated wildtype mice showed increased synaptic GABAAR o5 subunit levels compared to H,O-treated wildtype mice. Ethanol treatment had no effect on
GABAAR o5 subunit levels in APP/PS1 mice. 2-way ANOVA revealed a significant treatment x genotype effect (p = 0.0347) and a trend in treatment effects (p =
0.0644). Wildtype + H20, n = 10; APP/PS1 + H20, n = 9; Wildtype + EtOH, n = 7; APP/PS1 + EtOH, n = 8. *p < 0.05.

control mice, ethanol-drinking APP/PS1 mice displayed reduced nest-
building behaviors compared to HyO-control and ethanol drinking
wildtype mice suggesting ethanol exposure affects self care (Fig. 5f).
APP/PS1 mice exhibited metabolic dysfunction after both acute and
chronic ethanol exposure. An acute ethanol treatment increased ISF
glucose levels in wildtype and APP/PS1 mice (Fig. 6d-e). Previous work
shows that changes in ISF glucose are sufficient to drive changes in ISF
Ap levels (Macauley et al., 2015), offering a metabolic explanation for
the relationship between AUD and AD. The data from the chronic
ethanol drinking studies reinforce the idea that moderate ethanol
exposure alters peripheral metabolism. APP/PS1 mice demonstrated
alterations in fed glucose, lactate, and insulin levels when compared to
wildtype mice (Fig. 4f-i). This suggests Ap pathology disrupts glucose
homeostasis independent of ethanol. Ethanol exposure also caused
glucose intolerance but only in APP/PS1 mice, which may have been
due to hypoinsulinemia. Furthermore, these changes were not observed
in wildtype mice, suggesting that A and ethanol interact to exacerbate
changes in metabolism in an AD-specific manner. While metabolic dis-
eases like type-2 diabetes are known to put the brain at risk for AD (Ott
et al., 1999; Arnold et al., 2018), a growing body of evidence suggests
that AD can also exacerbate metabolic dysfunction, glucose intolerance,
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or insulin resistance.

Ethanol intake causes a metabolic shift in brain metabolism, utilizing
acetate instead of glucose for energy production (Volkow et al., 2013;
Volkow et al., 2015). An acute ethanol exposure increased ISF glucose
levels, which may be indicative of a glucose-to-acetate shift in energy
utilization. Ethanol consumption also increases insulin sensitivity and
glucose uptake in the periphery (Facchini et al., 1994), which may be a
means by which ethanol consumption can reduce the risk to develop
type 2 diabetes and alleviate glucose intolerance (Knott et al., 2015).
Because APP/PS1 mice show glucose intolerance (Macklin et al., 2017),
this study sought to identify whether ethanol could alter glucose toler-
ance. Instead, glucse intolerance was exacerbated in ethanol-exposed
APP/PS1 mice when compared to control APP/PS1 mice. This sug-
gests that amyloid pathology may interact with ethanol consumption in
a maladaptive manner, worsening metabolic dysfunction.

Despite glucose intolerance, ethanol-exposed APP/PS1 mice did not
eat more overall. Nevertheless, they did show shifts in diurnal eating
patterns, with greater food consumption during their light cycle when
they should be asleep (Fig. 4c). This diurnal mismatch in feeding
behavior suggests that ethanol-exposed APP/PS1 mice have altered
sleep/wake cycles, which may potentiate their metabolic dysfunction
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and plaque formation. A bidirectional relationship exists between AD
and sleep impairment, where disrupted sleep increases AD risk, and
increased AP and tau aggregation further disrupts sleep (Carroll and
Macauley, 2019). Individuals with AUD also show disrupted sleep (Koob
and Colrain, 2020). Thus, alterations in sleep and diurnal rhythms, like
those observed with feeding behavior, may provide one explanation for
why AUD increases AD risk. Interestingly, a recent study also demon-
strated that nest-building increases during proximity to sleep in mice
(Sotelo et al., 2022). Although further studies are needed, these findings
suggest that chronic ethanol drinking exacerbates disruptions in meta-
bolism and sleep that are frequently observed in AD.

In humans, amyloid pathology begins to accumulate ~10-20 years
before the onset of clinical symptoms (Jack Jr. et al., 2010). In APP/PS1
mice, Ap begins to aggregate into amyloid plaques from 6 to 9 months of
age (Jankowsky et al., 2004). Previous studies consistently show that
chronic ethanol exposure is sufficient to increase amyloid burden in
mouse models of cerebral amyloidosis (Hoffman et al., 2019; Huang
et al., 2018). Here, APP/PS1 mice showed signs of brain atrophy, as
measured by decreased brain mass. Chronic ethanol consumption
exacerbated this phenotype in APP/PS1 mice while ethanol had no ef-
fect on brain mass in wildtype mice (Fig. 2a). This could be due to an
interaction between ethanol and the formation of amyloid plaques or
through a mechanism independent from AD-like pathology. Interest-
ingly, AUD can lead to different forms of dementia, including vascular
dementia, Parkinson’s disease, Korsakoff syndrome, or alcohol-related
dementia — all of which display alcohol-related brain damage, neuro-
degeneration, and brain atrophy (Hakon et al., 2018). Future studies are
needed to tease apart whether the brain atrophy observed here was
dependent on changes in the Alzheimer’s cascade.

While ethanol had modest effects on amyloid plaque burden, it
increased the number of plaques in the cortex and hippocampus (Fig. 2h-
i) and resulted in a greater number of small plaques in both the cortex
and hippocampus (Fig. 2j-k). Ethanol exposure could be driving this
effect either by initiating the formation of more plaques or by restricting
plaque growth. First, chronic ethanol may exacerbate amyloid pathol-
ogy by increasing the number of smaller plaques at an age that corre-
sponds to presymptomatic AD. A greater number of smaller plaques
could create multiple pro-aggregation sites or plaque seeds, which
would ultimately lead to greater plaque proliferation later in life.
Alternatively, the emergence of smaller amyloid plaques could suggest
that low-to-moderate ethanol consumption somehow restricts plaque
growth. Future studies should explore whether these changes in plaque
size and plaque number are a harmful or protective response to mod-
erate alcohol consumption. Nevertheless, because ethanol clearly drives
brain atrophy in APP/PS1 mice, it is more likely that the increased
plaque number and reduced plaque size are early aggregatory events
that would be potentiated if ethanol dose and duration were increased.
Because female mice show greater AD-like pathology after chronic
ethanol exposure (Tucker et al., 2022), future studies will explore sex
differences by utilizing both female and male mice.

In vivo microdialysis showed that a moderate dose of ethanol
directly modulates ISF AB40 levels in unrestrained and unanesthetized
APP/PS1 mice. Interestingly, ISF Ap40 levels increased during ethanol
withdrawal while ISF Ap42 levels were unaffected by ethanol. (Fig. 6 f-
g). Because AB42 is the more aggregate-prone species, ethanol’s selec-
tive effect on AB40 during withdrawal might provide an additional
mechanism by which the moderate ethanol exposure had a mild effect
on AP deposition. It might also explain why the changes in plaque
number and sizes did not correspond with changes in APP, CTFa, CTFp,
APP secretase enzymes, or A degrading enzymes (Fig. 3). By selectively
increasing Ap40 during withdrawal, moderate ethanol consumption
could limit plaque growth, but not proliferation. While this has impor-
tant implications for understanding the etiology of AUD-associated de-
mentia, further studies are needed to understand and explore the
mechanisms by which ethanol exposure preferentially increases AB40
over Ap42.
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One potential mechanism driving increased ISF Ap40 during with-
drawal relates to the relationship between ethanol and neuronal activ-
ity. Because Ap40 is released from neurons in an activity-dependent
manner (Cirrito et al., 2005; Bero et al., 2011b; Verges et al., 2011), the
increase in ISF AB40 levels during withdrawal may be due to ethanol
withdrawal-induced neuronal hyperactivity. Ethanol directly modulates
neuronal activity by increasing GABA inhibition during exposure and
increasing NMDA hyperexcitability during withdrawal (Weiner and
Valenzuela, 2006; Ramachandran et al., 2015; Roberto and Varodayan,
2017; Ariwodola and Weiner, 2004; Slawecki et al., 2006; Cheaha et al.,
2014; Wang et al., 2016). Preclinical and postmortem studies demon-
strate that the NMDAR subunits, GluN2A and GluN2B, are upregulated
in rodents after a chronic ethanol exposure as well as in humans with
AUD (Farris and Mayfield, 2014; Roberto et al., 2004). The effects of
chronic ethanol on GABAaRs are also well-documented (Roberto and
Varodayan, 2017), and o5 subunit-containing GABAARs (GABAAR-a5)
are modulated by chronic ethanol in preclinical studies at the gene and
protein level (Zeng et al., 2019; Gruol et al., 2018; Centanni et al., 2014).
Moderate ethanol exposure led to changes in GluN2B and GABAao5
mRNA and protein levels (Fig. 7). Cortical GluN2B mRNA levels were
higher in ethanol-exposed APP/PS1 mice than in ethanol-exposed
wildtype mice. Conversely, cortical GABAxa5 mRNA levels were lower
in ethanol-exposed APP/PS1 mice than in APP/PS1 controls (Fig. 7).
Though moderate, these changes correspond with a trend towards
increased AP deposition and plaque number in the cortex of ethanol-
exposed APP/PS1 mice (Fig. 2g, i). Furthermore, these changes could
represent a disruption in the brain’s E/I balance that put the brain in a
more hyperexcitable state. Furthermore, the ethanol-induced changes in
E/I balance may drive the activity-dependent production of AB40. This
may represent an early pathological mechanism by which ethanol in-
creases plaque deposition. While this study is limited in that it does not
include functional assays of brain excitability, it identifies key mecha-
nisms by which ethanol drives AD-like pathology. Furthermore, this
study lays the groundwork for future studies seeking to understand the
relationship between AUD and AD-like pathology. Future studies are
still needed to explore how higher doses of ethanol alters metabolism
and neuronal E/I balance in APP/PS1 mice, and how modulating those
factors ameliorates or exacerbates amyloid pathology.

5. Conclusions

Contrary to prior clinical and preclinical studies, this study demon-
strates that chronic intake of moderate amounts of ethanol can exacer-
bate behavioral and pathological AD-like phenotypes in APP/PS1 mice.
A chronic, moderate drinking paradigm leads to a shift in amyloid pla-
que development while acute ethanol increases ISF AB40, but not ISF
Ap42 levels. Moderate ethanol consumption altered NMDAR and
GABAR subunit mRNA levels, potentially disrupting the brain’s E/I
balance. Taken together, these data suggest that ethanol may affect AD-
like pathology through increased brain excitability. In addition to
changes in the E/I balance, acute and chronic ethanol exposure pro-
foundly impacted peripheral and CNS metabolism, both of which
exacerbate AD-related pathology. These findings contribute to the
growing body of evidence that suggests chronic alcohol consumption
may represent an important, modifiable risk factor for AD. Future
studies will further characterize the biological mechanisms by which
chronic ethanol intake promotes and exacerbates AD-related pathology.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nbd.2022.105967.
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